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ABSTRACT With the ongoing growth of the interconnected electric power systems and the increase of the
short circuit current level in the power network, electric power equipment that are capable of limiting the fault
current are gaining interest. Hence, this article proposes a novel fault current limiter based on air core variable
series reactor (FCL-ACVSR). The proposed design limits the fault current within a short time frame (e.g.,
less than half a cycle), while featuring structural simplicity. It consists of two movable, coaxial, concentric
air core reactors to increase the inductance of the device during the fault. At normal operating condition, the
voltage drop and the reactive power consumption is minimal and therefore, the device does not impose any
operational burden on the network. The structure of the proposed FCL is introduced, the operating principle
is analytically explained, and finite element (FE)-based electromagnetic performance analysis is presented.
Finally, FE-based simulation results are supported with detailed theoretical discussion.

INDEX TERMS Air core, fault current limiter, short circuit current, variable series reactor.

NOMENCLATURE
V Network Voltage.
λ Flux Linkage.
LLine Line Inductance.
LFCL FCL Inductance.
RLine Line Resistance.
RFCL FCL Resistance.
x Position of Moving Reactors.
ν Speed of Moving Reactors.
e Induced Voltage.
Vm Peak Amplitude of the Network Phase Voltage.
α Network Voltage Phase Angle.
θ Network Impedance Phase Angle.
ω Network Frequency.
Z Thevenin Impedance of the Network.
F Electromagnetic Force between Two Reactors.
Fgravity Gravity Force.
Fspring Spring Force.
m Mass of the moving Reactor.
a Acceleration of the Moving Reactor.
k Constant of the Spring.
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g Acceleration of the Gravity.
ν0 Initial Speed.
x0 Initial Position of the Moving Reactor.
L11 Self Inductance of Outer Coil.
L22 Self Inductance of Inner Coil.
L12 Mutual Inductance between Coils.

I. INTRODUCTION
With the expansion of the electric power systems and the
subsequent rise of short circuit current level fault currents
may reach or even in some areas exceed the nominal values
of the power equipment. This may cause irreversible damage
on the power equipment and necessitate their replacement [1].
Therefore, alternativemethods/equipment that can effectively
combat the increase of short circuit current in the power
network has become an attractive choice for utility com-
panies. Current limiter reactors (CLRs) [2]–[5], and fault
current limiters (FCLs) [6]–[14] are the two most prominent
equipment frequently used for this cause. These devices are
connected in series with the line to curb the fault current.
CLRs exhibit a fixed reactance in both normal and faulty
operating conditions. Therefore, despite their simple struc-
ture they impose a significant voltage drop on the network
during normal operating condition.
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Conversely, FCLs are variable impedance devices (with
low impedance at normal and high impedance at faulty oper-
ating conditions) and therefore, are more desirable choice for
limiting the fault current. According to their design structure,
FCLs can be further classified into different subgroups such
as power electronic based FCLs [15]–[20], inductive core
saturation FCLs [21]–[24], IS limiters, PTC (Positive Tem-
perature Coefficient) [25], superconducting FCLs [26]–[28],
non-superconducting FCLs [29], [30] and series resonant
limiter. There are certain limitations pertaining to each sub-
group. For example, superconductor resistance devices must
be kept in environments with certain temperature. Regarding
the IS limiter, the connector and fuse components must be
replaced after each fault, which is not desirable. Power elec-
tronic based FCLs are costly and their design and control are
complex.

Literature includes some innovative design structures in
the field of FCLs. References [31], [32] introduce a high-
temperature superconducting FCL with ferromagnetic core,
which operates based on the magnetic saturation concept.
However, the structure includes a large dc power supply with
a large turn number of winding to saturate the core. Hence,
it requires further design considerations regarding safety and
material insulation. In addition, using the superconducting
conductors for dc coils is costly and requires frequent main-
tenance. Moreover, the performance of the device entirely
relies on the coil and dc supply. If the dc structure fails, the
FCL loses its functionality, which undermines the reliability
of the devise. It is also noted that the dc current may cause
noise in the network. In [33], [34] a three phase common
core, triangular winding FCL with a new core structure and
improved magnetic coupling between the phase windings
is proposed. In [35], a multi-function saturated-core FCL
is presented. It includes an E-I core, a magnetic valve and
dc/ac coils. In normal conditions, dc coils provide necessary
magneto motive force (MMF) to saturate columns of coils and
keep the impedance low. When the fault occurs, columns of
core gets unsaturated in each half-cycle and the impedance
increases rapidly. Reference [36] presents a compact structure
for FCL with permanent magnets to decrease the amount
of dc power supply. In [37] a simple series variable reac-
tor is proposed with a stationary core, and a movable core.
In normal conditions, the length of air gap is large and thus,
the inductance of the device is low. When the fault occurs,
a high amount of current passes through the coil and attracts
the moving part to the stationary part. As a result, the air
gap reduces and inductance rises rapidly to curb the fault
current. The drawback of this scheme is that the reactor core
becomes rapidly saturated under the large amount of fault
current and therefore, a huge volume of magnetic core is
needed to prevent the saturation. In [38], a six-leg three-
phase saturated-core fault current limiter (T-SCFCL) is pre-
sented to reduce the volume of the ferromagnetic material.
The T-SCFCL consists of an iron core with six limbs, two
permanent magnets, six AC coils and six DC coils. Each limb
wound by two concentric coil that the inner coil is a DC coil

and outer coil is an AC coil. However, the use of high-energy
permanent magnets could be costly. In addition, a special
insulation must be placed between AC and DC coils. In [39]
a three phase structure of a saturable-core FCL is proposed
with all three phase coils being wrapped around one common
core. However, the FCL performance is strongly dependent
on the DC circuit and also the impedance of the three phase
windings are not the same.

As noted, existing structures are fairly complex and often
require multiple components with a relatively high manufac-
turing cost. Hence, an innovative solution that can blend the
structural simplicity of the CLRs and operational excellence
of FCLs into one product is desired.

This paper presents an innovative design for developing
the next generation FCLs based on air-core variable series
reactor. The proposed structure is simple and does not require
a magnetic core, which avoids dealing with the saturation
problem. Furthermore, it does not contain a dc excitation
source. Thus, it improves the operational reliability of the
device. Section II presents the structure and the operating
principle of the proposed device, followed up by detailed
analysis and discussion in section III.

II. FAULT CURRENT LIMITER BASED ON VARIABLE
SERIES REACTOR (FCL-ACVSR)
The structure of the proposed FCL is shown in Fig. 1.
It consists of two coaxial and concentric air core reactors at
close proximity (i.e., outer reactor, and inner reactor) with
axial mobility. The two reactors are connected in series but
with opposite current directions. Each reactor has two termi-
nals; one terminal is the input/output terminal of the reactor
and the second terminal is connected to the other reactor.
Thus, the whole set has two terminals. The four terminals
shown in Fig. 1 are only the connections points between
the coils and the springs. The portable feature allows the
mutual positional displacement between the two reactors.
From the network’s perspective, this transpires into a device
with variable inductance.

In normal operating condition, the two reactors are aligned
(maximum overlapping space), and therefore the mutual
inductance between the two reactors is maximum. The total
inductance of the device is equal to the sum of the reac-
tors’ self-inductance and their mutual inductance as given
by relation (1). Considering the opposite excitation currents
of the inner and outer reactors, the mutual inductance has
a negative/opposite sign with respect to the self-inductance,
and thus, the total inductance and the impedance of the device
is minimum at the normal operating condition. Therefore,
from the network perspective, the device exhibits a low induc-
tance. Since the device is connected in series with the net-
work, the voltage drop and the reactive power consumption
is minimal at this operating state. Conversely, with the rise of
reactors’ current during the fault, the two reactors behave like
two magnets with opposite polarity. This exerts a significant
repulsive electromagnetic force between the two reactors,
which results in transition from aligned to unaligned position.
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At this stage of operation, the mutual negative inductance
is minimum and thus, the device exhibits a high inductance
to limit the fault current. Although, the fault current can
potentially exert strong forces between the coils, these forces
are not localized (but rather distributed along all layers of the
coil), and both coils can move freely. Therefore, it does not
cause an unbearable mechanical tension on the coils. Never-
theless, the mechanical structure should be properly designed
to withstand such potential forces. In particular, the housing
should properly seal the coils to form a rigid structure. The
mechanical structure should also include mechanical or elec-
trical damper to stop the moving reactors after they reach to
desired position. On the other hand, the spring specification
should be properly calculated to ensure that the spring force
can return the moving reactors to the initial position.

LFCL = L11 + L22 − 2L12 (1)

where, L11 is the self-inductance of the inner coil, L22 is
the self-inductance of the outer coil, and L12 is the mutual
inductance.

It is noted that the mutual displacement between the reac-
tors is reversible. Once the fault is cleared, the spring force
returns the moving reactors to their initial/aligned position.
For a proper operation, the two reactors must be concentric
(to avoid unbalanced magnetic forces), and slightly displaced
at the initial position (to generate enough repulsive force).
If the two reactors are fully aligned, the forces may cancel
out and the device may not react. It is noted that the pas-
sage of the nominal current through the device at normal
conditions slightly produces a repulsive force on the moving
reactors but the force is negligible and is countered by the
spring force. Although, the speed of the spring is not as fast
as electrical signals, it does not pose any mechanical mis-
operation. Only after the fault is cleared that the spring force
becomes larger than the electromagnetic force. Therefore,
only the transition from the faulty to the normal condition
is controlled by the spring. In other words, the spring speed
and spring force are only relevant after the fault is cleared.
It is worth noting that other fault related equipment in the
power networks such as breakers, disconnectors, reclosers,
and etc also operate mechanically by (e.g., charged spring

FIGURE 1. The per-phase structure of the proposed FCL at, a) normal
condition b) short circuit fault condition.

TABLE 1. Structural and operational features of the proposed FCL.

TABLE 2. Information of the distribution network.

or air pressure mechanism). Considering the fact that circuit
breakers typically operate between 3 to 5 fault cycles, the
proposed FCL can operate within a same time frame or even
faster with respect to the operating time of other protective
equipment.

The structural and operational advantages of the proposed
FCL against the state of the art topologies are summarized
in Table 1.

FIGURE 2. The structure of the proposed FCL at normal condition
simulated by FE.

III. ELECTROMAGNETIC PERFORMANCE
ANALYSIS AND SIMULATION
To investigate the functionality of the proposed FCL, it is
applied on a generic distribution network. Detailed spec-
ification of the power network is presented in Table 2.
Fig. 2 presents the 3-D schematic of the device. This section
only includes the electromagnetic design of FCL-ACVSR.
The mechanical considerations such as mechanical structure,
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TABLE 3. Specification of FCL-ACVSR.

forces acting on the coils, and tensions will be the subject of
a different article.

The initial distance between the two reactors is set to
100 mm to provide sufficient repulsive force at faulty condi-
tion. The geometrical parameters (i.e., size/dimensions, turn
numbers) of the device are presented in Table 3. These param-
eters are chosen based on the design data of existing FCLs
with fixed inductance in the power network.

FIGURE 3. One line diagram of the distribution network.

FIGURE 4. FCL current waveform.

The coils must be placed inside a structure to move freely
along the axial direction. The weight considered for each set
of coils is equal to total weight of copper coil and retaining
structure.

The performance of proposed FCL is evaluated in three
subsections that is discussed as the following.

A. VOLTAGE DROP AND POWER LOSS
In normal condition, the network includes line impedance,
FCL impedance and load resistance. The reactors are aligned
with maximum negative mutual inductance, and conse-
quently minimum resultant inductance. Therefore, when FCL
is connected to the network (Fig. 3), the voltage profile of the
network remains approximately intact as confirmed by the
simulation results of Fig. 4. In this simulation, the maximum
load power is 10 MW with power factor of 0.8 lag and
to obtain the voltage profile, the load power varies from 0
to maximum value. As seen in Fig. 4, the addition of the
proposed FCL to the network has not any tangible effect on
the network’s voltage profile.

Since the proposed design does not require DC power
circuit, iron core and permanent magnet the power loss is only
related to the resistance of the coils as expressed by:

Ploss = 3× RFCL × i2 (2)

The impedance value of proposed FCL is very low at the
normal condition, and thus, the related power loss is not
significant. Based on the resistance value and the nominal
current listed in Table 2, three phase power loss is calculated
as 2.3kW, which is negligible within the scale of the power in
the power network.

B. SHORT CIRCUIT FAULT CONDITION
The response of the FCL at faulty condition can be modeled
by the following analytical representation.

V = Ri+
dλ(x, i)
dt

(3)

λ = L(x).i (4)

V = Ri+
d(L(x).i)

dt
= Ri+ L(x)

di
dt
+
dx
dt
dL(x)
dx

.i

= Ri+ L(x)
di
dt
+ ν

dL(x)
dx

.i (5)

R = RLine + RFCL (6)

L(x) = LLine + LFCL(x) (7)

e(x, i) = ν
dL(x)
dx

. i (8)

FIGURE 5. Equivalent circuit of the distribution system during fault.

The equivalent circuit of the distribution network is
obtained from (5) and shown in Fig. 5. The equivalent circuit
implies that the fault current is limited not only due to the rise
of the inductance L (x) but themoving induced voltage e (x, i)
induced by the axial motion of the reactors. The moving
induced voltage is proportional to speed as expressed in (8).

When a fault occurs, a surge of a short circuit current passes
through the FCL that includes both the ac and dc components
as follows:

|Vm| sin(ωt + α) = Ri+ L(x)
di
dt
+ e(x, i)

= Ri+ L(x)
di
dt
+ ν

dL(x)
dx

i

= (R+ ν
dL(x)
dx

)i+ L(x)
di
dt

= (R+ e(x))i+ L(x)
di
dt

(9)
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Solving (9), the short circuit current of the system takes the
form:

ISC =
|Vm|
|Z |

[
sin(ωt + α − θ )− e−(R+e(x))t/L(x) sin(α − θ )

]
(10)

|Z | =
√
(R+ e(x))2 + (ωL(x))2 (11)

θ = tan−1
ωL(x)

(R+ e(x))
(12)

The repulsive force caused by the high short circuit current
amplitude pushes the two reactors away to an unaligned
position. At unaligned position the mutual inductance is low,
and thus, the total inductance rises up to a level that limits the
fault current. In addition, the moving induced voltage also
contributes in limiting the fault current as expressed in rela-
tions (9) and (10). According to these relations, the induced
voltage and the current passing through coils are in-phase,
and thus, limits the fault current similar to a resistance.

The response time of the FCL device is another important
performance metric. When the fault occurs, the limiter must
operate rapidly and limit the fault current within a short
time frame. The response time of the moving reactor can be
obtained by the following mechanical relations:

F ± Fgravity− Fspring = ma (13)

Fgravity = mg (14)

Fspring = k . 1x (15)

ν = at + ν0 (16)

x =
1
2
at2 + ν0t + x0 (17)

In relation (13) the positive sign refers to the outer reactor
(moving downward, the same direction as gravitational force)
and the negative sign refers to the inner reactor (moving
upward opposite to gravitational force).

Given that the inner and outer rectors have different
masses, the positional change for each coil is calculated sep-
arately as expressed in (18) and (19). Therefore, the overall
distance between the reactors is equal to the sum of the
positions of the moving reactors according to equation (20):

x1 =
1
2
a1t2 + ν01 t + x01 (18)

x2 =
1
2
a2t2 + ν02 t + x02 (19)

xTotal = x1 + x2 (20)

where x1, x2 and xToatl are position of the inner coil, posi-
tion of the outer coil and distance between the two coils
respectively. It is noted that the acceleration, initial speed and
initial position of each reactor in each step time is calculated
separately.

With the continuous positional displacement of the reactors
at faulty conditions, the FCL parameters such as inductance,
instantaneous value of the current, force and distance between
the coils continuously change. Utilizing the presented rela-
tions the instantaneous current, and the distance between the

coils are calculated in each time step. Meanwhile, the induc-
tance and the repulsive force between the coils in each time
step is obtained via FE and presented in Table 4. These results
are captured per time step of one millisecond within 1-cycle
from the moment when the fault occurs (i.e., 0 to 20 ms).

Table 4 implies that at 13 ms after the fault, the reactors
reach at the desired distance of 700mm (Fig. 6), with the total
inductance of the FCL increases up to 5 times the normal
value and thus, the device can successfully limit the short cir-
cuit current. The profile of the short circuit current waveforms
with and without the proposed FCL is shown in Fig. 7.

As depicted in Fig. 7, when the fault occurs, the current
value is equal to the short circuit current, but the FCL oper-
ates rapidly and limits the fault current. The values and the
percentage limit of the short circuit current at different fault
periods are listed in Table 5. As seen in Table 5, the current
decreases from 35 kA peak to 28.52 kA peak at the first
period, and declines even further at later periods. Another
important take away from the data presented in Table 5 is that
the proposed FCL begins to curb the short circuit current at
the very first moment when the fault occurs, and continues
limiting the current until the fault current declines to the
permissible level. In another words, the FCL starts limiting
the fault current from the very beginning and does not wait
until the reactors arrive at the final position.

It is observed that the current waveform with the proposed
fault current limiter has slightly more harmonics than that of
without a current limiter. This is attributed to the rapid change
of the effective inductance and the moving induced voltage of
the FCL.

Figs. 8 and 9 present the positional displacement of the
moving coils and the repulsive force between the coils within
the first fault cycle (i.e., 0 to 20 ms). As seen, the repul-
sive force is initially small due to a relatively low current

TABLE 4. Parameters of the FCL-ACVSR operation at different times.
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amplitude in the first few milliseconds. However, the repul-
sive force rises rapidly (proportional to the current amplitude)
and separates the two coils away within a short time frame.
According to Newton’s third law the two coils exert a force
of equal magnitude on each other but the displacement of the
inner coil is more significant due to the lighter weight. The
rate of change of the FCL inductance for the same period
is plotted in Fig. 10. As seen, the inductance of the reactor
rises from 0.27697 mH to 1.38 mH within 13 ms, which is
less than one cycle (The period of power network is 20 ms,
Frequency=50 Hz).

As mentioned earlier, in addition to decreasing the fault
current due to the increase of reactor inductance L (x), the
current also decreases due to the moving induced voltage
of e (x, i). Fig. 11 shows the moving induced voltage in
the reactor from the moment when the fault occurs (when

FIGURE 6. Positional displacement between the inner and outer reactor.

FIGURE 7. Short circuit current waveform.

TABLE 5. Simulation results of proposed FCL when the fault occurs.

the coils start to move). As seen in this figure the induced
voltage reaches to approximately 4650 volt within 11 ms.
Comparing this voltage with the network voltage (28000 volt
peak) shows that the moving induced voltage is significant
and could limit the short circuit current by approximately
17% at within 11 ms.

To further investigate the effectiveness of the proposed
design, the performance characteristic of the presented FCL is
compared against the existing structures (e.g., superconduct-
ing FCLs, power electronics based FCLs, and CLiP FCLs),
as summarized below:

• Unlike superconducting FCLs, the proposed design does
not require compartments with very low temperature.
However, the operating speed is slightly less than that in
superconducting FCLs, which typically operate within
few milliseconds [40]–[42]. Although the proposed
structure starts limiting the fault current from the very
beginning, it takes 13 ms for the given structure to

FIGURE 8. The positional displacement between the reactors.

FIGURE 9. The repulsive force between the reactors (when the fault
occurs).

FIGURE 10. The rate of change of FCL inductance.

166134 VOLUME 9, 2021



M. Amini et al.: Design and Analysis of Fault Current Limiter Based on Air Core Variable Series Reactor

FIGURE 11. The moving induced voltage during the fault.

TABLE 6. Simulation results of proposed FCL when the fault occurs.

TABLE 7. Simulation results of proposed FCL after operation of the FCL.

complete its action (reactors arrive at the final position
after 13 ms). It should be noted that the structure pre-
sented in this article has a basic design (it is not opti-
mized). Future research includes optimizing the design
to maximize the operating speed.

• Power electronics based FCLs typically have a complex
topology. The presented design has a simple topology,
does not have voltage and current limitations, and their
voltage and/or current waveforms are less distorted.
However, the operating speed is slightly less than that
in power electronics based FCLs.

• In the proposed structure, the reactors automatically
return to the initial position after the fault is cleared
meaning that the operation is reversible without any cost
and/or difficulty. However, In CLiP’s FCL, the fuse must
be replaced after every operation [43].

Tables 6 and 7 present the simulated parameters of the
proposed FCL during and after the operation.

IV. CONCLUSION
A novel coreless series FCL was introduced for limiting the
fault current. The proposed FCL features simplicity with
a fast response, negligible power losses, high operational
reliability, and effective performance. Unlike most existing
structures, the proposed design does not require DC power
circuit, iron core, and permanent magnet. At the normal
operating condition the device exhibits a low inductance

with negligible voltage drop and power loss in the network.
At faulty condition the two reactors are pushed away from
each other, and thus, the inductance rapidly (i.e., less than
one cycle, 13 ms) rises up to a level (i.e., from 0.27697 mH
to 1.38 mH) to limit the fault current. It is noted that the
proposed structure limits the short circuit current not only by
the rise of inductance but also via themoving induced voltage.
Another important feature of the presented design is that it
starts limiting the fault current from the very beginning and
does not wait until the reactors arrive at the final position.

The proposed FCL was described analytically and ana-
lyzed via FE. Simulation results confirmed the effective
performance of the proposed design with a fast operational
speed. Based on the FE simulation results, it is concluded
that the presented model can effectively react and respond
to the fault current with an acceptable speed, while featuring
structural simplicity.

The proposed FCL can be a good replacement for the
FCL equipment that are currently used in the power net-
work. The related/future research work on this topic includes
detailed mechanical design, optimal electromagnetic design
with improved operational features, and dynamic analysis.
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