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Analysis of a Switched Impedance Transformer-Type
Nonsuperconducting Fault Current Limiter

Song Chen, Peng Li, Roy Ball, Jean-Francois de Palma, and Brad Lehman

Abstract—This paper proposes a nonsuperconducting fault cur-
rent limiter (NSFCL) topology and control strategy. The switched
impedance transformer-type NSFCL topology is optimized to pro-
tect against short transients and to work in conjunction with other
fuses or circuit breakers, hence has the merits of being simple, low
cost, and compact. A prototype has been designed and built for
a three-phase 600-VRM S ,L−L system. It has been tested in a UL-
certified high-power test lab with 5-A normal current and 100-kA
potential fault current.

Index Terms—Bridge rectifier, fault current limiters (FCLs),
high-power faults.

I. INTRODUCTION

W ITH the utility grid’s fast growing acceptance of dis-
tributed generators and independent power producers,

the grid is continuously expanding its generating capacity to
meet the increasing need for electric power. However, higher
power capacity and lower source impedance, due to paralleled
connection of generators, also generate larger fault currents dur-
ing fault conditions [1]–[4]. The increasing fault current level
may eventually exceed the maximum ratings of the existing pro-
tection devices, such as fuses, circuit breakers, and protective
relays, etc. In extreme cases, large fault current surges create
fire or explosion hazards by melting conductors and their insu-
lations in the oil-filled equipment [5]. Moreover, many of the
existing protective devices need several cycles to interrupt the
short-circuit current. This means, in the case of a low-impedance
fault, the first few high-fault current peaks pose high thermal and
electromagnetic stresses on both the protection devices and any
downstream equipment [6]. The natural way to solve the prob-
lem is to upgrade the conductors and the protection gear in the
system. Unfortunately, this is usually expensive, complicated
and in many cases, not viable given the scale of the existing
power system.

In this context, an inexpensive intermediate device that is able
to limit the actual fault current below the ratings of today’s pro-
tection gear is desired. The purpose of this study is to introduce
a new type of fault current limiter (FCL) that can help bypass or
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delay the costly system upgrade. As add-in devices, FCL’s are
subjected to the following objectives:

1) Efficient: the normal operating power loss should be low;
2) Nonintrusive: FCL should inject minimum harmonic dis-

tortion or shift of the power angle;
3) Fast: FCL must limit the fault current before its first peak

under all fault types;
4) Low cost: economically beneficial—unfortunately, many

FCL’s do not meet this criterion, particularly if they are
superconducting FCLs (SCFCLs);

5) Small: Once again, FCLs normally fail to meet this cri-
terion, due to large transformers, DC reactors, and some-
times cryogenic equipment required for operation.

For many FCLs, the fundamental philosophy is: while main-
taining negligible impedance in normal operations, it must pro-
vide high impedance in the circuit during short-circuit condi-
tions and quick transition between the normal operation and the
faulted mode operation.

For several years, a number of FCL technologies have been
explored and developed, many of which can provide superior
technical performance [5], [7]. However, due to high cost or sys-
tem complexity, the commercialization process of FCL devices
has been slow. There are three major types of FCLs.

1) SCFCL: SCFCLs have apparent advantages in terms of
normal operation power losses. But besides the high ma-
terial costs, superconductors require very low-temperature
environment to maintain superconducting state. Even for
high-temperature superconductors, the transition temper-
ature is typically around 100 K (−279 °F or −173 °C) [8],
[9]. This means extra cost for the refrigerating equipment
and power losses for the cooling.

2) Solid-state FCL (SSFCL): Solid-state devices are favored
for their high blocking voltage and controllable charac-
teristics [5], [10]. However, many technical issues are left
to be solved before SSFCLs are widely accepted by the
industry, including series–parallel stacking issues, normal
state switching power losses, thermal management, con-
trol complexity and timing, reliability issues, and high
cost and complexity when auxiliary circuits are needed
[5].

3) Magnetic FCL (MFCL): MFCLs promise fast recovery
and can reduce the superconducting material use since
the superconducting coils works only in the dc mode.
However, the devices of this type are usually bulky due to
the existence of multiple low-frequency iron cores [11],
[12].

To eliminate the high technology and cost barrier of the
FCL types mentioned previously, various bridge-type SSFCL
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topologies have been proposed [13]–[19]. The principle behind
an impedance inserting SSFCL, first proposed in [18] and [19],
is natural and straightforward: the semiconductor switches con-
duct the normal operating current. Upon occurrence of fault, the
switches will be blocked to force the fault current to flow on the
high-impedance pass and thereby limit the current during the
fault. There are many different topologies used to achieve it, but
a common approach is to utilize rectifier bridges with large DC
reactors [13]–[19] in which the fault current is limited by the
current limiting dc reactance. With no normal-state switching
and limited superconductor use, these bridge topologies provide
simpler and more cost-effective FCL solutions alternative to tra-
ditional SSFCLs and SCFCLs. However, the size of elements
such as large DC reactors and low-frequency transformers usu-
ally makes this type of bridge-type SSFCL bulky. In general,
there are two methods to help reduce the size of the transformer.
First, it is possible to create dc reactance to operate in magnetic
saturation [14] when the fault occurs. Alternatively, it is pos-
sible to switch in additional resistances when the fault occurs
so that the power resistor will limit the fault. In this study, we
actually combine parts of both methods: When the fault occurs,
we only use the small dc reactance to slow the ramp rate of the
fault sufficiently so that the controller can temporarily switch in
a smaller resistor. The dc reactance is permitted to slightly satu-
rate in this short transient time. Furthermore, the power resistor
is only activated for a short time until the secondary protection
device clears the fault.

In some sense, NSFCLs are related to the field of dynamic
voltage restorers (DVRs). There is often similarity in configu-
ration of the bridge circuit, and the coupling transformers can
be found in both devices. Both NSFCLs and DVRs can provide
benefits in limiting fault currents and preventing voltage dips
during fault conditions [20], [21]. Furthermore, a common fea-
ture of most DVRs, as with our FCL approach, is that the rating
of the transformer required for the normal operation is much
smaller than the rating required during fault. Whereas DVRs
use inverters to insert the ac voltage to counteract voltage sags,
the NSFCL inserts high impedance into the power line for a
short transient to limit fault currents for safe operations of other
protective devices.

Specifically, this study presents a new nonsuperconducting
bridge-type FCL topology (NSFCL) and its specific control
operation. This new NSFCL topology provides multiple benefits
to the system.

1) Low normal operation power loss: The power losses are
mainly on the small-valued resistance of the DC reactor
coil and the low voltage drops on the solid-state devices
(rectifier diodes and the switch).

2) Nonintrusive: In normal operation, the secondary winding
of the transformer is short-circuited, injecting little distor-
tion or phase shift to the main power line. Additionally,
since the switching only occurs on the secondary side, the
solid-state devices do not operate on the protected power
line, therefore enhancing the reliability of the NSFCL.
It is also safer for maintenance, since control only takes
place on the secondary side.

3) Simple but flexible control: The control of the NSFCL
is simple in that only one IGBT is used to protect all
three phases. It is also flexible, providing the user with
the capability to change the desired limited fault current
level, so that the NSFCL can be easily coordinated with
different existing protection devices.

4) Low-fault energy let-through: With the NSFCL, the ac-
tual fault energy allowed on the system is significantly
reduced, keeping other traditional protection devices and
downstream equipment from the hazards of being dam-
aged by excessive transient fault energy.

5) Low cost and small: The NSFCL is specifically designed
to limit the fault current for a short period of time, so that
other fault interruption devices with low interrupting cur-
rent ratings can safely clear the faults with high-potential
fault current levels. By restraining the fault current lim-
iting time, critical components’ power stress can be sub-
stantially reduced; therefore, the size and the cost of the
NSFCL can be reduced many times compared to the SCF-
CLs and other bridge-type FCLs in prior art. This enables
the applications of the NSFCL as an intermediate add-on
device to the existing protection systems and as a cost
competitive alternative to expensive system upgrades.

This paper uses analytical, simulation, and experimental pro-
totypes to analyze the operation and the performance of the
NSFCL. The proposed NSFCL is introduced and operation is
explained in Section II. Power losses and harmonics of the
NSFCL working in both the normal mode and fault current lim-
iting mode are evaluated in Section III. Also, best practices for
sizing critical components to minimize the size and the cost of
the actual implementation of the NSFCL topology are given in
Section IV. Simulation results of a benchmark system to demon-
strate the NSFCL’s operations are shown in Sections V and VII.
Finally, to validate the proposed NSFCL concept, an experimen-
tal prototype is built and tested in a UL-certified high-power lab,
and the results are shown in Section VIII.

II. PROPOSED NSFCL

Usually, a circuit breaker with high ampere interruption rat-
ing (AIR) and the ability to interrupt at the first zero-crossing
is priced much higher than one that is slower and with low in-
terruption rating. In this section, we show a proposed NSFCL
topology that can limit the fault current level seen on the power
lines, permitting the low AIR and slow circuit breakers to be
used in the systems with high-potential fault current levels.

In this study, the approach in designing an FCL is fundamen-
tally different than in most literature works [1], [5], [8], [9],
[11], [12], [15], [22]–[24]. Because the actions of circuit break-
ers effectively limit the NSFCL’s runtime in fault conditions, the
NSFCL only needs to handle the high-power stresses for a short
time (typically 3–5 cycles, 50–100 ms for 50/60-Hz systems).
In this case, although the transient fault power is large, the to-
tal energy handled by the NSFCL is actually small. Hence, the
power rating, size, and cost of the NSFCL’s components can be
substantially reduced.
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Fig. 1. Proposed FCL operates in conjunction with low AIR and slow protec-
tion devices.

Specifically, Section IV shows that the NSFCL has substan-
tially reduced the sizes of the DC reactor and the low-frequency
transformer by multiple times, compared to [15], [16], and [24].
The idea presented in this paper is a combination of new topol-
ogy and control technique, along with corresponding component
sizing strategies. In principle, the NSFCL is fundamentally dif-
ferent than other NSFCLs [15], [16], [24] in that the DC reactor
is not utilized to insert high impedance into the fault current
loop to limit the steady-state fault current. Instead, the DC re-
actor is only used to sufficiently slow down the fault transient
until a very fast acting controller can switch the fault current
to a high-impedance path. This separate high-impedance path
is then used to clamp the fault current. We show that the size
of the DC reactor will be more than ten times smaller than the
state of the art.

The proposed NSFCL system operating in conjunction with
low-cost fault protection devices is shown in Fig. 1. Typically,
the cost of a circuit breaker with 100-kA interrupting capability
would be more than twice of that with only 10-kA interruption
rating, and circuit breakers with more than 200-kA AIR are
rare. It is economically beneficial that the proposed NSFCL
will be able to eliminate or postpone the need for ultrahigh AIR
protection devices. Operating only in transients is also beneficial
to the NSFCL because underrated parts (transformers, rectifier
diodes, semiconductor switch, etc.) can be used, permitting the
NSFCL device to shrink in size and cost substantially.

A. Topology of the NSFCL

Fig. 2 shows the circuit configuration of the proposed three-
phase NSFCL implementation. The NSFCL’s topology has three
major blocks.

1) Isolation Transformers: A set of transformers provide
magnetic coupling between the main power line and the cur-
rent control circuit. The primary windings of the transformers
are connected in series with the main power line, and the sec-
ondary windings are wye-connected. With this configuration,
the normal operation current flowing on the primary windings
can be reflected to the dc side of the NSFCL and be monitored
by the control circuit; whereas during fault condition, the high
impedance on the current control circuit can be inserted to the
primary side of the transformers. In order to demonstrate the
idea of the NSFCL topology and control strategy, in this pa-
per, 1:1 turns-ratio transformers are selected for the benchmark
system. This is because our benchmark system is demonstrated
for 600 VAC bus, which is typical of North American indus-
trial power distribution, e.g., Canada is 600 VAC and the US is
more toward the 480 VAC . This permits relatively low-voltage
IGBT switches to be used along with the 1:1 turns ratio for this

Fig. 2. Topology of the proposed NSFCL implementation. The secondary
protection device is, also, often placed upstream from the transformers instead
of downstream as shown. When this occurs, the secondary protection provides
additional protection to the FCL.

specific, important application. Nonetheless, the turns-ratio of
the transformers can be varied to adapt different system needs.
For example, for medium-voltage applications, the turns-ratio
N1 : N2 is preferably higher than 1, so that the voltage can be
stepped down at the secondary and the dc link to possibly mini-
mize series stacks of IGBTs, and that a smaller resistance can be
used. However, in this case, the normal operating and fault cur-
rents on the secondary side will be high, posing stresses on the
secondary side components. Therefore, the transformer turns-
ratio should be carefully designed to achieve maximum system
safety and minimum costs. Of course, as higher voltage IGBTs
or IEGTs with advanced materials are developed, the permis-
sible stress on the secondary side switches may be increased
in the future. This though would likely lead to future research
problems, such as proper design of the electrical insulation level
and thermal management of the isolation transformer and the
reactor.

2) Bridge Rectifier: A three-phase diode bridge rectifier
converts the ac current from the transformer to the dc current
for current sensing and control. This way, currents on all three
phases can be monitored by one single current sensor and can be
controlled by one single unidirectional semiconductor switch.

3) Controlled Current Paths: The dc current, continuously
monitored by a current sensor, follows one of the two current
paths, depending on whether in normal or faulted operation
mode:

a) Current Path (i)—normal State: Current Path (i) is the
low-impedance current path for the normal operating current,
as shown in Fig. 3(a). It consists of a DC reactor (Lc and
IThreshold), an ON-state semiconductor switch, and a dc volt-
age source providing the bias voltage to compensate for the
forward voltage drops on the semiconductor devices and the
dc reactor’s resistance. When the normal current flows on this
current path, the impedance seen from the primary side of the
transformer is small. In this study, a small battery is used as
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Fig. 3. Operation modes of the NSFCL: normal current on Current Path (i)
and fault current on Current Path (ii).

the dc voltage source. However, commercialized NSFCL may
incorporate an ac/dc converter or a dc/dc converter coupled to
the transformer/rectifier.

b) Current Path (ii)—fault state: Current Path (ii) is the
high-impedance current path that carries and limits the fault
current during fault states, as shown in Fig. 3(b). It consists
of a current-limiting power resistor (Rd ). In the fault state, the
semiconductor switch on Current Path (i) will be turned OFF,
forcing the fault current to flow on Current Path (ii). In this case,
fault energy is dissipated on the current limiting resistor; and
the fault current can be limited.

B. Operation of the NSFCL

Fig. 4 demonstrates the operation sequence of the NSFCL.
During normal operation, when the current is below a preset
threshold IThreshold , the IGBT is in continuous ON state. The dc
branch current IDC flows on the low-impedance Current Path (i).
The dc bias voltage source Vb compensates to the voltage drops
on the rectifier diodes, the IGBT and the DC reactor, creating
an approximate short circuit (VSec ≈ 0) across the secondary
winding of the transformer. Therefore, the impedance seen at
the primary winding is negligible.

When there is a fault occurring downstream, the dc current
level will follow the rise of the fault current on the primary power
lines. When it reaches the threshold current IThreshold , the IGBT
is turned OFF to divert the current to the high-impedance path
[Current Path (ii)] that consists of a resistor Rd (as shown in
Fig. 2). The resistance Rd is then reflected to the transformer
primarily by the transformers and limits the fault current.

This configuration can substantially reduce the size and rat-
ings of the NSFCL’s components, in that:

1) Only the normal operating current is to flow through the
components on the low-impedance path, preventing the
continuous large current seen by the dc source and DC re-
actor. The components in the low-impedance path require
low-current ratings because they only carry the normal
operating current at the steady state.

2) The inserted impedance is the current limiting resistor Rd .
The DC reactor only serves to slow down the rise of the
fault current. This helps the NSFCL topology to reduce the
size and the weight of the DC reactor, compared to state of
the art [15], [16]. For example, in our NSFCL prototype, a
1-mH, 6-A rated inductor bank is used instead of the 100-
mH, 45-A-rated reactor in [16]. This reduces the weight
from 72 to 0.8 lbs. on just the DC reactor element [25].
The sizing procedure of the DC reactor will be explained
and calculated in Section VI. It should be noted that with
the faster controller and the semiconductor switch, the DC
reactor might be further minimized or even removed from
the circuitry.

III. OPERATION OF THE NSFCL

A. Normal Operation Mode

As an intermediate device, the NSFCL is required to be
“invisible” to the system when there is no fault. In other words,
in the normal operation mode, the NSFCL should have mini-
mum power loss and inject minimum harmonic distortion to the
system line current and voltage. In this section, power losses and
harmonic distortion are analyzed for the NSFCL. Also, effects
of critical component values are given.

Fig. 5 shows the per-phase equivalent circuit for the NSFCL
in the normal operation mode. A simple nonideal transformer
model is used in Fig. 5 (in dashed frame), in which the mag-
netizing inductance LM and winding resistances (RS1 and

R′
S2 = N 2

1 RS 2

N 2
2

) are modeled.
The total power loss of the NSFCL is the combination of two

major parts, as follows:

PTotal = VPriIPri + VDCIDC (1)

where VPriILine represents the loss seen from the power line;
and VDCIDC represents the power needed for the dc voltage
source for bias compensation.

Fig. 6 shows the circuit diagram of the NSFCL in the normal
operation, during which the dc branch current IDC flows on the
low-impedance Current Path (ii). When choosing an appropriate
value for the dc bias compensation voltage (VDC ), we can offset
the voltage drops on the semiconductor devices and effectively
short-circuit the secondary windings of the transformers. In this
case, the line-to-line voltages vab , vac , and vbc in Fig. 6 will be
zero.

On the dc current loop shown in Fig. 6, there are two diodes
and an IGBT conducting current. Therefore, according to KVL,
in order to have vab = vac = vbc = 0, the minimum value re-
quired for VDC is

VDC ≥
√

2IN RC + 2VD + Vigbt =
√

2IN RC + VSS (2)
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Fig. 4. Operation sequence of the NSFCL protection system.

Fig. 5. Per-phase equivalent circuit under the normal operation mode.

where IN is the RMS normal operation current on the power
lines, RC is the resistance of the DC reactor, VD is the diode
forward bias voltage, Vigbt is the IGBT’s forward bias voltage,
and VSS = 2VD + Vigbt is the combined voltage drop on semi-
conductor devices. When in conduction, both VD and Vigbt can
be considered to be part-dependent constant values.

When the secondary winding is shorted, vSec = 0. Then, the
primary winding voltage drop vPri in Fig. 5 is given by

vPri = iPriRS1 + i′SecR
′
S2

Ploss = vPriiPri + VDCIDC
(3)

where i′Sec and R′
S2 are the transformer’s secondary side pa-

rameters reflected to the primary side. Since the transformer
winding resistance is normally very low, the voltage drop on
the winding will be very small. The total power loss Ploss of

Fig. 6. NSFCL conducting circuit under the normal operation mode.

the NSFCL has two components: 1) the power losses seen by
the system due to the voltage drops across the transformer pri-
mary windings and 2) the power required by the compensating
dc source, which may be also extracted from the power line or
from a separate source.

B. Fault Current Limiting Mode
When a fault occurs, and the line current exceeds the pre-

set threshold current IThreshold , the semiconductor switch SW

is turned OFF. The dc current is then diverted to the high-
impedance path [Current Path (ii) in Fig. 3] that consists of a
resistive bypass Rd . In this case, the NSFCL is working in the
bridge rectifier mode with a resistive load Rd . Therefore, the
maximum value of the dc current during fault is determined by
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the value of Rd

iAC ,max = IDC ,max =
vL−L,peak

Rd
. (4)

IV. SIZING OF CRITICAL COMPONENTS

The NSFCL is an intermediate device added to the system.
It is important that the implementation of this topology can be
made as small and low cost as possible. In this section, the sizing
of critical power handling elements is discussed.

A. Sizing Current Limiting Resistor Rd

From an energy point of view, the fault energy is transferred
by the transformers to the dc branch of the NSFCL and is dis-
sipated by the power resistor Rd . Hence, Rd is a critical part to
size and choose for practical applications.

1) Determining the Resistance of Rd : As discussed previ-
ously, the resistance of Rd determines the fault current level
that is maintained by the NSFCL. Fig. 16 shows that the peak
value of the line current is the same as that of the dc current IDC .
Therefore, one can control the fault current level by controlling
IDC . That is, Rd can be determined from (10)

Rd ≈ vL−L,peak

IDC ,max
. (5)

This value is under the assumption of ideal transformers, and
is the minimum value of Rd if the desired maximum acceptable
fault current level IDC is given.

2) Determining the Power Rating of Rd : In the fault current
limiting mode, the power resistor Rd needs to dissipate the
majority of fault energy. To make sure that the resistor can
survive such energy, we need to determine the power rating of
the resistor.

During the fault current limiting mode, the power stress on
the resistor Rd is

PRd
= I2

DCRd (6)

which is very high and is not practical in actual implemen-
tation. However, the goal of the NSFCL is to limit the fault
current only for several cycles so that the slower circuit breaker
will clear the fault. Therefore, it is possible to use a resistor
that has much lower power rating. This is because the power
rating of resistors is based on their capability to sustain the ther-
mal energy they generate when carrying the current. In most
cases, resistor manufacturers specify the pulse power rating (or
short time overloading allowance) for their products, in the form
of [26]

Ppulse,ref = M × Pnominal =
PRd

× Tpulse

Tpulse,ref
(7)

where Ppulse,ref and Tpulse,ref refer to the reference pulse over-
load power and duration, respectively, and Ppulse,ref is in the
form of M times the nominal power rating. These two param-
eters are specified by the manufacturer. Additionally, Tpulse is
the expected duration of the overload in the actual circuit and
PRd

is the overloading power as given in (11).

A typical example of such pulse power rating can be found
on the datasheet of the Vishay RH series wire-wound power
resistor: five times rated power for 5 s [27]. In this case, the
resistor is rated for the overload power five times of its nominal
power if the overloading lasts 5 s (M = 5 and Tpulse,ref = 5s).
Then, from (12), we can solve for the minimum power rating
requirement for the resistor Rd

Pnominal =
PRd

× Tpulse

M × Tpulse,ref
. (8)

With PRd
calculated from (11), and Tpulse chosen to be

100 ms (six cycles), the nominal power rating required for the
resistor is only a fraction (0.4%) of the steady-state power rating
in (11). Equation (13) indicates that, with timely actions of other
fault interruption devices (six cycles after fault), the power rat-
ing of the current limiting resistor can be substantially reduced
in the NSFCL.

B. Sizing DC Reactor LC

As introduced in Section III, the DC reactor used in the
NSFCL is much smaller than in prior art [23]. This is achieved
by reducing the required inductance (LC ) as well as the current
rating of the DC reactor.

The purpose of LC is to increase the time constant of the
system, therefore slowing down the increase rate of the fault
current for electronics of the NSFCL (sensor, controller, and
semiconductor switch). The sensing and control delay τE is
defined as the time delay between when the fault current level
reaches protection threshold and the IGBT is completely turned
OFF. τE is a combined time of different delays on the sensing
and control circuit

τE = τSensing + τcontrol + τOFF ,igbt (9)

where τSensing is the delay of the current sensor, τcontrol is
the time needed for the control circuit to make decision, and
τOFF,IGBT is the turn-off time of the IGBT. The inductance of
the DC reactor should be sufficient to suppress the rise of the dc
current so that IDC does not exceed the maximum acceptable
level Imax after delay τE . Therefore, the minimum dc inductance
required would be

LC ≥ vL−L,max
diD C

dt

≈ vL−L,maxτE

Imax
(10)

where vL−L,max is the magnitude of system line-to-line voltage
and diD C

dt can be approximated by Im a x
τE

.
In the NSFCL, the DC reactor carries current only in the

normal operating mode or when transitioning from the normal
mode to the fault current limiting mode. The DC reactor is
on the low-impedance path, which is an open circuit when the
NSFCL is in the current limiting mode. The energy stored in the
reactance is discharged through the antiparallel freewheeling
diode (see Fig. 2). Additionally, since the transient between two
operating modes is small, we only need to consider LC ‘s power
stress during normal operation. This is typical, for instance,
of when fault designs are for short time durations, such as in
DVR’s [20], [21]. However, it implies that it is possible to extend
the approaches presented in this paper to, perhaps, modify other
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Fig. 7. Benchmark system setup.

TABLE I
PARAMETERS IN THE BENCHMARK SYSTEM

System voltage (VS , L −L ) 600VL−L

Normal current (IN ) 5 A
Protection threshold (IT h r e s h o ld ) 45 A
Maximum limited fault current (Im a x ) 50 A
Potential fault current (IF , p o t e n t ia l ) 100 kA
DC voltage source (VD C ) 6.5 V
High-impedance path resistance (Rd ) 18 Ω
DC reactor inductance (LC ) 1 mH
Transformer turns-ratio (N1 : N2 ) 100:100
Transformer core cross-sectional area (Ac ) 25cm2

NSFCL or SSFCL approaches [13]–[20] to operate with smaller
reactors or transformers when secondary protection devices are
concurrently used.

V. BENCHMARK SYSTEM

In this paper, a benchmark system has been designed, sim-
ulated, and experimentally tested. The three-phase benchmark
system is operating with a 600-V line-to-line voltage and a
balanced 5-A phase current during normal state. Short-circuit
faults are created on the power lines, generating up to 100 kA
of the potential fault current if the NSFCL was not used. In
the experimental tests, a three-phase circuit breaker with 10-kA
AIR is used as the secondary protection device. Fig. 7 shows the
benchmark system configuration, and its parameters are listed in
Table I. As previously noted in Fig. 2, the secondary protection
is often desired to be upstream the transformer and not as shown.
However, in the experimental benchmark system implemented
in a UL-certified laboratory, it was required that the FCL be
placed closer to the load. In fact, this provided additional safety
and protection to the circuit breaker, which turned out to be far
more costly than the FCL being tested.

In the benchmark system, the threshold current of the NSFCL
is specified at 45 A, and the fault current is limited to 50-A peak.
The NSFCL is rated for fault state operation time of 100 ms (six
cycles), while the circuit breaker is able to clear the fault after
one cycle.

The inductance of the DC reactor (LC = 1 mH) and the high-
impedance path resistance (Rd = 18 Ω) are determined using
(10) and (15), according to the system parameters and the limited
fault current level.

VI. SIMULATION RESULTS

In this section, results from simulations in Orcad/PSpice en-
vironment are shown to demonstrate the NSFCL’s operation.
Also, to show the flux status within the transformer cores, simu-
lations using finite-element analysis software (ANSYS Maxwell
2D) are also shown. The simulation parameters are as listed in
Table I.

A. Normal Operation Mode

Fig. 8 shows the magnetic flux density in the three transformer
cores under normal conditions. Since the secondary windings
are effectively short circuited, there is almost no magnetic flux
induced inside the cores. Therefore, the core losses during the
normal operation mode should not be a concern in the trans-
former design for the NSFCL.

Fig. 9 shows the simulation waveform of the ac voltages
under normal conditions. Only data of phase A are shown, which
are sufficient for the demonstration of the balanced three-phase
benchmark system. In the normal state, the secondary winding
voltage vsec A is nearly zero, due to the compensation of the dc
bias. This means that the secondary side of the transformer has
minimal effect on the primary-side operation. Due to the small
resistance of the primary winding, only a small voltage drop of
approximately 1 V is observed, as predicted by (4).

Fig. 10 shows the simulation waveforms of the normal operat-
ing currents. The upper plot shows the currents on the secondary
side of the transformers, and the lower plot shows the ac current
on the primary side. For ac currents, secondary and primary
winding currents are shown for phase A. During normal op-
eration, both diodes in a pair (D11 and D12 for example) are
conducting all the time. The sum of the currents on these diodes
equals the current in the secondary winding of the transformer.

Figs. 9 and 10 imply that the dc side of the NSFCL has little
effect on the power line current during normal operation. The
power lines only see the small winding resistance of the trans-
formers’ primary windings. Therefore, the power loss seen by
the system would be, according to (3), the sum of each phases
power loss plus the loss from the dc source. From Fig. 9, the loss
per phase is 5 A× 1 V. Fig. 10 shows the secondary dc current to
be IDC = 8 A. Therefore, the total power loss for the benchmark
circuit is estimated as Ploss ∼ 3 ∗ 5 W + 8 A(6.5V) = 67W
in the benchmark 5.7-kW system. A clear drawback of the ap-
proach compared to SCFCL approaches is that without super-
conducting materials, there is additional power loss.

B. Fault Current Limiting Mode (Symmetrical Fault)

A symmetrical three-phase ground fault is illustrated in
Fig. 11. When this fault occurs, Rd is switched in and system
voltages are applied to the transformer windings. Fig. 12 shows
the magnetic flux density inside the cores during this operation



1932 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 4, APRIL 2015

Fig. 8. Magnetic flux density in the three transformer cores during normal operations.

Fig. 9. Winding voltages of transformer in the NSFCL in the normal operation
mode.

mode. The cores are now heavily loaded at around the saturation
point.

Fig. 13 shows the voltage waveform of the NSFCL under
fault condition. When the IGBT is turned OFF, Rd is presented
at the terminals of the transformers’ primary windings. This
results in a sudden increase of the voltage across the primary
windings. The voltage level is approximately the same as the
system’s phase-to-ground voltage (380 V in a 600 VL−L system,
as shown in Fig. 11). On the secondary side, however, the dc
voltage applied to the shunt resistor Rd approximately equals the
magnitude of the system line-to-line voltage, which is around
850 V.

Fig. 14 shows the switching transient of the NSFCL’s opera-
tion against a fault. In Fig. 14, tF is the instant when the fault
occurs; tOFF is the instant when the IGBT is being turned OFF;
tCL is the instant when the IGBT is completed OFF; VG is the
gate signal of the IGBT, with high state as ON, and low state
as OFF; VRd

is the voltage across the current limiting resistor
Rd ; IDC is the dc branch current, which is the summation of
the currents on both current paths; ILc

is the current flowing in
the DC reactor; and IDf w

is the freewheeling diode current. At

Fig. 10. Currents of the NSFCL in the normal operation mode (Upper: sec-
ondary side current; lower: primary side current).

Fig. 11. Symmetrical three-phase ground fault.

fault instant tF , the rapid change of current induces a voltage in
the DC reactor, which almost instantly forces a portion of the
current to flow in the current limiting resistor Rd . The currents
on both current paths (Iigbt = ILc

and IRd
) start to rise; the

sum of these two currents equals the dc branch current, which
is the same magnitude as the line current at the moment. After
a delay, at instant tOFF , the control circuit starts to turn OFF
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Fig. 12. Magnetic flux density in the three transformer cores during the three-phase ground fault.

Fig. 13. Voltage waveforms of the NSFCL in the fault current limiting mode.

Fig. 14. Current commutation and freewheeling during fault transient.

the IGBT. With the IGBT blocking the current on Current Path
(i), the parallel freewheeling diode, as shown in Fig. 2, starts to
discharge the energy stored in the DC reactor. At the meantime,
as the current on Curent Path (i) (Iigbt) drops to zero at tCL , the
dc branch current IDC becomes equal to the current on Current
Path (ii) (IRd

), meaning that the current commutation to Current

Fig. 15. Current waveforms of the NSFCL in the fault current limiting mode.

Path (ii) is completed. After tCL , the current limiting resistor
Rd dominates the impedance in the dc branch, hence limits the
fault current in the dc branch as well as on the power lines.

In Fig. 15, the ac currents on both windings of the phase A
transformer are shown, along with the dc branch current. As
discussed previously, during faults, the diode bridge is working
in the rectifier mode with a resistive load Rd . Therefore, IDC
and isec A are determined by the system line-to-line voltage and
the value of Rd , according to (9). In the simulation, the fault
current is designed to be limited below IThreshold = 45 A, as
shown in Fig. 15.

Note that in the benchmark system, we choose to have the
NSFCL limit fault currents at IThreshold , while in a different
case, the limited fault current level can be adjusted by the user
by changing the resistance of Rd , and can be different from
IThreshold .



1934 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 4, APRIL 2015

Fig. 16. Asymmetrical two-phase-to-ground fault.

Fig. 17. Primary winding voltages of phases A and B (ground faulted) and
phase C (not faulted) in asymmetrical fault condition.

Fig. 18. AC line currents of phases A and B (ground faulted) and phase C
(not faulted) in asymmetrical fault condition.

C. Fault Current Limiting Mode (Asymmetrical Fault)

Fig. 16 describes an asymmetrical fault condition, with two
phases (A and B) directly shorted to ground while phase C re-
mains unfaulted. The voltage waveforms of the three phases’ pri-
mary winding voltages are shown in Fig. 17. With Rd switched
in, the transformers of phases A and B are taking the full system
voltage from the source. However, while not faulted, the primary
winding of phase C transformer sees voltage injected from the
other phases through the common point of the secondary side
Y connection. This voltage has smaller amplitude, and is out of
phase with phase C current.

Fig. 18 shows the waveforms of ac line currents in the two-
phase ground fault condition. The peaks of the fault currents
on phases A and B are limited to IThreshold , which is about the
same level in a three-phase fault case. For the unfaulted phase
C, the current is distorted by the induced voltage on the primary
winding, as shown in Fig. 17. However, since this voltage is
induced from the other phases, it only consumes the reactive

Fig. 19. NSFCL prototype and the high-power test lab.

power and distorts the phase C current, without affecting the
RMS output to the load on phase C.

VII. PROTOTYPE AND EXPERIMENTAL RESULTS

An NSFCL prototype is designed and built for the bench-
mark system described in Table I. In the prototype, an external
dc voltage source is used for the dc bias compensation during
normal operation to demonstrate the idea. In the real product,
an integrated dc–dc converter may be used to provide the bias
voltage, which will not be covered in this paper. The prototype
is tested in a UL-certified high-power test lab on a three-phase
600-V system. The test setup is the same as shown in Fig. 2. The
balanced three-phase load is pure resistive and draws 5-A cur-
rent during normal operation. A three-phase short-circuit fault
is created to generate 100 kA of the potential fault current. The
prototype should limit the fault current to 45 A for a short time.
After 100 ms, a low-cost circuit breaker with 10-kA interrupting
capacity will clear the fault. The NSFCL prototype and the UL
test lab are shown in Fig. 19.

Table II compares the ratings of the prototype’s components to
the ratings required if the NSFCL needs to run in the fault current
limiting mode in the steady state. Table II shows that by limiting
the NSFCL’s runtime in the fault current limiting mode to a few
cycles, we are able to reduce the size, weight, and cost of these
critical components that usually become bulky and expensive as
their power ratings increase. For example, in prior art, the DC
reactor is rated with 0.2-H inductance and with current rating of
30 A [16]. DC reactors of such ratings are usually very heavy: a
50-mH, 20-A-rated DC reactor weighs �72 lbs [25]. While in
our NSFCL prototype, the 1-mH, 6–A-rated component weighs
only a few oz, as shown in Fig. 19. Also, instead of the 15-kVA
transformer that is required to run the FCL in the steady state
in the fault current limiting mode, our NSFCL prototype only
uses 3-kVA transformers, which is ten times smaller in size and
weight. Therefore, the overall size and weight of the NSFCL
device can be reduced by more than ten times. Small foot print
is desirable, because in many applications, space is limited.
Moreover, smaller magnetic devices such as DC reactors and
transformers also result in lower cost, which is another desired
feature for FCLs.
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TABLE II
REDUCTION IN COMPONENT RATINGS

Type of component ratings Ratings required to run fault condition in steady-state Component ratings in prototype

Transformer power 15 kVA 3 kVA
Rectifier diode current 45 A 10 A
DC reactor coil 45 A 6 A
Current limiting resistor power 33.5 kW 135 W

Fig. 20. Calibration waveform for the 100-kA short-circuit fault.

Fig. 21. Experimental results of the NSFCL operating under a three-phase
short-circuit fault.

Fig. 22. Experimental results of the NSFCL operating under a two-phase
short-circuit fault (faulted phase).

Fig. 20 shows the calibration waveform of the 100-kA short-
circuit fault test. The maximum RMS current on the first cycle
is 101.5 kA, power factor is 1.5%. With the same short-circuit
fault setup, Fig. 21 shows the power line current and the primary
winding voltage of phase A when a three-phase short-circuit

fault is created by a remote-controlled contactor. The potential
fault current is 100 kA. Almost immediately after the fault oc-
currence, the NSFCL prototype limits the line current at around
45-A peak. To demonstrate the operational waveforms of the
NSFCL under fault conditions, we intentionally let the fault run
for a few cycles without tripping by the circuit breaker.

Fig. 22 shows the current and voltage waveforms of one of the
faulted phases when the NSFCL operates against an asymmetri-
cal two-phase short-circuit fault, with potential the fault current
of 100 kA. A slower circuit breaker with 10-kA interruption rat-
ing is used to interrupt the fault current after the NSFCL clamps
the current long enough for the breaker to react. In this case, the
potential fault current level is ten times the rated capacity of
the interruption device. Without the NSFCL, the circuit breaker
could be burnt by the excessive energy when it attempts to in-
terrupt such high current. With the NSFCL, however, the fault
current to be handled by the circuit breaker is only 45-A peak,
although a spike of 150-A inrush current from the transformer is
observed during the first half-cycle. Therefore, the 10-kA circuit
breaker is able to safely trip the fault after one cycle. It should be
noted that this inrush current depends on a fault phase angle as
well as the transformer’s characteristics; and can be minimized
or eliminated with proper transformer design and building.

VIII. CONCLUSION

In this paper, we propose an NSFCL that can limit the fault
current for existing traditional protection devices with low AIR
ratings. The NSFCL limits maximum fault current, eliminating
the need to upgrade protective equipment. Since the switching
occurs at low current levels, service life of the switching devices
is extended. The fault energy level is also reduced, providing
safer environment for the user and other equipment.

With simulation and experimental results, the proposed
NSFCL topology is shown to be effective in limiting large fault
currents for 100 ms (about six line cycles). This is a length
of time sufficient for a conventional low AIR fuse or a circuit
breaker to interrupt the current safely. Restricting the NSFCL’s
runtime in the fault current limiting mode is important. Under
such condition, the NSFCL’s size and weight can both be re-
duced by more than ten times with the topology proposed in this
paper. It should be noted that, although lower cost can be ex-
pected because of the simplicity and smaller size of the NSFCL,
cost comparison cannot be fairly made at this time, since most
FCL topologies are still in research and development stage and
are yet to be commercialized. Clearly, though, NSFCLs in gen-
eral are significantly lower cost than the extremely expensive
SCFCL (>$100 k). For instance, the target component price for
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the proposed NSFCL is <$100. Then, there may be the addi-
tional cost of the secondary protection device, which for our
application maybe a few thousand USD.

Circuit analysis for the NSFCL’s normal operation mode and
the fault current limitation mode with both symmetrical and
asymmetrical faults are provided. Also, the paper discusses the
sizing of the DC reactor and the current limiting resistor Rd .

To validate the concept, simulation results of a 600-V NSFCL
benchmark system are presented. Additionally, experimental
results of the tests of an NSFCL prototype in a UL-certified
high-power lab are presented. The NSFCL successfully limits
the fault current at the desired level and helps a 10-kA-rated
circuit breaker to clear the fault, which has 100-kA potential
fault current if the NSFCL was not used.

Nevertheless, because of the additional dc–dc converter that
provides the dc bias for the bridge, the chance of device failure
is increased. Moreover, since the DC reactor no longer functions
as current limiting, there is a potential risk of protection failure
when the IGBT is short-circuited. These are shortcomings of
the NSFCL yet to be solved but will be necessary for future
commercialized development.
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