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Design of a Reliable Bidirectional Solid-State
Circuit Breaker for DC Microgrids

Xiaohui Xu ", Jiamin Ye

Abstract—DC microgrids have drawn more and more attention
in industrial applications. However, achieving efficient and reliable
interruption of faults is still a challenging task in dc microgrids.
In this article, a reliable bidirectional solid-state circuit breaker
(RB-SSCB) is proposed for dc microgrid protection. The proposed
RB-SSCB can break and rebreak bidirectional faults with no fault
current surges to the source and load, and its breaking capability
is stable and controllable. Consequently, when compared with the
existing SSCBs, the RB-SSCB can provide more reliable protection
for dc microgrids. Increased power efficiency, reduced costs, and
simplified structure can also be obtained in the proposed topol-
ogy. Based on circuit analysis and modeling, design guidelines for
selecting the components in the RB-SSCB are given. Finally, a
laboratory prototype has been built to verify the practical value
and the feasibility of the proposed solution.

Index Terms—Breaking capability, circuit design, microgrid
protection, SCR, solid-state circuit breaker.

I. INTRODUCTION

N recent years, the novel energy technology based on dis-
I tributed generation technology has attracted more and more
attention in a host of modern applications, such as photovoltaic
systems, wind power generation technology, and so on [1], [2].
The direct current (dc) microgrid is regarded as a more effective
access mode of distributed generation technology in comparison
with the alternating current (ac) microgrid [3]-[5]. However, dc
microgrids face a more difficult fault isolation problem than
ac microgrids because their large fault current with high rising
rate must be interrupted rapidly by circuit breakers (CBs) in the
absence of current zero-crossing point [6].
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At present, CBs can be mainly divided into three categories:
1) mechanical circuit breakers (MCBs); 2) hybrid circuit break-
ers (HCBs); 3) solid-state circuit breakers (SSCBs). MCBs
have many disadvantages, such as long breaking time and arc
generation, which will reduce reliability of dc microgrids [7].
HCBs are acceptable solutions, and have been applied in some
high-voltage dc (HVdc) systems, such as Zhangbei 500 kV
dc grid [8]. However, the mechanical ultrafast disconnectors
(UFDs) adopted in HCBs need a long contacts separation time
(several microseconds [9]), which slows the breaking speed and
increasing the fault current that needs to be interrupted [10]. As
aresult, both MCBs and HCBs cannot well meet the high-speed
and high-reliability requirements of modern dc microgrids. To
provide fast and reliable protection, SSCBs, which are based on
power semiconductor devices, are developed. SSCBs based on
full-controlled devices (e.g., Si-IGBTs, SiC-JFETs, and GAN-
HEMTys) are proposed to interrupt the fault current rapidly when
the breaking command is received [11]-[15]. However, these
SSCBs suffer from high conduction losses and manufacturing
cost due to the use of expensive full-controlled devices with
large conduction resistance.

Compared with full-controlled devices, SCRs show advan-
tages in terms of smaller conduction losses, higher current-surge
tolerance, and lower costs, thus being attractive in dc microgrid
protection [16], [17]. However, due to the half-controlled char-
acteristic of SCRs, SSCBs based on SCRs (SCR-SSCBs) need
additional commutating circuits to create current zero-crossing
point for SCRs, thus breaking fault currents. Early proposed
SCR-SSCBs have disadvantages of slow reaction speed, high
costs, no fault current limiting operation, complex structure, and
control strategies [18], [19]. In [20]-[22], several SCR-SSCBs
that have simpler structure and integrate the fault current limiting
operation are proposed. However, these breakers only permit
unidirectional fault breaking, which restricts the application in
dc microgrids where require bidirectional power flow.

Through a creative reconfiguration of Z-source impedance
network, bidirectional SCR-SSCBs are successively introduced
[23]-[27]. In [23], an SCR-SSCB that allows bidirectional op-
erations through a full-bridge rectifier is proposed, as shown in
Fig. 1(a). However, this breaker can only be passively turned
OFF in the condition that faults with high current rising rate
occur, which means that its current breaking capability is un-
controllable. Besides, the conduction loss of this breaker is also
high because current in each direction will flow through one
SCR and two diodes. In [24], a bidirectional SCR-SSCB that
can manually break current is proposed, as shown in Fig. 1(b).
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Fig. 1. Bidirectional SCR-SSCBs that use Z-source impedance networks
presented in [23]-[26], respectively.

Moreover, its conduction loss is smaller than the former one
because the system current only flow through one SCR and
one diode. Nevertheless, the breaker does not provide fault
rebreaking capability because its commutating capacitor (C)
cannot be recharged after the breaking process. Hence, the safe
restart of dc microgrids cannot be guaranteed. This shortcoming
can be overcome by replacing diodes with SCRs, as shown in
Fig. 1(c) and (d), which can recharge their C by triggering SCR
(SCR3), and SCR;, (SCRy,) inconsistently [25]-[27]. However,
the additional SCRs will increase the breaker cost, conduction
loss, and driving complexity. Besides, during current breaking
process, the breakers shown in Fig. 1 will cause large current
surge to the source and/or load sides (i.e., input and/or output of
breaker) because their C discharges via the source and/or load
sides. As the source and load usually consist of active devices,
such surges may damage them.

By introducing electromagnetic effect into breaker design,
bidirectional SCR-SSCBs based on transformers are proposed,
which can eliminate the current surge to the source [28]-[32].
However, these breakers cannot eliminate the current surge
to the load side. Moreover, for the breaker proposed in [25],
two transformers are needed, which significantly increases the
breaker volume, as shown in Fig. 2(a). This shortcoming can
be alleviated by using a three-winding transformer, as shown in
Fig. 2(b) [28]. However, this breaker does not provide low-pass
filtering effect and even amplifies the input voltage at frequencies
near resonance. When incorporating such SSCB into dc systems
(e.g., drive systems), an additional filter will be required, thus
increasing system cost and design complexity. By introducing
soft-starting circuit, breaker that has low-pass filtering function-
ality is proposed in [29], as shown in Fig. 2(c). Besides, the use of
a two-winding transformer can further reduce the breaker size.
However, this breaker also does not provide rebreaker capability.
In [30] and [31], another method of recharging C is proposed,
which is to introduce an additional capacitor recharging circuit,
as shown in Fig. 2(d). However, this breaker interrupts fault
current utilizing the discharge of C, the path of which passes
through the external circuit. Consequently, the current breaking
capability of this breaker is unstable because it is greatly affected
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Fig. 3. Bidirectional SCR-SSCBs proposed in [33] and [34], respectively.

by the parameters of the outer circuit. If the dc system parameters
or topologies are changed, this breaker may malfunction [15],
[16]. Some other bidirectional SCR-SSCBs with simple struc-
ture are proposed in [33] and [34], as shown in Fig. 3(a) and (b).
However, there are also some defects in these two topologies,
such as causing large current surges, no rebreaking capability,
and so on.

To overcome the problems existed with the existing breakers,
a novel reliable bidirectional SSCB (RB-SSCB) with simple
structure is proposed mainly for LVdc and MVdc microgrids.
The RB-SSCB uses SCRs to enhance the power efficiency and
reduce the costs of the breaker. Moreover, the RB-SSCB can
interrupt current without being affected by the outer circuit pa-
rameters, and will not cause current surges to the source and load
sides. Besides, the RB-SSCB also offers low-pass filtering func-
tionality, manual breaking, and rebreaking capabilities. Conse-
quently, compared with the previous approaches, the RB-SSCB
can provide more reliable protection for dc microgrids. The
operation principle and modeling of the RB-SSCB are presented
in Section II, which offers the design guidelines to correctly
select the circuit components of the RB-SSCB. Based on design
guidelines, two design cases are carried out by simulation and
laboratory experiments in Section III. Section I'V gives a detailed
comparison between the RB-SSCB and the existing bidirectional
SSCBs. Finally, Section V concludes this article.

II. CIRCUIT ANALYSIS AND MODELING

As can be seen in Fig. 4, the proposed RB-SSCB can be
divided into three paths as follows.
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Fig. 4. Topology of the proposed RB-SSCB.

Fig. 5. Normal state of the RB-SSCB in forward power flow.

1) The main current path composed of two SCRs, two diodes,
the primary winding of the transformer (N;), and the
protecting unit (PU).

2) The commutating path composed of SCR3, the secondary
winding of the transformer (N53), a commutating capacitor
(C), and charging resistance (R).

3) The snubber path composed of a Diode-R ; pair and metal
oxide varistor (MOV).

Note that in addition to MOV, other snubber circuits (e.g.,
RC path) can also be used in the RB-SSCB. Because of the
symmetrical structure of the RB-SSCB, the circuit analysis and
modeling focus on the forward power flow, where the left port is
connected to the power supply and the right port feeds the load.

A. Normal State

Fig. 5 shows the normal state of the RB-SSCB, of which
the rated current (/;.44c) flows through the main current path to
power the load. As can be seen, /;te just flows through one SCR
and diode, which can enhance power efficiency of the RB-SSCB
when compared with some SSCBs where I, will flow through
two SCRs, or one SCR and two diodes [23], [34].

In this state, voltage transfer functions are important because
they can identify the filtering characteristics and stability is-
sues of the RB-SSCB, especially when protecting active loads.
With the current and voltage polarities defined in Fig. 5, one
can be obtained by neglecting the ON-state resistances of the
power devices

{ Vin(s) = Vvi(s) + Vout(s) 0
Vin(s) = Viva(s) + 28 4 Rig(s).
On the output port, Ohm’s law states

‘/out(s) = ZLiscr(S)- (2)
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Fig. 6. Bode diagram of the Vin-Vout voltage transfer functions.

where Z;, is the load impedance. Besides, the Laplace transform
of the transformer terminal equations can be written as

{VNl(S)} . {Lu le] |:iscr(3):| 3)
Va(s) Lia Lo | | ir(s)
where L;; and Lgp are the primary and secondary self-

inductances, respectively, and L is the mutual inductance. By
neglecting the leakage inductance of the transformer, L5 is

L1y = /L1 Las. “)

Combining (1)—(4) together leads to the input—output voltage
transfer function

Vout(s)
Vin(s)

(LQQ — L12)CS2 + RCS -+ 1

(L22 + RLH/ZL>CS2 + (RC + Lll/ZL)S + (15)

Fig. 6 shows the voltage transfer functions of the RB-SSCB.
It can be seen that the RB-SSCB features unity gain at low
frequencies and decaying gain at high frequencies when R is
chosen larger than ten times the load resistance (R;, = V/Iate)-
This indicates that the RB-SSCB features low-pass filtering
functionality, which is helpful to reduce the harmonic compo-
nent, and thus protects sources and active loads.

B. Current Breaking State

When a fault occurs, the fault current will exceed preset
threshold (1 1) of the PU rapidly. After that, the PU will generate a
signal to trigger the SCR3 in the commutating path, and thus, the
RB-SSCB will operate in the current breaking state, as shown in
Fig. 7(a). In this state, C will discharge into N, and thus, induce a
transient voltage in V1. This induced voltage will apply a reverse
voltage stress to the SCR, thus forcing the device to turn OFF.
As aresult, the most important issue in this state is to ensure that
the duration of the reverse voltage on the SCR; must be larger
than the intrinsic recovery time of the device (#,), thus turning
OFF the SCR; successfully.

In this state, the R path can be seen as open circuit due to the
current limitation of large R. Hence, the initial capacitor voltage
maintains the source voltage (i.e., V.y = V). With the current
and voltage polarities defined in Fig. 7(a), one can be obtained
according to KVL

Vvscr = Vvin - Vout - VNl (6)
Ve = VN1 — Vna.
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Fig. 7. Various modes of operations of the RB-SSCB in forward power flow.
(a) Current breaking state. (b) Freewheeling state. (c) Recharging state.

Due to the voltage clamping function of the MOV and the
electromagnetic coupling effect of the transformer, one can be
expressed as

)

{Vs < Vvin - V;ut < ‘/Clamp
VN1 =nVn2
where Vijamp is the clamping voltage of the MOV and Vjamp
is commonly 1.2-2 V; according to the MOV characteristics
[35]. nis the turns ratio of the transformer. Equations (6) and (7)
indicate that larger Vjamp Will make it more difficult for Vi, to
drop to a negative value. Hence, the most challenging condition
happens at Vijamp = 2 V,, which is used to derive the following
equations.

By substituting (7) into (6), the initial Vg, at the most chal-
lenging condition can be derived as

n—2
llg. (3)

VvscrO S

To turn OFF the SCR1, V¢ should be negative. Therefore, n
should meet

l<n<?2. )

Besides, the peak transient voltages of N1 and N, are

Vlepeak -
VN27peak = n_1-

3
=

i
L

(10)

N
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In the meantime, is., will drop from Ip to O (i.e., Nigey =
—I7). Hence, the initial i, can be derived as

n
n—1

After that, is., maintains 0 and C continues to discharge in
the C-Na-N;-SCR 3-C loop. One can be expressed by KVL

d?V,
dt?
Solving (12) with the initial conditions yields

Ir. (11)

ZICO - AZc -

Vo + (n —1)2CLay = 0. (12)

V. = Vi cos Bt — CéEiil) sin Bt
(13)
i. = V,C[Bsin 5t + % cos (Bt
where
1
8= (14)

(n - 1)\/ CL22 ’
Equation (13) indicates that V. decreases with time. Hence,
the voltage rating of C should be selected equal or slightly larger
than V. In addition, the peak value of i, can also be calculated
from (13).
Furthermore, substituting (13) into (6), and simplifying by
Taylor formula obtains

1 nV,t?
n—1 2(7’[, — 1)20L22

7?,2ITt

(n—1)C

Vier = +(n—2)V,

15)

For a successful turn-OFF of the SCR{, V., should retain

negative until the device finishes its reverse recovery process.
Hence, a reliable turn-OFF of the SCR; can be guaranteed by
nVstq2 nQIth

2(n — 1)2CL22 (n - 1)0

where 1, is the intrinsic recovery time of the SCR;. Conse-

quently, C can be determined as

+(n—2)V,<0 (16

nty tq nlp
C2 G 2= i, T W
It can be indicated from the modeling that only V, and the
breaker parameters will affect the current breaking capability
of the RB-SSCB. As a result, if the RB-SSCB is designed
according to the most challenging condition (i.e., Viiamp =
2 V), the breaker can provide stable current breaking capability
without being affected by the parameters of the outer circuit,
such as the dc system inductance and capacitance. Moreover,
Fig. 8 gives the relationships among #, and Lgg, C, which are
calculated according to (17). Since ¢, of SCR that operates at
tens to thousands of amperes are usually tens to hundreds of
microseconds, Fig. 8 can guide the choice of C and Lys in
practical RB-SSCB design.

(7)

C. Freewheeling State

Since C keeps discharging in the C-N2-N;-SCR3-C loop
located inside the breaker, no current surges will be generated
to the source and load sides, which means that the source and
load can be effectively protected by the breaker. As the dis-
charging process progresses, the consumption circuit consisting
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of Ry and diode will turn ON once di./dt becomes negative.
Then, the residual energy stored in Li; will be consumed by
the consumption circuit. In the same time, the system residual
energy will also be consumed through the MOV, as shown in
Fig. 7(b). The consumption of the residual energy will cause a
voltage overshoot in the SCR;, which can be expressed as

Vvscr = Vclamp — VNl (18)

where V; depends on the value of R ;. Typically, R4 is chosen
with a resistance less than 20% of V/I....., which will lead to
Vn: > -0.4 V, [33]. Hence, for the RB-SSCB, the blocking
capability (Upgrm) of the SCRs should meet

UDRM 2 ‘/clamp + 04Vs (19)

Finally, the discharging process of C will be completed under
an underdamped condition due to the lack of resistance in this
loop. This will naturally turn OFF SCR3 at zero-crossing point
of i.. Besides, since C will also support a negative voltage at this
time, nonpolarized capacitors should be used.

D. Recharging State

After the SCR3 is naturally turned OFF, the RB-SSCB operates
in the recharging state, as shown in Fig. 7(c). In this state, C will
be automatically recharged to V through the source. After a pe-
riod of system recovery (usually hundreds of milliseconds [36]),
the RB-SSCB will receive the reclosing command and turn ON
the SCR; again. If the fault still exists, the RB-SSCB will rebreak
the fault. Otherwise, the RB-SSCB will work in the normal state.
Because automatic reclosing and rebreaking of breakers can
effectively protect microgrids under faults (especially temporary
faults [37]) and guarantee the transmission efficiency of dc
power, it is vital for breakers to provide rebreaking capability
before reclosing [25], [30].

E. Design Guidelines

According the analysis and modeling, the design guidelines
of the RB-SSCB are provided.
1) Determine the MOV and I of the PU considering the
power rating and overload capacity of dc microgrids.
2) Select R > 10 V /I 4t to ensure the low-pass filtering
functionality of the RB-SSCB. Besides, Rg < 0.2 V/I; 40
is suggested to bypass the overvoltage on the SCRs.
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Fig.9. (a) Laboratory prototype and (b) test circuit diagram of the RB-SSCB.

3) Choose SCRs according to (19) and /;,¢e of dc systems
(i.e., ITav)m 2 Lrage)-

4) Select n according to (9). Then, C and Ly> can be deter-
mined referring to (17). Furthermore, the transient current
and voltage peaks of transformer and C can also be deter-
mined according to (10) and (13).

III. BREAKER DESIGN AND VERIFICATION

Based on the design guidelines, two breaker cases are de-
signed in this section to validate the feasibility of the RB-SSCB.
The superiorities of the RB-SSCB are also evaluated by the
comparison between the RB-SSCB and the previously proposed
breaker (TBCB) [33].

A. Low-Voltage Design

First, a 100-V/1000-W experimental prototype has been built,
as shown in Fig. 9. In this setup, a large capacitor is precharged
to 100 V and used as a dc voltage source. The load resistance
(Rp) is set to 10 ). Besides, a serious short-circuit fault can be
manually induced by closing the fault switch.

According to the design guidelines, a 100 VMOV (07D121K)
with Vijamp of 160 V is chosen and Iris set to 15 A, i.e., 150%
Late- Rof 100 Q and R4 of 1 Q are selected. According to (19), a
200-V/10-A SCR (2N6402G) with t, of 20 ps is selected. From
(9), nof 1.5 can be obtained. Then, Lge =255 y/H and C =45 uF
are chosen, which meets the requirement of (17). The detailed
parameters are summarized in Table 1.

B. Experimental Verification

The designed breaker was first tested under the dc environ-
ment that has very low system parasitic inductance (L), such
as dc shipboard systems [38]. The experimental waveforms of
the RB-SSCB are shown in Fig. 10. It can be seen in Fig. 10(a)
that both the input current (i;,,) and the output current (i) of
the RB-SSCB rise to I rapidly after the fault occurs. After that,
the SCR is triggered. This causes C to discharge in the C-Ng-
N1-SCR3-C loop, and thus, induces a transient voltage in N
through the electromagnetic coupling effect of the transformer
at the same time. This induced voltage is reversely imposed on
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TABLE I
DETAILED BREAKER PARAMETERS

Component Parameter Value
PU Ir 15A

MOV Vbe 100 V

Vetamp 160 V

Upru 200V

SCR Tranm 10 A

ty 20 ps

Resistor R 100 Q
Ry 1Q

Transformer Ly 592 uH

L[_7 380 ]J.H

L_7_7 255 ]J.H

Capacitor C 45 pF
_/\‘— Breaking i+ [10A/div]

o i [10A/div]

out.

» Fault -
f\ i+ [S0A/div]
| [100V/div]
Time : [50us/div]
(a)
_JJ\ i, [500mA/div]
)
v [50V/div]

" ﬁ;ch—arge

(b)

Time : [5Sms/div]

Fig. 10. Measured waveforms of (a) iin, iout, i¢, and Vser, and (b) i, and V.
at L, =5 pH.

the SCR;, making V., change to a negative value and the SCR;
turn OFF. Moreover, differing from the existing bidirectional
SCR-SSCBs, Fig. 10(a) also illustrates that after the breaking
process is triggered, both ij, and i,y of the RB-SSCB drop
to zero quickly without any fault current surge. This means
that when a proper /7 is chosen, the RB-SSCB can effectively
protect dc sources and loads, especially those composed of
power electronic devices. After that, the residual energy stored
in the magnetic components (N; and L,) is consumed, causing
a ~25 V voltage overshoot in SCR;. Note that due to a small
L,, the MOV does not work in this case. In the meantime, as
shown in Fig. 10(b), C discharges under an underdamped con-
dition due to the absence of resistance in the C-N2-N;-SCR 3-C
loop, which can naturally turn OFF the SCR3 when completing
this process. Finally, C is automatically recharged through the
Vs-Ly,-D 1-No-C-R-V, loop, thereby offering breaking capability
again.

Apart from some special dc systems with compact integra-
tion, breakers, and loads of modern dc microgrids are usually
connected to sources through transmission lines, where the cable
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Fig. 11. Measured. (a) Fault-breaking. (b) Rebreaking. (c) Manual breaking
waveforms of the RB-SSCB at L, = 2.2 mH.

inductance can reach several millihenries [39]. For illustrative
purpose, the RB-SSCB was further tested at L,, = 2.2 mH, which
evaluated the stable breaking capability of the breaker. Fig. 11(a)
gives the fault-breaking waveforms of the RB-SSCB. In this
setup, the energy releasing of the large L, causes the voltage
clamping function of the MOV. As a result, the overshoot of
Vser €xceeds 180 V, which is larger than that in Fig. 10(a). As
analyzed previously, the RB-SSCB is more difficult to interrupt
faults at this condition. However, since the circuit components
are correctly selected according to the design guidelines, the
RB-SSCB can successfully isolate the fault.

Because reclosing and rebreaking operations of the breaker
can effectively reduce the adverse effect of temporary faults [25],
[30], the reclosing and rebreaking operations of the RB-SSCB
were tested, as shown in Fig. 11(b). In this experiment, the SCR
was reclosed when the fault still existed. As a result, both i;,, and
iout increase immediately once the SCR; is turned ON. Since
C had been automatically recharged to V,, the RB-SSCB can
successfully rebreak the fault again.

The manual breaking operation is also an important feature to
the breakers in that it reflects the controllability of the breaker. As
shown in Fig. 11(c), the RB-SSCB is successfully turned OFF by
sending a manual breaking signal to the SCR3. Consequently, the
RB-SSCB can be purposely switched OFF by gating the SCR3,
then, switched ON again by gating SCR;.
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TABLE II
PARAMETERS OF THE 1.5-KV/4.5-MW RB-SSCB AND TBCB

Component RB-SSCB TBCB [33]
PU Ir=45kA Ir=4.5kA
MOV Vpe=15kV Voe=1.5kV
Vetamp= 2.4 kV Vetamp= 2.4 kV
Resistor R=5Q R, =R,=5Q
Inductor L;; =592 uH L, =700 uH
L12=380 HH L2=50 }J,H
ng =255 ].lH
Capacitor C=68mF C;=C,=8mF
9 9
RB-SSCB Surge to load ;% TBCB
@L,=5uH L @L,=5uH
~6 =6 !
] — k] —1,
z ) in :fa H 1=
E 3 Fous g3 : bt ]
& &)
Charging current .
7z
0, — 0 s
25 00 25 50 75 100 25 00 25 50 75 100
Time (ms) Time (ms)
(a) (b)
Fig. 12. Simulated breaking waveforms. (a) RB-SSCB. (b) TBCB at
Ly, =35 pH.

C. Medium-Voltage Design

City subway systems usually utilize dc power supplies with
a voltage level of 1.5 kV, which has also been applied for
photovoltaic systems and dc microgrids in Finland [40], [41]. As
aresult, a 1.5-kV/4.5-MW RB-SSCB was further designed and
compared with the previously proposed TBCB [see Fig. 3(a)],
because the TBCB can also be used in MVdc applications [33].
According to the design guidelines, two 3300-V/1800-A SCR
modules (C783CC) with ¢, = 200 us are used in parallel. The
rest circuit components, which can be calculated following the
design guidelines, are listed in Table II. Note that the parameters
of the TBCB are obtained from [33]. The breakers are modeled
in MATLAB/Simulink and tested under a short-circuit fault.

Fig. 12 shows the breaking waveforms of the breakers op-
erating at L, = 5 pH. It can be seen that both breakers can
successfully interrupt the short-circuit fault. However, a sig-
nificant difference exists between the output current (i) of
the breakers. For the RB-SSCB, no fault current surge will be
reflected to the load. Nevertheless, i, of the TBCB shows large
fault current surge, which may damage loads, especially those
composed of power electronic converters.

The breaking waveforms of the breakers that consider the
impact of large L,, are shown in Fig. 13. In this case, L, of 2.2 mH
is chosen. It can be seen that the TBCB is failed to isolate the fault
under this condition, which means that its breaking capability
is affected by the parameters of the outer circuit. However, the
RB-SSCB can successfully interrupt the fault, which validates
the reliability of the proposed solution.

Fig. 14 shows the breaking and rebreaking waveforms of the
breakers operating under the temporary fault condition [37]. For
an intuitive explanation, the duration of the temporary fault is
set to 250 ms and the automatic reclosing time of the breakers

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

RB-SSCB
@1,=22mH
~6}F o~
) — | &
z in z in
= " o = Lout
33 3 5 i
O *+ g Charging current Q
. TBCB
@L,=22mH
0 = 0
0 5 10 15 20 0 5 10 15 20
Time (ms) Time (ms)
(a) (b)
Fig. 13. Simulated breaking waveforms. (a) RB-SSCB. (b) TBCB at
Ly, =22mH.
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g 0 = = 282 o0 28°
5 5
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(a)
Fig. 14. Simulated breaking and rebreaking waveforms. (a) RB-SSCB.

(b) TBCB at L, = 5 uH.

is set to 150 ms. It can be seen that, when the fault occurs at
t = 0 ms, both breakers can successfully interrupt the fault.
After that, the RB-SSCB can automatically recharge Cto provide
rebreaking capability. As a result, when the RB-SSCB receives
reclosing command at # = 150 ms, the RB-SSCB can rebreak
the fault. Since the temporary fault disappears at = 250 ms, the
system returns to normal operation after the RB-SSCB receives
the reclosing command at # = 300 ms. It can be concluded that
the automatic reclosing and rebreaking operations of the RB-
SSCB can protect microgrids from being damaged by the fault
and guarantee the efficient transmission of dc power. However,
the TBCB cannot charge C to provide rebreaking capability.
As a result, when the TBCB receive the reclosing command at
t = 150 ms, the breaker is failed to rebreak the fault. This is
fatal because the rising fault current will damage dc microgrids
rapidly.

IV. COMPARISON AND DISCUSSION

This section compares the RB-SSCB with the existing SSCBs
to evaluate the superiorities of the proposed breaker.

A. Compared With SSCBs Based on SCR

Since SCR is a half-controlled device, realizing stable, and
reliable current breaking capability is one of the most crucial
issue for SCR-SSCB. To verify the reliability of the proposed
solution, Table III compares the key features of existing SCR-
SSCBs, including the topologies presented in Figs. 1-3, as well
as the proposed RB-SSCB. It can be seen that the number of
circuit components used in RB-SSCB is relatively small, which
means that the breaker has the advantages of simple and compact
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TABLE III
COMPARISON OF DIFFERENT BIDIRECTIONAL SSCBS

Category Fig.1(a) Fig.1(b) Fig.l(c) Fig.l(d) Fig.2(a) Fig.2(b) Fig2(c) Fig.2(d) Fig.3(a) Fig.3(b) Fig.4
Number of SCRs 1 2 4 4 4 2 3 4 3 3 3
Number of Diodes 6 2 4 0 4 5 3 1 2 4 3
Number of capacitors 2 5 3 4 1 1 1 1 2 1 1
Number of inductors * 2 2 4 2 2 1 1 1 2 1 1
Surge to source side 5xLase 2% age 10%7, 410 Zero Zero Zero Zero Zero Zero 15% 1400 Zero
Surge to load side © 11X e 3 20%1 e 5% Lrae 13%Lge 20%04 Txrare 3%y 20%Lge  15%04e Zero
Low-pass filtering No No No Yes No No Yes No Yes No Yes
Re-breaking capability No No Yes Yes Yes No No Yes No Yes Yes
Manual breaking operation No Yes No No No No Yes No Yes Yes Yes
Stable breaking capability No No No No No No No No No Yes Yes
“Inductors include discrete inductors and transformers.
Values are obtained from the short-circuit fault results in the corresponding references.
TABLE IV 1 -
CHARACTERISTICS OF DIFFERENT COMPONENTS 08 B Condidiionloss
0.6
Type SCR IGBT GTO IGCT Diode 04
Code  CTCC s ongsor ssLise0 0Cs2C 2
Configuration pazr;ﬁel . azr ;ﬁel pa3r ;ﬁel pazr;ﬁel pa3r ;ﬁel ’ IGBT-SSCB[11] GTO-SSCB[12] IGCT-SSCB[13] ~ RB-SSCB
ON state 150V 345V 275V 19V 130V . . .
voltage Fig. 15.  Relative cost and conduction loss of four SSCBs.
Total costs 42pau. 17.1pu.  262pu.  21.8pu. 1.0 p.u.

structure. Furthermore, when compared with the existing SCR-
SSCBs, the RB-SSCB can provide more reliable protection for
dc microgrids mainly in three aspects.

1) No current surges to the source and load sides: During the
fault breaking process, the RB-SSCB can totally eliminate
current surges to the source and load sides, which can
effectively protect the source and load, especially those
composed of electronic devices, such as converters.

2) Stable current breaking capability: The current breaking
capability of RB-SSCB is not affected by the parameters
of the outer circuit. This means that despite changes in
external circuit parameters (e.g., fault type and system
structure), the breaker can still successfully interrupt the
fault current. Consequently, the RB-SSCB can stably
protect different dc microgrids from being damaged by
various faults.

3) Fully controllable breaking process: The breaking process
of the RB-SSCB is fully controllable because fault break-
ing, rebreaking and manual breaking operations can all
be performed in the RB-SSCB. Hence, the RB-SSCB can
provide comprehensive protection for dc microgrids.

B. Compared With SSCBs Based on Full-Controlled Devices

To make a more comprehensive comparison, this part further
compares the RB-SSCB with the SSCBs based on IGBT [11],
GTO [12], and IGCT [13] in the same power level. For intuitive
comparison, the characteristics of the key components of the
four SSCBs are listed in Table IV. Note that the components

of the other three SSCBs are chosen according to the design
guidelines provided in the corresponding references.

1) Power loss evaluation: For these four SSCBs, the con-
duction losses are mainly produced by one diode and
one switch (SCR, IGBT, GTO, or IGCT). According
to Table I, for the RB-SSCB, the conduction losses of
8.40 kW can be calculated. Furthermore, the SSCBs based
on other commercial devices can also be calculated as
14.25 kW (IGBT-SSCB), 12.15 kW (GTO-SSCB), and
9.6 kW (IGCT-SSCB).

2) Cost evaluation: Since IGBT, GTO, and IGCT are full-
controlled devices, the SSCBs based on these devices
do not need additional commutating circuit to interrupt
current . As aresult, the total cost of these SSCBs is mainly
composed of the cost of two switches (IGBT, GTO, or
IGCT) and two diodes. According to Table I, total cost
of the IGBT-SSCB, GTO-SSCB, and IGCT-SSCB can be
calculated as 36.2 p.u., 54.4 p.u., and 45.6 p.u., respec-
tively. For the RB-SSCB, the total cost mainly consists of
the cost of three SCRs, three diodes, and one commutating
capacitor (2.2 p.u.), which can be calculated as 17.8 p.u.

Furthermore, Fig. 15 gives the relative cost and conduction

loss of these breakers, which indicates that the RB-SSCB has
lower conduction loss and cost than the other three breakers,
thus verifying the high efficiency and economical design of the
RB-SSCB.

V. CONCLUSION

In this article, an RB-SSCB is proposed for dc microgrid
protection. The RB-SSCB can provide low-pass voltage transfer
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characteristic and interrupt bidirectional faults with no fault
current surges to the source and load. Furthermore, its breaking
capability is stable and controllable. As a result, when com-
pared with the existing bidirectional breakers, the RB-SSCB
can provide more reliable protection for dc microgrds. Also,
the new solution retains the typical advantages in terms of
high power efficiency, economical design, and simple structure.
Design guidelines are presented based on detailed mathemat-
ical modeling and validated by the experimental results. The
topology can be easily integrated into modern dc microgrids
that require high supply reliability and high power efficiency.
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