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Abstract: The occurrence of short-circuit faults in AC/DC microgrids gives rise to exceptionally high
currents with rapid escalation, particularly in DC feeders where current zero-crossing is absent. This
study introduces a comprehensive design procedure for a solid-state breaker tailored to address this
challenge. A key innovation of the proposed solid-state circuit breaker lies in the incorporation of a
current limiter reactor, which effectively constrains the current flow in both the load commutation
switch and main breakers. Additionally, the inclusion of a resistive branch diminishes energy
dissipation in the main breakers, safeguarding them against voltage stress. Consequently, the
operational efficiency of the breaker is significantly enhanced, ensuring swift and efficient fault
current interruption in vulnerable AC/DC microgrid scenarios. The efficacy of the proposed solid-
state breaker was rigorously examined through analytical studies, and the results were validated using
MATLAB/Simulink simulations. This breakthrough design represents a promising advancement in
the realm of microgrid protection, offering a robust solution for mitigating the impact of short-circuit
faults in AC/DC systems.

Keywords: solid-state circuit breaker; AC/DC microgrid protection; AC breaker; DC breaker

1. Introduction

The past decade has witnessed the emergence of the microgrid concept as a trans-
formative solution to enhance distribution systems. This innovative paradigm redefines
the landscape of distributed generation and power electronic operations by establishing
a microgrid that seamlessly integrates loads and interfaces with a distribution network.
A notable configuration within the realm of modern microgrids is the AC/DC hybrid
microgrid, which effectively amalgamates DC and AC systems. This configuration serves
as an efficient means of interconnecting DC and AC generators within a network, thereby
marking a significant advancement in power distribution systems [1]. In this context, we
observed advancements in DC/DC [2] and AC/DC [3] converter technologies.

Considering the vulnerability of microgrid equipment, it is always endangered by
probable short-circuit faults [4]. Microgrid protection schemes can be classified as voltage-
based protection [5,6], adaptive protection, differential protection, distance protection,
overcurrent protection, techniques that utilize external devices, coordinated protection
techniques, etc. Multiple protection strategies can be used because of the complexity of
microgrids. These methodologies need to adhere to the criteria for operating in both
grid-connected and islanded modes, addressing faults occurring either within or out-
side the microgrid [7]. Hybrid AC/DC microgrids include renewable energy sources,
such as photovoltaic panels and wind turbines, distributed generators (DGs), includ-
ing diesel generators and micro-turbines, and resistive loads that can be directly con-
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nected to the AC and DC, and motor drives, which are needed to be protected by modern
protection devices [8].

Fault current limiters (FCLs) are significant protection systems that have recently
been commercialized in power grids. These are also applicable protection mechanisms
for AC/DC microgrid protection [9]. Among the diverse types of FCLs, superconductive
FCLs [10], series transformer-type FCLs [11], and saturated core FCLs [12] are suitable for
implementation in microgrids. In [13], a fault-managing strategy was presented through
the FCL to protect the inverter in the microgrid. The superconductor FCL (SFCL) has
been suggested to improve the transient performance of a microgrid during a fault [14].
In [15], a comparison between SFCL and a dynamic voltage restorer (DVR) for the low-
voltage ride-through (LVRT) capability enhancement of a 10 kV microgrid was performed.
DC microgrid protection was considered using a high-temperature SFCL in [16], and the
integration of FCL for protecting bus voltage was debated in [17].

A unidirectional fault current limiter (UFCL) is a protection device that has recently
been developed for microgrids from upstream grid faults [18]. In [19], a unified structure
is given that can connect both AC and DC lines and manage the value of the current flow
on both sides. Therefore, the mentioned method can be used to develop a new UFCL to
protect AC/DC microgrids. Moreover, the comprehensive protection of AC/DC microgrids
requires the use of a solid-state fault current breaker [20]. Another solid-state was developed
and tested for the DC microgrid in [21]. Solid-state breakers use electronic components
for control and operation. The control systems in these breakers can detect faults and
trigger interruptions much faster than the mechanical systems in traditional breakers. This
electronic control enables precise and rapid response times. This makes them suitable
for protecting AC/DC microgrids. The primary concern in this domain revolves around
the advancement of effective solid-state breakers with fault-limiting capabilities aimed
at swiftly safeguarding both AC and DC microgrids from fault currents, thus preventing
damage to susceptible equipment within AC/DC microgrids.

In this study, a coupled reactor-based solid-state circuit breaker (CR-SSCB) is presented
for AC/DC microgrid protection. At fault inception, coupled reactors limit the current of
the latch check switch (LCS), and by opening the middle branch of the bridge, the current
is conducted by the main breakers (MBs). Resistors and coupled coils limit the amount of
line current that can be conducted with the line’s MB. The contributions of this study are
as follows.

The ability of the proposed CR-SSCB to operate in both DC and AC systems;

The proper protection of power electronic equipment in the AC/DC microgrid;
Limiting the rate of the increasing fault current in the R-L circuit;

Fast operation;

Two-stage operation to limit the voltage stress of the circuit breaker during its operation.

The remainder of this paper is organized as follows: Section 2 presents the topology of
CR-SSCB, and in Section 3, an analytical study of the proposed structure is provided. In the
next section, the CR-SSCB simulation is carried out on both the AC and DC lines. Finally,
the conclusions are presented in Section 5.

2. CR-SSCB Placement and Topology

In this section, the fast protection of the AC/DC microgrid is presented considering
that the CR-SSCB is protected by both AC and DC generators. As shown in Figure 1, an
AC/DC microgrid includes AC generators, an AC load, a DC generator, a DC load, and a
coupling inverter that is connected to the grid via a transformer. In this microgrid, AC and
DC generators are protected by the same CR-SSCB breakers.
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Figure 1. CR-SSCB placement in AC/DC microgrid.
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The proposed solid-state breaker is illustrated in Figure 2. As is clear in this figure, five
branches are considered, wherein the coupled coils of branches 1 and 2 are located. These
two coils are coupled by a magnetic core, which increases the series impedance through
the mutual inductance. In branches 3 and 4, the resistors and MBs were connected in series.
An IGBT switch-based LCS with a voltage rating of 4.5 kV and current rating of 1 kA and a
series ultrafast disconnector (UFD) are connected to the middle branch to allow the main
power to flow in the AC or DC line. Moreover, surge arresters are connected in parallel
with the MBs to dampen the energy of the passive elements. In the following, the operation
of CR-SSCB is explained using three different modes: the normal operation mode, pre-fault
breaking mode, and fault breaking mode in both AC and DC systems.

Branch 1 Branch:A Main breaker 2
b T
Line
Current
—_ h ® . rrester
1] S =
(&) %1
Main breaker 1 o
2 -
A'A'A I_2
Branch 3 Les Branch 2
- UFD (i Lo -
rrester ‘—m
Hybrid AC/DC breaker

Figure 2. Topology of the proposed CR-SSCB.
2.1. Normal Operation Mode

The normal operation mode can be divided into steady-state and dynamic-state modes.
In a steady-state model, the MBs and SW1 are off, and LCS and UFD are off. Therefore, the
unrippled current flows through coil L, coil Ly, UFD, and LCS, as indicated in Figure 3.
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In addition, in the fault current limiter topology, the IGBT switch (SW1) is turned off, and
there are no current dynamics. Therefore, the only effect of a fault-limiter reactor is its
resistive effect, which is negligible. Therefore, the limiter reactor is modeled as a short
circuit, the limiter reactor’s voltage drop is assumed to be zero, and the LCS and UFD
conduct the line current with minimal power loss. Moreover, given that in the normal
condition, both L; and L, are bypassed, the UFD effectively conducts the circuit, and LCS
serves as a bidirectional low-impedance switch. Consequently, the CR-SSCB has minimal
impact on the power quality of AC systems in microgrids.

Main breaker

e

o) R
L
> M
IDC or IAC “
E I
RZ . &—» L2
e A =7 YY YN
Main breaker S0
RoL

Figure 3. CR-SSCB in the normal operation mode (steady-state). The red arrow shows the current
direction.

In the dynamic state, the MBs are off, and SW1, LCS, and UFD are on. In this situation,
as shown in Figure 4, the coupled reactor can behave as series impedance, but the bypass
reactor (L3) is operated by SW1 to generate a reverse flux in the core and decrease the series
impedance of the reactors to a very low value. To limit the current of SW1 in the dynamic
state, a small resistor Rj3 is connected in series with SW1.

Main breaker

L
R

\ o
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o]

loc or lac ety ;
FEAS

Main breaker

Figure 4. CR-SSCB in the normal operation mode (dynamic state). The red arrow shows the current
direction, and the black arrow shows the mutual inductance.

2.2. Pre-Fault Breaking Mode (Stage 1)

In the pre-breaking mode, the line fault current can result in a remarkably high rate
of increase in the current at the fault inception in both AC and DC systems; however, by
operating the connected coils L1 and Ly, the fault current is minimized. In addition, the
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magnetic core sums the fluxes L1 and L, and increases the equivalent series inductance. In
the next step, LCS is opened after 0.2 ms considering the operational delay of conventional
IGBTs, and the current of the line is conducted by two parallel paths consisting of series
L1, Ry, first MB, and Ly, Ry, and second MB. In this condition, UFD is operated within 2
ms, considering the mechanical delay of conventional fast disconnectors to disconnect the
LCS. Therefore, LCS is closed from high voltage stress, and the topology is ready for the
breaking operation.

2.3. Fault-Breaking Mode (Stage 2)

Figure 5 shows the topology of the circuit breaker in the fault-breaking mode. In this
operation mode, the fault currents in both the DC and AC systems are limited by the two
coupled coils, and the current flows through two R-L branches. Two milliseconds after
fault occurrence and by operating the UFD to disconnect with the LCS switch, two MBs
isolate both AC and DC systems. Whenever each MB opens half of the line current, the
surge arrester is activated to dump the system’s stored energy and suppress the voltage
stress of the MB. Furthermore, R; and R; aid in fault current limitation and energy dump.

Main breaker
R, Vs

r——
—

(0.5) 1o

Arrester
IDC or IAC

Main breaker

R, : : 7—> L, e

Arrester

Figure 5. CR-SSCB operation in the fault-breaking mode for an AC/DC system. The black arrow
shows the mutual inductance.

3. Analytical Study of CR-SSCB

This section covers theoretical aspects of CR-SSCB performance. Important variables
like voltage drop, current, and power loss are, therefore, computed and examined. Because
of this, the behavior of the CR-SSCB in the DC and AC systems is explained separately in
the following.

3.1. CR-SSCB Operation Analysis in the DC System
3.1.1. Normal Operation Mode

This analysis was conducted considering the CR-SSCB equivalent circuit in Figure 3.
In this case, the DC line current did not change, except that the solid-state switch in the
secondary part was off. Additionally, the resistances of series reactors (L; and L;) were
small. Due to this issue, the DC current did not pass through the resistors Ry and Rj. In this
condition, the CR-SSCB voltage drop and power loss are written as (1) and (2) as follows:

Vssce = Ipc(Rp1 + Rpo) (1)

Psscp = (Ipc)*(Rp1 + Rp2) 2)

where Vsgcp is the voltage drop of CR-SSCB. Ry ; and R, are the resistances of both series
reactors. Ipc is the current of the DC line in the microgrid and Psgcp is the power loss of
CR-SSCB.
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Vsscp(t) =

(Rp1+Ry) +(

In dynamic conditions, system dynamics cause the DC line current to fluctuate. Ac-
cording to the equivalent circuit in Figure 4, SW1 is turned on to dampen the dynamic
behavior of the system. Therefore, the current of the secondary part of the series reactor
generates a reverse flux, g3 which releases the effects of the series reactor. The voltage
drops and there is power loss of the CR-SSCB, as shown in Equations (3) and (4).

d(@1(t) + @2(t) — <p3(t))>

Vssca(t) = Ipc(t)(Rp1 + Rp2) 4+ (N7 + N2 )( 7t

€)

Psscp(t) = (Ipc(t))*(Rp1 + Ria) + (Is(£)*(Rs) 4)

where N; and N, represent the series reactor’s winding turns. ¢1, and ¢, are a flux of the
coupled series reactors and ¢z is the reverse flux generated by the secondary controlling
coil L3. And Ig refers to the secondary current of the Lj.

3.1.2. Pre-Fault Breaking Mode

In this state, the fault is limited to preparing a well condition to break the fault
current. Thus, the solid-state switch is turned off to limit the fault current by imposing high
inductance via Ly and L. Therefore, the voltage drop and power loss of the CR-SSCB can
be calculated using the following formula:

Vsscp(t) = Ipc(t)(Rr1 + Rpz) + (N1 + Nz)(d(q)l(t)d;r (Pz(t))) 5)

Pssc(t) = (Ipc(t))*(Rp1 + Rpa) (6)

3.1.3. Fault-Breaking Mode

In the final operation mode, the LCS switch is opened in the middle branch of the
CR-SSCB. Therefore, the breaker conducts the fault current in two parallel branches, as
shown in Figure 5. The voltage drop of the breaker is presented in (7), and the power loss
before opening the MB is presented in (8) as follows:

&)(d(%(t) + §02(f))) _ Ipc(t)
2 dt 2

(Rp2 +Ro) + (%)(

d(g2(t) + <P1(t)))

T (7)

~ (Ipc(t) 2
Psscp(t) = — (Rp1+ Ry + Rpo + Ry) 8)

where R; and R; are the limiter resistors of the MBs.

3.2. CR-SSCB Operation Analysis in AC System
3.2.1. Normal Operation Mode

In this situation, the AC line current passes through coupled series reactors, which
are bypassed by the secondary control coil and solid-state switch. In addition, the system
can be in either a dynamic or steady-state condition. The voltage drops of the CR-SSCB are
presented in (9), and its power loss is the same as (4).

Vssce = Iac((Rp1 + Ri2) + j(Xn + Xi2)) ©9)

In this equation, it is considered that the voltage of the source (Vsource(t)) in the
microgrid is sinusoidal, as presented in Equation (10).

Vsource(t) = Viysin(wt) (10)

w =2nf (11)
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Vssca(t) =

where w is the angle velocity of AC voltage, and f is the system frequency. Considering L;
equal to Ly,
Xll = XlZ = Llw = sz (12)

where Xj; and X, are the leakage impedance of the bypassed series reactors and L and
Ly are the series reactor leakage inductances.

3.2.2. Pre-Fault Breaking Mode

In this case, the fault current must be limited by imposing a high impedance of series
reactor coils by turning off the solid-state controlling switch in this operation. The voltage
drops of the CR-SSCB are shown in (13).

Vssce = Iac((Ry1 + Rpp) + jw(Ly + Ly + M)) (13)

where [ 4c is the line current in the AC line of the microgrid, and M is the mutual inductance
of series coils. In this situation, power loss can be calculated as likely (6).

3.2.3. Fault-Breaking Mode

In the fault-breaking mode, LCS opens the middle branch to commute fault currents
to the MBs. Due to the operation of LCS, the fault current is divided into two parts, which
are conducted by parallel MBs, as shown in Figure 5. The voltage drop and power loss of
CR-SSCB are calculated in (14) and (15) as follows:

(RLl +Rl) + (%)(d((l’l(t)d‘: ¢2(t))) _ IA(;(t) (RLZ —|—R2) + (%)(d(qh(t)d—: (Pl(t))) (14)
2
Psscp(t) = <IAC2<t)) (Rp1+ R+ Rp + Ro) (15)

4. Simulation of CR-SSCB in AC/DC Microgrid

In this research, MATLAB/Simulink was used to model the AC/DC system, as shown
in Figure 1, using the parameters listed in Table 1. For this reason, two scenarios were
considered and are explained in Sections 4.1 and 4.2. In the first scenario, it was assumed
that the fault occurred in the DC system and that the current from the DC source in the
microgrid could be interrupted by the CR-SSCB. In the second scenario, it was assumed
that a short-circuit fault occurred in the AC system, and the CR-SSCB operates to protect
the AC source of the microgrid.

Table 1. Parameters of the simulation system.

Parameter Symbol Value
DC source voltage Vbe 20 kV
AC source impedance Vac 20kV
DC fault resistance Ry 0.01 O
AC fault resistance Ry, 0.01 O
DC line impedance Zline1 010 +5mH
DC line impedance Zline2 0.1+j 05 Q
series coils inductance Lq, Ly 100 mH
series coils inductance Ls 10 mH
series coils resistance Ri, Rpp 50 mQ)
breaker limiter resistance Ry, Ry 20 Q)
mutual inductances (main coils) M 98 mH
mutual inductances (control coils) Mi3, M3 30 mH

4.1. DC System Fault Simulation

In this section, we presume the occurrence of a fault within the DC system, as depicted
in Figure 1. The DC generators, as a vulnerable part of the AC/DC microgrid, engage in
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proving the massive amounts of the DC fault current considering the impedance between
the DC fault and DC sources. Hence, DC generators need to be protected by CR-SSCB.
Figure 6 illustrates the DC line current during normal and fault conditions. In the first stage,
the fault is limited by the controlled reactors, L1 and L, and then (at ¢;) LCS commutes
the current into MBs and resistor limiter branches, which experience the first peak at
approximately 700 A. Throughout the UFD operation to disconnect LCS, the DC line
current is moderately increased to reach the sconed peak at approximately 900 A. The
operational time of CR-SSCB to break the DC fault current is 3 ms, which is an appropriate
time for DC system protection.

1000

Peak current of MB  «—

800
Peak current

600 - of LCS

Current (A)
-
S
T

200

~200 I I 1 I

Time (ms)

Figure 6. DC line current of AC/DC microgrid in normal and fault conditions.

Additionally, to show the safety of the proposed CR-SSCB, Figure 7 concentrates
on the voltage stress of the CR-SSCB, which experiences two voltage peaks as the fault
limitation recovery voltage (LRV) at 18 kV and a second peak voltage as transient recovery
voltage (TRV) at 39 kV. The value of the voltage stress is not much higher than the DC
system’s normal voltage (20 kV), which proves the capability of the CR-SSCB to limit the
fault current.

50 T T T T T T T T T T T T T

40
TRV =39kV
-~ 30+ 4
>
&
20 §
= LRV=18kV
-
10 4
—_—
0 ]
-_ 10 1 1 1 1 1 1 1 1 1 1 1 1 1 L
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 55 6 6.5 7 7.5
Time (ms)
(a)
20 40
15+ Fault limitation J Transient recovery
< recovery voltage 30 voltage
=210 B
o 3 20
s &
S S0
=0
—5F 1 oF '
25 3 35 a5 s ss
Time (ms) Time (ms)

(b) (0)
Figure 7. Voltage stress of the CR-SSCB in the DC system.
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500

4.2. AC System Fault Simulation

In the second part of the simulation, it is considered that a fault occurred in the AC
system in Figure 1. Based on the low impedance between the fault and AC sources, they
must be protected from the high magnitude of the fault current. Hence, in this simulation,
CR-5SCB is connected in series with an AC generator to break the fault current as soon as
possible. The AC line current is shown in both the fault state and normal modes in Figure 8.
It is demonstrated that once a current of 400 A is reached, the fault is stopped. The detailed
examination of the line current (Figure 8b) is depicted following its interruption, having
undergone two peak currents at 250 A and 400 A, respectively.

400 -

Normal current <«— Peak of fault current

T T T T T T

L

300

200

100

Current (A)

-100

-200

-300
0

450
400
350
300
250

Current (A)

100
50

-50

-100
0

30 60 90 120 150 180 210 240

Time (ms)

(a)

200
150 -

Peak current
of LCS

Peak current of main «—
breaker

Stage 1 «— .

1 1 1 i 1 I

I
I
I
) i
1 1.5 2 2.5 3 35 4 4.5 5 5.5 6 6.5 7 7.5
Time (ms)

(b)
Figure 8. AC line current: (a) normal and fault condition; (b) close view of the peak current.

Figure 9 shows the voltage stress of the CR-SSCB in the case of fault limiting and
breaking operations. According to this result, the magnitudes of the LRV and TRV are
20 kV and 37 kV, respectively. It should be mentioned that the peak of the voltage is
20 kV. Therefore, these values are less than twice the peak value of the AC system voltage.
This demonstrates the capacity of the suggested CR-SSCB to safeguard the AC system with
reduced equipment failure risk and increased energy efficiency.
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Figure 9. Voltage stress of the CR-SSCB in the AC system.

4.3. CR-SSCB Performance in AC and DC Systems

To discuss the performance of the CR-SSCB, key features should be considered. These
could include the operational time, peak values of current and voltage stress, a limited
current rate, dissipated energy, and the number of switches. These values were measured
and calculated for both AC and DC systems, which were simulated in Sections 4.1 and 4.2
and summarized in Table 2. The operational time for both DC and AC systems was equal,
and the voltage stress of the breaker nearly occurred for both systems. However, there
were big differences between the rate at which the current rose and the value of dissipated
energy, which can be related to differences between the AC and DC systems. To sum up the
result of the comparison, it is clear that the operation of the CR-SSCB successfully protected
both the AC and DC systems of the microgrid.

Table 2. Key features of the proposed CR-SSCB application in an AC/DC microgrid.

System
Operation

Operational
Time (ms)

Rate of Increase Protection Device
Energy

Voltage Current Loss (k]) Current
(kV/ms) (A/ms) Limiter

LRV (kV) TRV (kV)
Switch

AC
DC

20 37 750 250 150 4 3
18 39 750 1500 900 4 3

It should be mentioned that both the AC and DC systems can experience fault currents.
However, the rate at which the current tends to increase is faster and more severe in DC
systems, requiring robust protection mechanisms to mitigate the impact of faults. This is
because in DC systems, there is no natural zero-crossing point in the current waveform,
and there may be limited or no inductance to dampen the rate of increase in the current
during faults. As a result, faults in DC systems can lead to very rapid increases in current,
potentially causing significant damage to the equipment if not quickly controlled.

To illustrate the advantages of the proposed CR-SSCB over relevant technologies,
Table 3 presents a comparison between H-bridge breakers, DC hybrid breakers, and UFCL.
As is evident, the primary advantage of CR-SSCB is its ability to operate in both AC and
DC systems. Additionally, this table indicates that the proposed breaker operates with the
shortest time (3 ms) and experiences minimal voltage stress.
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Table 3. Comparison of the proposed CR-SSCB features with other related breakers.

Specifications CR-SSCB H-Bridge [22] Hybrid Breaker [23] UFCL [24]
DC breaker Yes No Yes No
AC breaker Yes Yes No Yes

current limiter Yes No Yes Yes

operation time 3ms 50 ms 5ms 5ms
maxumum 19pu 3pu 3pu 2p.u

References

voltage stress

5. Conclusions

In this paper, an AC/DC breaker is presented to protect the AC/DC microgrid from
the sharp rise in the fault current. This breaker was developed based on a controllable
reactor and mechanical disconnector, which is called a controllable reactor hybrid circuit
breaker. The analytical and simulation results improved the performance of the breaker to
limit and break the fault current in both DC and AC systems with an exceedingly small
operational time of approximately 3 ms. The simulation results show that the rate at which
the voltage increased for both AC and DC was the same. However, the rate at which the
current increased in the DC system was six times higher than that in the AC system. This
resulted in higher energy loss in the DC system compared to the AC system. Nevertheless,
the results show that the new CR-SSCB can work successfully in both DC and AC systems,
with fast response and reduced equipment failure risk. In short, the comparatively fast
speed, low voltage stress, and capability to function on both the AC and DC sides of
AC/DC microgrids are the primary benefits of the suggested breaker. In this research,
the theory and feasibility of the proposed CR-SSCB are demonstrated by simulation. The
next step will be an actual experiment to prove the correct operation of CR-SSCB in
real conditions.
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CR-S5CB coupled reactor-based solid-state circuit breaker
DVR dynamic voltage restorer

FCL fault current limiter

IGBT integrated gate bipolar transistor

LCS load commutation switch

MB main breaker

PV photovoltaic

UFCL unidirectional fault current limiter

UFD ultrafast disconnector
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