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Abstract—Because of the increased fault current rate and lack of
zero current in DC networks like rail transport lines, using fault
current limiters (FCL) necessitated a different topology for
network elements. FCLs based on core saturation have less of an
impact on the network and are less flexible when it comes to
handling different kinds of faults because they can not be
controlled in terms of time when lowering the fault current. Some
FCLs are not time-controllable and have losses in the network
before the fault. These factors contribute to their shortcomings.
This paper investigates on fast-response FCLs using permanent
magnets(PM) and core saturation. These FCLs can control the
time of fault current reduction during DC circuit breaker (DCCB)
operation, also it is possible to reduce the amount of fault current,
which is one of the critical fault parameters, by adding control
modes that include two control coils and their drive circuit. The
time setting is done to observe the most significant effect at the
moment of the fault (DCCB operation). At last, by adjusting the
voltage and control coils turn number, in addition to reduce the
number of turns of the main coil connected to the network, which
causes a reduction in the impedance of the path (reduction of
losses) before the fault, have time control on the fault current rate.
The fault current limiter designed in the desired DC network is
validated by using the finite element simulation method in Ansys
Maxwell software.

Keywords— Fault current limiters, Magnetic coupling, DC
circuit breaker, Controllable FCL, DC transmission line
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I. Introduction

With the progress and improvement of DC networks based
on different topologies[1], the need to increase the capacity and
also the speed of DCCB operation has increased more than in
the past [2]. According to the characteristics of the structure of
DC networks, in addition to the large fault current amplitude[3],
also the increment rate of fault current is also very significant
[4]. Since DC switches have high sensitivity [5], they should
have the least stress for successful interruption.

The existing switches that are commonly used in DC
networks are mechanical [6], hybrid switches [7], and solid-state
switches [8].

Mechanical switches use the resonant circuit mechanism to
interrupt the current [8], and usually, their interruption time is a
few tens of milliseconds. These types of switches are limited in
interrupting high currents. Solid state switches use control
devices such as IGBT blocks to interrupt the fault current more
quickly but have higher losses than mechanical switches [9].
Hybrid switches structure comprised the previous two switches,
including the main flow branch, the flow cut branch by IGBTS,
and the energy absorption branch (arrester), which are very
expensive to make these switches [10].

According to what was said, the cost of a DC breaker with
the ability to interrupt high transient currents is very high [11].
Also, with the increase of the fault current level, the fault current
increment rate will be upward, as a result, the DC breaker is
depreciated under the stress of current interruption and in case
of successful disconnection its life span is reduced [12]. Also,
there are limitations in the construction and dimensions of DC
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breakers. Therefore, DC fault current limiters are used to limit
DC switches in interrupting high fault current and its high rate
[11].

Although in the past, series reactors were used to limit the
fault, however in the transient state the effect was minimal and
caused high losses in the network in pre-fault [13].

FCLs are divided into four main categories: FCLs based on
superconductors, FCLs based on semiconductor devices, hybrid
FCLs, and FCLs with a special core structure [14].

In superconductors, the superconducting element is placed
as a variable resistance directly or through magnetic coupling in
the network circuit. The advantage of this model is the high
speed of operation during the fault, but the high cost of
construction and the complex cooling system [15]. Also, very
large dimensions in construction are one of the problems of this
model [16].

Semiconductor FCLs also consist of two coils, one in the
network and the other connected to the semiconductor switches.
The secondary coil has the task of saturating the magnetic core,
which is connected to a DC converter, by creating a magnetic
flux opposite to the winding flux. It leads the main screw
connected to the core grid to the saturation area[17]. One of the
advantages of these FCLs is the high speed, while the losses of
the converter to saturate the core and also the resistance of the
semiconductors in the operation state are very high [17].

Hybrid FCLs have smaller dimensions than superconductors
and fewer losses than semiconductors. This model is composed
of the combination of both mentioned current limiters. The
complexity of the structure of these FCLs is one of their main
problems [18].

FCLs with a special core structure are based on core
saturation. Most of these FCLs have a core that consists of two
parts. The core contains one or more soft magnetic materials and
a permanent magnet to saturate the core. The permanent magnet
causes the core to saturate in pre-fault and when the fault occurs,
the network coil creates a flux opposite to the flux of the
permanent magnet in the core, which brings the core out of
saturation and the impedance of the path increases. The positive
point of this structure is its low electrical losses [19]. The
impedance in the network winding and the amount of current
reduction depends on the amount of short-circuit current in the
fault condition. Lack of time controllability is one of the
disadvantages of this model [20].

In the FCLs with a special core structure called controllable
saturated core fault current limiter (CSCFCL), by adding two
control coils with circuits connected to voltage sources that can
be controlled by IGBT blocks, a controllable FCL has been
presented. In the pre-fault state, the core structure saturates by
PM. As the fault occurs, the flux of network winding and
second control winding makes the core unsaturate and the
inductance increases. While the core is saturated again, the third
coil enters and makes the core unsaturated. As a result, the
impedance remains at its maximum state for a longer period and
the fault current decreases for more extended period. The most
important features compared to other similar FCLs are
controllability and time flexibility, fast- response to the fault
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Figure 1. Inductance variations both before and after the fault
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Figure 3. (a)unsaturated core (b) saturated core

and much less loss by reducing the number of turns of the
network coil before the fault. In this article, it was tried to
analyze the sensitivity of the proposed structure to the voltage
level connected to the coils.

n. Principle of PMBASE FCL

FCLs that are based on core saturation through pm are
composed of three main parts: PM, an integrated core of one or
more soft magnetic materials such as ferrite or silicon steel and
a copper coil connected to the grid.

In these FCLs, according to Fig. 3, in the pre-fault, the core goes
to saturation through the permanent magnet. In this case,
according to the B-H curve of the magnetic material that makes
up the core, the core is at point 1 as shown in Fig. 1. At this
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point, the nominal current flowing through the network coil
produces a flux that is larger than the flux produced by PM. As
a result, the impedance value at point 1 will decrease since the
inductance is at its lowest magnitude according to (3), which is
directly correlated with the slope of the B-H curve (the
magnetic permeability coefficient of the core).

When the fault occurs and the current increases the flux
produced by the coil overcomes the flux created by PM and
moves the operation point of the core in the B-H curve to point
2 in the linear region of the core. At point 2, the slope of the B-
H curve is much greater than p,. to point 1 will cause the
inductance to increase and the slope of the fault current to
decrease transiently according to (1). Then the DC breaker can
perform the disconnection operation with a lower current stress.

The quantity of fault current and the time it takes to increase
the fault current rate determine how far the core's stationary
point moves on the B-H curve. This displacement value is
correlated with the winding flux in the fault state. However, this
element results in a change in impedance following the fault,
which impacts on the switch's functionality. Ultimately the
main branch connecting to the network has its current
interruption when the DCCB current drops.

L1s1.di/dt = Vietwork (1)
R=p.l/A (2
L=po. pr A.N?/I ©))

ni. Propose Controllable Saturated Core FCL

A. General structure of CSCFCL

Similar to PMFCL, general structure of CSCFCL consists of
three primary components: a network coil, two numbers of
permanent magnets in two yokes and an integrated ferrite core.
The second and third coils are mounted on the limb of the right
side of the core. The order of activation in the network for the
second and third coils is shown in Fig. 4. General layout of
CSCFCL and the network that connects to it are shown in Fig.
6-a. Through IGBT blocks and time-varying voltage sources,
the control coils raise the network inductance and lower the
fault current rate following the fault.

The primary coil that is linked to the grid is in the circuit and
the core is saturated through PM before the fault occurs. An
opposite flux to the PM flux is generated in the core when the
fault occurs because the fault current rate increases. The
desaturated core will be at point 1 as shown in Fig. 2 and move
to point 2 as the fault current-induced flux exceeds the PM flux.
The secondary coil is linked via the IGBT when the fault is
detected by the current sensor. It generates an additional flux,
which makes the core reach to the linear region in 2 more
quickly than the saturation region in 1. This implies that the core
depletes faster than expected. When the fault current is reduced
temporarily due to an increase in the inductance, the current
sensor recognizes it and quickly removes the second coil. (1)
and (3) show that when the inductance is constant, it apears in
the linear zone and lowers the fault current rate.

The fault flux is significant that it takes the core from the
opposite side to point 3 in the saturation region after it has

passed through the linear region. In this instance, the current
sensor notices that the current slope has changed and is
increased once more. Thus, by adding the third coil, the core is
once more brought close to the linear region by producing a flux
that matches the PM flux. This process repeats itself multiple
times, with the third coil needing to produce more flux each
time to overcome the incorrect current. It thus connects to a
higher voltage level each time. The process's time sequence is
depicted in Fig. 5. The maximum fault current and fault current
rate are crucial factors in the FCL design. In this article, the
creation of a control structure lowers the fault current rate and
the maximum fault current.

Furthermore, the time control gives the core more time to
lower the fault current, which lessens the stress on the DCCB
as it decreases the fault current. However, the core's structure
results in the main winding having fewer turns than PMFCLs,
which, by (2), indicates that there are few in this instance. Then
the current sensor notices that the current slope has changed and
is now increasing once more. Thus, by adding the third coil, the
core is once more brought close to the linear region by
producing a flux that matches the PM flux. This process repeats
itself multiple times, with the third coil needing to produce
more flux each time to overcome the incorrect current. It thus
connects to a higher voltage level each time. The process's time
sequence is depicted in Fig. 5. The maximum fault current and
fault current rate are crucial factors in the FCL design. In this
article, the creation of a control structure lowers the fault
current rate and the maximum fault current. Furthermore, the
time control gives the core more time to lower the fault current,
which lessens the stress on the DCCB as it decreases the fault
current losses in the period preceding the fault in the network.

B. Principle of CSCFCL

As soon as the inductance momentarily decreases, the
current sensor cuts off the secondary winding, and the fault
current slope begins to decrease in the linear region between t,
and t; due to the unsaturated core. By decreasing the inductance
the current sensor detects in ts, the third coil's circuit is
activated, creating a flux in the core that is compatible with and
opposed to the pm flux. The combined flux produced by the
third coil and pm overcomes the fault flux and prevents
Reduced inductance. The inductance is then moved from t4 to

D Unsaturated
Core

PM + Third
-9 EMFlnx D (e = =
Permanent Primary and Permanent Primary Coil
Magnel Secondray Coil Magnet Flux
Flux
S"%‘:ﬂ“ . Third Coil
(@) (b)

Figure 4. (a)CSCFCL with secondary active winding (b)CSCFCL
with third active winding
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ry of changing the slope of the fault current becomes slower.

Figure 5. timing sequence of CSCFCL

ts, which is close to the maximum inductance. Every cycle, as
the inductance declines and the fault current slope climbs, the
third coil consistently reaches a greater voltage level. As aresult
of the previously indicated third coil management, the fault
currentgradually decreases and the inductance profile in Fig. 1
approaches its maximum.

In addition to CSCFCL, Fig. 6-b depicts the magnetic
equivalent circuit, and Fig. 6 illustrates the electric circuit of the
DC network. Owing to the KCL (4) and (5), the value of
inductance during the fault will be in (7), while in the state
before the fault, when the core is at saturation, it is
Hunsaturated™>>Hsatwrated. 1t 1S derived from the (6) and the
aforementioned equations. As the core moves away from
saturation, the inductance rises according to (6), and the current
falls according to (1).

As soon as the inductance momentarily decreases, the
current sensor cuts off the secondary winding, and the fault
current slope begins to decrease in the linear region between t;
and t3 due to the unsaturated core. By decreasing the inductance
the current sensor detects in ts, the third coil's circuit is
activated, creating a flux in the core that is compatible with and
opposed to the pm flux. The combined flux produced by the
third coil and pm overcomes the fault flux and prevents
Reduced inductance. The inductance is then moved from t4 to
ts, which is close to the maximum inductance. Every cycle, as
the inductance declines and the fault current slope climbs, the
third coil consistently reaches a greater voltage level. As aresult
of the previously indicated third coil management, the fault
current gradually decreases and the inductance profile in Fig. 1
approaches its maximum.

In addition to CSCFCL, Fig. 6-b depicts the magnetic
equivalent circuit, and Fig. 6-a illustrates the electric circuit of
the DC network. Owing to the KCL (4) and (5), the value of
inductance during the fault will be in (7), while in the state
before the fault, when the core is at saturation, it is
Wunsaturated™>>Hsaturated. 1t 1S derived from the (6) and the
aforementioned equations. As the core moves away from
saturation, the inductance rises according to (6), and the current
falls according to (1).

N1i1 -Hclm +Naiz -Nsiz = (Rpm+ Rcore) . (4)

Additionally, it is anticipated that as V» increases, the fault
current slope will likewise increase and it will take less time to
achieve the maximum inductance per the equations (4) to (6).

The slope of the fault current will decrease when the third
coil is introduced and the inductance is subsequently increased
again, as we anticipate that raising Vs will increase the flux in
the direction of strengthening PM. The core will also extend the
fault current reduction period by raising Nz. By altering the
quantity We should be careful to ensure that the control coils and
voltage level are adjusted so that the inductance profile has the
biggest influence on the fault current slope.

V, T V3

IGBT1

FEL DCCB
Ruetwork

V] RLOAD
-_— DC_NETWORKSOURCE

o)

CSCFCL equivalent circuit ()
Secondry and third coil equivalent elements ()

Luerwork

(b)

Figure 6. (a) CSCFCL structure (b)equivalent magnetic circuit of
CSCFCL
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Iv. Simulation Results

As displayed in the Table I. The DCCB has a rated voltage
of 1.5 kV and a fault current rise rate of 1.5 kA/ms. To check the
sensitivity of the situation, the procedure of altering the
secondary coil's voltage level to examine variations in
inductance and current was carried out in Table I. Furthermore,
when a fault occurs, the third coil is activated with two steps of
different voltage levels; in this scenario, first voltage level is set
and the second voltage level is examined. The secondary coil has
very little effect on the third coil. As a result, the third coil is
added to the analyzed results once the secondary coil has been
changed.

Table I. CSCFCL specification

Nominal voltage 1.5kV

Nominal current 1KkA
Rise Rate of fault current 1.5 kA/ms

Maximum fault current 12 kA

A. Sensitivity of control voltage of Secondary winding

To increase the core's speed desaturation, the secondary coil
is intended. Fig. 7-a shows that the time it takes to attain
saturation increases with the secondary coil's voltage level
when its number of turns is set at 10. The core flux tends to
bring the core to saturation, and it has gotten faster since hitting
the 2 kV voltage threshold. To put it another way, the high
voltage level applied to the secondary winding causes the core
to go through saturation twice before reaching the linear region
and then again after 0.5 ms, which is not expected. However, it
does so more quickly and ultimately overcomes the PM flux.

However, if the dominating flux caused by PM is high as

shown in Fig. 8-b the fault current's slope would increase
excessively, and the fault's unstable condition will not be
improved.
The core is faster than saturation when the voltage level reaches
1 kV, however, the fault current rate does not appear to
decrease. The inductance profile has reached the linear zone at
an acceptable speed by providing a voltage of 1.5 kV, and the
core enters the linear region at a faster rate by roughly 0.5 ms.
This is seen in Fig. 8-a about the inductance PMFCL slope.

When applying a voltage of 1.5 kV showed in Fig. 7-b, the
slope of the core fault current is lower than other applied
voltages. Additionally, by comparing the slope of PMFCL
currentin Fig .8-b, it can be seen that, at t=15 ms, the value of
PMFCL current was around 9.8 kA. However; this value was
lowered to 9.3 kA upon the application of the secondary
winding.Additionally, by comparing the slope of PMFCL
currentin Fig. 8-b, it can be seen that, at t=15 ms, the value of
PMFCL
The currentwas around 9.8 kA; however, thisvalue was lowered
to 9.3 kA upon the application of the secondary winding.

22
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Figure 7. (a)Secondary winding inductance of CSCFCL and PMFCL
(b)Secondary and Third windings current of CSCFCL and PMFCL

B. Sensitivity of control voltage of Third winding

The applied primary voltage is determined to be 5 kV. By
setting the secondary winding voltage in the preceding section,
the third winding voltage has been set as shown in Table II.
The applied primary voltage of around 0.4 ms is deemed
appropriate based on the inductance profile and simulations
since it maintains the inductance in the linear zone following
the inductance drop. Subsequently, a larger voltage is applied
to the third winding by raising the fault flux.
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Figure 8. (a)Secondary and Third windings inductance of CSCFCL and PMFCL(b)Secondary and Third windings current of CSCFCL and PMFCL

Table 1l shows that when the voltage is increased, the
inductance experiences a brief dip before returning to the linear
zone, which keeps the value of the current slope near the initial
value.

The inductance rose in the second step of applying voltage
to the third winding, as shown in Fig. 8-a. This indicates that
the core can re-enter the linear area with a limited rise in voltage
based on the number of fixed turns. The inductance was in the
linear region for 0.7 ms and then returned to the saturated
region, as shown in Fig. 8-a. By providing a voltage of 10 kV
in the second step. The current diagram with the second and
third coils applied is displayed in Fig. 8-b. The application of
all three voltage is evident. In comparison to PMFCL, the third
winding has resulted in a 1.5 kA reduction in current and a 24%
decrease in current slope.

Table Il. CSCFCL windings voltage specification
Number Sec winding Third Third
of turns voltage winding winding
stepl step2
1 10 1500 V 5kV 5kVv
2 10 1500 V 5kV 8kV
3 10 1500 V 5kV 10kV

v.  Comparison Study
The advantages of CSCFCLs over PMFCLs are as follows:

1) Controllability: It is evident from the data that the main
benefit of CSCFCLs over PMFCL fault current limiters is their
controllability. The amount and rate of current are directly
lowered by the speed at which an object enters and exits the
saturation zone from the core, as indicated by the equations in
the preceding sections. While CSCFCL is far more versatile and
customizable than PMFCL, there is a fault because of the use of
auxiliary windings in this model.

2) Complexity: Regardless of the core material, the
dimensions of the core in CSCFCL are significantly smaller than
in PMFCL, and just two windings are added to the core structure.
This reduces complexity in the core structure.

3) Core loss: Loss is smaller in the CSCFCL than the other
PMFCLs because of the smaller core’s volume and in pre-fault
state the primary coil has fewer turns that connected to the
network. Thus, the decrease in the present rate in the CSCFCL
with The primary winding has fewer turns than PMFCL, and
number of turns in the secondary and third windings are
changed.

4) Flexibility: The restrictions of establishing DCCB and
other parts in the DC network can be lessened by using CSCFCL
in various networks because of its flexibility in reducing the fault
current rate. This allows for the creation of broader networks.

The comparison between PMFCL and CSCFCL is displayed
in Table IlI:
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Table I11.  Comparison between PMFCL and CSCFCL
structure PMFCL CSCFCL
Controllability Low High
Complexity Average Low
Core Loss Average Low
Flexibility Average High
VI, Conclusion

This article proposed a structure based on time control and
FCL structure enhancement, using the CSCFCL structure
instead of the PMFCL structure. Lack of temporal
controllability was one of PMFCL's shortcomings which was
addressed in CSCFCL with two control windings and control
circuits. As mentioned previously control winding extended the
time that the CSCFCL worked in the linear zone, which
decreased the fault current and its slope. The limitation of
producing DCCB and other parts in the DC network can be
resolve by using CSCFCL in various networks because of its
flexibility in reducing the fault current rate. This allows for the
creation of wider networks. Furthermore, the decrease in the
size of the network's core and the quantity of turns in the
winding resulted in the pre-fault state, there will be a reduction
in the core and network losses. By using control winding, the
fault current slope in CSCFCL was decreased by approximately
25 % in comparison to PMFCL, and the fault current's overall
slope was lowered by approximately 40 %. The finite element
simulation results verified the validity of the proposed design.
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