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Abstract- Fault Current Limiter (FCL) concepts based on 
non-inductive high temperature superconducting (HTS) coils 
were studied.   The coils employed second generation (2G) 
HTS wire based on YBCO coated conductor currently under 
development at American Superconductor Corporation 
(AMSC) and other places.  Two FCL concepts were studied: 
a) series and b) shunt.  The series limiter employs a coil in 
series with the load and limits current by its increased 
resistance during the current limiting phase. This design is 
best for a single fault current limiting action, with resetting 
after the several minutes required cooling it down to its pre-
fault temperature.   The shunt limiter employs an inductor in 
parallel with the HTS coils. Once the HTS coil transitions to 
its normal state, fault current is limited by the impedance of 
the external inductor.  An advantage of the shunt limiter is 
that with proper design, it could withstand multiple closely 
timed current limiting events. Since the 2G wire is becoming 
available in long lengths, now is the right time to initiate a 
commercial FCL product development program.  
 

Index Terms— High-temperature superconductors, Faults, 
System Protection   

I.  NOMENCLATURE 
HTS – High Temperature Superconductors, BSCCO and 

YBCO 
GM Coolers – Gifford-McMahon cryocoolers 
K – Degrees Kelvin 

II.  INTRODUCTION 
ault Current Limiters (FCL) based on high temperature 
superconductors (HTS) have been explored since the late 

eighties, [1-3] but a cost-effective, practical and reliable 
concept has remained elusive.  The function of a FCL is to 
limit the fault current to a desired level during a fault.  To 
develop a FCL that satisfies user defined requirements [4-6] 
has become a holy grail for scientists and engineers working 
in this field.   

There are many designs for FCLs, but the most widely 
explored have been those based on an inductive or resistive 
principle.  As the name implies, the inductive limiter limits 
the fault current by introducing a suitable inductance in the 
faulted circuit, whereas a resistive limiter achieves this 
function by introducing a resistance.  Many variations have 
been considered on these two basic concepts.  Resistive 
limiter concepts are being evaluated at AMSC because they 
are expected to be simpler and more compact in design and 
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more cost-effective than inductive limiters.  With its rapid 
progress on second generation (2G) HTS wire based on 
YBCO coated conductor, AMSC believes this wire provides 
an optimum vehicle for development of a practical resistive 
limiter [5].   

This paper describes a resistive FCL concept based on 2G 
HTS wire and utilizing non-inductively wound coils. 

III.  FCL APPLICATIONS 
The need for developing a FCL is driven by rising system 

fault current levels as more generators and dynamic loads 
(synchronous and induction motors) are added.  Already 
many locations in the grid are experiencing fault current 
levels approaching 63 kA, which is a widely used circuit 
breaker level.  The present circuit breaker technology upper 
limit is about 80 kA and new means of interrupting rising 
fault currents are being explored.  Two possible approaches 
to limiting fault currents are: 

• Explosive fault limiting fuses are being applied but 
they require a service call to replace the fuse after 
each event 

• Series reactors are installed but they have high 
resistive losses, are bulky, and contribute to grid 
instability 

By contrast, HTS FCLs offer the following benefits:  
• Reduction of fault currents by a factor of 3-10 
• Single shot protection for 5-10 cycles plus automatic 

resetting after several minutes 
• Suitability for distribution and transmission voltages 

up to  ~138 kV 
Thus, HTS FCLs appear to be an attractive solution to a 

critical utility problem. Possible applications of FCLs (shown 
in Figure 1) include: 

• Bus-tie  
• IPP interconnection 
• Transformer 
• Feeder 
• Closing open loop 
• Inrush current controller for self-start induction and 

synchronous motors 
A successful FCL product will find numerous applications 

as it offers the benefits listed below: 
• Avoid equipment damage 
• Avoid equipment replacement, e. g., higher breaker 

rating 
• Use lower fault rated equipment, avoid series reactors   
• Avoid split buses, opening bus-tie breakers 
• Higher system reliability when bus tie breakers are 

closed 
• Use lower impedance transformers 
• Reduce voltage dip on adjacent feeders 
• Enhance grid stability  
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  The key parameters affecting the FCL design are the 
steady-state current, the limiting current during a fault, the 
fault duration (hold-time) and the requirement for re-closing 
of the circuit immediately after a fault is cleared.  Each of 
these parameters impacts the design.  
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Figure 1: Some expected FCL applications in a power grid 

IV.  DESIGN CONSIDERATIONS 
 

Among the various types of FCLs, the resistive FCL 
approach appears to be most attractive from the size and cost 
point of view.  There are many HTS materials options in 
designing resistive limiters: 

• Bulk HTS rods or meander stripes, or first generation 
(1G) HTS wire coils. These concepts have been 
successfully demonstrated in laboratory but they are 
hard to scale and are costly. 

• Second generation (2G) HTS wire to make FCL coils.   
In our view, practical, compact and cost-effective resistive 
HTS FCLs appear most viable with 2G HTS wire.  
 

Basic principles for designing all types of resistive FCLs 
are relatively straightforward.  A resistive FCL limits the 
fault current by its increased resistance when the HTS wire 
transitions to its normal state during a fault.  The key 
parameters impacting the resistive FCL design are fault 
current (Ilim), fault duration (∆t) and permissible temperature 
rise (∆T) of the HTS elements.  These variables are related in 
through the following equations: 
 

R
Vo
Ilim

ρ L⋅
t w⋅

Ilim t w⋅
Cp ∆T⋅

ρ ∆t⋅
⋅

              
where  R = FCL resistance during fault 
   V0 = system rms voltage 
   L = length of HTS current limiting elements 
   ∆T = maximum permissible temperature rise 
   ∆t = maximum fault duration (hold time) 
   ρ, t, w = resistivity, thickness and width of HTS 
   Cp = effective specific heat of HTS and stabilizer. 

Solving these equations, one can derive the minimum 
conductor volume given below for a series FCL. As pointed 

out by Tixador [3], the required minimum conductor volume 
(Vol) is independent of conductor resistivity. 
   

Vol
I lim Vo⋅ dt⋅

C p ∆T⋅
 

Series FCLs with three different HTS conductor types 
were compared, i.e. bulk YBCO rods, 1G BSCCO wire and 
2G YBCO wire.  As an example, an FCL sized for 15kV line 
voltage, 1250A nominal current, 4000A limited fault current 
for 0.1 second and 100K maximum temperature rise during 
the fault, and with the approximate volume specific heat of 
2x106 J/m3K, requires 30,000 cm3 of material in all cases.   
In typical coil environments, it will take many minutes for 
the coil to cool back to 77 K after a 100 K temperature rise, 
setting a time limit for recovery with this approach. 

 
Bulk HTS Rods   

FCL elements are bulk rods which are assumed to quickly 
attain resistivity of ≥100 µΩcm during a fault as the current 
surges well above the critical current of the material.  A 
minimum cross-section tw, and from this a limiting current 
density of 4.5 kA/cm2 can be derived.  The maximum critical 
current density (Jc) to maintain stability against hot spots [3] 
is then 1.4 kA/cm2.  Since bulk Jc is usually higher than this, 
a method is needed to reduce Jc uniformly, which is usually 
difficult.  The cost for 30,000 cm3 is an issue.  Another 
concern associated with the bulk rod approach is the risk of 
bulk rods cracking due to mechanical strains. Thus, although 
bulk HTS FCLs have been demonstrated in the laboratory [3, 
6], they will be extremely challenging to scale to a 
commercial level cost-effectively. 

 
First Generation HTS wire  

The composite architecture of HTS filaments in a silver 
matrix makes first generation HTS wire robust and 
electrically stabilized.  Stainless steel (SS) stabilizer can be 
laminated for mechanically strengthening and for additional 
thermal mass. During a fault, current is rapidly shunted into 
the Ag and SS stabilizers and the wire heats adiabatically.  
For the system parameters given above, and the 30,000 cm3 

minimum volume of the conductor required, 37.5 km of 
4x0.2 mm2 cross-section unlaminated 1G wire is required, or 
10.7 km of this wire with a 0.5 mm thick SS laminate.  The 
numbers change only modestly if Ag is doped to increase its 
resistivity.  At $10/m for SS laminated wire, the wire cost 
would be $107K, suggesting an FCL system cost of at least 
$200K. 

 
Second Generation - Coated Conductor 

2G (YBCO coated conductor) wire is laminated to a 0.5 
mm thick stainless steel or other high resistivity, high 
strength stabilizer.  This wire architecture is robust and 
electrically and thermally stabilized.  Fault current shunts to 
the stabilizer and heats it adiabatically.  Using the previous 
equations, the minimum conductor volume needed is 30,000 
cm3 of stainless steel stabilizer.  With 0.5x4 mm2 stabilizer 
and 50 micron thick substrate, 13.6 km of 2G wire are 
required.  At projected 2G wire cost in the range of $2-4/m, 
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the projected 2G wire cost would be at least $27K to $54K or 
about ¼ to ½ that of the 1G cost estimation, enabling a more 
cost-effective product. 

The lack of availability of 2G HTS wire until recently has 
been the main impediment to realizing a practical resistive 
FCL.  However, ≥10 m lengths of 2G HTS wire have  
become available for the first time during the last year[7].  
For example, the first 1 m cable conductor was demonstrated 
by ORNL and Ultera in 2003, using AMSC 2G wire and 
carrying 4200 A of dc current at 77K [8].  AMSC has also 
built first coils from 1-10 m of 2G wire.  AMSC has 
developed a lamination technology capable of applying the 
needed stabilizer for 2G FCL wire, and has demonstrated 
attractive mechanical properties [7].  

  
Limitations of a Resistive FCL   

Most utility customers prefer a FCL capable of handling 
automatic re-closing operations on a subsecond timescale.  In 
order to re-close immediately after a fault limiting operation, 
the FCL coil temperature must be kept in a superconducting 
regime.  With the HTS material YBCO (YBa2Cu3O7), which 
has a superconducting transition temperature around 90K, 
this means keeping the temperature rise below 85K in 
practice.  Unfortunately, this requirement adversely impacts 
complexity, size and cost.  Therefore a more practical target 
for a FCL is to provide a single-shot fault limitation with 
recovery after multiple minutes of cool-down.  
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Figure 2: Series and shunt limiter concepts 
 

Two possible options for a resistive FCL are series and 
shunt limiters shown in Figure 2.  A series limiter employs a 
non-inductive HTS coil in series with the circuit to be 
protected.  This FCL requires high HTS wire current density, 
high resistivity stabilizer and higher heat removal capability 
at the cold temperature. It is most suitable for a single fault 
limiting event with recovery after multiple minutes of cool-
down.  On the other hand, a shunt limiter concept has a warm 
resistor (or inductor) in parallel with the HTS coils, and this 
can be bulky.  During normal operation, the resistance of the 
HTS coil is essentially zero and steady-state current flows 
through it.  However, during a fault, if the resistance of the 
HTS coil increases to a high enough value, most of the 
current is diverted through the warm resistor.   This limiter 
could be designed to withstand several fault limiting events 
within a safe upper limit of the HTS coil temperature.  Once 
the fault is cleared, steady-state current can continue to flow 
without excessive heating in the HTS coil because it remains 
in the superconducting temperature range.   Preliminary 

analysis shows that the shunt limiter HTS coil requires about 
10% more HTS wire than the series limiter.   

Modeling of the fault current limiting performances of 
these two kinds of FCLs are shown in Figures 3 and 4 using 
the parameters previously described.  Both shunt and series 
limiters are quite effective in limiting fault current.  For 
identical HTS temperatures at the end of a fault, heat 
removed from the cold temperature in a shunt limiter is 3x 
less than from series limiter.  Series limiter HTS coil volume 
is about 2x the volume of HTS coil of the shunt limiter.  
Figure 3 shows that the fault current can be effectively 
limited to the desired value. 

Figure 4 shows performance of a shunt limiter.  Current 
flowing in HTS and external shunt coils are shown as solid 
and dashed lines, respectively in the figure. The HTS coil 
carries a significant share of total current - almost 1.5pu 
current even at the end of fault period.  During a 100ms fault, 
the HTS coil experiences a peak temperature of 180K.  If the 
fault duration is extended to 200ms (to allow for one 
automatic re-closure), the coil temperature rises to 250K. A 
300ms fault raises temperature to 310K which could 
accommodate 2 automatic re-closures.  Special HTS coil 
design and manufacturing techniques will be needed to allow 
for 2 automatic re-closers. 

 

 
Figure 3: Current limiting performance of a series limiter with a 100 

msec hold time 
 

  
Figure 4: Current limiting performance of a shunt limiter with a 100 

msec hold time 
 
 

It is possible to design a series limiter with one immediate 
re-closing operation but it will use 3x more wire than a 
delayed recovery operation and it will be 8x larger in 
volume.  The delayed recovery version is the most economic 
option.  
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Ultimately, utility customers have to determine what they 
are willing to pay for a FCL and what features they want 
most.  One obvious application is to replace explosive fuse 
applications with a series limiter with a delayed recovery 
feature.  This will save utility customers replacement and 
maintenance costs of explosive fuses.  By limiting the fault 
current to a low value, customers could also save 
replacement costs of multiple breakers.  On the other hand, a 
FCL with additional re-closing operations on a sub-second 
timescale will be significantly more expensive.  

V.  HARDWARE CONFIGURATION 
Both series and shunt limiter concepts employ non-

inductive coils made from 2G HTS wire.  Figure 5 shows a 
3-phase series limiter assembly.  It has three HTS coil sub-
assemblies, one for each phase.  The HTS coils are 
submerged in liquid nitrogen maintained at 15 bar pressure.  
Liquid nitrogen is contained in a double wall vessel. The 
outer vessel contains liquid nitrogen at atmospheric pressure, 
which boils at 77K.  This nitrogen cools the pressurized 
nitrogen in the inner vessel through the wall.  The top portion 
of the inner vessel is not insulated to permit pressurized 
gaseous nitrogen to separate 77K liquid from the top plate of 
the vessel at room temperature.  Current leads connect HTS 
coils in liquid nitrogen to the room-temperature bushings.  
Standard 20kV bushings are suitable for outdoor operation.  
Each phase series limiter assembly consists of six non-
inductive coils connected in parallel as shown in Figure 6, 
forming an assembly 950mm diameter and 410mm tall.  
Non-inductive coils are 150mm diameter and 260mm tall – 
each coil made from non-inductive pancake coils using 
interleaved wires with opposite current flow in each layer.  
The series limiter also requires an external inductor or 
resistor sized to limit the fault current to the desired level. 
This initial demonstration 20KV FCL concept can be scaled 
to higher voltages in the 138 kV range and higher currents by 
combining these modules in series and parallel. 

VI.  CONCLUSIONS 
  The resistive HTS FCL based on 2G HTS wire addresses 

critical utility issues cost-effectively.  It is feasible to build a 
series FCL using 2G wire but a practical design will handle 
only one fault event before a multi-minute cooldown. A 
shunt limiter concept potentially allows multiple automatic 
re-closing events but will require advanced coil design and 
manufacturing techniques.  A first commercial demonstration 
could be a distribution bus-tie resistive HTS FCL.  Since 2G 
wire is becoming available in sufficiently long length to test 
FCL concepts, now is the time to initiate a commercial 
resistive HTS FCL demonstration.  It would be necessary to 
define market and detailed equipment specifications together 
with electric utility customers. 
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Figure 5: Resistive FCL 3-phase assembly 
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Figure 6: A phase module with individual non-inductive HTS coil 
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