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The possible impact of nitrogen-cooled superconductors on the design and

cost of superconducting fault-current limiters is assessed by considering the

technical specifications such devices must meet and by comparing material

properties of 77-K and 4-K superconductors. The main advantage of operating

superconductors at 77 K is that the refrigeration operating cost is reduced by a

factor of up to 25, and the refrigeration capital cost is reduced by a factor of up

to 10. In addition, the heat capacity at 77 K is several orders of magnitude larger

than at 4 K. This phenomenon increases conductor stability against flux jumps

but makes switching from the superconducting to normal state slow and difficult.

Consequently, a high critical current density, probably at least 105 A/cm 2, may

be required.

As electric power systems grow and become more interconnected, fault

. currents increase. Prudent precautions for handling these increasing fault

currents often require the costly replacement of substation equipment or the

imposition of changes in the configuration of the system that lead to decreased

operational flexibility and lower reliability. Consequently, the need for a device

that can prevent the buildup of fault currents has been obvious for years. A

number of fault-current limiter (FCL) concepts have been proposed, several

incorporating superconducting materials. Some superconducting FCLs have been
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built as small-scale models, but most of the designs are purely "paper concepts.

Only two full-scale devices have been built, both single-phase prototypes with

ratings in the lower end of the distribution system range. The discovery in 1987

of superconductors with transition temperatures above the boiling point of

nitrogen has stimulated renewed interest in large-scale applications of

superconductors, in particular FCLs.

This paper concludes that although thorough cost/benefit analyses of FCLs

are lacking, surveys among U.S. utilities indicate that the price that utilities are

willing to pay for an FCL Is a few times the price of a circuit breaker of

corresponding rating. Energy management in a superconducting FCL is a critical,

but often ignored, issue. Limiting a fault resistively involves dissipation of large

amounts of energy. Although using an alr-inductor as the limiting element avoids

problems associated with energy dissipation, such devices usually require a

resistive, triggering element; energy dissipation within this element will still be a

problem. Use of either a resistive or inductive shunt across a resistive

superconducting element adds both complexity and cost to a superconducting

FCL while providing little, if any, benefit. Thus, the most feasible

superconducting FCL concept appears to be an in-line, resistive device. By

choosing the resistance to provide a specified temperature rise, one can have a

relatively compact design. Finally, high-temperature superconducting wire is

presently not available and present knowledge of swAtching of high-temperature

superconductors is incomplete. Thus, superconducting FCLs based upon high-

temperature superconductors are unlikely to be available in the near term.
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AB_CT Superconducting materials are a part of several
of the proposed FCL schemes. Comprehensive lists of

The possible impact of nitrogen-cooled publications mad patents on superconducting fault-
superconductors on the design and cost of current limiters(SCFCLs)havebeencollected[1], [3].
superconducting fault-current limiters is assessed by Some SCFCLs have been built as small-scale models
considering the technical specifications such devices (typically a few amperes at a few hundred volts), but
must meet and by comparing material properties of 77-K most of the designs are purely "paper concepts" that
and 4-K superconductors. The main advantage of have not been built or tested. To the authors'
operating superconductors at 77 K is that the knowledge, only two full-scale devices have been built,
refrigeration operating cost is reduced by a factor of up both single-phase prototypes with ratings in the lower
to 25, and the refrigeration capital cost is reduced by a end of the distribution system range [4], [5]. A very
factor of up to 10. The heat capacity at 77 K is several comprehensive design study of SCFCLs for high-power
orders of magnitude larger than at 4 K. This transmission systems [3], [6], [7] also clarified several
phenomenon increases conductor stability against flux important issues, although no device was built.
jtanps but makes switching from the superconducting to The discovery in 1987 of superconductors with
normal stcte slow and difficult. Consequently, a high transition temperatures above the boiling point of

critical current density, probably at least 105 A/cm 2, is nitrogen has stimulated renewed interest in large-scale
requi_d applications of superconductors. The SCFCL has been

mentioned repeatedly as a likely early application of

INTRQDUCI'ION high-temperature superconductors (HTSC) in the power
sector. The purpose of this paper is to assess the

As electric power systems grow and become potential impact of ceramic superconductors on the
more interconnected, the fault currents (i.e., the currents design and performance of the most relevant SCFCL
that would flow if a short circuit occurs) increase, concepts. The evaluation is performed by (1)
Prudent precautions for handling these increasing fault comparing material parameters typical for HTSC at 77 K
currents often require the costly replacement of with those for low-temperaturesuperconductors(LTSC)
substation equipment or the imposition of changes in the at 4 K and (2) considering how the design and cost of
configuration of the system that lead to decreased SCFCLs will be affected.
operational flexibility and lower reliability. Initially, two example power systems with
Consequently, the need for a device that can prevent the FCLs are analyzed to establish and clarify the technical
buildup of fault currents has been obvious for years. A specifications that an FCL must meet. Power rating is
number of fault-current limiter (FCL) concepts have emphasized because this important parameter has been
been proposed [ 1], but according to a recent study [2], neglected in many earlier studies of SCFCLs.
they ali have major cost or performance disadvantages. This paper is a summary of a report prepared

for the Intemational Energy Agency [8].

TECHNICAL SPECIFICATIONS

An FCL, whether it employs a superconductor
or not, is basically a variable impedance that is installed
in series with a circuit breaker in a _ubstation. In the

case of a fault, its impedance increases to a value at
which the fault current is reduced to a level that the

breakgr can handle. Upon removal of the fault or
operation of the circuit breaker, the device should retum
to its low-impedance mode within a few power cycles.

Several FCL schemes have been proposed,
including resistive, inductive, and combined



" resistivefmductive devices. With respect to the system, The maximum limited fault currents are set to
a ptu'ely resistive FCL is preferable because it makes the 10 kA and 63 kA for the distribution and transmission
circuit less inductive and provides greater limiting of the systems, respectively. The highest rating in
initial fault-current peak. conventional commercial circuit breakers is 63 kA.

A resistive FCL, however, acts as a power Table II lists the minimum FCL impedance values for
load, dissipating large amounts of energy during a fault, the two example systems.
Consequently, the duration of the fault-limiting action is In a resistive FCL, the power dissipated is RI2,
a crucial parameter, especially if the device employs where R is the limiting resistance ,andI is the RMS value
superconductors. On the other hand, a purely inductive of the limited current. The magnetic energy stored in an

device does not consume energy, but stores the 60-Hz inductive FCL i3 given by 0.5LI 2, where L is the
magnetic energy associated with the fault current. In limiting inductance and I is the peak value of the limited
contrast to the resistive energy, the magnetic energy current. Increasing the impedance of the FCL reduces
does not accumulate during successive cycles, the limiting current and thereby reduces the energies to

The performance specifications for an FCL in a be handled by the device. Figure 2 shows the energy
power system are most conveniently determined by case dissipated per power cycle in a resistive FCL and the
studies. Figure 1 and Table I describe the two example maximum magnetic stored energy in an inductive FCL,
systems to be used in the present work. For simplicity, both plotted as a function of the limited current. To
only phase-to-ground faults are considered, and unless simplify the calculations, the current ratio between
otherwise stated, any dc offsets are disregarded, asymmetric and symmetric faults in the inductive device

The parameters for the 15-kV distribution is assumed constant and equal to 1.5 and 1.8 for the
system have been determined on the basis of the results 15-kV and the 500-kV systems, respectively.
of a recent survey of U.S. utilities [1]. The 500-kV Figure 2(b) shows that a fault current of 63 kA
mmsmission system represents an extreme case in terms in the 500-kV system requires a resistive FCL to
of having large fault currents. (The X/R ratio is taken dissipate 240 MJ per power cycle. (This value is huge;

from ref. 2.) if this energy were dissipated in 1 m3 of water, the
temperature would rise by almost 60'C.) Two power

cycles can be considered a minimum time of operation
Ls i for an FCL, so this device must be able to dissipate480 MJ per fault. Furthermore, if the relaying system
R s _ and reclosure procedures are set up in such a way that

Load the FCL in the worst case must operate a second or third
LI(_ _ time within a few seconds, it must be designed to

i' dissipate energies in the gigajoule range.
By instead applying an inductive device to limit

the fault currents to 63 kA in the 500-kV system, up to
about 75 MJ of magnetic energy has to be stored in the

Fig. 1 Circuit Diagram of the Example Systems FCL (see Fig..2[bl); therefore, a very large device is
required. If an iron-core reactor with a maximum

energy density of 1 kJ/m 3 in the iron is used, about

TABLE I Parameters for the Distribution and 75,1300m3 (the size of a two-story warehouse) of iron is
Transmission Example Systems (the required per phase. If the energy is stored in a 1-T field

power frequency is 60 Hz) of an air-core reactor, an air volume of 190 m3 is
required, and the device is still huge (the size of a large
room).

15-kV 500-iN If the fault current in the 500-kV system is
Parameter System System limited to 10 kA instead of 63 kA, the energies involved

are reduced by factors of 5 and 3.5 in the resistive and
inductive FCL cases, respectively. However, the

Source voltage (kVRMs),U 8.7 290 energies are still very large.
Maximum load current 600 3000 For the 15-kV FCLs, the energies are typically

(ARMS),In 250 times lower than those in the 500-kV system (see
Source impedance (f_) 0.43 2.4 Fig. 2[al). Ohmic dissipation of 0.2 MJ to 1 MJ
X/R ratio 1.7 10 requires some mass and volume, but this is obviously a

Source resistance (f_), Rs 0.22 0.24 much simpler task than dealing with gigajoules. Air-
Source inductance (mH), Ls 1.0 6.3 core reactors in the range of 1 to 10 mH for 15-kV
Unlimited faultcurrent (kARMs) 20 120 FCLs are approximately 1 m 3 in volume and are
Maximum limitedfault current 10 63 commercially available.

Whether or not a utility will install an FCL is
(kAm_s) largely a question of economics, but information in the

literature about acceptablecapital andoperating costs is



" TAI!!_ILEII FCL Impedances (inductances) Required to limited. Two surveys of a number of U.S. utilities [1],
Re_:,Icethe Fault Current to the Predetermined Levels [9] indicate that the utilities are not willing to pay more

of 10 kA and 63 kA for an FCL than at most a few times the cost of a circuit
breaker. The electrical losses during normal operation
should not exceed 25% of the losses in a transformer in

FCL Type 15-kV 500-kV the samesystem[1].
System System

,SUPERCONDUCTING FA,ULT-CURRENT
LIMI'I_RS

with re_;istiveFCL (Q) 0.56 3.7
with ind_uctiveFCL (f_ [mH]) 0.46 (1.2) 2.2 (5.8) Simplified circuit diagrams for four generically

different SCFCLs are shown in Fig. 3. In ali of these
concepts, the superconducting element, displayed as a
variable resistance, is inserted directly in series with the
power circuit to be protected, and they all make use of a

1.0 superconducting-to-normal transition. The cryogenic
zone is indicated by the broken lines.

Conceptually, the basic resistive SCFCL, as
0.8 - shown in Fig. 3(a), is the simplest design. During

,.., normal load, the superconducting element is in its
--j

0.6 - superconducting state and current passes with virtually
"_ no losses. In the case of a fault current, the critical

current density Jc of the superconductor is exceeded and

,-._ 0.4 tr-" _O the superconductor undergoes a transition to its normal

ta (nonsuperconducting) state, and it is thus transformed to

0.2 a series resistor that limits the current. A major
L drawback associated with this concept is that during a

fault, ali of the energy is dissipated directly into the
0.0 , I , I , superconductor. Consequently, the superconductor

0 4 8 12 must have, or be intimately linked to, a large thermal
mass, but this arrangement increases the reset time

Limited fault current [kA] drastically.
The energy dissipated in the superconductor

(a) during a fault can be reduced by employing a shunt

2 _0 impedance as the limiting element (see Figs.
3lbl- 3[d]). To efficiently commutate the current to
the shunt, the normal-state resistance of the

2!0_0- superconducting element must be orders of magnitude

_, larger than the shunt. In addition to conventional
1:5;0-
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Fig. 3 Different SCFCL Concepts (schematically)



• resistors and air-core reactors, it has been proposed that TABLE Hl Representative Values for Thermal
a superconducting coil be used as a limiting impedance, Conductivity k, Heat Capacity c, and Normal-State
as shown in Fig. 3(d). Resistivity PNfor Superconductors, Stabilizers, and

In principle, the SCFCL concepts shown in Substrate Materials at 4 K and 77 K
Fig. 3 can be made self-sensing in that the
superconducting-to-normal switching is determined by

the critical current density of the superconductor. _: c
However, experiments carried out on LTSCs revealed Material (W/m K) (J/m3 K) (10-a_qm)
that it may be very difficult to obtain a uniform transition
throughout the entire superconducting element [3].

Because of inhomogeneities of various kinds, some I..TSC (4 K) 0.1 5000 70
small spots always tend to go normal before the bulk. HTSC (77 K) 2 106 100
The temperature in these normal-state islands may, Cu (4 K) 3500 400 0.038
because of their much higher resistivity, rise very
rapidly, and these hot spots may fuse within (77K) 550 1.9x 106 0.25
microseconds. To ensure a fast, uniform, and complete AI203 (4 K) 220 20 insulating
switching to the normal state during a fault, many (77 K) 960 0.:3 x 106 insulating
SCFCL concepts apply an external trigger. An active
trigger causes the critical temperature Tc, the critical
current density Jt, or the critical magnetic field He of the
superconductor to be exceeded. Alternatively, the as 9.5 K for an LTSC and 92 K for an HTSC. The
switching can be initiated by applying a magnetic pulse HTSC values are obtained from small samples because
that generates a so-called "flux jump," which eventually HTSC wire is not yet available. The values for copper
quenches the superconductor. (a commonly used stabilizer) and sapphire (a possible

An inherent drawback with the schemes shown substrate for superconducting films) are also included in

in Fig. 3 is that the superconducting element is in-line Table III.
with the power circuit. Because of this arrangement, As shown in Table III, the most evident
there will be ac losses; moreover, heat leaking through difference is that the heat capacity at 77 K is several

orders of magnitude higher than the heat capacity at 4 K.! the current leads and into the cryostat will cause
' additional thermal losses. The critical current density Jc is also of great

Several SCFCL concepts in which the importance in the present context. As fabrication
superconducting element is not in-line with the power processes are optimized, Jc for HTSCs continues to
circuit have also been proposed. However, the concepts _mprove, and nothing indicates that the maximum values
lead to bulky devices and are in the present study have yet been reached. To date, the highest Jc values
considered infeasible. The saturated iron-core device have been obtained from wires drawn from silver tubes

[4] is more than twice the size of a transformer and is filled with HTSC. However, the low resistivity of
therefore too big and heavy• Inductively linked silver precludes the use of such wires in SCFCLs.
SCFCLs [10] include a transformer and are disregarded
for the same reason. Shielding devices [3], [11] also Alternating-Current Losses
become prohibitively large because of the vast amounts
of ironand/orcopperneeded In the concepts shown in Fig. 3, the

• superconductor passes the full load current under

IMPACT OF .HIGH-CRITICAL-TEMPERATURE normal operation. Hence, the magnitude of the ac
SUPERCONDUCTORS losses (i.e., hysteresis losses and ohmic losses caused
- by eddy currents if metallic stabilizers are applied) is

The likely impact of applying the new ceramic crucial to the operating costs of the SCFCL.
superconductors and operating at 77 K (compared with The electrical losses are primarily determined by

the design and operating conditions of the conductor,usmg conventional low-temperature superconductors at
4 K) is discussed in this section, lt is assumed that not by the material properties referred to above.
HTSC wires behave according to the "critical state Consequently, in high-quality materials, the losses are
model" proposed by Bean [12] and extensively applied expected to be similar for HTSCs and LTSCs.
by Wilson [13]. (Data on HTSC materials appear to be
consistent with the "critical state model.") The Refrigeration Cgsts
following topics related to the design and operation of
SCFCLs are addressed: refrigeration costs, ac losses, The differences in refrigeration costs depend on
stability, switching, and transient temperatures. (1) the relative thermal loads at 4 K and 77 K, (2) the

relative refrigeration efficiency at 4 K and 77 K, and (3)
the magnitude of refrigeration costs compared with other

Material Pro_rties SCFCL costs.

Table III summarizes representative material Thermal Loads: There are three primary
properties for LTSCs (NbTi) and HTSCs. In the sources of thermal load in an SCFCL: (1) thermal
subsequent calculations, Tc for these materials is taken conduction through current leads, residual gas, and



" structural components; (2) radiation losses; and The relative contributions of the various sources
(3) internally generated heat (ac losses), to the total thermal load of an SCFCL have been

The design of current leads is basically a trade- measured and calculated by others. A design study of a
off between thermal conduction and ohmic heating. 145-kV/200(0A in-line SCFCL [6] estimated the current
The thermal load P caused by a current lead of cross- leads to account for 75%, the cryostat (other thermal
sectional area A and length 1is given as follows: conduction losses and radiation losses) for 20%,and the

electrical losses for 5% of the thermal load. Because

AT _¢A ON12 1 this device applied a thin superconducting film on an
P - 1 + A (1) insulating substrate, there were no eddy current losses.

In a much smaller prototype device (25 kV/200 A) that
used filamentary superconductors in a metallic stabilizer,

where AT is the temperature difference between ambient the corresponding percentages were 12%, 82%, and 6%
(300 K) and the cryogenic zone. Increasing the [5]. Because the current lead losses increase linearly
conductor cross section or reducing its length lowers the with increasing current, see eq. (2), and the relative
ohmic heating and increases the thermal conduction into contribution of the cryostat losses decreases with its
thecryostat, size, the two sets of numbers are in reasonable

If thermal conductivity _¢and resistivity PN are agreement.
assumed independent of temperature, the minimum On the basis of these numbers and the abovediscussion, it can be concluded that with regard to
value ofPequals thermal load in an SCFCL, there is no significant

difference between operating at 77 K and operating at 4

"_/AT PN _ (2) K. The major sources yield about the same thermal loadP 2I--r

at the two temperatures. However, as is discussed in
the next section, the cost of absorbing the heat is

for the ratio of cross section to length different.

Refrigerator Efficiency: In a survey of

A ,_] PN cryogenic refrigerators [14], it has been found that their

o_ T= I ,_ . (3) efficiency (relative to the Carnot efficiency) isAT _¢ independent of the lower operating temperature, but
efficiency increases with increasing capacity. In this

By using the parameters for copper in Table III, it . context, capacity refers to the amount of heat that can be
appears that the optimal alpha is considerably higher at absorbed at the lower temperature and rejected at 300 K.
77 K, but the thermal loads are the same within the ....;' Th_as, a refrigerator for an SCFCL operating at 77 K
accuracy of this calculation: requires 25 times less power input than a refrigerator for

an SCFCL operating at 4 K, provided that the thermal
loads are the same. The factor 25 is simply the Carnot

¢z77_ 8 and P77 _ 0.9. efficiency between 300 K and 77 K relative to 300 K
o_4 P4 and 4 K.

The capital costs of the refrigerator have been
The thermal load due to thermal conduction found to scale approximately as the 0.7 power of the

through other parts of the cryostat is usually reduced by input power [14]. With the same thermal load at 77 K
employing a vacuum shield. When the device is and 4 K, the refrigerator capital cost is reduced by a
operating at 4 K, ali trace gases (except helium) freeze, factor of 10.
resulting in a good vacuum. On the other hand, at Refrigeration Cos s_R_,e__t_ 0ther Costs:
77 K, traces of hydrogen, neon, and nitrogen do not The capital cost of the refrigerator relative to the rest of
freeze. Thus, the thermal conduction losses may be the SCFCL costs decreases with increasing complexity
somewhat higher at 77 K than at 4 K because of of the SCFCL. For a device that employs a high-power
conduction through these residual gases, shunt, an external triggering unit, overvoltage

When the device is operating at 77 K, the protection, for example, the refrigerator cost savings at
radiation losses between 77 K and 4 K are eliminated. 77 K relative to 4 K are unlikely to reduce the total cost
The black-body radiation at a temperature T is of the SCFCL by more than 20%. This percentage is

proportional to '1"4. Hence, the fraction of the radiation based on the cost estimate for a transmission system
losses that occurs between 77 K and 4 K to the radiation SCFCL [3]. If it is possible to make a very simple
losses between room temperature and 77 K is device, the savings become greater, possibly as high as

(774- 44)/(3004- 774) and equals 0.4%. Thus, the 50% for a distribution system SCFCL. However,
reduction in thermal load caused by radiation is because little has been published on the cost of
marginal. SCFCLs, these percentages must only be considered

The thermal load caused by electrical losses is, rough estimates.
as discussed above, anticipated to depend mainly on the The cost of refrigeration is expected to dominate
conductor design and only marginally on whether the the operating cost of an SCFCL. Thus, the savings in
device operates at4 K or77 K. SCFCL operating costs by operating at 77 K are



' expected to be almost as large as the improvement in overvoltages occur across the device, while the fault
Carnot efficiency, currents can build up to unacceptable levels if the

switching is too slow.
S_bilityand Switching, For both passively and actively triggered

- switching, the superconductor first enters into the so-
The superconducting element of the SCFCL called "lossy state." In this state, the superconductor is

concepts shown in Fig. 3 is subjected to stability unstable, and the interaction between the current and the
requirements that, in some senses, are contradictory, magnetic field produces heat, which causes the
On one hand, the superconductor should be stable and temperature in the superconductor to rise. However, the
remain in its superconducting state during normal load. superconductor does not reach the full normal-state

On the other hand, if a fault occurs, it should switch resistivity PN (and, consequently, the full limiting
very rapidly to its normal (nonsuperconducting) state, resistance) until Tc is exceeded. Thus, in the adiabatic

Adiabatic Stability: Wires of superconducting
materials are inherently unstable unless they have a case, the switching time x is given as
small cross section. Slight disturbances of almost any
kind (thermal, electrical, magnetic, mechanical, etc.) Tc

will cause a current-carrying superconductor to quench. ____:_
A common measure of superconductor stability is the 1;= dT (5)jpj,
"adiabatic stability criterion." The maximum conductor Top
radius aad for which a superconducting wire will not
exhibit thermal runaway when passing a current density
justbelow Jc is according to this criterion [13, pg. 141] where J is the current density and p is the

superconductor resistivity in the lossy state. An order-

._]c(Te-Top ) of-magnitude estimate of 1:can be found by ignoring all
aad= _/ go Jc 2 (4) temperature dependencies, setting p equal to PN, and

setting J equal to Jt. Figure 5 shows the results of this
where Top is the operating temperature (4 K or 77 K) calculation for a range of Jc by using the parameter
and go is the permeability of free space. Figure 4 values in Table III.

shows aad as a function of Jc for an LTSC and an HTSC Apparently, switching from the
with the parameter values given in Table III. superconducting to the normal state is much slower for

lt appears that HTSC wires are adiabatically
stable for diameters 25 times larger than those for LTSC HTSCs than for LTSCs; moreover, 1:decreases rapidly
wires, with increasing Jt.

Switching: The required switching time for the However, experience with LTSCs has shown
superconductor element in an SCFCL depends on the that unless active triggering is employed, a
design, but it typically ranges from a few microseconds superconductor initially goes normal only at one or a
to a few milliseconds. If the switching is too fast, few small, weak regions. These nonsuperconducting

islands then expand throughout the entire
superconductor. The velocity at which the front of the

1000
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Fig. 4 Maximum Adiabatically Stable

Conductor Radius for LTSC at 4 K Fig. 5 Switching Times (simplified
and HTSC at 77 K estimates) for an LTSC and an HTSC
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• normal region propagates through the superconductor is temperature transients of hundreds of kelvin must in
called the quench propagation velocity Vqand has been some schemes be accepted, even for HTSCs. With
estimated to equal [13, pg. 206] such large energy dissipations, whether the coolant is at

4 K or 77 K is of minor importance.

Lx/2 PN x: DES!GNOF HIGH-CRITICAL-TEM?ERATURE

Vq= _ '_/ _,e._j . (6) F.AU[jT, CURRENTLIMITERS

This relationship is displayed in Fig. 6 for an LTSC and Several important design trade-offs that are
an HTSC. closely related to the power rating of an SCFCL during

a fault will now be discussed; numerical examples will
Hence, thermal processes are expected to provide the basis for the discussion. The electrical

proceed much slower in HTSCs than in LTSCs, parameters of the example distribution and transmission
primarily because of the much greater heat capacities of systems described above are applied, and the discussion

materials at 77 K relative to 4 K. As shown above, 'c is is limited to HTSCs and the SCFCL concepts presented

two and a half orders of magnitude greater and Vq.one in Fig. 3.
and a half orders of magnitude smaller at 77 K. lnese Resistive SC_CL
conditions will make the transition of an SCFCL from

the low-impedance to the high-impedance mode The basic resistive design in Fig. 3(a) is
substantially more difficult with an HTSC than with an considered first. The cross-sectional area A of the

LTSC. This is the case both for passive and active superconductor is determined by
triggering. However, as can be seen from Figs. 5 and

6, both '_ and Vq improve radically when Jc becomes lc = Jc A (7")
large. Thus, to obtain sufficiently fast and uniform
switching with an HTSC element, a high critical current where I c is the highest current the SCFCL should pass

density is required, probably at least 105 A/cre 2. without switching to the high-impedance mode. The
normal-state resistance R of a superconductor of length 1

_TemperatureRise during aFaul_ is

When the superconductor eventually has been
switched to the normal state, the temperature will R = pnl pN1Jc--g-=- (8)
continue to rise as long as current is flowing. The rate

at which the temperature increases is, to the first which can be recasted to
approximation, proportional to the reciprocal of the heat
capacity. Thus, HTSCs are superior to LTSCs because
of their much greater heat capacity. However, this 1= Ic..___RR (9)
assertion is only true if the temperature rise during a JcPN
fault is small. As will be shown in the next section,

The volume V of the superconductor can thtJs be
expressed as

103 '" --

V - Ic2R (10)
1 0 2 Jc2pN "

101 By assuming a relatively high Jt, the FCL resistance

specifications given in Table II are easily met for
d. 10° reasonable HTSC wire cross sections and lengths.
2 However, if the power dissipation during a fault is also

taken into consideration, major problems are
0. 10"1 S encountered. The temperature rise AT in time At in the

superconductor during limiting action is
1 0.2

0

1 0.3 ] .... I _ -- AT Rllim2 (11)
1 03 104 10s 1 08 At - cV

Current density [A/cm2] where Ilim is the limited fault current given by

Fig. 6 Quench Propagation Velocities in an
LTSC and an HTSC



" 14 f_ and 100 f_ for the two systems. The associated
llim = U (12) temperature rises after two cycles (33 ms) are, as

"_(Rs+R) 2 + ((°Ls) 2 shown in Fig. 8, still of the order of 103 K, ifJe is 105

A/cm 2. Hence, the current flowing through the
where co is the angular power frequency. Figure 7 superconducting element while in its normal state must
shows the temperature rise in kelvin per millisecond be limited to a value significantly smaller than In to

" during a fault for the two example systems with the prevent the temperature transients from damaging the
SCFCL resistances given in Table II and for le = 5In. superconductor. However, the required superconductor
Adiabatic conditions are assumed, and ali material length and volume increase correspondingly. For
parameters are considered constant and independent of example, to obtain a limiting resistance of 1 k_ in the
temperature, two systems, the superconductors must be 3 km and

As expected, low Je values result in a slower 15 km long, respectively, assuming Je is 105 A/cre 2.
heating of the superconductor because its mass is larger. An alternative approach for reducing the amount
However, because a high current density is required to of current flowing through the superconductor element
accomplish sufficiently fast switching, Fig. 7 shows during a fault is to employ a shunt resistor as the
that the Fig. 3(a) design is not technically feasible, if the limiting element (see Fig. 3[bi). However, this scheme
SCFCLs have the minimum required resistances given also requires the superconducting element to have a very
in Table II. Even with a current density as low as high resistance (comparable with the previous design) to
104 A/cm 2, the power dissipation will cause the ensure that most of the current is commutated to the
superconductor to evaporate within the first power cycle shunt. The shunt resistance must at least be as specified
(17 ms). in Table II.

The only way to reduce the dissipation and Although the superconductor in both the
thereby limit the temperature rise in the superconductor shunted and the unshunted resistive SCFCL must
is to limit the current even further by increasing the perform a rather extreme current limiting, it will still be

SCFCL resistance. Because PN of HTSC cannot be very difficult, if not impossible, to obtain reset times
increased without reducing Jc drastically, this reduction that are less than several seconds.

Furthermore, in a compact SCFCL design, the
can only be achieved by increasing the length of the substantial wire lengths necessary to obtain such a high
superconductor. Figure 8 shows the rate of temperature resistance of the superconducting element are inevitably
rise during a fault as a function of the limiting resistance associated with a certain stray inductance. In the
for two values of Jt. The lower resistance values are shunted device of Fig. 3(b), the stray inductance may
those required to limit the current to 10 kA and 63 kA, cause serious problems in the early stages of a fattlt. As
respectively (see Table II). explained in an earlier study [3], the stray inductance of

Limiting the fault current to the nominal load the superconducting element largely determines how
current In corresponds to SCFCL resistances of about rapidly the fault current commutates to the shunt

107 ._---- --

- I0°

m,-,n %%%

E 05 _ 041 - Transm. _ 1 10° A/cm2

04 system ,,¢#" '-"',-- 1

- _ '_ 02

03 ,_'Dis_"_' a_ 1
= 1 - ,-.

tr. --,

"- _ 1 10
o 02 ,,,_" system ,.. 0°

/
C].

E 01 E 0-2#- 1 - ,

10° _ _ __1 ! 10.4 __1 •" I
103 104 105 lOs ' 0o--010, _z _,10 I I I I 104

| Current density [A/cm2] Resistance of SCFCL [.O,]
!
I
! Fig. 7 Temperature Rise in the HTSC Fig. 8 Temperature Rise per Millisecond in
1 Element of the Concept Shown in the HTSC Element of the Concept Shown
| Fig. 3(a). gibe resistance values are in Fig. 3(a) as a Function of the LimitingI
i 0.56 f_ and 2.38 £_ for the distribution Resistance for the Example Distribution

i and transmission system System (broken lines) and TransmissionSCFCL, respectively.) System (solid lines)
|

I
'!
I
I



s ' _ •

resistor. An inductance that is too large may cause the of underground transmission cables, long reset times
superconductor to fuse before the current is effectively may, however, be fully acceptable.
transferred to the high-power shunt. Other factors with great impact on the capital

cost of an SCFCL include the need for an external
Inductive SCFCL trigger and the need, to install capacitors across the

device to reduce overvoltages.
By applying an inductive shunt instead of a Competing technology to the SCFCL exists, at

resistive SCFCL (see Fig. 3[c] and 3[d]), the L/R ratio least at the distribution system level. The feasibility of
increases. (Here, L includes both the stray inductance using gate turn-off thyristors to commutate the fault
in the resistive SCFCL and the limiting inductance in the current to a limiting shunt has recently been
inductive SCFCL.) Thus, the current commutation to demonstrated [1], [15]. Furthermore, a novel and
the shunt during a fault becomes much slower when inexpensive arc runner scheme for fault-current limiting
employing an inductive shunt. Consequently, the has been tested [16]. These and other concepts create
problems related to energy dissipation in the strict costand reliability requirements that an SCFCL
superconducting element in the early stages of a fault are must meet to be competitive. For example, the
even greater in this design, thyristors that essentially have the same function as the

Since the SCFCL already has a cryostat, an superconductor cost around $40,000 (U.S.) [1] for a
interesting scheme is to use an air-core reactor with three-phase FCL rated for the example distribution
superconducting windings, as shown in Fig 3(d). The system. Furthermore, the losses in this device are about
reactor remains in its superconducting state during a 0.05% of the throughput power. Consequently, the
fault; the current is limited by its impedance. Compared refrigeration costs of an SCFCL should not exceed this
with applying ambient temperature air-core reactors value.
(Fig. 3[c]), this procedure may lead to a more compact The extent to which these FCL schemes can be
SCFCL design because the ampere-turns and the scaled up to high-power transmission systems is
magnetic energy density can be increased substantially. _mclear.
Doubling the magnetic flux density reduces the required
reactor volume by a factor of four, but at the expense of _ONCLUSIQN_
higher structural requirements for balancing the
increased magnetic forces between the conductors. The The following conclusions were drawn on the
engineering problems related to construction of large basis of this work'
high-field (several tesla) superconducting coils are
significant and increase rapidly with the size of the coil. • Thorough cost/benefit analyses of FCLs are lacking,
The combined volume and flux density for the but surveys among U.S. utilities indicate that the
transmission system SCFCL discussed here is clearly price the utilities are willing to pay for an FCL is at
beyond present conventional technology, most a few times the price of a circuit breaker of

Most of the potential difficulties related to the corresponding rating.
switching and resetting of the superconducting element
exist also in the inductive schemes of Fig. 3, because • The energy management in an SCFCL is a critical
the inductive SCFCLs rely on the same but often ignored issue.
superconducting-to-normal transition. Although these
devices limit the fault current inductively, the problems • Although using an air-inductor (coil) as the limiting
associated with the power dissipation in resistive element avoids problems associated with energy
SCFCLs generally remain, dissipation during faults, such devices usually

require a resistive, triggering element; energy
.C.ostConsiderations and C.ompetingTechnology dissipation within this element will still be a

problem,

The superconducting element in the concepts
shown in Fig. 3 (b)-(d) is essentially only a switch that • Use of either a resistive or inductive shunt across a
commutates the fault current to the limiting impedance, resistive superconducting element adds complexity
Thus, the large energies associated with the limiting and cost to an SCFCL while providing little, if any,
action are handled by the shunt, which causes the shunt benefit.
to become large and expensive. In a study of a
transmission system SCFCL [3], the shunt resistor was • The most feasible SCFCL concept appears to be an
found to account for about half the total SCFCL cost. in-line, resistive device. By choosing the resistance

Consequently, the capital cost of the SCFCL to provide a specified temperature rise, one can have
can be reduced significantly if the shunt impedance can a relatively compact design.
be avoided. To make the shuntless concept of Fig. 3(a)
technically feasible, the fault current must be limited to a • The refrigerator operating cost may be reduced by a
small fraction of the nominal load current, and the reset factor of up to 25 and the refrigerator capital cost by
time will probably be at least on the order of seconds, a factor of up to 10 for an SCFCL operating at 77 K
For some applications, as for example in the protection compared with a device operating at 4 K.
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