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Abstract: The connection of distributed generation (DG) and a battery energy storage system (BESS) in
distribution systems has recently been increasing. However, little research has been conducted on the
reclosing of the distribution system when both the DG and BESS are connected. Therefore, this paper
proposes a new reclosing method for a distribution system with a DG and BESS. The proposed
method also has a circuit breaker (CB) installed in the distribution line. A CB close to the DG and
BESS is first reclosed after a fixed dead time and, then, the fault clearance is detected using the
current flowing to the fault point. Once the fault is cleared, the reclosing of the CB at the source
side is attempted after completing a synchronism check. The proposed method is modeled using
an electromagnetic transient program. We perform various simulations according to the capacities of
the DG and the fault clearance time, and analyze the simulation results. The simulation results show
that steady-state power is supplied to the load from the DG and BESS before reclosing to prevent
outage, and that the reclosing is successfully performed.
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1. Introduction

Globally, the grid connection of distributed generation (DG) and battery energy storage systems
(BESSs) is increasing. When the DG and BESS are connected to a distribution system simultaneously,
various problems might arise in terms of system operation, such as scheduling, power quality,
protection, reliability, and flow. These problems have been extensively researched. Coordinated
control and planning for output smoothing through DG and BESS integration have been discussed in
References [1–5]. Energy management, scheduling, and planning in distribution systems with DG and
BESSs have been discussed in References [6–11]. However, none of the previous studies have dealt
with the protection issue.

The protection issue in a distribution system with DG has been extensively studied. Protection
coordination strategies in the distribution system with DG were discussed in References [12–18].
The operation schemes of overcurrent relay considering DG were discussed in References [19–23].
Anti-islanding protection schemes were discussed in References [24,25]. However, these studies
did not consider the existence of a BESS in the distribution system. A few protection studies have
been performed in distribution system with a BESS. Reclosing methods considering a BESS used as
an uninterruptible power supply were discussed in References [26–28]. However, these articles did not
consider the existence of DG in the distribution system. Thus, the protection studies considering both
DG and a BESS have not been performed so far. Thus, we study protection issues in the distribution
system with both DG and a BESS, focusing on the reclosing issue in this paper.

A recloser in electric power distribution is a circuit-interrupting device equipped with
a mechanism that can automatically close the breaker after it has been opened due to a fault [27].
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The operation sequence of a recloser in the distribution system of the Korea Electric Power Corporation
has fixed dead times of 0.5 and 15 s. Distinguishing permanent faults from temporary faults in
reclosing sequences is extremely important. However, conventional reclosing adopts a fixed dead time,
irrespective of whether a fault is temporary or permanent [28,29]. Only a few studies have examined
reclosing in distribution systems. Adaptive reclosing algorithms in distribution systems were proposed
in References [30–32]. However, these studies did not consider the existence of both DG and a BESS.
The effects of DG on reclosing were investigated in Reference [33]. However, this paper did not propose
a solution to the problem and did not consider the BESS. A novel reclosing scheme to mitigate the
effects of DG on overcurrent protection in a radial distribution system was proposed in Reference [34],
where the DG is disconnected from the distribution system and, hence, the reliability of the power
supply cannot be maintained. An adaptive auto-reclosing scheme considering transient stability in
the distribution system with the synchronous generator-based DG was proposed in Reference [35].
The BESS is connected to the distribution system through an inverter and, hence, the transient stability
does not need to be considered in the distribution system with a BESS. Therefore, the proposed method
in Reference [35] cannot be applied to a distribution system with both DG and a BESS.

To overcome the limitations of previous studies, this paper proposes a new reclosing method
in the distribution system with both DG and a BESS. The BESS can be utilized for various purposes
such as peak load shaving, frequency regulation, output smoothing of DG, and uninterruptible power
supply (UPS). The BESS is considered as a UPS to maintain the power supply to the load, although the
power supply from the main source is interrupted by the fault. Additionally, a circuit breaker (CB) is
installed in the distribution line. The new contributions of this paper are as follows:

(1) This paper proposes a new reclosing scheme in a distribution system with both DG and a BESS.
(2) Several considerations on reclosing issues in the distribution system with DG and a BESS

are discussed.
(3) A new system configuration and fault clearance judgement method for the proposed reclosing

scheme are reported. The reclosing process of two CBs in the distribution line is determined
considering the fault current contribution due to the reclosing failure. To support the new
contributions of the proposed method, the differences between the proposed reclosing method
and the reclosing in the transmission line are discussed.

(4) The proposed reclosing scheme is verified by simulating the various fault conditions using
an electromagnetic transients program (EMTP) and its superiority is verified by comparing it to
the conventional reclosing.

(5) The advantages of the proposed method are that the steady-state power is supplied to the load
from the DG and BESS before the reclosing. Therefore, the load does not experience outage and
the reliability of the power supply can be improved.

The remainder of the paper is organized as follows: Section 2 discusses the effect of DG and
a BESS on the reclosing of the distribution system. Section 3, based on the analysis of Section 2,
proposes a new reclosing method. This section also presents the system configuration and a flowchart
for the new reclosing method. Section 4 discusses the results of simulations performed using EMTP
for verifying the proposed method. Section 5 concludes the study.

2. Effect of the DG and BESS on the Reclosing of the Distribution System

Figure 1 shows a distribution system model with DG and a BESS. DG is connected to Bus 3,
and BESS 1 and BESS 2 are connected to Load 1 and Load 2, respectively. When a fault in Line 1
(fault 1 in Figure 1) occurs, circuit breaker 1 (CB1) in Figure 1 will be opened. An islanding operation
by DG and BESS 1 and BESS 2 will occur at this time. Fault currents can be injected to Fault 1 from
BESS 1, BESS 2, and DG in this case, as shown in Figure 2.

A large fault current can flow to circuit breaker 2 (CB2) through DG and BESS 2. The maloperation
of CB2 can occur through the injection of a large fault current if the protective relay does not have
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directional characteristics. The following problems should be considered if the maloperation of
CB2 occurs.

(1) Even if CB2 is opened, the fault current can be continuously injected from BESS 1 on fault 1,
as shown in Figure 3. Therefore, after the fault occurs, a normal current can be supplied to the
healthy phase of Load 1 but not to its faulty phase.

(2) When reclosing is attempted, the reclosing of CB2 should also be attempted. The synchronism
verification of the existence of both sources must be considered and the reclosing order of CB1
and CB2 should be established at this time.

(3) Following the opening of CB2, DG and BESS 2 will supply power to Load 2. Therefore,
power quality problems such as frequency, voltage, and power factor problems will occur due to
the islanding operation.
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Figure 1. Distribution system model with distributed generation (DG) and a battery energy storage
system (BESS).
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When the protective relay has a directional characteristic and CB2 is not opened, the fault current
can be continuously supplied to the fault location, as shown in Figure 2. Therefore, this cannot
be a fundamental solution. When DG, BESS 1, and BESS 2 are disconnected from the distribution
system under the fault conditions, Load 1 and Load 2 will experience an outage before reclosing.
Thus, even this method cannot be a fundamental solution due to the deterioration of the reliability of
the power supply.

These effects describe the problems that may occur when the faults occurred at Line 1 in Figure 3.
Were the faults to occur at Line 2 in Figure 3, similar problems can also occur. The fault current can
be continuously injected to the fault point if DG and BESS 2 are not separated from the distribution
system. Load 2 will experience an outage if DG and BESS 2 are separated.

Therefore, this paper proposes a reclosing method to solve these problems.

3. Reclosing Method of a Distribution System Considering the DG and BESS

3.1. System Configuration for the Proposed Reclosing Method

This section proposes a reclosing method for a distribution system, considering DG and a BESS.
Figure 4 shows the system configuration for establishing the proposed reclosing method. No CBs are
installed on either end of the line in conventional distribution systems. However, in Figure 4, circuit
breaker 3 (CB3) and circuit breaker 4 (CB4) are installed additionally in Line 1 between Bus 1 and Bus
2 and in Line 2 between Bus 2 and Bus 3 to solve the above problems. The DG is connected to the
distribution system through an inverter and a transformer, which is assumed to be a large-capacity
photovoltaic system. BESS 1 and BESS 2 are also connected to the distribution system via the inverter
and transformer. The purpose of the BESSs is to act as a UPS to maintain the power supply to the
load during fault. A lithium-ion (Li-ion) battery is adopted for this study because it is sufficient
for improving power system reliability and power quality. Among the available energy storage
technologies, Li-ion batteries represent a suitable solution because of their features such as fast
response, high-power capability, long-cycle lifetime at partial cycles, and low self-discharge rate [27].
The response time of Li-ion batteries is milliseconds, less than 1/4 cycles [36]; therefore, this paper
assumes a very fast ramp rate of batteries. A communication method is required for the successful
sending and receiving of open/close signals in the proposed reclosing scheme.
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3.2. Flowchart of the Proposed Reclosing Method

Figure 5 shows the flowchart of the proposed reclosing method in protective relay 1 from Figure 4.
First, voltages v1(t) and v2(t) of Bus 1 and Bus 2 in Figure 4 are inputted to the protective relay,
which also receives currents i1(t) and i3(t), shown in Figure 4, flowing from the two CBs to the fault
point. Next, the root mean squre (RMS) values of i1(t) and i3(t), as well as the magnitude, phase angle,
and frequency of voltages v1(t) and v2(t), are calculated. The fault occurrence is detected if the RMS
value of i1(t) increases beyond a certain value (α) and, hence, CB1 and CB3 are opened simultaneously.
This will completely isolate the faulty point, so there is no possibility of CB2 maloperation due to the
current supplied by DG. Moreover, there is no possibility of supplying a fault current from BESS 1.
When the two breakers are opened, an islanding operation condition occurs, where the currents from
DG, BESS 1, and BESS 2 are only supplied to Load 1 and Load 2. Using the DG and the two BESSs,
steady-state power can be supplied during the islanding operation. The voltage can be maintained by
reactive power control of the inverter connected with the DG. Usually the capacity of DG is larger than
that of the BESS. The inverter control for reactive power supply, in the case of a BESS, might not be
possible depending on the operation mode of the BESS because it can be used for various purposes
such as peak load shaving, frequency regulation, and uninterruptible power supply. However, because
the power supply by the DG is usually possible, the inverter control for reactive power supply is
also possible. Thus, the reactive power control using the inverter connected with the DG has more
advantages than that using the inverter connected with a BESS to maintain the voltage. During the
islanding operation, if the voltage is lower than normal range, the inductive reactive power will
be supplied by the inverter. When the voltage is higher than normal range, the capacitive reactive
power will be supplied by the inverter. When the voltage and frequency are not maintained within
a normal range even when using the reactive power control by the inverter, the DG and BESS will be
disconnected from the distribution system. In Figure 5, 20.9 kV and 23.8 kV are the lower and upper
limits for the normal range of voltage in the distribution system of Korea and 59.8 Hz and 60.2 Hz are
the lower and upper limits for the normal range of frequency in the distribution system of Korea.

Generally, the fault current supplied from the BESS and DG connected to the system through
an inverter is smaller than that supplied from the main power [26]. Therefore, if the fault is not
removed, the current flowing to the fault point is also smaller. Furthermore, after the fixed dead time
set for reclosing has elapsed (first: 0.5 s, second: 15 s), the reclosing of CB3 is first attempted. There will
be a certain amount of fault current flowing in the fault point in the faulty phase if the fault is not
removed, as shown in Figure 6. However, if the fault is removed, no current will flow in the fault
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point in all three phases, as shown in Figure 7. Therefore, if the RMS value of i3(t) flowing in the fault
point, i.e., I3RMS, is smaller than the predetermined value (β), the fault can be judged to be removed.
When the fault is removed, a synchronism verification of Bus 1 and Bus 2 is performed, for which
the differences in voltage magnitudes, phase angles, and frequencies of Bus 1 and Bus 2 voltages are
calculated. Providing that this value is less than a certain value, the synchronism check is completed
and the reclosing of CB1 is attempted. The threshold values, γfrequency, γvoltage, and γangle, for the
synchronism check are independent of the system conditions. During the simulation, the values of
γfrequency, γvoltage, and γangle are set to 0.2 Hz, 5%, and 15◦, respectively. These values are determined
based on Reference [37]. CB1 is closed after the synchronism check is complete. Assuming the fault is
not removed even after two times of reclosing after the fixed dead time elapses, it can be judged as
a permanent fault and CB1 and CB3 will be locked out.
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When DG and the BESS are disconnected from the distribution system (CBBESS1,2: open,
CBDG: open) because the voltage and frequency are not maintained within the normal range during
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the reclosing process, they should be reconnected after successful reclosing. This can be done after
confirming that the voltage and frequency have returned to within the normal range.

Figure 5 describes the protective relay 1 installed in Line 1 between Bus 1 and Bus 2. The same
configuration and method can be applied to the protective relay 2 installed in Line 2 between Bus 2
and Bus 3. CB4 can be installed in Line 2 in this case. The algorithm in Figure 5 can be applied to
the protective relay 2. Inputs from the CB1 side of Line 1, i1(t) and v1(t), are changed to the inputs
from the CB2 side of Line 2, i2(t) and v2(t), respectively. Additionally, inputs from the CB3 side of
Line 1, i3(t) and v2(t), are change to the inputs from the CB4 side of Line 2, i4(t) and v3(t), respectively.
Subsequent to calculating the related items, the reclosing operations of CB2 and CB4 are performed.
Figure 5 shows that the operations of CB1 and CB3 change the operations of CB2 and CB4, respectively.
Therefore, CB4 is first reclosed, and then the method for the fault clearance judgment method can
be similarly applied; the fault clearance is determined by the magnitude of I4RMS. Following that,
the reclosing of CB2 is performed after the synchronism check.
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The reclosing method proposed in this paper may be seen as similar to the reclosing of
a transmission line. However, the differences between two methods are as follows.

(1) Regarding the reclosing of a transmission line, the reclosing at the leading station close to the
main power is first performed, and then the reclosing at the following station is carried out.
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However, in the proposed method, the reclosing of the CB close to the DG and the BESS and not
at the main source is first performed to prevent the injection of the high fault current to the fault
point when the reclosing fails.

(2) Concerning the reclosing of a transmission line, whether the fault is removed is determined
by judging whether the magnitude of the fault current is larger than the normal current after
the reclosing. However, in the case of the proposed method, whether the fault is removed is
determined by judging whether the current injected from the DG and BESS side is smaller than
the predetermined value (β).

(3) Pertaining to the reclosing of a transmission line, there is no load on the Bus. However, in the
case of the proposed method, it is possible to increase the reliability of the power supply by not
separating the DG and BESS because there is a Load. To achieve this, the DG has the reactive
power control function to maintain the bus voltage within the normal range.

(4) In the case of the reclosing of a transmission line, only the operations of the CBs at both ends are
controlled. However, in the proposed method, if the voltage and frequency are not maintained
within the normal range after the CBs are opened, the operations of the CBs connected with the
DG and the BESS as well as the operations of the CBs at both ends are controlled.

4. Simulation and Discussion

4.1. System Model and Simulation Conditions

The distribution system model for verifying the proposed reclosing algorithm is shown in Figure 4.
The capacity and power factor of Load 1 and Load 2 are 3000 kVA and 0.9, respectively. The length
of both Line 1 and Line 2 is 5 km and the type of line is an aluminum conductor steel-reinforced
95 mm2. The discharge capacities of BESS 1 and BESS 2 during the fault are 2000 kW. The type of DG
is a photovoltaic system, and hence, it is connected to the distribution system through the inverter.
The whole system, including the distribution system, proposed reclosing method, DG, and BESS,
is modeled by EMTP. The communication method is modeled using EMTP/MODELS [26–28,38].
A reactive control function is also modeled in the modeling of the inverter connected with the DG [39].

The simulations according to the DG capacities are performed to verify the maintenance of
steady-state voltage and frequency at the point of common coupling (PCC). In Table 1, Case 1 and
Case 4 are cases in which the sum of the DG capacity and the BESS discharge capacity is smaller than
the load capacities. Case 2 is the case in which the sum of the DG capacity and the BESS discharge
capacity is equal to the load capacities. Case 3 and Case 5 are the cases in which the sum of the DG
capacity and the BESS discharge capacity is greater than the load capacities.

The fault occurs in Line 1 of Figure 4. The fault location is 50%, which means that it is 2.5 km
away from Bus 1. Additionally, the fault type is a single line-to-ground fault, with a fault resistance of
1 Ω. The transient and permanent faults are simulated. In Table 1, Case 1, Case 2, and Case 3 are cases
used to verify the first reclosing attempt. Case 4 is the case used to verify the second reclosing attempt,
while Case 5 is the case that verifies a permanent fault.

Table 1. Simulation conditions.

Case Fault Occurrence [s] Fault Clearance Time [s] DG Capacity [kW]

Case 1 1.2 1.4 1000
Case 2 1.2 1.4 1700
Case 3 1.2 1.4 4500
Case 4 1.2 2 1000
Case 5 1.2 - 4500

To demonstrate the superiority of the proposed reclosing method, the simulation results are
compared with those of the conventional reclosing scheme. When using the conventional reclosing
scheme, the BESS and DG are disconnected from the distribution system and reclosing is performed
after fixed dead times of 0.5 s and 15 s. During the simulations of Case 4 and Case 5, the fixed dead
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time for the second reclosing attempt is changed to 0.5 s rather than 15 s for the convenience of
the simulations.

4.2. Simulation Results and Discussion

The current of phase A flowing to Load 2 and the voltage and frequency at Bus 3 are presented
for each of the above cases. The current and voltage are presented as an RMS value. The meaning of
the numbers in each graph is as follows.

(1) Fault occurrence
(2) Opening of CB1 and CB3
(3) First reclosing of CB3
(4) (First reclosing of CB1
(5) Second reclosing of CB3
(6) Second reclosing of CB1
(7) First reclosing of CB1 at conventional reclosing
(8) Second reclosing of CB1 at conventional reclosing

4.2.1. Case 1

Figure 8a shows the current flowing to Load 2 in Case 1. Once the fault was cleared at 1.25 s,
the current flowing to Load 2 at the conventional reclosing was zero and, hence, Load 2 experienced
an outage before the reclosing at 1.75 s. However, in the case of the proposed reclosing method,
the current continuously flowed to Load 2 due to the power supplied from the DG and BESS. Figure 8b
shows the voltage at Bus 3, which is the PCC of the load, DG, and BESS. Once the fault occurred
at 1.2 s, the voltage at faulty phase A was reduced. Following the opening of CB1 and CB3 at
1.25 s, the steady-state current was supplied from the DG and BESS and, hence, a normal voltage of
0.92~0.94 pu was maintained. After the reclosing of CB1 occurred at 1.88 s, the voltage fluctuates;
however, the normal voltage appears after two cycles. Regarding Case 1, the capacity of the DG and
BESS was smaller than that of the load. In this case, if the inverter connected with the DG does not
have the reactive power control function, the inductive reactive power supplied from the DG and BESS
was insufficient, and hence, the voltage fell below the normal range. However, the voltage within
the normal range was maintained by injecting an insufficient inductive reactive power through the
inverter control. Figure 8c shows the frequency of Bus 3 in Case 1, where the normal frequency range
of 59.9–60.1 Hz was maintained.
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4.2.2. Case 2

Figure 9a shows the current flowing to Load 2 in Case 2. The islanding operation occurred after
the opening of CB1 and CB3 due to a fault. Nevertheless, the DG and BESS were not disconnected
from the distribution system and maintained the power supply to Load 2; hence, no outage occurred.
Regarding the conventional reclosing method, because the DG and BESS were disconnected from
the distribution system during the islanding operation, the power could not be supplied to Load 2,
so the load experienced an outage. Figure 9b,c shows the voltage and frequency of Bus 3 in Case 2,
which were approximately 0.97 pu and 59.9–60.1 Hz, respectively. They were maintained within the
steady-state range.

4.2.3. Case 3

Figure 10a shows the current flowing to Load 2 in Case 3. Normal current flowed to Load 2 from
the DG and BESS, even though CB1 and CB3 were open after the fault occurrence. During conventional
reclosing, the DG and BESS were disconnected from the distribution system and, hence, the load
experienced an outage before reclosing at 1.75 s. Figure 10b,c shows the voltage and frequency at Bus
3 in Case 3. It was confirmed that both the voltage and frequency were maintained within the normal
range. Regarding Case 3, the power supplied from the DG and BESS was larger than the load capacity.
Therefore, if the reactive power control of the inverter was not performed, more inductive reactive
power was supplied from the DG and BESS than the reactive power required for the load. The voltage
rose above the steady-state range in this case. However, in the proposed method, because the inverter
connected with the DG could perform the reactive power control, the capacitive reactive power was
supplied from DG. Thus, the voltage was maintained within the normal range.

4.2.4. Case 4

Figure 11a shows the current flowing to Load 2 in Case 4. Regarding conventional reclosing,
the current was zero after the breaker opened in 1.25 s. The first reclosing failed because the fault
remained; thus, the CB was reopened, and the current was again zero. The second reclosing was
successful in 2.3 s and the normal current began to flow. Prior to the second reclosing, the load
experienced an outage. The proposed reclosing scheme showed that the current was continuously
supplied from the DG and BESS even after the breaker opened in 1.25 s. Therefore, no outage occurred.
Figure 11b,c shows the voltage and frequency at Bus 3, where the voltage and frequency were observed
to be within the normal range of about 0.92 pu and 59.9–60.1 Hz, respectively. This was because the
steady-state voltage was supplied from the DG and BESS through the reactive power control of the
inverter despite the islanding operation.

4.2.5. Case 5

Figure 12a shows the current flowing to Load 2 in Case 5. During the conventional reclosing
method, two instances of reclosing at 1.75 s and 2.3 s failed and the current became zero. However,
in the proposed reclosing method, the steady-state current was continuously supplied from the DG
and BESS. Figure 12b,c shows the voltage and frequency at Bus 3, which were maintained within the
steady-state range.

Despite the permanent fault, the load did not experience an outage due to the steady-state power
supply from the DG and BESS. When the BESS was completely discharged during the permanent fault,
the power was supplied by the DG alone. If the voltage and frequency could not be maintained at this
time, the DG was also disconnected from the distribution system.
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4.2.6. Simulation Results of Protective Relay 2

The various simulations were also performed when faults in Table 1 occurred in Line 2.
According to the proposed algorithm, the reclosing of CB4 was performed and the fault clearance
was judged. Subsequently, the reclosing of CB2 was performed after completing the synchronism
check. Additionally, before reclosing, it was confirmed that the steady-state power was continuously
supplied to Load 2 by the DG and BESS 2, and the voltage and frequency were maintained within the
normal range.

5. Conclusions

In this study, we analyze the problem of applying the conventional reclosing method in the
distribution system with DG and a BESS, and propose a new reclosing method for a distribution
system with DG and a BESS based on the analysis. Using the proposed reclosing method, an additional
CB is installed in the line of the distribution system. When a fault occurs, the two CBs installed in the
line are opened simultaneously. Thereafter, although the islanding operation condition occurs, the DG
and BESS do not become disconnected. The inverter connected to the DG performs the reactive power
control function to maintain a steady voltage during the islanding operation. Once the predetermined
fixed dead time has elapsed, the breaker installed near the DG and BESS is first reclosed, and the fault
clearance is judged using the current flowing to the fault point. When the fault is removed, the breaker
installed on the main power source is finally reclosed after the synchronism check between the main
source and the DG and BESS.

The proposed reclosing methods were modeled using EMTP for method verification.
The simulations were performed according to the variation in the capacity of the DG and fault
clearance time to confirm whether the normal voltage and frequency were maintained during the
intended islanding operation. Consequently, the steady-state power was supplied to the load from the
DG and BESS before reclosing, so the load did not experience an outage.

Two limitations in realizing the proposed method should be considered. The first limitation is
a cost problem. CBs should be installed in the distribution line. Additionally, the electrical installation
for the communication should be installed, which again requires a high cost. The second limitation
is the type of DG. In this paper, the photovoltaic system, which is interconnected via an inverter,
is considered. Generally, the fault current contribution from the inverter is smaller than that from the
synchronous generator. Therefore, the reclosing of the CB near the DG is first attempted to minimize
the damage by the fault current injection due to the reclosing failure. When DG with a synchronous
generator is applied, it is not a meaningful method. To overcome these limitations, we will study the
reclosing method considering the cost and the type of DG in the future.
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