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Abstract: The direct current circuit breaker (DCCB) is extensively employed in DC microgrid appli-
cations to protect the network during faults. However, numerous DC converters are combined in
parallel to form a DC microgrid, which creates a large network inductance. The grid stores energy
during regular operation, which repels instantaneous current breaking, and this stored energy needs
to be eliminated after current breaking. Conventional topologies use different energy absorption
methods to dissipate the stored energy after breaking the current. In this paper, an efficient bidirec-
tional DC circuit breaker (EBDCCB) topology is introduced to extract and reuse this energy instead of
dissipating it. The proposed topology has bidirectional power flow capability to meet the require-
ments of DC microgrid applications as energy storage devices are frequently utilized. Furthermore,
EBDCCB shows drastically improved performance in terms of current breaking time, voltage stress,
regenerated average current, and energy recovery efficiency compared to the conventional DCCB
topology. The mathematical modeling and sizing of the components used in the proposed EBDCCB
are elaborately analyzed, and detailed performance testing is presented along with extensive PSIM
software simulation. Additionally, an experimental investigation is conducted on a laboratory-scale
48 V/1 A prototype.

Keywords: DC circuit breaker; bidirectional current breaking; DC microgrid; power system protection

1. Introduction

Numerous reports have recently been published in the news media, articles, mag-
azines, and research papers about the dramatic climate change issues around the globe.
Recently, a report published with the title “Malaysia’s Extreme Weather is a Sign That
Climate Change Has Arrived on Our Shores” shows the current environmental effects in
Malaysia due to climate change [1]. There are different indicators for climate change, such
as droughts, frequent storms, floods, and rising sea levels. The observed natural disaster
issues are closely associated with global warming [2], which is caused by the excessive
rates of man-made carbon dioxide emissions, resulting from the burning of fossil fuels
for electricity generation and transportation systems. The carbon emission rate has been
increasing rapidly, and the annual emission rate has risen from 20.5 gigatons to 33.5 giga-
tons within the last 30 years [3]. These problems have accelerated the growth of renewable
energy sources (RES). Photovoltaic systems and wind turbines are extensively used RES,
and a DC microgrid network is the best option to integrate all these RES [4–7]. It uses
several voltage source converters (VSCs), such as AC/DC and DC/DC, to perform power
conversion. The operation of some converters is bidirectional, whereas that of others is
unidirectional. Compared to the AC grid, it has several advantages such as no frequency
issues, a reliable control and conversion process, and high efficiency at integrating RES.
Despite the numerous advantages of DC microgrids, ensuring adequate fault protection
mechanisms poses significant challenges when compared to AC grids. This is primarily due
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to the absence of naturally occurring zero crossing points, which are readily available in AC
systems [8,9]. The inherent characteristics of renewable energy sources (RES)-based power
systems in DC systems, such as low system impedance and higher charged capacitances,
result in a significant surge in fault current during sudden fault inception, reaching magni-
tudes several hundred times higher than the nominal value. However, this drawback of
DC microgrids can be mitigated through the utilization of various advanced fault detection
and load isolation methods [10–12]. Throughout the years, DC circuit breakers have proven
to be a reliable solution for interrupting the flow of current in DC systems, serving the
crucial purposes of fault isolation and load switching. The DCCB should have the following
features: the ability to break current in both directions, manual tripping, voltage surge
protection during current breaking, galvanic isolation, low conduction loss, high reliability,
a long lifespan, and energy-efficient operation [13]. Conventional DCCBs can be classified
into four categories: (i) mechanical circuit breaker (MCB), (ii) solid state circuit breaker
(SSCB), (iii) hybrid circuit breaker (HCB), and (iv) Z-source circuit breaker (ZCB). These
four types of DCCB are different from each other in terms of current breaking technique,
structure, and control mechanism. Since the early stage of development, MCBs had been
used for the AC interruption in conventional power systems, but they have since been
extensively applied for low-voltage DC current interruption after the emergence of the
concepts of the DC grid. It uses simple mechanical switches in parallel with the other two
branches to create current oscillation and energy absorption. An arc is generated due to
mechanical contact separation during current interruption, which is extinguished by the
MCB using different techniques [14]. The current oscillation branch is an LC resonance
circuit that is used to create a forced current zero point during the current interruption, and
the residual stored energy of the network inductance is dissipated as a form of heat using
different types of lossy networks such as nonlinear resistance and metal-oxide varistor
(MOV) after current interruption [15]. MCB offers negligible conduction loss, but a longer
tripping time is required due to mechanical moving parts [16,17]. As the fault current
rises very quickly in the DC microgrid, faster isolation is essential for its protection. In
order to fulfill the requirements of fast response, mechanical switches are replaced with
solid-state devices such as IGBT, TRIAC, Thyristors, GTO, etc., which are known as SSCB.
The current interruption is done using solid-state devices, and an energy absorption part is
attached in parallel to it that limits voltage surge and performs the dissipation of the stored
energy of the network inductance during current breaking operation [18]. In the literature,
many upgraded SSCBs are found with advanced features [19–21]. Although these have
many benefits compared to the MCB, very high conduction losses occur during normal
operation, and galvanic isolation makes them inappropriate for high-voltage applications.
To tackle this challenge, a new solution called the Hybrid Circuit Breaker (HCB) has been
introduced. The HCB combines the structural principles of both MCB and SSCB to leverage
the benefits offered by both technologies. By incorporating arcless operation, rapid current
interruption, minimized conduction losses, and galvanic isolation, the HCB aims to address
the aforementioned issues effectively. It uses three components to perform its operation: a
fast mechanical switch (FMS), semiconductor switches, and MOV. The HCB operates in a
sequential manner. Upon receiving a tripping pulse, the FMS initiates the separation of
contacts and simultaneously generates a turn-on pulse for the semiconductor switch (SS).
As the current traverses through the FMS and reaches the predetermined arc voltage across
FMS, it commutates automatically toward the threshold value of the SS. This conduction of
current persists until FMS blocks the full voltage. Subsequently, FMS is turned off, causing
the system voltage to rise gradually up to the breakdown voltage of the MOV due to the
inherent inductance of the system. Upon reaching the MOV’s breakdown voltage, it is
triggered, enabling the current to flow through it and dissipate the stored energy effectively.
Although the advantages compared to the aforementioned DCCB have been proven, few
limitations are observed because of response times and current rating differences between
FMS and SS [22,23]. Regarding the fault conditions, the contact separation of the FMS
depends on the fault magnitude. The arc voltage of FMS needs to be high enough to
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reach the threshold value of SS, and the arc needs to be extinguished [24]. Subsequently,
a modification is made to the conventional SSCB to respond autonomously during fault
without any external sensing or control device, named the ZCB. It offers several advantages
such as auto-tripping, inherent coordination, fault current limiting mechanisms, etc. ZCB
uses an LC network for the current interruption. During the fault, it allows a large portion
of the fault current to pass through the capacitors, and the inductor prevents an abrupt
current change through it when the capacitor and inductor current becomes equal, causing
SCR to turn off. The LC networks create a current resonance, and diodes commute on and
change the current direction. Later, the capacitor discharges across the resistor, and the
circulating current from the inductor dies out through the inductor–resistor–diode circular
loop. Despite the aforementioned numerous advantages, this approach cannot properly
function in lower dynamic fault conditions and highly inductive networks such as DC
microgrids [25].

In summary, the reviewed literature has explored various topologies, each possessing
distinct characteristics and limitations. However, all the mentioned topologies utilize a
conventional current-breaking technique that involves the use of lossy networks, such
as impedance networks, nonlinear resistors, or snubber networks, to dissipate the stored
energy post current breaking. It is worth noting that in DC microgrids, the network exhibits
significant inductance, ranging from several millihenries to hundreds of millihenries, and
carries current in the range of several hundred to thousands of amperes. Consequently, the
network stores a substantial amount of energy, calculated as 1

2 LI2. This stored energy needs
to be recovered after performing the current breaking. As DC microgrids are designed
for optimum utilization of energy, if there is the slightest scope of energy conservation,
it should be grasped wholeheartedly for a sustainable future. Recently, a unidirectional
DCCB topology has been proposed with the concept of regenerative current breaking,
which ensures efficient current breaking operation along with recovery of the stored energy
of the network instead of dissipating [26] as shown in Figure 1. In addition to these benefits,
there are several drawbacks associated with it, including the absence of bidirectional power
flow capability, high voltage stress across FMS, the large peak of regenerated current, low
energy recovery efficiency, and longer tripping time. The incorporation of bidirectional
power flow is recognized as a significant feature of modern DCCBs, as it aligns with the
integration of energy storage systems, electric vehicles, and batteries into DC microgrids.
This capability allows for efficient and flexible energy transfer in both directions, enabling
the utilization and management of various energy sources and loads within the DC mi-
crogrid ecosystem. Moreover, to ensure seamless current injection during regeneration, it
is essential to maintain a low peak value of the regenerated current. Failure to do so can
result in voltage disturbances. Additionally, the utilization of a power diode to freewheel
the energy from the load-side inductance leads to undesired energy losses.

Figure 1. Conventional topology [26].
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This paper introduces a much more efficient topology that addresses the issues of the
DCCB proposed in [26]. Moreover, it effectively resolves the necessity of a freewheeling
diode when load-side inductance is present. Furthermore, a modification is made to
enable bidirectional functionality, allowing the DCCB to perform both current breaking
and the injection of regenerated current on both sides. The paper includes simulation and
experimental results, as presented below. The operation, modeling, and design aspects are
discussed in Sections 2 and 4, while Section 5 presents the simulation and experimental
findings.

2. The Proposed Efficient DC Circuit Breaker

In this section, a new topology with regenerative current breaking capability is pre-
sented. The popular regenerative braking technique is generally used in electric drives,
where the mechanical energy stored in the rotor of a running motor as the rotational ki-
netic energy is reused during deceleration. If a running motor requires faster deceleration,
the drive system forces the motor to operate as a generator by absorbing the mechanical
energy from it and feeding this energy back to the source. In this way, a negative torque
is generated, which decelerates the motor. There are some analogies between a running
motor and an energized DC network. In a DC network, energy is stored in the network
inductance and is calculated as EL = 1

2 LI2, where L is the network inductance and I is the
current through it. As indicated earlier on (i.e., in the previous section), during current
breaking, it is essential to remove the energy from the inductance, and this can be done
by absorbing and storing that energy in a capacitor, where the energy can be expressed as
EC = 1

2 CV2, where C is the capacitance and V is the voltage across it. Hence, the proposed
regenerative current breaking technique introduces an impedance network (mainly, the LC
network) in the current path in order to initially reduce the current to zero while storing the
energy in a capacitor, and later, this stored energy is fed back to the source in a controlled
manner. The construction of the proposed CB topology along with its current breaking and
regeneration mechanisms is discussed in the following subsections.

2.1. Topology Introduction

The proposed efficient DC circuit breaker (EDCCB), which is developed based on
the concept of hybrid CB, is introduced in Figure 2. It can be extended for high-current
rating applications by adding more components. This EDCCB has three parts: (i) the
main branch, (ii) the current interruption branch, and (iii) the regeneration branch. The
main branch is used for the current interruption and high voltage spike reduction. It
uses one FMS as a main switch for the current interruption and a low-speed (LS) switch
for ensuring galvanic isolation. To limit the voltage stress during current breaking, an
MOV is used in parallel to the FMS as part of the main branch. The current interruption
branch consists of two thyristors (T1, T6) and LC networks (L1, C1). It creates a natural
zero current point using a resonance circuit and store the current breaking energy in the
capacitor (C1) from source inductance (LS). Additionally, another branch consisting of
an LC network (L2, C1) and semiconductor switch (Q1) is used for regeneration, which
is mainly a DC–DC converter. The energy of capacitor C1 is transferred to the inductor
L2 by buck–boost mechanisms. Finally, it regenerates the current and feeds it back to the
source through the diode (D1) and thyristor (T2). However, the capacitor C2 filters the
regenerated current.
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Figure 2. Unidirectional efficient DC circuit breaker topology.

2.2. Current Interruption Process

The operation of the circuit breaker is divided into four modes as shown in Figure 3,
which are (i) normal current conduction, (ii) current interruption, (iii) regeneration, and (iv)
current feedback. The circuit breaker starts conducting after getting a turn-on pulse. The LS
and FMS remain closed during the current conduction period, and the source inductance LS
becomes energized by the load current i(t) = I0 as shown in Figure 3a. The semiconductor
switches associated with the current interruption and the regeneration branch remain
turned off until receiving tripping signals, which ensures low conduction loss. Once the CB
receives a trip signal at an instant, t = t0, the FMS opens quickly, and gate pulses are sent
to the thyristor (T1 and T6) to turn them on. As FMS opens, an arc voltage is developed
across it and is limited by the MOV. This arc voltage forces the source current to divert
from the main branch to the secondary branch consisting of capacitor C1 and inductor L1
as shown in Figure 3b. It is to be noted here that the average current drawn by capacitor C2
is almost zero in one complete CB operation. Hence, for simplification of modeling, the
whole source current is considered to be flowing through C1 and L1 only. At this instant,
the dynamics of the current i(t) flowing through the network as shown in Figure 3b can be
written as follows:

L′
di(t)

dt
+ R′i(t) +

1
C1

∫
i(t)dt = Vgrid with i(t0) = I0 and VC1(t0) = 0 (1)

where L′ = LS + L1 and R′ = RS + RL. The solution for Equation (1), i.e., the current
response, can be written as follows:

i(t) = e−γt (X cos ζt + Y sin ζt) (2)

where γ = R′
2L′ is the damping factor, ωr = 1√

L′C1
is the resonant angular frequency,

ζ =
√

ω2
r − γ2 provided that ωr > γ, and X and Y are two constants whose values are

given by Equation (3).

X = I0, Y =
2Vgrid − I0R′

2ζL′
(3)

Equation (2) is a decaying sinusoidal oscillation that appears in the current path
as shown in Figure 3b. At the instant of the first zero crossing point of this oscillating
current, both T1 and T6 are turned off due to natural commutation, and thus an effective
current breaking is accomplished. The current breaking time can be calculated by setting
i(t0 + Ttrip) = 0 in Equation (2) and solving for Ttrip. However, the switching delay TOFF of
switch FMS needs to be added to get the actual tripping time as follows:
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Ttrip =
1√

ω2
r − γ2

(
π

2
+ tan−1 Y

X
) + TOFF (4)

while i(t) crosses zero, C1 becomes fully charged.

Figure 3. DCCB operation for (a) Normal current conduction mode (b) current interruption mode
(c) regeneration mode (d) Current feedback mode.
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2.3. Regeneration Process

During the process of regeneration, the energy stored in a charged capacitor is trans-
ferred back to the source using two modes, regeneration and current feedback, as illustrated
in Figure 3c,d, respectively. These modes resemble the concept of a buck–boost converter,
as depicted in Figure 4. In the regeneration process, a charged capacitor (C1) serves as the
input voltage source. It discharges through the inductor, which subsequently delivers the
stored current to the grid via the series RL circuit. The average current flowing through the
inductor can be expressed as follows:

IL2(avg) =
1
Ts

∫ Ts

0
iL2(t) dt (5)

The buck–boost mechanism operates in two distinct states: inductor charging (when
the switch is turned on) and inductor discharging (when the switch is turned off) as shown
in Figure 4b,c. The complete cycle of operation takes a total time of Ts. The switch remains
in the on-state from 0 to δ · Ts and then in the off-state from δ · Ts to Ts. During the inductor
charging state, the inductor is connected to the input voltage (VC1) sourced from the charged
capacitor. The average current flowing through the inductor (iL2(t)) can be mathematically
represented as

iL2(t) =
1
L2

∫ t

0
VC1(t′) dt′ (6)

By integrating Equation (6) over the on-time interval [0, δ · Ts],∫ δ·Ts

0
iL2(t) dt =

1
L2

∫ δ·Ts

0

∫ t

0
VC1(t′) dt′ dt (7)

During the off-time, the output voltage (Vout) is applied to the grid network, and the
inductor supplies current to the grid. The rate of change of the inductor current can be
expressed as

diL2(t)
dt

=
Vout(t)−VS(t)

L2
(8)

where VS(t) represents the voltage across the grid, considering its series resistance and
inductance. Integrating Equation (8) with respect to time,

iL2(t) = iL2(δ · Ts) +
1
L2

∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′ (9)

where iL2(δ · Ts) is the inductor current at the end of the on-time. However, to regulate this
discharging current, the IGBT is turned on by a Pulse Width Modulation (PWM) control
signal, and each time the IGBT turns off during the PWM switching interval, the inductor
current is forced to flow through the diodes (D1 and T2) towards the source as shown in
Figure 3d. By substituting the expression for iL2(t) from Equation (9), the integral for the
average inductor current becomes

IL2(avg) =
1
Ts

(∫ δ·Ts

0

∫ t

0
VC1(t′) dt′ dt

)
+

1
Ts

∫ Ts

δ·Ts

(
iL2(δ · Ts) +

1
L2

∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′

)
dt

(10)
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Figure 4. (a) Regeneration equivalent circuit (b) inductor charging state (c) inductor discharging state.

After simplifying the Equation,

IL2(avg) =
1
Ts

(∫ δ·Ts

0

∫ t

0
VC1(t′) dt′ dt

)
+

1
Ts

(∫ Ts

δ·Ts
iL(δ · Ts) dt

)
+

1
Ts

(∫ Ts

δ·Ts

1
L2

∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′ dt

) (11)

The term from Equation (11),
∫ Ts

δ·Ts
1
L2

∫ t
δ·Ts

(Vout(t′) − VS(t′)) dt′ dt, can be rewritten
as follows:∫ Ts

δ·Ts

1
L2

∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′ dt =

1
L2

∫ Ts

δ·Ts

(∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′

)
dt (12)
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Using the properties of definite integrals, the inner integral can be rewritten as∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′ =

∫ Ts

δ·Ts
(Vout(t′)−VS(t′)) dt′ −

∫ Ts

t
(Vout(t′)−VS(t′)) dt′ (13)

Substituting this back into Equation (12), then∫ Ts

δ·Ts

1
L2

∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′ dt =

1
L2

∫ Ts

δ·Ts

(∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′

)
dt

− 1
L2

∫ Ts

δ·Ts

(∫ Ts

t
(Vout(t′)−VS(t′)) dt′

)
dt

(14)

This can be simplified further by evaluating the integrals:∫ Ts

δ·Ts

(∫ t

δ·Ts
(Vout(t′)−VS(t′)) dt′

)
dt =

∫ Ts

δ·Ts

([
Vout(t′)−VS(t′)

]
· (t− δ · Ts)

)
dt

=
[
Vout(t′)−VS(t′)

]
·

1
2
(t− δ · Ts)

2

∣∣∣∣∣
Ts

δ·Ts

 (15)

and∫ Ts

δ·Ts

(∫ Ts

t
(Vout(t′)−VS(t′)) dt′

)
dt =

∫ Ts

δ·Ts

([
Vout(t′)−VS(t′)

]
· (Ts − t)

)
dt

=
[
Vout(t′)−VS(t′)

]
·

1
2
(Ts − t)2

∣∣∣∣∣
Ts

δ·Ts

 (16)

Substituting the results from Equations (15) and (16) back into Equation (11), and after
simplifying further,

IL2(avg) =
1
Ts

(
A +

1
2 · L2

B
)
= Ir(avg) = Is(avg) (17)

where, A =
∫ δ·Ts

0

∫ t
0 VC1(t′) dt′ dt +

∫ Ts
δ·Ts

iL2(δ · Ts) dt
and

B =

(Vout(t′)−VS(t′)) ·
(
(t− δ · Ts)2 − (Ts − t)2)∣∣∣∣∣

Ts

δ·Ts


At this instant, the dynamics of the current iL2

(t) can be represented by (9), where
iL2(δ · Ts) is the initial inductor current each time the IGBT (Q1) turns off. The capacitor C2
smooths out the inductor current. This phenomenon of feeding current back to the source
is defined as regeneration in this paper. This regenerated current can recharge the battery if
the battery was used as a source, or it can be fed to other loads connected to the source. As
soon as the capacitor is completely discharged, the PWM signal stops turning off the IGBT,
and the regenerated current decays to zero. Once the regenerated current becomes zero,
switch LS turns off and resets the breaker.

2.4. Theoretical Analysis and Design Considerations

The design process of the proposed DCCB relies on the network parameters, including
the maximum fault current (IMAX), maximum fault clearing time (TMAX), and maximum
allowable voltage (VMAX). These parameters are crucial in the design of the breaker.
To determine the maximum capacitor voltage (VC1), the following calculation must be
performed. During Mode-2 operation, capacitor C1 primarily accumulates energy from
the source-side inductance, but a portion of the energy also originates from the source.
Simultaneously, due to turn-off delay, a fraction of energy (ELOAD) is lost to the load. To
obtain the stored energy by capacitor (EC1), the leaked energy from the load (ELOAD) needs
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to be subtracted from the accumulated energy released by the source side inductance (Es).
This can be expressed as follows:

EC1 ≈ ES − ELOAD (18)

1
2

C1 V2
C1 ≈

1
2

LS I2
o + (VDC IS(avg) − I2

S(avg) R′) Ttrip

−(VDC Io − I2
o Rs) TOFF

(19)

where ES is the energy stored in the source inductance (LS) during normal operation and
IS(avg) is the average source current during tripping intervals. Using Equation (20), the
average current can be calculated as follows:

IS(avg) =
I0 TOFF +

∫ (Ttrip−TOFF)

0 Is(t) dt
Ttrip

(20)

VC1 ≈
1√
C1
{LS I2

o + 2 (VDC IS(avg) − I2
S(avg) R′) Ttrip

−2 (VDC Io − I2
o Rs) TOFF}

1
2 < VMAX

(21)

As this design is system-specific, this conditions VC1 < VMAX and Ttrip<TMAX need to
be applied in the Equations (4) and (21). Using these two equations, the values of C1 and
L1 can be calculated.

During the process of regeneration, the DCCB operates akin to a buck–boost converter,
where capacitor C1 acts as a continuous current conduction mode (CCM) source, facilitating
the smooth regeneration of current through inductor L2. The frequency requirement for the
PWM signal can be determined using Equations (22) and (23), where δ is the duty cycle,
which is calculated using manual tuning, ∆VC2 is the voltage deviation, and ∆IL2 is the
ripple current.

C2 =
Ir(avg) δ

∆VC2 f
(22)

L2 =
VC1 δ

∆IL2 f
(23)

2.5. Performance Parameters Calculation

In order to assess the performance of the proposed EBDCCB, several parameters are
taken into consideration, including the current breaking time, peak and average regenerated
current, voltage stress, and energy recovery efficiency. The current breaking time and
voltage stress can be calculated using Equations (4) and (21). However, if the regeneration
time is TR and regenerated current iR(t), then the average regenerated current can be
calculated using Equation (24).

Ir(avg) =

∫ TR
0 iR(t) dt

TR
=

1
Ts

(
A +

1
2 · L2

B
)

(24)

The regenerated energy refers to the cumulative energy that is recovered and fed back
into the source through the regeneration branch. Its calculation can be achieved using
Equation (25). Furthermore, the energy recovery efficiency serves as a crucial performance
metric representing the ratio of recovered energy to the total recoverable energy, as indicated
in Equation (26).

Er = (Vgrid Ir(avg) − Ir(avg)
2 RS) TR (25)

It is to be noted that ELOAD cannot be recovered as it is dissipated during the current
breaking process at the load.

η =
Er

Es − ELOAD
100% (26)



Electronics 2023, 12, 3529 11 of 26

3. Modified Efficient Bidirectional DC Circuit Breaker

In DC microgrids, bidirectional power flow is often desired, especially with the grow-
ing integration of energy storage systems. While the proposed unidirectional DCCB offers
arc-less fast current breaking, it lacks the ability to facilitate bidirectional power flow due to
the utilization of unidirectional power electronic switches. Consequently, a suitable modifi-
cation is necessary to adapt the unidirectional topology for bidirectional systems such as DC
microgrids. The modified topology is depicted in Figure 5. In the modified topology, four
additional thyristors are introduced in an anti-series configuration, alongside T1, T2, and
T6. The operation of this modified topology is symmetrical, as illustrated in Figures 6 and 7.
During each operation, two pairs of thyristors, namely (T1, T6) and (T4, T3), conduct simul-
taneously. The LC network and regeneration branch remain unchanged and are utilized
for both forward and reverse operations. Ultimately, the regenerated current is fed back to
the sources through either T2 or T5. It is important to note that the mathematical model
and equations remain the same as those for the unidirectional topology.

Figure 5. Modified efficient bidirectional DC circuit breaker topology (EBDCCB).
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Figure 6. Mode of operation for forward conduction (a) normal operation (b) current interruption
(c) current regeneration (d) current feedback.
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Figure 7. Mode of operation for reverse conduction (a) normal condition (b) current interruption
(c) current regeneration (d) current feedback.
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4. Verification

The proposed scheme has undergone validation through both simulations using PSIM
software and experimentation using a dedicated setup. The outcomes of the simulations,
experimental measurements, and a comparative analysis are meticulously presented in the
subsequent subsection to provide a comprehensive evaluation of the proposed scheme.

4.1. Simulation Results

In this simulation, the practical components, such as IGBTs, diodes, and thyristors, are
modeled with the inclusion of dynamic resistance, forward voltage drop, latching current,
and other relevant characteristics. The dynamic resistance of 0.5 ohms is considered for the
diodes and IGBTs. The simulation parameters are outlined in Table 1. This section focuses
on presenting the outcomes obtained from the proposed topology. The runtime for the
proposed EBDCCB is set to 2 s. Upon initiation, the current rises rapidly to its nominal
value of 400 A. Subsequently, upon triggering the tripping pulses, the load current exhibits
a swift reduction to zero, while the source current takes approximately 44.52 ms to reach
zero, thus completing the current breaking operation, as depicted in Figure 8b. The duration
required to decrease the load current to zero from the initiation of the tripping pulses is
considered the load current breaking time, which manifests a rapid approach to zero. The
current regeneration will immediately start after the source current breaking. Notably,
the regenerated current attains a peak value of 157.5 A. Nevertheless, the instantaneous
current breaking gives rise to high voltage spikes due to the presence of highly inductive
networks. To mitigate these effects, the implementation of an MOV is recommended.
During the regeneration phase, a slight voltage disturbance is observed, as demonstrated in
Figure 8a, which also exhibits the source voltage, voltage stress across the FMS, and capacitor
voltage. As the energy is fully transferred back to the source, the capacitor voltage gradually
diminishes to zero. Figure 9 illustrates the behavior of the capacitor and inductor currents
during the current breaking process. The adoption of a high switching frequency facilitates fast
regeneration of the capacitor and inductor currents. To demonstrate the current breaking and
regeneration capabilities, a comparative analysis of the source and load conditions in terms of
voltage and current is provided in Figure 8. Additionally, the control signals employed for
the proposed topology are presented in Figure 9. It is important to note that the presented
results are specific to one direction only, as the inherent symmetry of the system ensures that
the results would be identical for the reverse current breaking scenario as shown in Figure 10
with control signal as shown in Figure 11. This is due to the consistent parameters of the
network. The comparative evaluation of performance parameters is presented in Table 2.
The proposed topology, along with its associated control mechanism, showcases substantial
improvements over the conventional topology and its corresponding control techniques. The
performance indicators obtained from the PSIM simulation convincingly validate the efficacy
of the proposed concept.

Table 1. Parameters for simulation and experimentation.

Parameter For Simulation For Experimentation

DC voltage (Vdc) 400 V 48 V
Source inductance (Ls) 200 mH 2.6 H
Source resistance (Rs) 0.1 Ω 20.7 Ω
Load resistance (RL) 0.9 Ω 27.3 Ω

Load current (ILOAD ≡ IS) 400 A 1 A
Maximum tripping time (Tmax) 50 ms 50 ms

Maximum system voltage (Vmax) 5000 V 300 V
Capacitance (C1) 2000 µF 50 µF
Capacitance (C2) 200 µF 25 µF
Inductance (L1) 5 mH 650 mH
Inductance (L2) 20 mH 650 mH

MOV rating 5000 V 271 V
S1 operating speed (TON /TOFF ) 15 ms/15 ms 20 ms/20 ms
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Figure 8. Simulation response for forward power flow (a) source voltage, (b) source current (c) load
voltage (d) load current (e) voltage stress across the FMS (f) capacitor voltage (g) CB pulse (h) thyristor
pulse (T1 and T6).
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Figure 9. Simulationresponse for forward power flow (a) capacitor current (b) combined current
though both inductors (c) current response through L1 (d) current through L2 (e) thyristor (T2) gate
pulse (f) FMS gate pulse (g) thyristor pulses (T1 and T6) (h) IGBT gate pulse.
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Figure 10. Simulation response of reverse power flow for (a) source voltage, (b) source current
(c) load voltage (d) load current (e) voltage stress across the mechanical switch (f) capacitor voltage
(g) CB pulse (h) thyristor pulse (T3 and T4).
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Figure 11. Simulation results of reverse power flow for (a) capacitor current (b) combined current
though both inductors (c) current response through L1 (d) current through L2 (e) thyristor (T2) gate
pulse (f) FMS gate pulse (g) thyristor pulses (T1 and T6) (h) IGBT gate pulse.
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Table 2. Performance comparisons.

Performance Indicator MCB SSCB ZCB HCB Conventional [26] Proposed

Current breaking time (ms) 48.11 17.33 * 32.56 45.85 44.52
Conduction loss (kW) 0 16.55 1.15 0 0 0

Voltage stress (kV) 5.01 5.01 * 5.01 4.27 4.02

Regenerated current (A) 0 0 0 0 −120.88 (Average)/
−188.16 (Peak)

−100.7 (Average)/
−157.5 (Peak)

Regenerated power (kW) 0 0 0 0 −50.80 (Average)/
−116.15 (Peak)

−41.558 (Average)/
−112.7 (Peak)

Provision of galvanic isolation Yes No No Yes Yes Yes
Energy recovery efficiency (%) 0 0 0 0 68.24 67.26
Bidirectional current breaking Yes Yes Yes Yes No Yes

False tripping No No Yes No No No

* Tripping failure occurs in highly inductive networks, necessitating the use of higher values for the circuit breaker
(CB) parameters.

4.2. Comparative Analysis

The proposed EBDCCB is simulated through PSIM software. At the same time, to
compare with other topologies, PSIM simulation is used with the same network parameters.
The performance comparisons are shown in Table 2. To compare the performance, five
conventional topologies—MCB, SSCB, ZCB, HCB, conventional [26]—and the proposed
approach are chosen. Performance parameters such as current breaking time, voltage
stress, on-state loss, energy recovery efficiency, bidirectional power flow, components
count, and galvanic isolation are considered as evaluation criteria. In the simulation, the
conduction loss is found to be zero; however, in practical application, the conduction
loss for the proposed topology will be extremely minimal due to the implementation of
a mechanical switch. Table 2 indicates the superiority of the proposed DCCB compared
with conventional topology. The current breaking time and voltage stress of the proposed
topology are improved compared to the conventional topologies.

4.3. Experimental Validation

The performance of the proposed efficient bidirectional DC circuit breaker topology
was evaluated in the laboratory on a 48 V/1 A prototype as shown in Figure 12. The
lab-volt instruments are used as breaker elements and networks. The system specifications
and breaker parameters are given in Table 1.

4.3.1. Experimental Setup

The proposed topology utilizes semiconductor switches and passive components as
breaker elements. Specifically, it incorporates an IGBT module (Lab volt 8837) where each
IGBT has a maximum voltage blocking capacity of 690 V, a maximum current of 1.5 A,
and a forward dynamic resistance of 0.35 Ω. The EBDCCB also employs thyristors from
the thyristor module (lab volt 8841) with a maximum voltage-blocking capacity of 1200 V.
Additionally, a lab-volt power diode module with a reverse voltage blocking up to 1200 V
is utilized. An FMS with a maximum tolerance capacity of 500 V and 3 A is employed to
perform current braking. Its turn-on and turn-off times are approximately 15 ms. During
the current interruption, an MOV with ratings of 271 V is deployed to suppress over-voltage
across the switch. Moreover, an Arduino Uno microcontroller serves as the main control
unit, which generates the necessary control signals for the IGBT, thyristors, and FMS. It
produces a 980 Hz PWM signal with a duty cycle of 35% during regeneration. In addition,
several passive components such as capacitors, inductors, and resistors are employed
as breaker and network elements. The experimental setup for the proposed topology is
depicted in Figure 12. To extract the presented graphs for experimental results, the data
acquisition and control interface (DACI) card (Lab volt 9063) is utilized.
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Figure 12. Lab setup of proposed EBDCCB.

4.3.2. Experimental Results

The results obtained from the DACI card using LVDAC-EMS software were exported
and subsequently analyzed in MATLAB, as depicted in Figure 13. Figure 13a illustrates
the response of the source voltage during breaker turn on, turn off, and the regeneration
period. Voltage disturbances occur due to abrupt current breaking and regeneration. The
proposed breaker accomplishes current breaking rapidly within 35.16 ms, as demonstrated
in Figure 13b. Additionally, this figure displays the regenerated current with a peak of
0.35 A and an average value of 0.24 A. The load voltage and load current, presented in
Figure 13c,d, indicate swift isolation of the load from the source. The generated voltage
stress across the FMS is 242 V during current interruption, as observed in Figure 13e.
To facilitate current breaking and absorb residual energy from the source side inductor,
the proposed EBDCCB employs a capacitor (C1) and an inductor (L1). The voltage and
current responses of the capacitor (C1) during braking and regeneration are depicted in
Figure 13f,g. Furthermore, this EBDCCB utilizes two inductors (L1 and L2) for current
breaking and regeneration. Figure 13g presents the combined current response through
these two inductors, with positive parts representing the current through inductor (L1) and
negative parts representing inductor (L2), which are separately illustrated in Figure 11b–d.
The experiment yielded a regenerated peak power of 30.82 W and an average power of
13.56 W. During current breaking, the total energy supplied by the source side inductor, ES,
was 2.423 J, while the leaked energy to the source, ELOAD, amounted to 0.593 J, which is
irrecoverable. The regenerated energy, denoted by Er, was found to be 1.324 J. By utilizing
the formula stated in Equation (26), the energy recovery efficiency was calculated to be
72%. Table 3 provides a summary of the experimental results. With consistent parameters,
the simulation was conducted using PSIM. The outcomes revealed remarkable similarity
in terms of current breaking time and voltage stress. However, when it comes to current
regeneration, the results from both simulations and experimental trials outlined in Table 3
displayed slightly elevated values. This can be attributed to the omission of the internal
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resistance of the devices during the analysis. Figure 14 displays the experimental findings
pertaining to reverse current breaking. The graph generated exhibits an identical pattern to
Figure 13, with the sole distinction being the direction of current owing to the symmetrical
nature of the operation and the same network parameters. The synchronized switching
pulses of the circuit breaker, in harmony with the source current, are depicted in Figure 15.
Upon deactivation of the FMS, the thyristors (T1 and T6) receive a turn-on pulse, initiating
the flow of current through the LC network of the breakers. As the source current reaches
zero, the controller transmits PWM pulses to the IGBT gates. This leads to the regenerated
current redirecting towards the source through thyristor (T2) following the receipt of a
turn-on pulse, as illustrated in Figure 15. Figure 14 demonstrates that the results of reverse
power flow are symmetrical due to the symmetrical nature of the topology. When the
current direction is reversed, it indicates that this breaker can facilitate both reverse power
flow and current interruption.

Once the regeneration stage is complete, the circuit breaker will undergo a reset,
preparing it for its next operation. The objective of this research is to investigate and develop
a DC circuit breaker that provides bidirectional and energy-efficient current interruption
while also incorporating energy regeneration. The experimental results obtained in this
study provide solid evidence supporting the concepts proposed in this paper. Despite the
limitations imposed by the reduced laboratory capacity, the experimental validation of
this DCCB primarily focuses on low-voltage scenarios. However, based on the simulation
results, it is evident that this DCCB holds significant promise for practical and feasible
implementation in high current applications.

Table 3. Experimental results.

Performance Indicators Experimental Simulation

Current breaking time (Ttrip) 35.16 ms 34.24 ms
Maximum voltage stress 242 V 239.2 V

Regenerated current (peak) −0.35 A −0.47 A
Average regenerated current −0.24 A −0.29 A
Regenerated power (peak) −30.82 W −38.9 W

Average regenerated power −13.56 W −16.49 W
Regenerated energy 1.324 J 1.30 J
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Figure 13. Experimental response of forward power flow for (a) source voltage (b) source current
(c) load voltage (d) load current (e) voltage stress across the mechanical switch (f) capacitor voltage
(g) capacitor current (h) combined inductor current (i) inductor current during current breaking
(J) inductor current during regeneration.
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Figure 14. Experimental response of reverse power flow for (a) source voltage (b) source current
(c) load voltage (d) load current (e) voltage stress across the mechanical switch (f) capacitor voltage
(g) capacitor current (h) combined inductor current (i) inductor current during current breaking
(J) inductor current during regeneration.
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Figure 15. Gate pulses for (a) FMS (b) thyristor (T1, T6) (c) thyristor (T2) (d) IGBT (Q1) (e) source
current.

5. Conclusions

The EBDCCB represents a modified version of the hybrid DC circuit breaker, charac-
terized by its ability to harness and reuse the stored energy within the network inductance
rather than dissipating it during frequent load switching and fault-clearing intervals. The
proposed scheme has undergone thorough validation through extensive simulations con-
ducted using the PSIM software. The results of the simulations have demonstrated notable
achievements, including faster current breaking, reduced voltage stress, and a commend-
able energy recovery rate of 67.27% from the source inductance. Moreover, the proposed
scheme has effectively increased the average value of the regenerated current while concur-
rently reducing the peak value. This reduction is crucial to mitigate voltage disturbances
during the regeneration process. Another noteworthy advancement of the modified topol-
ogy is its bidirectional current-breaking capability, addressing the essential requirement of
bidirectional power flow in DC microgrids. The mathematical modeling and experimental
results presented in this study provide substantial evidence in support of the proposed
topology’s effectiveness. Furthermore, a comparative analysis conducted among different
DC circuit breaker configurations highlights the significant contributions of this research.
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