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Abstract—This paper studies a novel transformer-based solid
state fault current limiter (TBSSFCL) for radial distribution
network applications. The proposed TBSSFCL is capable of con-
trolling the magnitude of fault current. In order to control the
fault current, primary winding of an isolating transformer is con-
nected in series with the line and the secondary side is connected
to a reactor, paralleled with a bypass switch which is made of
anti-parallel insulated gate bipolar transistors. By controlling the
magnitude of ac reactor current, the fault current is reduced and
voltage of the point of common coupling is kept at an acceptable
level. Also, by this TBSSFCL, switching overvoltage is reduced
significantly. The proposed TBSSFCL can improve the power
quality factors and also, due to its simple structure, the cost is
relatively low. Laboratory results are also presented to verify the
simulation and theoretical studies. It is shown that this TBSSFCL
can limit the fault current with negligible delay, smooth the fault
current waveform, and improve the power quality.

Index Terms—Fault current limiter (FCL), isolating trans-
former, point of common coupling (PCC), power quality,
short circuit current, voltage sag.

I. INTRODUCTION

DEVELOPING power system networks and their
interconnections may increase the short-circuit levels

beyond the capacity of circuit breakers (CBs). Short-circuit
fault can cause overvoltage transients, loss of synchronization,
and isolation failure and may cause explosion of equipments
containing insulating oil. There are solutions such as
upgrading or replacing switchgears [1], which are expensive.
Distribution network protection mainly relies on proven
protection devices such as fuse. This equipment is a
self-triggering, cheap, small size, and reliable protective
device which can interrupt fault currents without using sen-
sors and actuators [2]. But, it is a single-use device and needs
manual replacement. Employing high impedance transformer
to increase the fault circuit impedance is another solution,
which causes additional network losses and needs redesign
for maintaining the voltage profile [3]. CB is also a protective
device, which can be tripped and reset manually or automati-
cally. However, CBs with high-current interrupting capability
are expensive electromechanical systems [3]. Replacement of
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protective CBs is a costly solution to cope with rising fault
current levels. In recent years, a novel scheme for limiting
the magnitude of fault current, the so called “fault current
limiter” (FCL), has been proposed and used as the best
solution. This scheme can limit the fault current, dismissing
the costly upgrade of switchgears. FCLs application in
distribution networks not only suppresses the fault current
and limits the inrush current, but also improves the transient
stability, power quality, and reliability [4]–[8]. Development
of various types of FCLs has been conducted for many years
by many research institutions around the world. Solid-state
FCL (SSFCL) is a power electronic-based device with fast
response in fault current limiting. SSFCLs have been classified
into three major groups: 1) the series switch (mechanical or
semiconductor) [9]; 2) the bridge [10]–[12]; and 3) resonant
structure types [13]. A single-phase FCL employing insulated
gate bipolar transistor (IGBT)-based bidirectional switch can
be realized by using a stack of IGBTs, an anti-parallel diode,
and varistors connected in parallel with the switches for volt-
age clamping [14]. Bridge-type FCLs with reduced number
of controlled devices have been presented in [15], in which
single-phase and three-phase four-wire configurations have
been proposed. Its fast response allows the cost, weight and
volume of the reactor to be reduced. The effect of controllable
resistor type FCL on voltage sag and fault current has been
studied in [16], where a damping resistor is inserted into the
transmission line, via IGBT switch and isolation transformer.
The suggested structure can improve the voltage profile
up to an acceptable level, but overvoltage on the IGBT is
considerable. Application of superconducting FCL (SFCL) in
loop power distribution systems for voltage sag analysis has
been considered in [17]. In order to overcome the problems
raised by distributed generation (DG), static FCL (SFCL)
has been proposed in [18]. SFCL can decrease fault current
level and improve power quality during fault. In addition,
FCL effect on the distribution networks protection in the
case of installed DG has been studied in [19]–[21]. In [22]
a radial distribution network is considered for comparison of
the performance of two SSFCLs, regarding the fault current
and power quality. The effect of SSFCL on the fault current
in a single-source radial system, as well as a multiple source
distribution system with a bus-tie has been presented in [23].
Study of electrical system with SFCL connected in series
with the feeder has been performed in [24]. This system
uses fiber optic communication to coordinate the operation
of fault interrupting switches, located along the circuit.
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Fig. 1. Single line diagram of a double feeder radial distribution network
including the proposed TBSSFCL.

A new hybrid type FCL topology for use in distribution
systems has been proposed in [25]. This paper employs
pulse-width modulation technique to control the fault current.
Quantitative analysis for FCLs, high temperature supercon-
ductor cables and transformers, in the world market, has been
made in [26].

Regarding their protective reaction, FCLs can be divided
into two types. One type limits the fault current to an accept-
able level, which can be safely interrupted by CB. The other
type acts as a breaker and interrupts the fault current itself.

In this paper, the first type, i.e., noninterrupting FCL,
is investigated. The proposed transformer-based solid state
FCL (TBSSFCL) has a simple structure, which can limit the
magnitude of fault current to some safe value. In addition
to restoring the point of common coupling (PCC) voltage,
it is capable of reducing harmonic distortion and switching
overvoltage, as compared to the five newly proposed FCLs
in [4], [6], [12], [16], and [27]. The TBSSFCL operations in
normal and faulty conditions are studied. An experimental pro-
totype is also developed and tested, the results of which clearly
confirm the simulation results. It is shown that the proposed
TBSSFCL has a simple and cheaper structure, while acting
better, as compared with the above mentioned FCLs.

This paper is organized as follows.
In Section II, the system topology is discussed. Then, in

Section III, the proposed TBSSFCL topology is introduced
and its operation in a simplified single line radial distribution
network is explained. In this section, analytical study of PCC
voltage sag, TBSSFCL power losses and control system are
presented. In Section IV, MATLAB software is employed to
investigate the operational behavior of TBSSFCL and related
simulation results are analyzed. In Section V, experimental
results are presented and finally the conclusion is given in
Section VI.

II. SYSTEM TOPOLOGY

Single line diagram of a double feeder radial distribution
network, including the proposed TBSSFCL, is shown in Fig. 1.
It is assumed that the feeder F1 supplies a sensitive load and
the feeder F2 delivers power to other loads.

The TBSSFCL is composed of three main parts as
described below.

An isolating transformer with unity turn ratio, the
primary winding of which is connected in series with
the line. The secondary winding of this transformer is

connected to an anti-parallel IGBTs switch in parallel with a
nonsuperconductor (copper) coil which serves as an ac reactor,
modeled by Ld in Fig. 1. The parallel connection of IGBTs
and ac reactor forms a fault current amplitude controller and,
together with the series transformer constitute the TBSSFCL.

III. TBSSFCL OPERATION PRINCIPLES

In normal operation mode IGBTs are on, so the secondary
winding is short circuited and there is negligible voltage drop
on primary side of the transformer. In this case, TBSSFCL
shows negligible impedance and has little effect on power
quality. At fault inception, monitoring system recognizes the
fault and turns off the anti-parallel IGBTs. Therefore, the
bypass path is removed and the secondary circuit is closed
through the ac reactor. This results in increased impedance
of the TBSSFCL, which limits the fault current to some
acceptable level.

A. Circuit Analysis

According to the value of the feeder current, TBSSFCL
operates in two modes. In normal operation mode, when the
system operates at steady state, as well as at the fault inception,
that the fault current is less than a prespecified value IL, IGBTs
are on, causing a voltage drop in the order of a few volts
(2 V for the IGBTs used in this paper). In addition, the series
transformer would not normally have leakage impedance of
more than 3–4%. Therefore, the total voltage drop across the
TBSSFCL would be negligible and is not taken into account, in
this paper. The other mode corresponds to the fault condition,
when the feeder current exceeds IL. In this mode, IGBTs are in
off state and the fault current is limited by TBSSFCL. During
the normal mode, ac reactor current is zero and the line current
is given by

Vm sin (ωt) = L
diL(t)

dt
+ RiL (t) (1)

where R and L include the source, line, and load resis-
tances and inductances and the source voltage of the electrical
network is assumed sinusoidal. In this case, the system is
in steady state, i.e., the transient component of current has
already been damped. Therefore, the solution of (1) is as
given in

iL(t) = Vm√
R2 + ω2L2

sin

(
ωt − tan−1 ωL

R

)
. (2)

In fault condition, the line current increases rapidly and
exceeds IL, by which the controller turns-off the anti-parallel
IGBTs and connects the ac reactor to the feeder. During fault
mode, the ac reactor charges according to (1), but with the val-
ues of L and R including TBSSFCL inductance and resistance
and excluding the short circuited load parameters. Solving (1)
for the fault condition yields

iL(ωt) = Ae− R
Lω

ω(t−t1) + B sin (ωt − ϕ) (3)

where{
A = −Vm√

R2 + ω2L2
, B = Vm√

R2 + ω2L2
, ϕ = arc tan

(
ωL

R

)
.
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Fig. 2. Positive sequence equivalent circuit of the radial distribution network
during fault.

Equation (3) is composed of exponential and sinusoidal
terms. The exponential term indicates a transient in the line
current, duration of which (from t1 to t2 in Fig. 6) depends
on the system time constant (Ld/R), where R is the system
resistance seen by the ac reactor.

B. Voltage Sag Studies

When fault occurs in feeder2, it causes voltage sag at
PCC. For voltage sag analysis, positive sequence equivalent
circuit of the faulted system is shown in Fig. 2. To analyze
voltage sag, the method introduced in [28] is used. In the nor-
mal operation mode, PCC voltage magnitude VPCC(N) and its
phase angle ϕPCC(N) can be expressed by

VPCC(N) =
∣∣∣∣∣

Z̄K(N)(
Z̄S + Z̄t

) + Z̄K(N)

∣∣∣∣∣
∣∣V̄S

∣∣ (4)

ϕPCC(N) = arctan

(
XK(N)

RK(N)

)
− arctan

(
XK(N) + XS + Xt

RK(N) + RS + Rt

)
.

(5)

The phase angle of V̄S is assumed to be zero. Z̄t is the
transformer impedance phasor, Z̄S = RS + jXS is the source
impedance phasor and V̄S is source voltage phasor all in
normal operation mode. By considering the parallel feeders’
impedance in normal operation mode, (6) can be written

Z̄K(N) = RK(N) + jXK(N) (6)

where

ZK(N) = (
Z̄L1 + Z̄SL

) ∥∥(
Z̄L2 + Z̄

)
(7)

where Z̄ is the feeder 2 load impedance. In the normal oper-
ation mode, |Z̄K(N)| is greater than |Z̄S + Z̄t| because the load
is connected to F2. So, the PCC voltage has a constant value,
almost equal to the source voltage. During fault, the magni-
tude (VPCC(F)) and phase angle (ϕPCC(F)) of PCC voltage is
changed and can be expressed by (8) and (9), as follows:

VPCC(F) =
∣∣∣∣∣

Z̄K(F)(
Z̄S + Z̄t

) + Z̄K(F)

∣∣∣∣∣
∣∣V̄S

∣∣ (8)

ϕPCC(F) = arctan

(
XK(F)

RK(F)

)
− arctan

(
XK(F) + XS + Xt

RKF + RS + Rt

)
.

(9)

By calculating the parallel feeders’ impedance during the
fault, (10) can be obtained

Z̄K(F) = (
Z̄L1 + Z̄SL

) ∥∥(
Z̄L2 + Z̄F

)
(10)

where, ZF represents the fault impedance. In the fault con-
dition ZF is approximately equal to zero and according
to (10), |Z̄K(F)| will be small. Consequently, voltage sag and
phase-angle jump occur in the fault interval. In this situation,
the sensitive load experiences the worst condition. To pre-
vent the voltage sag and phase angle jump during the fault,
one solution is to place TBSSFCL between PCC and fault
location. By connecting TBSSFCL in F2, VPCC(TBSSFCL) and
ϕPCC(TBSSFCL) will be obtained as given in (11) and (12). In
this case, ZK(TBSSFCL) includes the TBSSFCL impedance as
given by (13), and this increased impedance can improve the
PCC voltage and phase angle successfully

VPCC(TBSSFCL) =
∣∣∣∣∣

Z̄K(TBSSFCL)(
Z̄S + Z̄t

) + Z̄K(TBSSFCL)

∣∣∣∣∣
∣∣V̄S

∣∣ (11)

ϕPCC(TBSSFCL) = arctan

(
XK(N)

RK(N)

)

− arctan

(
XK(TBSSFCL) + XS + Xt

RK(TBSSFCL) + RS + Rt

)
(12)

ZK(N) = (
Z̄L1 + Z̄SL

) ∥∥(
Z̄L2 + Z̄TBSSFCL

)
. (13)

C. Power Losses Calculation

For TBSSFCL power loss calculation, the proposed radial
distribution network is analyzed in normal and fault opera-
tion modes. TBSSFCL has losses in the series transformer,
anti-parallel IGBTs and the controlling circuit. Therefore,
TBSSFCL power losses during normal operation mode can
be calculated as follows:

Ploss = PTr + Psw = Pcore +
(

RTrI2
Line

)
+ VIGBTILine (14)

where PTr is the series transformer power loss, Psw is the two
anti-parallel IGBTs losses, RTr is the transformer equivalent
resistance, VIGBT is the forward voltage drop on the IGBT
during on state and ILine is the line current, which passes
through the IGBTs and series transformer. Nevertheless, the
total power loss of the TBSSFCL during normal operation
mode is negligible. In order to determine the ac reactor power
loss during fault, the ratio of power loss of the ac reactor to
active power of the electrical load is defined by the parameter
K and can be derived as follows:

K = Plosses

Pload
= 2rd I2

Line

rLI2
line

= 2rd

rL
= rd I2

Line

ULIL cos ϕ
(15)

where

Pload = rL

I2
line

2
. (16)

As an example, in a distribution feeder with the fault current
limited to 250 A, power factor = 0.9, rd = 0.02 �, and UL =
20 kV, the value of K is equal to 0.27%. Considering (14), the
total power loss in the resistance of ac reactor is a very small
percentage of the distribution feeders’ transmitted power. Note
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Fig. 3. Single line diagram of the network including SSFCL used
in [4], [6], [12], and [16].

that the fault condition lasts for a few cycles and has a small
time interval.

Comparing the proposed TBSSFCL with the SSFCL sug-
gested in [4], [6], [12], [16], and [27], indicates its superi-
ority in the normal and fault condition losses, as well
as the switching overvoltage. For this purpose, the single
line diagram of the network, including SSFCL, introduced
in [4], [6], [12], and [16], is shown in Fig. 3.

This SSFCL includes a full bridge rectifier, a dc reactor,
a damping resistor and an IGBT, all placed at the trans-
former’s secondary side. In normal operating mode, IGBT is
on and damping resistor (Rdischarge) is bypassed. So, the recti-
fier output causes the dc reactor to show negligible impedance.
Fault occurrence causes the current to increase rapidly which
is opposed by the dc reactor and provides sufficient time
for the controller to take action. Then, the controller opens
IGBT and puts the damping resistance in the circuit; therefore
fault current is restricted. Although, this SSFCL effectively
limits fault current, however, there are some serious prob-
lems with its operation. Firstly, IGBTs turn on and off causes
very high switching overvoltage. Secondly, flowing high cur-
rent through the damping resistor produces very high power
loss. These points are two important disadvantages of the
mentioned SSFCL.

As claimed in [4], [6], [12], and [16], the main advantage
of this SSFCL is the control of on and off periods of IGBT,
such that the controller can maintain the fault-current ampli-
tude below a specified level. The disadvantage of this SSFCL
is its considerable normal and fault conditions power losses
which lower its efficiency. In addition, it needs sophisticated
control strategy and cooling system.

The proposed TBSSFCL, however, has less power loss dur-
ing normal and fault conditions, lower initial cost and easier
maintenance.

The stored energy in the ac reactor during the fault is an
important issue which should be taken into account. It depends
on magnitude of the limited fault current and inductance of
the reactor. Small reactor stores less energy but cannot suf-
ficiently limit the fault current. Because of alternating nature
of the line current, the ac reactor is alternately changed and
discharged. After fault, the stored energy should be decreased
without any interruption in the system operation. There are
some solutions for damping this energy, including gradual
discharge in the electrical load, discharging in the transmission

Fig. 4. Control system block diagram.

line filter, discharging in the neutral point of the transformer
and discharging via the anti-parallel IGBTs. Another solu-
tion to dissipate the reactor energy is application of dynamic
voltage restorer, to return this energy to the PCC.

In this paper, after fault clearance, the control circuit
bypasses TBSSFCL with half cycle delay. This delay not
only discharges the reactor energy, but also guarantees the
system protection against immediate short circuit. Repetitive
faults before bypassing the TBSSFCL cannot increase the fault
current because TBSSFCL is still connected in series with
the line.

D. Control System

Control block diagram of TBSSFCL is shown in Fig. 4.
In order to control TBSSFCL, the line current (iLine) is sam-

pled via a current transformer and is sent to the control circuit.
Before comparing iLine with the maximum permissible cur-
rent level (IL), it is passed through a 50 Hz band pass filter
and its absolute value is sent to comparator (1). Monitoring
the instantaneous value of line current increases the controller
response speed to the fault occurrence. Also the line volt-
age (VLine) is measured through a potential transformer and
its root mean square (RMS) value is compared with the refer-
ence value (Vref ) in comparator (2). In this paper, Vref is set
to 0.8 p.u., as it is required for motor starting and below this
value motor cannot operate. In normal operating mode iLine
and iL, and VLine and Vref are in marginal level and the step
generator output pulses turn the IGBTs on. So, the secondary
of isolating transformer is short circuited and TBSSFCL shows
negligible impedance. At fault inception, as iLine exceeds iL,
the control circuit detects abnormal condition. If the voltage
control section also detects sever voltage drop, the step gener-
ator turns the anti-parallel IGBTs off and inserts the ac reactor
into the current path, which increases the circuit impedance,
resulting in fault current limitation. A third control loop can
be formed by getting a feedback from the line current RMS
value. The line current is applied to a RMS calculating block,
the output of which is compared with the reference current
level (iR). At the fault removal, while the anti-parallel switches
are still OFF, the RMS value of line current decreases rapidly
below the reference value iR. The detector circuit will then
send the reset signal to the step generator block and this block
generates the command signal for IGBTs after a half cycle
delay. As a result, the system returns to its normal operation
mode and TBSSFCL switches turn on again. Combination of
the three command signals (voltage, instantaneous current, and
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TABLE I
PARAMETERS OF THE RADIAL DISTRIBUTION

NETWORK EQUIPPED WITH TBSSFCL

Fig. 5. Line current during normal and fault conditions with no FCL in use.

RMS current control loops), as the input signals to the step
generator block, generates the appropriate drive signals for
IGBTs. This control logic guarantees TBSSFCL proper oper-
ation during normal and fault conditions. It can also detect
motor starting and transformer energization inrush currents,
to prevent TBSSFCL malfunction. Although, TBSSFCL oper-
ation during motor starting and transformer energization can
reduce overcurrent amplitude and may have some advantages
for distribution networks, however, it may increase the start
time of motors.

IV. SIMULATION RESULTS

In this section, the system shown in Fig. 1, is used for
simulations. Parameters of the system including TBSSFCL are
listed in Table I. Simulation is performed for normal and single
phase to ground fault conditions. Also, the system source is
solidly grounded.

A. Results in the Absence of TBSSFCL

Fig. 5 shows the line current in normal and faulty operation
modes, when no FCL is used in the system. The line current
has its nominal amplitude of about 40 A during the normal
mode. Fault occurrence causes a large increase in the ampli-
tude of the line current, up to about 5 kA, with the first peak
of about 6.8 kA.

B. Effect of TBSSFCL

When TBSSFCL is placed in the system, considerable
reduction in the fault current is achieved, as shown in Fig. 6.

(a)

(b)

Fig. 6. Line current before, during and after fault with TBSSFCL.
(a) Instantaneous. (b) RMS value.

This figure illustrates the instantaneous and RMS values of the
line current before, during and after fault, for different values
of reactor inductance. As expected, the amount of fault current
limitation depends on the value of reactor inductance.

As shown in these figures, before fault occurrence, normal
current flows through the line. At t0 fault starts, causing the
line current to increase rapidly, until t1, at which it reaches IL.
Between t0 and t1 the semiconductor switches are still on
and TBSSFCL has not operated, allowing the line current to
increase. At t1 the control system turns the IGBTs off and
places the ac reactor in the circuit. From instant t1 to t2,
there is a transient period in which the dc component of cur-
rent is decayed. At t3 fault is cleared and the power circuit
returns to its normal condition. Therefore, the line current is
decreased to the recovery level (iR) at t4, when the control cir-
cuit detects fault clearance, but it turns on IGBTs after a half
cycle delay at t5. At last, the line current is reduced to the pre-
fault value and the system operates under normal condition.
Thus, from t1 to t3 is the duration of fault limiting mode and
between t3 and t5 both electrical load and TBSSFCL are con-
nected to the network. Fig. 7 shows the gate signal, which is
applied to both IGBTs with separate drivers.

Fig. 8 shows the ac reactor current during normal and faulty
conditions. As it is seen here, the ac reactor is bypassed during
normal operation mode, while in the fault condition, it contains
the fault current with the first peak of about 400 A, decayed to
a steady value of 250 A after a few cycles of transient period.

Fig. 9 shows IGBT switching overvoltage and dc reac-
tor current of the FCL suggested in [4], [6], [12], and [16].
As shown here, there is no fault in the system before
t = 400 ms and after that the occurred fault increases the
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Fig. 7. IGBT gate signal.

Fig. 8. AC reactor current for different inductance values.

(a)

(b)

Fig. 9. (a) IGBT switching overvoltage. (b) DC reactor current.

line current. So, IGBT inserts the damping resistor into the
line and decreases the fault current below the specified level.
Meanwhile, overvoltage with 70 kV amplitude is experienced
by IGBT during the fault. Fig. 9(b) shows the reactor current
which is the sum of IGBT and damping resistor currents dur-
ing normal operation and fault. Before fault inception, IGBT
is on and damping resistor is bypassed. So, dc current passes

(a)

(b)

Fig. 10. IGBTs (a) voltage and (b) current during normal and faulty operation
modes.

Fig. 11. PCC voltage sag during normal and faulty operation modes with
and without TBSSFCL.

via IGBT. After fault inception, the control circuit turns-off
IGBT and current flows through the damping resistor. As
shown in this figure, the amplitude of damping resistor cur-
rent reaches 1400 A and causes considerable power loss in the
resistor. Furthermore, the high power loss of this FCL needs
a suitable cooling system which increases its cost.

Fig. 10 shows TBSSFCL switching overvoltage. It is
observed that TBSSFCL reduces switching overvoltage suc-
cessfully and the voltage amplitude is equal to the nominal
peak voltage of the network. According to this figure, there
is no power quality distortion and in normal operation mode,
the voltage drop on TBSSFCL is negligible.

In addition, IGBTs are in on state in normal operation
mode, so the voltage drop of these switches is negligible too.
Fig. 11 shows the PCC voltage sage during normal and faulty
operation modes. The dotted curve shows the voltage sag when
there is no TBSSFCL in the line and the solid curves show
TBSSFCL effect on voltage sag at PCC with different value of
the ac reactor. TBSSFCL operation has a considerable effect
on voltage sag as shown in this figure.
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TABLE II
EXPERIMENTAL SETUP PARAMETERS

Fig. 12. Transformer equivalent model.

V. EXPERIMENTAL RESULTS

An experimental setup, based on Fig. 1, is implemented
in laboratory. This prototype consists of a transformer with
1:1 turn ratio, 110 V/110 V, used as the coupling series trans-
former. Table II lists the transformer open circuit and short
circuit tests results. Also, other proposed system parameters
are listed in this table.

The transformer equivalent circuit is shown in Fig. 12.
The implemented prototype including the electrical load is

shown in Fig. 13.
Using a start/stop switch, a single line to ground fault

is simulated. The control circuit includes a current sen-
sor (LTS25-NP) which is connected in series with the line
for monitoring the line current during normal and fault con-
ditions. Output of this sensor is applied to an microcontroller
for analyzing the line current and producing command signals
for IGBTs. There are two IGBT gate drivers.

Fig. 14 shows the line current and load voltage before
and after fault occurrence. Fault occurs at Fig. 14(a) and is
removed at Fig. 14(b). Before fault occurrence, the line cur-
rent amplitude is 1 A and the load voltage is 110 V. The
load voltage and line current are sinusoidal and system oper-
ates under normal condition. In this case, the two anti-parallel
IGBTs are in on state and the voltage drop on TBSSFCL is

Fig. 13. Laboratory test system including TBSSFCL.

Fig. 14. TBSSFCL effect on line current (lower curve: current/division = 2 A
and time/division = 25 ms) and load voltage (upper curve: voltage/division =
100 V) before and after fault occurrence [fault incepts at (a) and is removed
at (b)].

negligible. At the instant of fault inception, the line current
is sharply increased, but TBSSFCL immediately reacts and
the drivers change the IGBTs gates signals to zero, causing
the IGBTs to turn off. Thus, the ac reactor is connected to the
secondary side of the series transformer and the amplitude
of the fault current is decreased to 2 A. After fault removal,
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Fig. 15. AC reactor current (lower curve, current/division = 1A with probe
X1 (Oscilloscope probe coefficient is one) for CH2 (channel two of the digital
oscilloscope) and time/division = 50 ms) and PCC voltage (upper curve, volt-
age/division = 100 V with probe X1 (Oscilloscope probe coefficient is one)
for CH1 (Oscilloscope probe coefficient is one) and time/division = 50 ms)
during normal and fault operation modes.

the fault current is decreased to the acceptable level and again
anti-parallel switches turn on and TBSSFCL returns to its
normal mode. Fig. 14 is in a good agreement with Fig. 6.

Fig. 15 shows the ac reactor current and PCC voltage before,
during and after fault. As shown in this figure, TBSSFCL can
successfully control the fault current and also can fix the PCC
voltage to an acceptable level.

In addition, the experimental results shown in Fig. 15 are
in agreement with the simulation results depicted in
Figs. 8 and 11. During normal operation mode, the measured
PCC voltage is 110 V (RMS) and TBSSFCL has negligi-
ble effect on the voltage waveform. At fault condition also,
TBSSFCL has restored PCC voltage to an acceptable level.

The IGBTs switching frequency and duty cycle play impor-
tant role in TBSSFCL operation. Therefore, the voltage drop
and current of these switches are of interest. Fig. 16 shows the
IGBTs current and voltage during normal and faulty operation
modes. As shown in Fig. 16, fault is removed at Fig. 16(b) but
the control circuit turns on IGBTs after half cycle (10 ms).
This ensures safe operation of the system because in this half
cycle both TBSSFCL and electrical load are connected to the
line and the stored energy in the ac reactor is decreased.

Fig. 16. Voltage (upper curve: voltage/division = 100 V with probe X1 for
CH1 and time/division = 25 ms) and current across IGBTs (lower curve:
current/division = 5 A with probe X1 for CH2 and time/division = 25 ms)
during normal and faulty operation mode [fault incepts at (a) and is removed
at (b)].

IGBT is a suitable power electronic switch for use in low
power applications and is available with voltage rating of up
to 6.5 kV, both in press-pack and modules [29]. Also, series-
parallel connections of semiconductor switches have recently
been proposed to satisfy the requirements of a wide range of
voltage and current levels. IGCTs are also available in the volt-
age levels from 2.5 to 10 kV and current level up to 9 kA [30].
Since IGCTs on-state power losses are low, they can be used
in high power application [30]. Nevertheless, the design pro-
cedure of the switches and their selection for a special network
is not in the scope of this paper.

VI. CONCLUSION

In this paper, a novel FCL configuration, called TBSSFCL,
has been proposed. The main advantages of the proposed
TBSSFCL are its lower switching overvoltage and power
loss, compared with other recently suggested SSFCLs, which
have high power loss in damping resistor and require cooling
system. Omitting the diode bridge rectifier, cooling system
and damping resistor results in lower initial cost in the sug-
gested TBSSFCL. Simpler structure also guaranties safe and
reliable operation. Simulation and experimental results have
shown the TBSSFCL capabilities in fault current limitation in
radial distribution network application.
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