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The Principles of Controlled DC-Reactor Fault
Current Limiter for Battery Energy

Storage Protection
Amir Heidary , Member, IEEE, Marjan Popov , Fellow, IEEE, Ali Moghim, Mohamad Ghaffarian

Niasar , and Aleksandra Lekić, Senior Member, IEEE

Abstract—The significance of battery energy storage
systems (BESSs) technology has been growing rapidly,
mostly due to the need for microgrid applications and the
integration of renewables. Relevant to the importance of
utilization of BESS in microgrids, the protection of the
BESS during microgrid faults has become a concern too.
The short circuit in a microgrid cause overcurrent for all
of the integrated sources. BESS, as one of the sources in
the microgrid, is heavily influenced by fault occurrence. The
overcurrent can easily damage power electronic converter
switches, battery management systems, and damage bat-
tery banks. Fault current limiters are appropriate protection
devices that have been massively studied. In this article, we
propose a controllable reactor fault current limiter (CRFCL)
to protect the BESS against fault currents. The proposed
CRFCL can control the fault current value supplied by BESS
during a fault condition as a current regulator. It is realized
by means of the operation of solid-state switches and se-
ries dc-reactor behavior. The main achievement of CRFCL
is the protection of BESS against fault currents without
delay. The simulations of the proposed structure are carried
out in a MATLAB/Simulink platform, and they are confirmed
and validated by experimental test results.

Index Terms—Battery energy storage, fault current lim-
iter (FCL), protection.

I. INTRODUCTION

ENERGY storage systems can be connected to the dc or ac
link of the ac–dc microgrid [1]. The control of energy flow

in hybrid microgrids [2] and the power management strategies
are two most important reasons of battery energy storage systems
(BESSs) integration into the microgrids [3].
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BESSs can be used as an efficient tool to assist the integration
of renewable energy source (RES) in power systems. BESS
can mitigate some of the most important challenges that RES
introduce in power systems [4]. In addition, energy storage is
deemed necessary and important within Distributed generator
(DG) renewable energy systems to ensure system stability [5].

It has been investigated that microgrid protection needs
serious attention because the operation of the microgrids in
both grid-connected and islanded mode depends on the exist-
ing protection strategies [6]. For microgrid protection, several
protection schemes have been introduced: adaptive protection,
differential protection, distance protection, voltage-based pro-
tection, and microgrid coordinated protection against faults,
which proves the importance of the issue [7].

The protection of vulnerable BESS is the significant issue of
the microgrid [8] to which the protection of BESS using batteries
possesses two main differences compared with other applica-
tions. First, the current flow is bidirectional, both charging and
discharging the batteries. Second, the impact of a short-circuit
current can be very high rate of rise current (RRC) and high
magnitude (because of very low internal impedance of batteries).
Within Photo voltaic (PV) or wind powered applications, the
fault can cause failure of battery management system, batteries,
or voltage-source converter (VSC) [9], [10], [11].

The first known protection method is protection coordination
method that can provide controlled microgrid and BESS protec-
tion against faults [12]. The next one is to employ fault current
limiters (FCLs) as a practical solution to the mentioned issues
and can protect BESS inside the microgrid [13].

Considering FCLs, the existing methods to protect microgrid
and BESS are as follows.

1) Superconducting FCL technology [14]: This type of FCLs
is based on superconducting resistor or reactors to protect
BESS [8], [15], [16].

2) Series transformer fault current limiter (STFCL) [8] is the
type of FCL where its primary side is connected in series
to a power line and its secondary side is connected to a
control system [17], [18], [19].

3) Saturated core fault current limiter (SCFCL), including
bulky core and dc saturation circuit [20], [21].

4) DC-reactor type FCL [22] comprises of a rectifier bridge
and a series dc reactor [23].
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Fig. 1. BESS protection in microgrid by CRFCL.

5) Resonance-based fault current limiter (RFCL) [24],
including a series reactor and capacitor bank, to protect
BEES in dc microgrid [25].

In addition, the optimal placement of FCL in a microgrid is
a practical method that can improve the protection of microgrid
[26], [27]:

1) flux-coupled FCL for BESS protection [28];
2) Fast fault limiter and circuit breakers [8], [29], [30].

There are several urgent needs for the above-mentioned exist-
ing protection schemes that should be improved for the case of
BESS protection. These are the delayed operation, high RRC,
and high magnitude of fault current first peak.

In this article, a protection scheme for BESS as a vulnerable
component of microgrids is proposed.This is achieved by a con-
trolled reactor based on the power electronic, named controllable
reactor fault current limiter (CRFCL). The topology of CRFCL
is comprised of power electronic switches, a series dc reactor,
a rectifier, and a controller. The used method of CRFCL is to
provide fast fault current limitation by switching current of the
dc series reactor as a controlled reactor. The main contributions
and advantages of this CRFCL are given as follows:

1) designing an ultrafast FCL for BESS;
2) limiting the RRC for BESS protection;
3) limiting the first peak of fault current to BESS normal

current;
4) regulating BESS current during the faulty condition.

The rest of this article is organized as follows. Section II
presents the modeling of the microgrid and focuses on FCL
structure. Section III discusses the system controlling strategy
and associated current regulation approach. Sections IV and V
report the performed analytical studies and simulation results,
respectively. Section VI presents the validated results of the test
setup. Finally, Section VII concludes this article.

II. CRFCL CONFIGURATION AND MODELING

The proposed CRFCL is connected in series to BESS where
the ac output of the power converter is connected to the microgrid
bus through the CRFCL. Fig. 1 shows a four-bus microgrid that
includes BESS, DGs, ac load, and an ac grid.

Fig. 2. BESS protection in the fault condition by CRFCL.

Fig. 3. Proposed CRFCL topology.

In order to analyze the operation of the proposed CRFCL, the
BESS is assumed to be formed as lead-acid batteries and a single-
phase VSC with a series impedance Zs and the line impedance
is shown as Zline. The configuration of the fault condition is
illustrated in Fig. 2.

By considering this assumption, the effects of other microgrid
sections during a fault condition can be ignored, and the main
focus will be on the protection of BESS against a short-circuit
fault using CRFCL.

The topology of the proposed CRFCL is depicted in Fig. 3. In
this structure, diodes D1–D4 are used as a full-bridge rectifier.
The alternative input of the rectifier is connected in series to the
grid and its dc part is connected to the dc reactor (Ld). The dc–dc
reactor includes a main coil with a ferromagnetic core, which
is magnetically coupled with a controlling secondary coil. The
primary and secondary winding of dc-reactor switches using
integrated gate bipolar transistor (IGBTs) S1 and S2. A damping
resistor R1 is placed in parallel with IGBT S1. In addition, the
controller uses the measured currents and the voltages provided
by the Current transformer (CT) and the Voltage transformer
(VT), respectively, and sends an operational signal to the IGBTs.

The equivalent circuit of the dc reactor and its controlled coil
is shown in Fig. 4.

The equivalent representation of the transformer in Fig. 4
contains inductances L1 and L2 that are leakage inductances of
the primary and secondary sides, respectively. Both primary and
secondary winding resistances are assumed to be zero, and R2 is
the external resistance connected to the secondary transformer

Authorized licensed use limited to: TU Delft Library. Downloaded on September 04,2023 at 09:02:17 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 4. Equivalent circuit of the transformer and electronic switches of
the proposed CRFCL.

Fig. 5. Equivalent circuit of the transformer and electronic switches
in the proposed CRFCL. (a) Nominal condition. (b) Faulted condition.
(c) Recovery state.

side. Besides, Lm is the mutual inductance of the secondary and
the primary winding. In this figure, the electronic switches are
assumed to be ideal (i.e., representing short connection when
closed). As indicated in Fig. 5, the states of the electronic
switches determine the value of the dc reactor for different
operating conditions (nominal or fault state).

In sequence one, as shown in Fig. 5(a), it is considered that
the system works in a nominal condition. Thus, the switch S1 is
closed and S2 is open. Due to the operation, the equivalent circuit
is considered as a series dc reactor in series with the BESS.

Fig. 6. Controller structure.

Because of the reactor’s dc current, and its representation as the
series-connected inductors, its voltage drops in steady state to a
nearly zero.

In the next sequence, as illustrated in Fig. 5(b), it is considered
that a fault occurred in the microgrid. The CRFCL limits the fault
current by turning OFF IGBT S1. In this state, the equivalent
CRFCL circuit is R–L, which is conducted by the reactor. The
resistive term is R2 and the inductive term is given by L1+Lm.
By increasing the equivalent resistance of CRFCL and limiting
effects of dc reactor, the fault current will be declined without
delay.

In the third sequence, as shown in Fig. 5(c), IGBT S2 is turned
ON to recover the dc-reactor core by generating a reverse flux.
This function causes an increasing value of the fault current.
However, the dc reactor will be recovered to limit the fault
current in the next switching period. These three sequences are
carried out by using the control diagram as shown in Fig. 6.

III. ANALYTICAL STUDY

In this section, an analytical study of the proposed CRFCL
is presented following the operational sequences. The coupled
dc-reactor topology is changed by the operation of IGBTs. The
logical states of the switches comprise three different circuits,
connected to the full-bridge rectifier. In the first state, the equiv-
alent circuit of the coupled dc-reactor considering the states
of the electronic switches is analyzed [according to Fig. 5(a)].
Thereafter, the analysis of CRFCL is presented based on its
operation in sequences two and three in the fault mode.

A. Analysis of the CRFCL (Sequence One) in Nominal
State

In the first sequence denoted as a nominal state, IGBT S1 is
ON and IGBT S2 is OFF. By applying Kirchhoff’s voltage law
(KVL) for the equivalent circuit, as shown in Fig. 5(a), it follows

−VFB + (Lm + L1)
didc(t)

dt
= 0. (1)

Here, VFB is a full-bridge dc voltage and iDC is a dc-reactor
current. The dc-reactor’s current in the charging periods is
formulated as a solution of the R–L circuit’s ordinary differential
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equation (ODE)

idc(t) = Iin +
(
(Imax − Iin)

(
1− e−αct

))
(2)

αc =
1

τc
=

(
Rth +Rd +Rline +Rload

Lth + Lline + L1 + Lm + Lload

)
. (3)

Here, the direction of dc-reactor charging current is from
source (BESS), including all the series impedances of the sys-
tem, where Lth, Lline,, and Lload are the inductances of BESS,
line, and load, respectively. Resistances Rth, Rline, Rd, and Rload

are the resistances of BEES, line, diodes, and load, respectively.
Value Imax is the maximum current of the power line and Iin
is the initial current (i.e., current at the beginning of the time
interval when the CRFCL starts operating in this state) of the dc
reactor. Time constant τc is the ratio of the sum of all inductances
and the sum of all resistances, whereas αc is the reciprocal value
of the time constant. Based on (3), it is clear that the charging
time constant is relatively low.

In (4), the current of the dc reactor is considered in the
discharge state when the current of the dc reactor is higher than
the line current. The circuit for discharging the dc reactor is full
diode bridge that works as reversed diodes. These diodes provide
a very low resistance in the discharge circuit of the dc reactor.
Thus, the ODE solution is given as follows:

idc(t) = Imaxe
−αdt (4)

αd =
1

τd
=

(
Rd

Lth + Lline + L1 + Lm

)
. (5)

Here, Td is the time constant of the dc-reactor’s current, andαd

is its reverted value. By comparing the charging and discharging
time constants, it is obvious that Tc is much smaller than Td, as
illustrated in (6). The value of Rd in the discharge circuit is very
small. Consequently, it is taken that the dc-reactor’s current dc
in the steady state has a very small variation and it becomes
constant in the maximum value of line current

τd >> τc

Lth + Lline + L1 + Lm

Rd
>>

Lth + Lline + L1 + Lm + Lload

Rth +Rd +Rline +Rload
.

(6)

The voltage drops of the dc reactor in steady state are almost
zero [see (7)]. Furthermore, the BESS current is can be calcu-
lated using KVL presented in (8)

VFB = (Lm + L1)
didc(t)

dt
= 0 (7)

vs(t) = (Rth +Rd +Rline +Rload) is(t)

+ (Lth + Lline + Lload)
dis(t)

dt
. (8)

B. Analysis of the CRFCL in Fault State (Sequence Two)

After the fault occurs in the microgrid and before IGBT S1
turns OFF, the dc-reactor’s current follows (2), whereαf and Imax

are calculated as follows:

αf =

(
Rth +Rd +Rline +Rfault

Lth + Lline + L1 + Lm

)
(9)

Imax =
∣∣∣ Vs

(Rth+Rd+Rline+Rfault)+j(Lth+Lline+L1+Lm)

∣∣∣ . (10)

In this sequence, the current of the source can be calculated
by (7) and (8) when the value of CRFCL voltage drop is not zero
anymore considering the rising rate of source current.

C. Analysis of the CRFCL in Fault State (Sequence
Three)

When IGBT S1 turns OFF, considering the operation, as shown
in Fig. 5(b), the topology of the dc reactor is changed into an
R–L circuit that can substantially control the magnitude of fault
current and delay its rising nature. Accordingly, the current of
the dc reactor is defined as follows:

idc(t) = Imaxe
−αf t (11)

αf =

(
R1 +Rth +Rd +Rline

Lth + Lline + L1 + Lm

)
≈

(
R1

Lm

)
(12)

Imax =
∣∣∣ Vs

(Rth+Rd+Rline+Rfault+R1)+j(Lth+Lline+L1+Lm)

∣∣∣ . (13)

In (12), R1 and Lm are far higher than the other resistances
and inductances in the circuit. Therefore, the other values can
be neglected. In this sequence, current of the BESS can be
calculated using KVL

VFB(t) = (R1) idc(t) + (Lm + L1)
didc(t)

dt
(14)

vs(t) = (Rth +Rd +Rline +Rfault) is(t)

+ (Lth + Lline)
dis(t)

dt
+ vFB(t). (15)

D. Analysis of the CRFCL in the Fault State (Sequence
Four)

In the fourth sequence of CRFCLs operation, the IGBT S2
will be turned ON to recover the dc-reactor core and preserve
the saturation of the dc reactor. This operation is shown in
Fig. 5(c). The current of the dc reactor does not pass through
the high inductance magnetization branch. It mainly passes
through lower parallel branches, including a series connection
of the leakage inductance and resistance R2. This operation
temporarily increases the current of CRFCL until changing the
controlling pulse of switches to sequence two, which follows (2),
where the current of CRFCL is presented in (16),αf is calculated
as indicated in (17), and Imax is calculated as in (18)

idc(t) = Iin +
(
(Imax − Iin)

(
1− e−αf t

))
(16)

αf =

(
R1 +R2 +Rth +Rd +Rline

Lth + Lline + L1 + L2

)
(17)

Imax =
∣∣∣ Vs

(Rth+Rd+Rline+Rfault+R1+R2)+j(Lth+Lline+L1+L2)

∣∣∣ .
(18)
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In this sequence, the current of the source can be calculated
by applied KVL, as shown in (15) and (19)

VFB(t) = (R1 +R2) idc(t) + (L1 + L2)
didc(t)

dt
. (19)

E. Operation of CRFCL in Dynamic Status

To express the effect of the proposed CRFCL, in the case
of power flow variation and system dynamics (because of the
variation of power produced by a renewable generator or load
variation), the CRFCL operation will be discussed in two opera-
tion stages. The most important assumption here is that CRFCL
imposes the least amount of inductance on the system during
the dynamic stages. This can mean that CRFCL does not affect
the system’s stability throughout the dynamic period. To study
dynamic stages, two scenarios are considered as follows.

In the first scenario, it is assumed that BESS works in a steady
state, and the current of BESS will be declined (first dynamic
state). In this stage, the current of the dc reactor is equal to the
maximum current of BESS, and then the provided dc current
will be declined. It means that the stored energy of the dc reactor
should be dissipated. Accordingly, an appeared voltage across
the dc reactor turns ON all the diodes (series D1, D4, and series
D2, D3) to freewheel the excess current of the dc reactor. During
the operation, the control strategy provides a model the same as
the one shown in Fig. 5(a). The free wheel current equation is

idc(t) = Imaxe
− Rd

Lm
t. (20)

This operation clearly depicts that CRFCL is bypassed during
the decrease of BESS current by the diodes and do not impose
considerable inductance to affect the microgrid stability.

The next scenario refers to BESS current increase in dynamic
mode. In this scenario, it is considered that the current of dc
reactor will rise. Hence, the current of the dc reactor should rise
from the initial value to the next current peak. Normally, this
current increase should be limited by the dc-reactor inductance,
and therefore, the system stability may be affected. To limit the
effect of the inductance of CRFCL, a control strategy is applied
by turning ON both S1 and S2. In this operation mode, the closed
secondary of the dc reactor generates a reverse flux in the core.
Hence, the total core flux will be the subtraction of primary
and secondary winding flux, which is almost equal to zero. By
using this control strategy, during this stage (dynamic of BESS
increasing current), the inductance of the dc reactor can be kept
to its minimum, and the system stability will not be affected.
The occurrence of each dynamic state can be detected by the
provided data of the current sensor. Expressions (21) and (22)
describe the imposed inductance of the dc reactor during this
scenario

ϕtotal(t) = ϕ1(t)− ϕ2(t) ≈ 0 (21)

Ld =
ϕ1(t)− ϕ1(t)

idc(t)
(22)

where ϕtotal is the total value of the flux in the dc-reactor core,
and ϕ1 and ϕ2 are the primary and secondary winding fluxes,
respectively. Ld is the approximated imposed impedance of the
CRFCL throughout dynamics.

TABLE I
ELECTRICAL PARAMETERS USED FOR THE SIMULATION

IV. CONTROLLING STRATEGY

In the proposed CRFCL, there are two IGBT switches, which
change the dc-reactor topology. Initially, IGBT S1 is turned
ON and IGBT S2 is turned OFF. An appropriate controlling
method may result in a proper fault current limiting and current
regulating scenario. In this approach, the measured data are
BESS current and voltage realized by comparison to a digital
data sampler, which can rapidly track changes using comparators
C1 and C2. The fault occurrence causes a voltage drop and the
first peak current increase. The dc reactor can limit the fault
current even without a controlling system. Thus, considering
the second sequence of CRFCLs operation, there is no need for
a controlled pulse. Next, by rising the current and increasing
the voltage drop, the controller sends a command to IGBT
S1 to turn it OFF. It causes a temporary current limitation in
the third sequence; then, by increasing the core flux, which
may saturate the dc reactor, the control command will turn ON

IGBT S2 to connect R2 to the secondary winding of the dc
reactor and to recover the core from saturation. This command
is generated based on the operation of a magnetic sensor and
a comparator C3. Thereafter, the sequences in the fault state
will repeat. This control method limits the fault current to the
acceptable level, which successfully saves BESS in the fault
state.

For detecting fault removal in this control structure, it is
possible to reset gate signals to the initial state after adjusted time
with a timer block. If the fault has been removed, the system will
work in its nominal condition, and if it has not been removed,
the fault limitation strategy will be repeated. The decision for
timer command can be provided by a decision-making center or
by the power system operators.

V. SIMULATION OF CRFCL

In this section, the simulations are run for three different
scenarios. Accordingly, for the first simulation, BESS is ex-
posed to a single line to ground fault without utilizing a pro-
tection device. In the next step, BESS uncontrolled dc reactor
is employed to limit the single line to a ground fault, which
is depicted in Fig. 2. For the third simulation, BESS is pro-
tected by CRFCL and a constant fault impedance is consid-
ered. Table I summarizes the electrical parameters for the
simulation.
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Fig. 7. BESS current during nominal and fault conditions without pro-
tection.

Fig. 8. BESS current during nominal and fault conditions with an
uncontrolled dc reactor.

A. BESS Fault Current Without Protection

As it is obtainable from Fig. 7, theoretically, the current of
BESS throughout the short-circuit fault is sharply increased to
15.5 kA as the first peak of fault current. The occurred fault
creates roughly 3.9 kA/ms as RRC and an approximately per-
manent magnitude of 8.5 kA. This fault current can immediately
damage BESS and, in reality, this fault current cannot be fed by
BESS.

B. Uncontrolled DC Rector Operation

In Fig. 8, it is clearly shown that the RRC and fault current first
peak are considerably limited due to the operation of the uncon-
trolled dc reactor. The goal of demonstration of an uncontrolled
dc reactor here is to clarify the proper compensation of some
delays of the protection system. This approach validates that the
dc-reactor behavior successfully limits the first period of the fault
current to compensate the delays of electronic-based protection
devices after the fault occurs. The mentioned delays result from
measurements, A/D and comparator operation, and solid-state
switches operation. The total time of these delays may reach
around 1–2 ms.

It is illustrated in Fig. 8 that the first peak of the fault current
reaches approximately 0.4 kA, 10 ms after the fault occurrence,
while the magnitude of the current after 2 ms is the same as the
magnitude of the normal current. Therefore, the CRFCL control
mechanism will be activated when the fault current magnitude
is equal to the BESS normal current.

Fig. 9. (a) BESS current during a normal and a fault state with CRFCL.
(b) Current closed-up view.

C. CRFCL Operation to Protect BESS

In Fig. 9(a), BESS current is depicted during the nominal and
the fault condition considering the effect of CRFCL.

In this simulation example, it is shown that the average value
of BESS current before and after the fault is roughly equal. It
is clear that the drastically rising current stress of the BESS is
entirely solved (it is 0.1 kA/ms), and the batteries meet a very
small RRC. Moreover, the peak magnitude of the fault current
reaches 300 A, which is in the range of the BESS nominal
current. The effects of IGBTs’ operation are visible by the
variation in the current waveforms during the faulty states.

As seen in Fig. 9(b), S1–S4 refers to the switching sequences,
as mentioned in Section III. Considering that S1 is the current
signal of the system during steady-state operation when the
voltage drop of CRFCL is almost zero (7). At the start of
operation, S2 refers to the faulty state in which the control system
does not activate the IGBT switches and the current is limited
by the effects of the uncontrolled dc-reactor behavior (as it is
concentrated in Fig. 8). Then, S2, S3, and S4 are the switching
operations during the faulty period, which is, respectively, re-
peated until either fault is removed or the main breaker operates.

To focus on the operational speed of the proposed CRFCL,
IEEE standard C37.302-2015 [31] is considered. In this stan-
dard, ip,LT is the peak magnitude of the limited fault current,
and TLT is the time when the system reaches the first peak
of fault current. These two parameters are known as the most
important values that depict the performance of the studied FCL.
In addition, there is a time period for which the fault has occurred
but the current is the same as the system without applying an
FCL. This time refers to the operational delay of the FCLs. To
compare these definitions with a CRFCL operation, it is clearly
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Fig. 10. BESS voltage during a normal and a fault state with CRFCL.

Fig. 11. BESS current during a nominal and a fault state with CRFCL.

shown that ip,LT is equal to the system normal current (there is
no peak of fault current). Therefore, the defined time to reach
the first peak of the fault current TLT can be considered as
zero. Moreover, the RRC of the faulty condition is not increased
from the steady-state condition. So, it is obtained that CRFCL
limits the fault current without operational delay (this issue is
because of the effects of the uncontrolled dc-reactor nature).
The magnitude of current and voltage determines the rating
of the IGBT switch. Therefore, S1 should be a package of
29 kV and 300 A switch, while on the secondary side of the
dc reactor, a low-voltage switch is needed. In the current signal
throughout the fault, a considerable amount of harmonics is
excited. However, by taking into account that these harmonics
cannot influence BESS in the faulty condition, its analysis is
ignored.

In Fig. 10, the output voltage of BESS is illustrated. As shown
in the simulation curve, the voltage of BESS does not fall and its
average value remains almost the same value. The voltage peak
value in the fault state experiences 29 kV, which is 1 kV higher
than the nominal voltage. Therefore, the voltage of BESS stays
nearly constant and it does not depend on the faults.

In Fig. 11, the current of the battery in the nominal state is
140 A, and in the fault state, its variation increases between
approximately 130–150 A. The main consideration is that its
average current is not extensively changed. The significant
achievement is that the battery does not experience a high rise
of a fault current or a high rate of dc current break. Therefore,
this method saved both batteries and power electronic units of
BESS.

In Fig. 12, control pulses of both IGBT switches are depicted
during nominal and fault states.

In a normal condition switch, S1 is ON and S2 is OFF. On the
other hand, during the faulty state, S1 receives a pulse series
with an 80% duty cycle to control the dc-reactor current, and S2

Fig. 12. Control pulse of IGBTs S1 and S2.

TABLE II
COMPARISON FEATURES OF CRFCL

receives a pulse with a 20% duty cycle to control the flux of the
dc-reactor core.

Considering simulation results, the performance of the pre-
sented CRFCL in comparison with three well-known FCLs is
presented in Table II. The compared data demonstrate practical
superiority of CRFCL.

VI. PROPOSED FCL EXPERIMENTAL TEST

The scale-down prototype is implemented considering Figs. 2
and 3 and examined by a laboratory setup. Table III provides
the information on the experimented prototype. The proposed
CRFCL and the laboratory setup are shown in Fig. 13.

For this purpose, a signal measurement digital oscilloscope
is used, and it is connected to the setup by current and voltage
sensors.

In this prototype, the dc reactor includes a toroidal ferromag-
netic iron core, a copper wire primary, a copper wire secondary,
and isolations. The wire cross section of the primary side is
0.5 mm2, and with a wire the cross section of secondary winding
wire is 2 mm2. The magnetization inductance of the reactor is
100 mH. The first IGBT switch S1 is connected in parallel with
a damping resistance and is also connected to the dc-reactor
primary, while the second IGBT S2 is connected to the dc reactor
and external resistor in series. IGBTs get control pulses from a
digital controller.
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TABLE III
PROTOTYPE EQUIPMENT DESCRIPTION

Fig. 13. Experimented laboratory prototype.

The controller consists of an A/D conversion unit, a compara-
tor, and sensors. For this controller value of the BESS current,
BESS voltage and the magnetic flux of the core are continuously
measured and converted from an analog to a digital signal and
compared with their reference values to provide appropriate
control pulses for the IGBT switches, as explained in Section VI.

In this setup, a BESS is utilized, including a 12 V internal
battery, a VSC, and a battery charging system, which are in the
same package. The proposed CRFCL protects the BESS from the
fault current that is connected in series with it. In addition, in this
setup, the fault occurs in the line by a controllable relay. The test
results are saved using a digital oscilloscope and monitored by
a network connected to an online computer. The current and the
voltage of BESS are illustrated in Figs. 14 and 15, respectively.

From Fig. 14, it can be seen that after fault occurrence, BESS
current varies and its peak magnitude increases by nearly 0.2 A,
while VSC experiences no drastic RRC. This result shows good
agreement with the simulation result in Fig. 9.

In Fig. 15, BESS does not experience a sharp voltage drop
throughout the fault condition; however, its peak magnitude
reaches nearly 20 V. This is also in line with the simulated result
in Fig. 10. Considering Fig. 16, it is obvious that the battery’s
dc current does not experience sharp rises or drops. The CRFCL
is entirely protected by the RRC (because of the low battery
impedance and the dc fault current) and rates falling current
(because of the fast operation of dc breakers).

Fig. 14. BESS current in nominal and fault operation (prob X4).

Fig. 15. BESS voltage in normal and fault operation (prob X200).

Fig. 17 illustrates the prepared pulses of control mechanism
for IGBTs during the fault condition. By canceling the high rate
of current change during the fault, the lifetime of the batteries
can be significantly extended.

The maximum current variations, as indicated in Fig. 16,
during a fault are roughly 3.6 A and 4.2 A. This result confirms
the simulation results from Fig. 11. In addition, the control pulses
of IGBTs S1 and S2 include duty cycles of almost 80% and 20%,
respectively, which also confirms the simulated scenario.

VII. CONCLUSION

In this article, we presented a new topology of a CRFCL to
protect a BESS for microgrids. The proposed CRFCL can limit
the fault current of BESS when the fault occurs. Besides, the
voltage drop does not influence BESS. Due to the operation
features, BESS does not have sharp current rises or drops. A
successful fault current regulation during the fault condition is
entirely achieved using the proposed CRFCL. This research
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Fig. 17. IGBTs control pulses (prob X5).

Fig. 16. Battery current in nominal and fault operation (prob X4).

introduced new principles of CRFCL operation, which were
confirmed by simulation results and validated by experiments.
It was proven that a BESS can be protected by CRFCL with the
minimum risk of microgrid failure. The next step of this research
is the implementation of real-scale CRFCL and its integration
and testing upon microgrid BESS and the effects of different
types of batteries will be studied.
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