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ABSTRACT 
 Ring-type DC microgrids (DCMGs) are attracting 
attention from the viewpoint of expanding the use of 
renewable energy and improving power resilience. In the 
short-circuit protection of ring-type DCMG, the direction 
of current flow is not determined in the ring wiring. 
Therefore, the method of setting the trip threshold of the 
circuit breaker that is included in the main line of the 
ring-type DCMG in steps, as used in the conventional 
radiation-type DCMG, does not realize protection 
coordination. Thus, the purpose of this study was to 
achieve protection coordination of multiple circuit 
breakers with the same trip threshold in a simpler way. 
The authors propose a method of enabling protection 
coordination by combining a semiconductor circuit 
breaker (SCCB) with a capacitor as an energy source, 
which is able to interrupt the circuit as soon as the 
current reaches a threshold. To verify the method, two 
SCCBs with a trip threshold set at 30 A were connected 
in series, and four patterns of capacitors (0, 50, 100, and 
150 μF) were connected between the SCCBs. The 
experimental results showed that when the capacitance 
was 50 μF or less, the current flowing through the SCCB 
on the power supply side was higher than the trip 
threshold, and protection coordination could not be 
achieved in some cases. On the other hand, when the 
capacitance was 100 μF or more, the current flowing 
through the SCCB on the power supply side was smaller 
than the trip threshold, showing that the protection 
coordination was successful. The experiments 
demonstrated that short-circuit protection can be 
coordinated between SCCBs by connecting two SCCBs in 
series with the same trip threshold and connecting a 
capacitor of approximately 100 μF or more between the 
SCCBs. 
 
Keywords: DC microgrid, Protection coordination, 
Semiconductor circuit breaker, Short-circuit, 3-way SCCB 

 
# This is a paper for the 16th International Conference on Applied Energy (ICAE2024), Sep. 1-5, 2024, Niigata, Japan. 

NONMENCLATURE 

Abbreviations  
BESS Battery energy storage system 
DCMG DC microgrid 
MC Electromagnetic contactor 
RE Renewable energy 
SCCB Semiconductor circuit breaker 

1. INTRODUCTION 
In recent years, DC microgrids (DCMGs) based on DC 

power supply have attracted attention from the 
perspective of expanding the use of renewable energy 
(RE) and power resilience [1], [2], [3]. DC power supply is 
more reliable than AC power supply in that it is less prone 
to power outages and instantaneous voltage drops when 
combined with a battery energy storage system (BESS) 
and has therefore been used to supply power to ICT 
equipment [4], [5], [6]. System architectures and 
protection technologies similar to DCMGs are also being 
used in ship internal wiring [7], [8] and wind farms [9]. 
Thus, the application areas of DCMG-related 
technologies are expanding, and their importance is 
growing. Among DCMGs, the ring-type has some 
advantages over the radiation type, such as a better 
voltage profile [10]. However, because the ring-type 
DCMG allows current to flow in both directions, 
differential trip thresholds cannot be set for the circuit 
breakers. Therefore, the conventional method of 
protection coordination in which the trip threshold of 
each circuit breaker is set in steps cannot be applied to 
the ring-type DCMG, making protection coordination 
difficult [11]. 

Among previously proposed methods for the 
protection of ring wiring, there is a one that isolates the 
short-circuit point while estimating the location of the 
short-circuit point from the transient current that occurs 
during the short-circuit [12]. However, the previous 
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methods have issues, such as increased system 
complexity and cost. 

Therefore, the objective of this paper is to achieve 
protection coordination of ring wiring in a simpler way.  

This paper proposes a method to achieve short-circuit 
protection coordination of ring wiring, which cannot be 
achieved with conventional circuit breakers, and clarifies 
the conditions for such coordination. 

2. RING-TYPE 380 V DCMG DESCRIPTION 
The requirements for the 380 V DCMG assumed in 

this paper are shown in Table 1. In this system, six 
sending and receiving points (a total of the main building 
with BESS and consumers) are connected to a ring wiring 
via DC/DC converters, as shown in Figure 1. For high 
reliability, three semiconductor circuit breakers (SCCBs) 
are installed at each branch point, so that even if a short-
circuit accident occurs in the ring wiring, only the SCCB 
close to the short-circuit point can trip to continue 
supplying power to all points except the short-circuit 
point. 

The main building equipped with BESS is assumed to 
be a telecommunication building or data center with 
backup storage batteries for data communication and 
connected RE. Due to the cost of installing a BESS, the 
customer is assumed to have RE but no BESS; the ring 
wiring must be connected to at least one main building 
with BESS that will absorb RE fluctuations in the DCMG 
during normal times and provide commercial power 
during a disaster. In the event of a commercial power 
outage during a disaster, the BESS can supply power to 
any consumer that lacks power, thus ensuring reliability.  

The rated voltage between the sending and receiving 
points is 380 V DC, and the power can be exchanged 
between the six points. The maximum cable length 
between the furthest consumers is 4 km and the cable 
cross-sectional area is 150 mm2 to keep the voltage drop 
within 10 %. 

 In a general radiation-type transmission and 
distribution network for commercial power consumers, 
protection coordination can be achieved by setting a 
larger trip threshold for the circuit breaker on the power 
plant side and a smaller threshold for the circuit breaker 
on the consumer side [13]. However, in a ring-type 
DCMG such as the one shown in Figure 1, the radiation-
type method cannot be used because the current 
direction on the ring wiring is not fixed in one direction. 
Therefore, a new method is needed in which only the 
circuit breaker closest to the short-circuit point is tripped 

while the trip threshold of each circuit breaker is set to 
the same value. 

3. PROPOSAL OF SHORT-CIRCUIT PROTECTION 
METHOD 

The configuration consists of three SCCBs, which are 
characterized by their ability to trip quickly when the 
current reaches a threshold value, and a coordination 
capacitor. The SCCBs are designed to trip only at the 
short-circuit point by supplying current from the 
coordination capacitor to the short-circuit point at the 
time of the short-circuit. 

3.1 Semiconductor circuit breaker 

To validate the study methodology, an SCCB was 
developed that meets the requirements to be applicable 
to the system described in Section 2. The specifications 
of the developed SCCB are as follows. The rated voltage 
is 380 V DC, the maximum carrying current is 35 A 
(continuous), the trip threshold is 30 A, and the break 
time is within 2 μs. To prevent damage to the SCCB, a 
varistor (maximum operating voltage of 510 V DC and 
maximum surge current of 6 kA) is connected to the 
input and output of the SCCB to suppress the surge 

 
Fig. 1 Ring-type block diagram 
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Table 1 Requirements of 380 V DCMG 

Item Detail 
 Main line topology Ring-type 

Maximum cable length 4 km 
Cross-sectional area of cable 150 mm2 

 Rated voltage 380 V DC 
 Maximum power of each 
consumer building 

3.8 kW 
(380 V, 10 A) 

 Maximum number of buildings 6 
 Number of the main building 
with BESS 

At least 1 
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voltage below 600 V, the SCCB's breakdown voltage. 
   Figure 2 shows the main circuit configuration inside 
the SCCB (blue square) in Figure 1, and Figure 3 shows a 
photograph of the prototype SCCB. The SCCB can 
conduct DC current in both directions and has a trip 
function only for DC current in the normal operating 
direction as shown in Figure 2 [14]. When the short-
circuit current exceeds the 30 A trip threshold, the 
MOSFETs on the positive and negative lines interrupt the 
short-circuit current. When the MOSFETs interrupt the 
circuit, the current path is separated into two circuits 
(the power supply side and the short-circuit side), and 
the current flows in the shutdown operation. At this 
time, the SCCB is subjected to the overvoltage in 
equation (1), which may damage the SCCB itself or the 
equipment connected to the ring wiring. 

𝑉 = −𝐿
𝑑𝐼

𝑑𝑡
                            (1) 

Here, V is the electromotive force [V], L is the inductance 
[H], and dI/dt is the rate of change of current.  

Therefore, a breaker capacitor is connected to the 
power supply side to charge the current of the power 
supply current and suppress overvoltage. Also, a 
freewheeling diode is connected to the short-circuit side 
to reflux the short-circuit current and suppress 
overvoltage. 

3.2 3-way semiconductor circuit breaker 

The proposed method of coordinating short-circuit 
protection for ring wiring is to install a 3-way SCCB, which 
is a combination of three SCCBs and electrolytic 
capacitors as described in 3.1, at the intersection of the 
ring wiring and branch lines as shown in Figure 4. Each 
SCCB is connected at a single point so that the normal 
direction of operation is outward, and a coordination 
capacitor is inserted at the connection point. We 
reasoned that in the event of a short-circuit in the ring 
wiring, the current from the coordination capacitor 
would flow preferentially to the short-circuit point, 
thereby preventing the protective operation of any 
circuit breaker other than the one immediately adjacent 
to the short-circuit point. The effect of this capacitor on 
protection coordination has been studied 
experimentally. 

4. EXPERIMENTAL RESULTS & DISCUSSION 

To clarify the coordination conditions for 3-way 
SCCBs, a verification experiment was conducted using 
two SCCBs of 3.1. 

4.1 Experimental circuit 

Experiments were conducted on a simplified system 
as shown in Figure 5 (the gray area of Figure 4 is 
excluded) for the case of a short-circuit at the short-
circuit point marked with an X in the green area in Figure 
4. The simplified system is connected in series as shown 
in Figure 5 in the order of power supply, SCCB1 on the 
power supply side, coordination capacitor, SCCB2 on the 
short-circuit point side, and short-circuit point. The 
direction of normal operation of SCCB1 and SCCB2 is 
oriented toward the short-circuit current. The short-
circuit point was simulated by an electromagnetic 
contactor (MC). The cross-sectional area of the electric 

 
Fig. 3 Prototype of SCCB 
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Fig. 4 SCCB position of ring-type block diagram  
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Fig. 2 Circuit configuration for SCCB 
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wires connecting the devices is 14 mm2. The length of the 
electric wires is about 2.8 m between the power source 
and SCCB1, about 0.3 m between SCCB1 and the 
coordination capacitor, about 0.3 m between the 
coordination capacitor and SCCB2, and about 1.3 m 
between SCCB2 and the short-circuit point. Since the 
maximum cable length is 4 km, eight air-core inductors 
(L: approx. 4 mH, RL: approx. 3 Ω) simulating a 4 km cable 
of 150 mm2 was connected between SCCB2 and MC on 
the negative line as the main line of the ring wiring. Here, 
L is the inductance component and RL is the resistance 
component of the inductor. In the experiment, a DC 
voltage of 380 V was applied, and the steady state 
current was 0 A before the short-circuit occurred. 

The reasons for considering that the simplification 
can be verified are as follows. By excluding the DC/DC 
converter connected to the branch point immediately 
above SCCB2 by interrupting it at the nearest SCCB, the 
current supply to SCCB2 is reduced, and the conditions 
are such that the circuit breakers are more difficult to 
coordinate. SCCB3-6 is omitted because it barely affects 
the direction of the short-circuit current flow. One DC/DC 
converter is operated in a state where power can be 
supplied, and the others are omitted because a short-
circuit in the ring wiring will cause the circuit to 
disconnect at the short-circuit point and can be 
simulated if sufficient current flows from the power 
supply side of SCCB1 for SCCB1 and SCCB2 to trip. The 
electrolytic capacitor on the power supply side of SCCB1 
is omitted because the X capacitor of the nearby DC/DC 
converter has a capacitance of about 2000 μF, which is 
sufficient to trip SCCB1 and SCCB2.  

4.2 Effect of coordination capacitor 

To verify the coordination conditions of the two 
SCCBs, the experimental circuit in Figure 5 was used to 
check how much coordination capacitor would enable 
coordination when the coordination capacitor was 
changed. The trip threshold was set to 30 A for both 

SCCB1 and SCCB2, and the capacitance was set to 0, 50, 
100, and 150 μF for the capacitors, considering that they 
are used in a ring wiring. Whether protection 
coordination has been achieved is judged by whether the 
peak value of the current I1 flowing in SCCB1 exceeds 30 
A, which is the trip threshold value. 

Figure 6(a) and (b) shows the current waveforms I1 
and I2 flowing in SCCB1 and SCCB2 during the short-
circuit experiment, measured at positions CT1 and CT2 in 
Figure 5. I2 remained constant as the coordination 
capacitor was increased, but the rise of I1 became slower. 
This may be because the increase in the discharge 
current of the coordination capacitor suppressed the 
increase in the current I1 flowing from the DC power 
supply through SCCB1. The reason the I2 current flows 
about 25-30 A after the SCCB2 disconnects the circuit is 
that the current flows through a closed loop between the 
freewheeling diode inside the SCCB2 and the short-
circuit point (MC). 

 
Fig. 6 Current waveform of (a) I1 and (b) I2  
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Fig. 5 Experimental circuit 
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Figure 7 shows an example of a graph overlaying the 
current waveforms I1 and I2 when determining whether 
coordination is possible. Figure 7(a) and (b) show the 
current waveforms when the coordination capacitor is 0, 
and 100 μF, respectively. The peaks of I1 (dotted red line) 
are respectively above and below 30 A in cases (a) and 
(b), thus showing that the protection coordination fails in 
case (a) and succeeds in case (b). 

Figure 8 shows the maximum value of I1 when the 
coordination capacitor is varied. The results of 10 and 3 
tests with capacitors of 0 and 50 to 150 μF, respectively, 
are plotted. When the coordination capacitor was less 
than 50 μF, the maximum value of I1 exceeded the SCCB1 
trip threshold of 30 A, causing SCCB1 to trip on the power 
supply side and preventing protection coordination. 
When the coordination capacitor was 100 μF or more, 
the maximum value of I1 could be kept below 30 A, and 
only SCCB2 could be activated to ensure protection 
coordination. 

4.3 Potential implementation issues 

The scale of the solution proposed in this paper is a 
relatively small DCMG with a maximum feeder distance 
of 4 km and a power of about 3.8 kW for each consumer, 
as shown in Table 1. On the other hand, from a scalability 
perspective, considering implementation in larger or 
more complex DCMG systems reveals the following 
advantages and potential implementation issues. 

⚫ Practicality: Unlike systems that interconnect circuit 
breakers together for protection [15], our proposed 
approach allows SCCBs to be installed and operated 
independently and is likely to remain applicable 
even as DCMGs become larger and more complex. 

⚫ Current limit: Large-scale DCMGs are examples of 
connecting MW-class generators [16], [17], which 
require the upper limit of the current rating of the 
SCCB to be increased to apply our proposed 
method.  

⚫ Voltage limit: Examples of large-scale DCMGs, 
ranging from tens to hundreds of kilometers in size 
[18], [19], require voltage to be raised to increase 
transmission power. To apply the proposed 
method, the rated voltage of the circuit breaker 
must be increased.  

5. CONCLUSION & FUTURE WORK 
This paper proposed a method for high reliability in 

ring-type 380 V DCMG that enables short-circuit 
protection to be coordinated at the ring wiring, which 
cannot be achieved with conventional passive circuit 
breakers, and experimentally clarified the conditions for 
such coordination. 
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Fig. 7 Current waveform (I1 vs. I2) of  
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When two SCCBs with the same trip threshold are 
connected in series and the wiring between the SCCB and 
the short-circuit point is 4 km, we experimentally showed 
that short-circuit protection coordination between the 
SCCBs can be achieved by a coordination capacitor of 
approximately 100 μF or more between the SCCBs. 

In the future, we plan to investigate the effectiveness 
of the proposed short-circuit protection method in detail 
by conducting experiments and simulation analyses with 
the line impedance as a variable. 
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