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Abstract. The penetration of DG systems in distribution
systems can result in the increase of the short circuit current
level. The application of the fault current limiter (FCL) would not
only decrease the stress on network devices, but also can offer a
connection to improve the reliability of the power system. There
are various types of FCLs, which are made of different
superconducting materials and have different designs. There are
several kinds of SFCLs, which can be classified in three types
such as the resistive type, the inductive type and bridge type
SFCL. In this paper, the transient recovery voltage (TRV)
analysis, based on the -electromagnetic transient program
(EMTP), is used to investigate the behavior of the each three
types SFCL installed in an electrical distribution grid. Simulation
results show that the TRV can be damped in the presence of the
resistive and bridge type SFCL during fault clearing period.
Key words

Superconducting Fault Current Limiter, Transient
Recovery Voltage, Rate of Rise of Recovery Voltage
(RRRYV), Circuit Breaker

1. Introduction

With the growth of the demand for electric power, the
electric power systems are interconnected each other to
increase the reliability of power supply. However, fault
current levels increase beyond capabilities of existing
equipments in some points of grids. Therefore, all
equipments especially, circuit breakers have to have a
short circuit rating capable of withstanding this level.
Usually, handling these increasing fault currents requires
the costly replacement of equipments or imposition of
changes in the configuration. But, the splitting of
substation may decrease the operational flexibility and
system reliability. An alternative solution is the usage of
FCLs to reduce the fault current to withstanding level of
existing circuit breakers. So, the existing equipments can
still be used to protect the power system [1]-[2].

Also after being limited by the FCL, the current is
interrupted at its current zero by a circuit breaker. After the
interruption of the fault current, a transient recovery
voltage (TRV) appears across the contacts of the circuit
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breaker. To perform a successful interruption, the circuit
breaker must withstand against the TRV without re-
establishment of the arc between the contacts.

An ideal FCL should have the following features [1-3]:

e Zero impedance and power losses at normal operation,
e Large impedance in fault conditions,

o Quick appearance of impedance when fault occurs,

o Fast recovery after fault removal,

e Reliable current limitation at determined fault current
and

e Good reliability.

Superconducting Fault Current Limiter (SFCL) offers a
solution to these problems with many significant
advantages. The application of the SFCL would not only
decrease the stress on device but also offer an
interconnection to secure the network. They can improve
reliability and stability of power systems by reducing the
fault current. There are several kinds of SFCLs, which
can be classified in three types such as the resistive type,
the inductive type and bridge type SFCL. Each type of
SFCL has its merits and demerits [1- 5]. Many studies
have focused on the topology and capability of SFCLs.
The inductive type SFCL is able to suppress the voltage
drop and limit the fault current. The resistive type SFCL
can consume the energy of the fault current and limit it.
This capability can improve the power system stability.
The bridge type SFCL is a kind of SFCL, which has zero
impedance under the normal condition and large
impedance under fault condition. Its advantage is the
fault current limitation without any delay and smoothing
the surge current waveform. But, it can not limit the
steady state fault current. Among the parameters of the
FCL, the magnitude of the limiting impedance and its
merits affects the current-limiting performance of the
FCL much more than the other parameters. In other
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words, depending upon the kind of the FCL and its merits,
the insertion of the FCL in to the power system can result
in more severe interrupting problems. Therefore, it is
important to study the interrupting behavior of circuit
breakers in the presence of the kinds of FCLs [5-8]. In this
paper, a comparative study of the interrupting behavior of
circuit breakers in the presence of three types such as the
resistive type, the inductive type and bridge type SFCL
have been carried out.

2.  SFCL Concept

Several designs have been considered for the SFCL which
are based on different superconducting materials. The
resistive SFCL is simply connected in series with the
network; the inductive SFCL is based on a transformer
with a superconducting shielding tube in the secondary.
The bridge-type SFCL consists of a diode-bridge and
superconductor as limiting function.

A. Resistive SEFCL Model

A resistive SFCL utilizes resistance increase upon quench
of a superconductor. It has advantages such as simpler
structure, smaller size, and possibly lower capital cost than
other types. During normal operation, the superconducting
element is in its superconducting state and the normal load
current passes with theoretically no loss. In the case of a
short circuit, the circuit current rises sharply and the
superconductor undergoes a transition to its normal state,
so a certain value of nonlinear resistance is created by self-
sensing and self-triggering, thus limiting the fault current
level. A non-linear resistive model was used to analyze the
features of a resistive FCL prototype with EMTP simulator
in this paper. Its behavior under normal operation and
short-circuit conditions in a test circuit was investigated by
computer simulation using the EMTP program. As the
scaled I-V curve shown in Fig. 1, the resistance variation
is represented by the gradient of the curve [9-10].
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Fig. 1. V-I curve of resistive FCL

B. Inductive SFCL Model

In the model of the inductive FCL, a capacitance Cp, is
connected in parallel with the limiting coil to simulate a
stray capacitance appearing in the winding of the coil. The
stray capacitance Cp, has so much higher impedance than
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the inductance Lyc; that the impedance Zp¢; is equal to
the impedance of the inductance Lgc;. Fig. 2 shows the
inductive SFCL model, used in this paper [11].

I
1]
— 1yl

L FoL

Fig. 2. Inductive SFCL model

B. Bridge-Type SFCL Model

Fig. 3 shows the three-phase bridge-type SFCL, which
consists of the superconducting coil (SC), series
transformer and diode bridge circuit. The diode bridge
converts three-phase AC to DC current, which flows
through the super- conducting coil. The current through
the primary and secondary winding of transformer are
defined as i, i, respectively, and the ratio of transformer
is N, as follows:

=N ®)

Lp

The SC current (i;) is almost equal to the peak value of
the secondary current.

i, =v2i =2 Ni, ©9)

After charging the SC and in the steady state condition,
the current of SC is approximately constant and we have:

v, =1, % g (10)

“dt
Therefore, the impedance seen by the primary side of
the coupling transformer is very low. Under the fault
conditions, the current increases with a constant rate as
shown in Fig. 4. The per-phase current is approximately
given by the following equation [12].

v
I,=-" (11

i (A +iy)t—t,)cos(wt + @)

1>1,

Where V, is the magnitude of the source voltage, L, is
the inductance of the SC (referred to the primary side), #,
is the fault starting instant, ¢ is the phase angle and i,-
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Fig. 3. Bridge-type SFCL schematic diagram
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Fig. 4. SC and fault current during fault and normal operation
with using bridge-type SFCL

3. FCL in Distribution System

Most of the distribution systems have radial form. As a
result in any branch of a radial system, power only flows
in one direction. The distribution voltage levels are in the
range of 10kV to 30kV. It can be expected that there will
be interactions between the FCL and power system, if FCL
is placed in the grid. A typical distribution system is
represented in Fig. 5. The source impedance includes the
transformer impedance and the upstream short-circuit
impedance. Parallel feeders are connected to the Point of
Common Coupling (PCC). The bus is supplied by a
substation transformer from a 110 kV network. The
upstream source system is modeled as an infinite bus and
the source impedance is consists of an equivalent
resistance and inductance connected to the local
distribution substation. The load is modeled as a lumped
series R-L-C branch with a power factor of 0.886. A 3-
phase short circuit fault is simulated at the load side, on
feeder 2 (F2), as shown in Fig. 5. After one cycles, the
circuit breaker opened to clear the fault. The circuit
breaker is modeled as an ideal time-controlled switch with
a parallel capacitance. This capacitance is the total
capacitance of the source side circuit, which includes the
stray capacitance of circuit breaker to the ground.

4. Simulation Results

The simulation has been carried out with a fault starting at

t=140ms. The circuit breaker has been opened after 1
cycle.

The total simulation time was 200ms according to the
circuit breaker opening time, and the simulation step is

1ps. The parameters for the simulation have been listed in
table 1.
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TABLE I SYSTEM PARAMETERS
PARAMETER VALUE
Voltage 110kV,50Hz
Suppl
PP Step down 110/15kV,10MVA
Transformer
Bridge- 50 mH
type FCL Inductance of SC
Inductive Inductance ('LFCL) 64.4 mH
SECL Stray Capacitance 1uF
(Cp)
Resistive Maximum 200
SFCL Resistance (Ray)
Lo Load 1 P=6kW ,PF=0.9
Load 2 P=5kW,PF=0.88

When the circuit breaker attempts to interrupt the
limited fault current, an over voltage is developed across
contacts [13]. This voltage is called Transient Recovery
Voltage (TRV) of the circuit breaker. Circuit breakers
may fail to interrupt fault currents when power systems
have transient recovery voltage levels, which exceed the
rating of circuit breakers. The Rate of Raise of Recovery
Voltage (RRRV) is an important parameter in the power
system operation, presented in IEEE C37.41 standard.
The simulations by the Electro-Magnetic Transients
Program (ATP-EMTP) was performed to determine the
instantaneous values of the transient recovery voltage
VCB appearing after current zero and the current flowing
Icp through the contacts of the circuit breaker before
current zero for following cases:

A. Without Using Any FCL

Fig. 6 shows the current flowing through the contacts of
the circuit breaker before current zero without FCL
application. It is obvious in Fig. 6, which the peak value
of the fault current is about 3500A, which can damage
the system devices. Fig. 7 shows the circuit breaker’s
TRV without installation of FCL. The TRV in the
absence of the FCL reaches a peak value of 24 kV. The
initial transient recovery voltage (ITRV) in the absence
of the FCL reaches a first peak value of 23.7 kV during
0.0044s. From these values, the RRRV was determined
to be 55 kV/us.
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Fig. 7. Circuit breaker TRV without using any FCL

B. With Using Inductive SFCL

Fig. 8 shows the current flowing through the contacts of
the circuit breaker before current zero with inductive
SFCL application. It is obvious in Fig. 8, which the peak
value of the fault current is limited about 800A.
Application of inductive SFCL creates an asymmetrical
short-circuit current. Fig. 9 shows the circuit breaker’s
TRV with application of inductive SFCL. The TRV
reaches a peak value of 30 kV. The initial transient
recovery voltage (ITRV) with inductive SFCL reaches a
first peak value of 10 kV during 0.00004s. From these
values, the RRRV was determined to be 250 kV/us.

-

Current (A%

-0
a0

+ + + ¥
00 00 012 Lk 1)

Fig. 8. Circuit breaker current with using inductive SFCL
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Fig. 9. Circuit breaker TRV with using inductive SFCL
C. With Using Resistive SFCL

Fig. 10 shows the current flowing through the contacts of
the circuit breaker before current zero with resistive
SFCL application. It is obvious in Fig. 10, which the
peak value of the fault current is limited about 650A.
Application of resistive SFCL eliminates the
asymmetrical component of fault current. Fig. 11 shows
the circuit breaker’s TRV with application of resistive
SFCL. The TRV reaches a peak value of 16 kV. The
initial transient recovery voltage (ITRV) with inductive
SFCL reaches a first peak value of 7 kV during 0.0009s.
From these values, the RRRV was decreased to 8 kV/us.
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Fig. 10. Circuit breaker current with using resistive SFCL
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Fig. 11. Circuit breaker TRV with using Resistive SFCL
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D.  With Using Bridge-SFCL
Fig. 12 shows the current flowing through the contacts of
the circuit breaker before current zero with bridge-type
SFCL application. It is obvious in Fig. 12, which the peak
value of the fault current is limited about 450A, but the
fault current increases with a constant rate. Fig. 13 shows
the circuit breaker’s TRV with application of bridge-type
SFCL. The TRV reaches a peak value of 20 kV. The initial
transient recovery voltage (ITRV) with inductive SFCL
reaches a first peak value of 7.5 kV during 0.00029s. From
these values, the RRRV was decreased to 24 kV/us.
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Fig. 12. The Circuit Breaker Current with Using Bridge-Type
SFCL
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Fig. 13. The Circuit Breaker transient Recovery Voltage with
using Bridge-Type SFCL

4. Conclusion

In this paper, the effect of three types of SFCL on transient
recovery voltage of circuit breaker has been studied. The
simulation results show that not only fault current has been
limited, but also the TRV and RRRYV of the circuit breaker
has been reduced effectively by using the resistive SFCL
and bridge type SFCL. By using inductive SFCL, the fault
current has been limited, but the TRV and RRRV of the
circuit breaker has been increased. Also, by using the
resistive SFCL, the TRV and RRRV of circuit breaker was
lower than the other types of SFCL.
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