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Consequences of high
short-circuit currents could
be Damages and Blackouts




Permanent impedance increase
during nominal and fault conditions

Old term:
“passive”

g

gt

Condition based impedance increase
Small impedance at nominal load
fast increase of impedance at fault

gt g

Old term:
“active”

g
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Low Impedance during Normal Operation
Low Losses

Adequate Current Limiting Performance
Compatibility with existing Protection @
No Deterioration of Limiting behavior
Low Maintenance Requirements

No Risk for Operating Personnel

Low Impact on the Environment
Reliability @ @)

Adequate cost (2 Q)

(1) CB reclosing cycle (SFCL recovery time) ﬁ by SFCL
(2) Cryogenic system =
(3) HTS conductor



Effective Fault Current Limitation
Transparency

Passivity / self-triggered

Fast reaction (sub-cycle reaction)
Resettable

No environmental impact







- Resistive type SFCL
- Rectifier type SFCL

- Shielded iron-core type SFCL Quench Free

@iron-core type SFCL

Important: various alternative to these main concepts
are reported in the technical literature



Resistive-Type SFCL

A resistive-type SFCL directly exploits the transition from
superconducting to normal state that a SC material exhibits when
the transport current exceeds the critical value.

Advantages

Compact and simple design
Intrinsically safe (no triggering)

No reactance (voltage, stability)
Resistive limiting action

non inductive winding design:
- bifilar helical coll
- alternate pancakes arrangement

Drawbacks

Hot spots (resistive shunt or matrix)
AC losses

Current lead losses

Long recovery time




Shielded iron core type SFCL

Advantages Drawbacks

No current leads Significant losses (active and reactive)

Large Size and Weight (limited scalability)
Inductive behavior (delay on current zero crossing)







Possible applications of FCL devices

In power grids
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FCL Impact on protection schemes
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SFCL: Typical Fault current waveshape

Normal Fault condition EVER
Operation First cycle Follow current
4
. without ECL (CIGRE WG A3.16)
)
5 Fault Fault
O inception clearing
1 Ty
. — -
t=0 time
[ R e s > S >

U, rated system

voltage rated current (1), peak (i)

minimum initiating current (imin)

maximum limited current (iyax)

peak (prospective) short circuit current (i)
peak value of the follow current (i)

t, action time
(from t = 0 until Trax)

tq fault duration time

1
2:
3:
4.
5:

t, recovery time
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Lead Company Country/Year Type Data Phase Superconductor
ACCEL/NexansSC | D /2004 Resistive 12 kV, 600 A 3-ph. Bi 2212 bulk
CAS China / 2005 Diode bridge 10.5 kV, 1.5 kKA 3-ph. Bi 2223 tape
CESI RICERCA Italy / 2005 Resistive 3.2kV, 220 A 3-ph. Bi 2223 tape
Siemens / AMSC D /USA/ 2007 Resistive 7.5kV, 300 A 1-ph. YBCO tape
LSIS Korea / 2007 Hybrid 24 kV, 630A 3-ph. YBCO tape
Hyundai / AMSC Korea / 2007 Resistive 13.2 kV, 630 A 1-ph. YBCO tape
KEPRI Korea / 2007 Res.-hybrid 22.9 kV, 630 A 3-ph. Bi 2212 bulk
Innopower China / 2008 DC biased iron core | 35 kV, 90 MVA 3-ph. Bi 2223 tape
Toshiba Japan /2008 Resistive 6.6 KV, 72 A 3-ph. YBCO tape
Nexans SC D /2009 Resistive 12 kv, 100 A 3-ph. Bi 2212 bulk
Zenergy Power USA /2009 DC biased iron core | 12 kV, 1.2 kKA 3-ph. Bi 2223 tape
Zenergy Power USA /2010 DC biased iron core | 12 kV, 1.2 kKA 3-ph. Bi 2223 tape
Nexans SC D /2009 Resistive 12 kv, 800 A 3-ph. Bi 2212 bulk
Nexans SC D /2011 Resistive 12 kv, 800 A 3-ph. YBCO tape
Innopower China / 2010 DC biased iron core | 220 kV,300 MVA | 3-ph. Bi 2223 tape
RSE Italy / 2010 Resistive 9kV, 250 A 3-ph. Bi 2223 tape
RSE Italy / 2012 Resistive 9 kV, 1 kA 3-ph. YBCO tape
KEPRI Korea / 2010 Resistive 22.9 kV, 3 kA 3-ph. YBCO tape
AMSC / Siemens USA /D /2012 Resistive 115 kV, 1.2 kA 1-ph. YBCO tape
Zenergy Power USA /2012 DC biased iron core | 138 kV 3-ph. Bi 2223 tape
Nexans SC EU /2012 Resistive 24 kV, 1005 A 3-ph. YBCO tape




Successful and Planned SFCL Field Tests

A considerable number of SFCLs field tests have been performed
within the last years.
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State-of-the-Art of SFCL
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State-of-the-Art of SFCL
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B (9 kV, 1 kA)

A (9 kV, 250 A)
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Simulation conditions with and w/o parallel shunt reactor:

Three-phase short circuit events

Source Voltage V.= 9 KV,

Nominal Current | .= 250 A, with cos = 0.99
Prospective Short circuit Current I,.= 28 kA, (12 kA
cos .= 0.1 lagging

rms )

Line Resistance R;,. = 0.04 W; Line Reactance X, = 0.43 W

Load Resistance R, 4 = 5.10 W| Load Reactance X;., =0.30 W
Fault duration t,. =400 ms

Initial Temperature T,, = 65 K




+ Design and development of a 3-phase

O kV, 250 A SFCL for MV networks




The Italian SFCL project

Installation site
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+ SFCL Installation at A2A S. Dionigi Substation




+ SFCL Installation at A2A S. Dionigi Substation




Short-circuit testing results on RSE

3-phase SFCL

) |n|t I_ 77 K R hunt for phase_0-011 1 Xshuntforphase 0.
d(lge)a mited (I ;;,) short circuit current

35000 ——————
00000 | e [N =32.7kA,|

25000

e
EHI w«ﬁ,Mm '.mw ' ' i
ﬂ

-30000 i i ‘ ‘ ‘ ‘ ‘ ; ; ; ; ; ;




- Short-circuit testing results on RSE

3-phase SFCL
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Short-circuit testing results on RSE

3-phase SFCL

Vnom:lo-z kV, Inom: 220 A ) THTS initial — 77 K, Rshunt for phase:O-Oll VV, ’ Xshuntfor phase=0-395W
Comparison between measurents and calculations of limited short circuit current
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Short-circuit testing results on RSE

3-phase SFCL

Vnom:10-2 kV! Inom: 220 A , THTS initial — 77 K, Rshunt for phase:O-Oll VV, ’ Xshuntfor phase=0-395W

Limited current, HTS current and HTS resistance of phase T
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SFCL and Smart grids

SFCL

EU RTD activities towards Smart Grids contribution and
Impact

Intelligent electricity networks

Efficient distributed energy generation technologies

Demand-side management and demand response
resource technigues

New energy services _

Improving the efficiency of power transmission and
distribution

Enabling technologies

Stationary energy storage _

Source: Mathias Noe, KIT




Smart Grids Drivers
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For developed countries, the main reasons to adopt smart grids
technologies are:

grid loss reduction; system performance and asset utilization improvement;
Integration of renewable energy sources; active demand response;
aging grid infrastructure; and energy efficiency




SFCL will support the integration of

Distributed Generation from RES

110 kV

-----
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N Generator

ﬁ'\Transformer

10 kV

©

5...50 MVA

FCL

10 kV Grid

Source: Mathias Noe, KIT
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ST el BA0in @ Bl Follow current |Resettable or non
or external current
triggered interruption el il
Groups FCL® : :
. With current Active or
Self-triggered? . - . Resettable?
interruption ? passive?
Yes or No? Yes or No? Yes or No?
H_|ghTVoItage Current v v (N/A) N
Limiting Fuses
Pyrotechnic Fault Current :
2
Medium-Voltage Networks Limiters N Y Passive(?) N
(Rated Voltage: 1 kV ..... 36 kV
(Y/N):
Resonance Links depending on the N Active Y
bypass circuit
(Y/N):
Resonance Links depending on the N Active N
High-Voltage Networks bypass circuit
Rated Voltage: > 36 kV
( g Thyristor Controlled Series
Compensators with Fault N N Active Y
Current Limitation
Resistive type Y N Passive Y
Novel Approaches : Shielded iron Core type Y N Active Y
Superconducting Fault Current |Saturated cron core type Y N Active Y
Limiters (Y/N)
“Current Controller” Y depending on Active Y
device layout
Fault Current Limiters Based : i
. Y Y Passive number of
on PTC-Resistors L
operation limited
L!qgld Metal Fault Current v N Passive v
Limiters
Solid-State Fault Current W .N) .
Novel Approaches o N depending on Active Y
Limiters .
device layout
Fault Current L_|m|ters Using N v Active v
Electromagnetic Forces
Hybrid Fault Current Limiters N Y Active Y




Saturated iron Core Type SFCL

In normal operating condition the SC winding keeps both cores saturated

Advantages Drawbacks
No quench Significant losses (active and reactive)
DC operation of SC Large Size (reduced scalability)

Inductive behavior (delay on current zero crossing)
Complex current supply for the SC winding




