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ABSTRACT This paper proposes a method to determine an optimal radial-loop configuration to minimize
power loss in a distribution network with photovoltaic (PV) systems and evaluates the effectiveness of this
configuration. Due to the disaggregation of transmission and distribution in a deregulated power system,
stable and efficient operations in terms of voltage regulation and power loss reduction utilizing existing
equipment is becoming more important for distribution system operators (DSOs). Japanese DSOs operate
distribution networks in a radial configuration while supplying power to customers with high reliability.
One method to reduce further power loss is to upgrade the network topology to a radial-loop configuration,
which achieves partial loop structures by closing the tie-switches of the radial configuration. To implement
a radial-loop configuration, DSOs must first evaluate the reliability, as a loop configuration can cause a
feeder circuit breaker (FCB) malfunction and an expansion of the nonsupplied area during fault conditions.
However, the impact of a radial-loop configuration on reliability and effectiveness has not been verified.
Therefore, this paper proposes a method to determine an optimal radial-loop configuration that minimizes
active power loss and maintains high reliability. In a numerical simulation, the reliability of radial-loop
configurations is verified, and the effectiveness of the configuration is analyzed in terms of active power
loss and voltage regulation under several PV system penetration conditions. A 6.6 kV distribution network
consisting of 6 feeders and 11 tie-switches is modeled based on an existing Japanese distribution network
and used for numerical simulation.

INDEX TERMS Radial-loop configuration for distribution network, active power loss, tie-switches status,
detection of fault current by feeder circuit breaker, nonsupplied area under fault, voltage regulation,
photovoltaic systems.

I. INTRODUCTION
Distribution system operators (DSOs) have taken various
operational steps to ensure a stable and reliable power supply
to customers while considering economic efficiency. In par-
ticular, the network configuration, which is defined as a set
of the closed/open statuses of section switches (switches) and
tie-switches, is an important foundation [1].

Recently, the increase in photovoltaic (PV) system penetra-
tion in the distribution network has caused voltage violations
from the proper range. DSOs are required to clear voltage
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violations to improve supply reliability without curtailing PV
system generation [2]. The clearing of voltage violations is an
urgent issue for DSOs because the penetration of PV systems
increasingly achieves the goals of the Paris agreement [3].
Due to the disaggregation of transmission and distribution in
a deregulated power system, DSOs are required to solve net-
work problems using existing equipment and do not depend
on the control of generators [4]–[6]. Furthermore, the impor-
tance of minimizing power loss is increasing in terms of
economic efficiency.

From this background, the methods used to determine an
optimal network configuration have been widely discussed
as referenced below because network reconfiguration can
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address voltage violations and reduce power losses simul-
taneously. Two main options exist for network configura-
tions, namely, a radial configuration and a loop configura-
tion. Many papers have discussed methods for an optimal
radial configuration [7]–[25]. This configuration has been
determined based on power loss, voltage deviation and load
balance under normal conditions [7]–[15]. Several papers
have considered indices in fault conditions, such as average
energy not supplied (AENS) [16]–[25]. A study [14] analyzed
the effectiveness of an hourly reconfiguration corresponding
to output from renewable energy sources. In [7] and [25],
cooperation schemes with electric vehicles were discussed.

On the other hand, loop configurations have not been
widely considered due to concerns about the deteriora-
tion of supply reliability. However, these concerns have
recently been addressed due to the development of optical
communication technology and distribution automation sys-
tems [26]–[29]. Thus, several papers have focused on loop
configurations as useful configurations for a future power
system because this configuration can contribute to mitigat-
ing voltage violations and reducing power losses by balanc-
ing the power flow in feeders with distributed generators
(DGs) [30]–[47]. In [30]–[38], new devices, such as a uni-
fied power flow controller or a loop power flow controller,
were used for loop operations. In [30], the contribution from
reducing voltage fluctuations was evaluated in a distribution
network with DGs. The reconfiguration of a loop operation
was discussed to maximize the hosting capacity of DGs [36].
To reduce the high expenses for new devices and distribu-
tion lines [32], [38], some studies verified the loop config-
uration by controlling only the existing switches [39]–[47].
For example, the increase in the hosting capacity of renew-
able energy and the reduction in power loss were evaluated
using a distribution network model that referenced actual
networks [39], [44]. Loop configurations were studied not
only under normal conditions but also under fault condi-
tions [32], [36], [45]. In [32], superconducting fault current
limiters (SFCLs) were used to improve reliability in a loop
configuration. In [45], the siting and sizing of DGs were
optimized in a loop configuration by considering repairing
fault periods (RFP). Therefore, the loop configuration needs
to be determined by considering the power flow under nor-
mal conditions and by utilizing the existing equipment and
systems under fault conditions.

The Japanese distribution network is one of the most
reliable power systems in the world [48], [49]. This reli-
ability is supported by two main systems: a sequential
fault detection system and a distribution automation system
(DAS) [28], [29]. The sequential fault detection system con-
trols the status of switches after a fault occurs. The DAS
then controls the switches and reconnects the feeder with an
another bank to supply power to the nonfaulted areas. These
systems are designed for a radial configuration. To ensure
supply reliability, it is desirable that these systems are applied
in the loop configuration. Thus, this paper focuses on a
radial-loop configuration. This configuration creates partial

loop structures by closing some tie-switches additionally
in the base radial configuration. A tie-switch represents a
switch connecting feeders within the same bank. DSOs can
apply a radial-loop configuration to system operations easily
because theDSOs change only the status of tie-switches in the
base radial configuration, not all switches including section
switches and tie-switches. For a radial-loop configuration,
DSOs need to optimize the tie-switch status because the
contribution to power loss reduction and the impact on the
fault detection system, such as a malfunction of a feeder
circuit breaker (FCB), depend on the location of closed tie-
switches. The impact on the Japanese fault detection system
and the effectiveness of the radial-loop configuration have not
been evaluated. In particular, this effectiveness needs to be
evaluated based on various indices, including the reduction
of power loss, voltage regulation, and the transition of the
optimal configuration under PV system penetration scenar-
ios [42], [46], [50].

This paper proposes a method to determine the optimal
radial-loop configuration by considering the supply relia-
bility under the Japanese system. In the proposed method,
the optimal configuration is determined to minimize active
power loss while satisfying the constraints related to normal
conditions, fault conditions and tie-switch status. Constraints
related to normal conditions include node voltage and thermal
capacity constraints. Constraints related to fault conditions
include fault detection and the expansion of temporary non-
supplied areas. In simulations, the impact on a fault detec-
tion system and the effectiveness of an active power loss
reduction in a radial-loop configuration are evaluated using a
6.6 kV distribution network model with 6 feeders and 11 tie-
switches. The optimal configuration is determined in 5 cases
with different PV system penetration levels.

The major contributions of this paper include 1) evaluating
the impact of using a radial-loop configuration on supply
reliability, 2) proposing a method to determine an optimal
network configuration by considering normal and fault con-
ditions, and 3) evaluating the effectiveness of an optimal net-
work configuration in terms of active power loss and voltage
regulation under various PV penetration levels.

The rest of this paper is organized as follows. In Section II,
the fault detection scheme in the Japanese system is
explained, and concerns with using these systems in a
radial-loop configuration are also addressed. In Section III,
the proposed method for determining the optimal configura-
tion is described and formulated. In Sections IV and V, the
numerical simulation settings, the results and a discussion are
presented, respectively. Finally, our concluding remarks are
provided in Section VI.

II. FAULT DETECTION SCHEME IN JAPANESE SYSTEM
The Japanese distribution network utilizes switches that can
be controlled remotely at high speed using optical fiber trans-
mission [28], [29]. Supply reliability is improved by rapid
fault detection and by restoring the power supply to non-
faulted sections by controlling these switches. The general
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FIGURE 1. Condition under which the FCB needs to be opened. The FCB
needs to be opened if the current through the FCB is stronger than ÎFCB

fault
to detect faults. Additionally, the FCB needs to be opened if the current
through the FCB is stronger than ÎFCB

OL to detect overloads.

scheme for dealing with a fault requires 2 steps: (a) detect-
ing the fault current by a feeder circuit breaker (FCB) and
opening the FCB and (b) identifying the fault section and
supplying power to nonfaulted sections using a sequential
fault detection system and a DAS. Section II describes the
operational procedures in a radial configuration and their
concerns under a radial-loop configuration.

A. DETECTION OF FAULT CURRENT BY FCB
To clear a ground fault or short-circuit fault properly, the FCB
first needs to detect a fault current and open. Fig. 1 shows
a condition for an FCB to open based on the current and
duration time. If the current through the FCB is stronger than
the threshold of fault current ÎFCBfault for the threshold duration
time t̂FCBfault , then the FCB is opened. Therefore, the threshold of
fault current needs to be set as a lower value than the assumed
fault current. Additionally, the FCB needs to be opened in
case of an overload. The scheme for detecting an overload is
the same as that for detecting a fault current. The parameters
are the threshold of the current to detect an overload ÎFCBOL and
the threshold of the duration time t̂FCBOL . To properly detect the
fault current and overload current by the FCB, ÎFCBfault needs to
be set to a value larger than ÎFCBOL , as given in Eq. (1),

ÎFCBOL < ÎFCBfault . (1)

If this constraint is not satisfied, the FCB may open due
to a malfunction during heavy power flow and not because
of an overload. In this case, the supply reliability may dete-
riorate. Generally, ÎFCBOL is set by the product of the thermal
capacity of the distribution line and a coefficient. DSOs
need to select the network configurations by considering the
parameter ÎFCBfault .

In a radial-loop configuration, the current through an FCB
may become small because the impedance from a fault point
to the FCB increases by closing tie-switches. Therefore,
the constraint given in Eq. (1) is more important.

B. SEQUENTIAL FAULT DETECTION SYSTEM
After the FCB opens, all the switches in the feeder are
also opened. Then, a sequential fault detection system closes
switches in sequence automatically to identify the fault
section and to supply power to the nonfaulted sections.
An overview of the procedure is shown in Fig. 2. Fig. 2 (a)
shows the normal condition, where the feeder is divided into

FIGURE 2. Procedure to detect fault sections and supply power to
nonfaulted sections by the sequential fault detection system and the DAS.
When the FCB detects a fault current, the FCB and all the switches open,
and all loads are temporarily not supplied power in (b). Then, the fault
section is detected by the switch controls in (c) and (d). Power is supplied
to the load in nonfaulted sections by the switch controls in (e) and (f).

six sections by switches. In Fig. 2 (b), the FCB and all
switches in the feeder are opened after a fault occurs. Then,
the FCB and the switches are closed in sequence automat-
ically to identify the fault section using the sequential fault
detection system in Fig. 2 (c). When power is supplied to the
fault section again, the FCB and all the switches are opened,
and the fault section is identified, as shown in Fig. 2 (d).
Then, the switches are closed to supply power to sections ¬,
 and ® in Fig. 2 (e). The sequential fault detection system
performs these procedures automatically. Finally, the DAS
closes the switch connecting with a feeder in another bank to
supply power to the nonfaulted section at the end of the feeder
in Fig 2 (f).

To apply these procedures in a radial-loop configuration,
we assume that all FCBs and switches in the feeders elec-
trically connected with the fault section are opened in the
first step. Then, the sequential fault detection system controls
the switches to identify the fault section and to supply power
to the nonfaulted section of each feeder, similar to a radial
configuration. In this assumption, the nonsupplied sections
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FIGURE 3. Nonsupplied sections created by opening the FCB in a radial
operation and in a radial-loop operation. In the radial-loop operation,
nonsupplied sections are larger than those in the radial operation.

created by opening the FCB expand in the radial-loop con-
figuration compared with the radial configuration, as shown
in Fig. 3. Therefore, the DSOs need to determine the radial-
loop configuration based on the evaluation of supply reliabil-
ity under fault conditions.

III. OPTIMAL RADIAL-LOOP CONFIGURATION OF
DISTRIBUTION NETWORK
In this paper, the optimal radial-loop configuration is defined
as the configuration that minimizes active power loss while
satisfying the constraints of node voltage, thermal capacity,
fault current detection through the FCB, nonsupplied sections
by opening the FCB, and tie-switch status. The radial-loop
configuration is constructed by closing the tie-switches in
the base radial configuration and includes partial loop struc-
tures to use the sequential fault detection system. Therefore,
the radial-loop configuration is determined by optimizing
the status of the tie-switches in the base radial configura-
tion without establishing new distribution lines and devices.
In addition, it is assumed that DSOs can remotely change
the status of the tie-switches [28]. Thus, the expenses are
not included in the formulation. The concept of the opti-
mization problem is shown in Fig. 4 and formulated as
follows.

A. OBJECTIVE FUNCTION
As given in Eq. (2) and Eq. (3), the objective function is
the total active power loss, and the optimal configuration is
determined to minimize the index among the configuration
candidates Xk , which satisfy the electrical constraints and
the tie-switch status constraint, as given in Eq. (4). The
configuration candidates Xk are defined as a vector of the
status of tie-switches SWn,k (SWn,k = 0: open, SWn,k = 1:
closed) as given in Eq. (5) and Eq. (6). To explore the optimal
configuration, the status of the tie-switches is controlled.

min
k∈K

∑
t∈T

losst (Xk), (2)

losst (Xk) =
∑

l∈L
3× ∼ I2l,t(Xk)× ∼ Rl, ∀k ∈ K , (3)

Xk ∈ (X elec
∩ X topol), ∀k ∈ K , (4)

Xk =
[
SW1,k , SW2,k , . . . , SWn,k , . . . , SWN ,k

]
,

∀k ∈ K , (5)

SWn,k ∈ {0, 1} , ∀n ∈ N , ∀k ∈ K , (6)

where losst (Xk) is the active power loss at verification time
step t in configurationXk ,T is the total verification time step
of the power flow calculation, Xk is the k-th configuration
candidate, Il,t (Xk) is a phase current through distribution line
l at verification time step t in configuration Xk , Rl is the
resistance of distribution line l, L is the total number of distri-
bution lines,K is the total number of configuration candidates
that satisfy the constraints, X elec is the set of configurations
satisfying the electrical constraints in Eqs. (7)-(14), X topol

is the set of configurations satisfying the constraint of the
tie-switch status in Eq. (15), SWn,k is the status of tie-switch n
in configurationXk and N is the total number of tie-switches.

B. CONSTRAINTS
The optimization problem includes five constraints relating
to the normal condition, fault condition and tie-switch status;
1) node voltage constraint, 2) thermal capacity constraint,
3) constraint for fault current detection by the FCB, 4) con-
straint for the nonsupplied section by opening the FCB and
5) constraint for the total number of closed tie-switches.
In this paper, the fault is assumed to be a short-circuit fault
and not a ground fault such as 3-line to ground fault (3LG),
because a ground fault can be detected and cleared by the
IT-switch operation without opening the FCB in the radial
configuration [28], [29]. This procedure is also assumed to
apply to the radial-loop configuration. However, the detection
and clearing of a short-circuit fault, such as 3-line short circuit
fault (3LS) or 2LS, by the IT-switch seems to be difficult
because the capacity of the IT-switch is generally not suffi-
cient to clear the short-circuit current. Therefore, this paper
assumes a short-circuit fault to evaluate constraints 3) and 4).

1) NODE VOLTAGE CONSTRAINT
This constraint considers that the node voltage is managed
within the proper range under normal conditions, as given in
Eq. (7),

V ≤ Vm,t

(
X all
k ′

)
≤ V , ∀m ∈ M ,∀t ∈ T , (7)

whereV andV are the upper and lower limits of the node volt-
age proper range, respectively, and Vm,t

(
X all
k ′
)
is the voltage

in node m at the verification time step t in the configuration
X all
k ′ , X

all
k ′ is the k ′-th configuration in the set of all config-

urations by controlling the tie-switch status, K ′ is the total
number of all configurations by controlling the tie-switch
status, andM is the total number of nodes with load.

2) THERMAL CAPACITY CONSTRAINT
This constraint considers that the power flow through the
distribution line is managed to be lower than the thermal
capacity, as given in Eq. (8),

Il,t
(
X all
k ′

)
≤ I l, ∀l ∈ L, ∀t ∈ T , (8)
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FIGURE 4. Concept of optimal radial-loop configuration. The radial-loop configuration is constructed by closing tie-switches in a base radial
configuration. The optimal configuration is determined to minimize active power loss while satisfying the constraints under normal and fault conditions.

where I l is the thermal capacity of the distribution line l
and Il,t

(
X all
k ′
)
is a phase current through a distribution line l

at the verification time step t in the configuration X all
k ′ .

If these constraints in Eq. (7) and Eq. (8) are not satisfied
due to PV system generation, the PV system generation may
be curtailed. Satisfying these constraints is important for not
only the management of power quality but also the efficient
utilization of PV systems.

3) DETECTION OF SHORT-CIRCUIT CURRENT BY FCB
The detection of a short-circuit current by the FCB is nec-
essary for improving the supply reliability in the radial-loop
configuration as described in Section II. The constraint is as
given in Eq. (9),

ÎFCBOL (f ) < min
p∈P

IFCBfault (X
all
k ′ , p, f ), ∀f ∈ F, (9)

ÎFCBOL (f ) = KOL× ∼ ĪFCB(f ), (10)

where ÎFCBOL (f ) is the threshold parameter of current through
the FCB in feeder f to detect an overload, KOL is the coeffi-
cient for overload detection, ĪFCB(f ) is the thermal capacity
of the distribution line with the FCB in feeder f , F is the
total number of feeders in a substation, IFCBfault (X

all
k ′ , p, f ) is the

current through an FCB in feeder f in configuration X all
k ′ in

fault case #p and P is the total number of assumed cases for a
short-circuit fault. In each case, the point of the short-circuit
fault is different.

The constraint in Eq. (9) indicates that the threshold cur-
rent for the detection of overload ÎFCBOL (f ) is lower than the
minimum value of the assumed short-circuit current through
the FCB in feeder f . Satisfying this constraint indicates that
the FCB can detect overload and short-circuit faults properly
and that the sequential fault detection system can be applied
to the radial-loop configuration. In this paper, the root and
the end nodes in each feeder are selected as the locations
of short-circuit faults to assume severe conditions for fault
current detection by the FCB. A 2LS is assumed to be the fault
type because the current decreases more than in a 3LS [28].

4) AVERAGE NONSUPPLIED LOAD CAPACITY
RATIO (ANSLCR) CONSTRAINT
As shown in Fig. 3, the supply reliability may deteriorate
from the expansion of the nonsupplied section under a fault
in the radial-loop configuration. In this paper, the expansion
level is defined as the average nonsupplied load capacity ratio
(ANSLCR), and the index indicates the ratio of the expan-
sion level against the base radial configuration. The optimal
configuration is selected from the configurations where the
index is lower than a threshold of the expansion level. The
constraint is given in Eq. (11).

ANSLCR
(
X all
k ′

)
≤ ANSLCR, (11)

where ANSLCR(X all
k ′ ) is the ANSLCR in the configuration

X all
k ′ and ANSLCR is the upper limit of the index ANSLCR.

The procedure used to calculate the index ANSLCR consists
of 3 steps, and an overview is shown in Fig. 5 using an exam-
ple that is a 3-feeder distribution network model. In Step 1,
an average nonsupplied load capacity (ANSLC) is calculated
for the base radial configuration ANSLC

(
X radial

)
,

ANSLC
(
X radial

)
=

∑
f ∈F NSLC f

(
X radial

)
×∼ tclear

F
, (12)

where NSLC f (X radial) is the total nonsupplied load capacity
(NSLC) in nonfaulted sections from a fault in feeder f in the
radial configuration X radial, as shown in Fig. 5. To consider
the uncertainty of fault points simply, the end section of each
feeder is assumed to be the fault section, and the average
value is used as an index. tclear is the time needed to finish
the procedure by the sequential fault detection system and
is generally 1 minute. In Step 2, the ANSLC index for a
radial-loop configuration ANSLC

(
X all
k ′
)
is calculated by the

same procedure in the radial configuration,

ANSLC
(
X all
k ′

)
=

∑
f ∈F

NSLC f
(
X all
k ′
)
× ∼ tclear

F
,

∀k ′ ∈ K ′, (13)
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FIGURE 5. Overview of the ANSLCR index calculation. In Step 1 and
Step 2, the ANSLC index is calculated for the base radial configuration
and radial-loop configuration, respectively. The ANSLC index indicates the
average of the NSLC index. NSLC is shown as the blue zone. In Step 3,
the ANSLCR index is calculated by the ratio of ANSLC.

where NSLC f (X all
k ′ ) is the NSLC index created by the fault of

feeder f in the configurationX all
k ′ andK

′ is the total number of
all configurations created by controlling the tie-switch status.
The ANSLC index in a radial-loop configuration is larger
than that in a radial configuration, as shown in Fig. 5. In Step
3, the ANSLCR index is calculated for each configuration by
Eq. (14),

ANSLCR
(
X all
k ′

)
=

ANSLC
(
X all
k ′
)

ANSLC(X radial)
, ∀k ′ ∈ K ′. (14)

In the base radial configuration, the ANSLCR index is
1.0. The supply reliability deteriorates as the index increases.
Thus, the index has an upper limit as the constraint given in
Eq. (11) in this paper.

5) NUMBER OF CLOSED TIE-SWITCHES CONSTRAINT
The final constraint concerns the total number of closed tie-
switches, as given in Eq. (15),∑

n∈N
SWn,k ′ ≤ cSW , (15)

FIGURE 6. A 6.6 kV distribution network model consisting of 6 feeders
and 11 tie-switches. This model is constructed based on an existing
distribution network in the Kansai area in Japan.

where cSW is the upper limit of the total number of closed
tie-switches.

An increase in the total number of closed tie-switches
can cause additional complexity in power system operation
and management. To alleviate this concern, this constraint is
used.

IV. NUMERICAL SIMULATION SETTING
A numerical simulation is performed to evaluate the impact
on fault detection by using a radial-loop configuration and
the effectiveness of the optimal configuration in terms of
active power loss and voltage regulation. The settings of
the numerical simulation are described as A) a distribution
network model, B) parameters, and C) verification cases.

A. DISTRIBUTION NETWORK MODEL
Fig. 6 shows a 6.6 kV distribution network model consisting
of 6 feeders and 11 tie-switches. The model is constructed
based on an existing distribution network in the Kansai area in
Japan. The substation is defined as a constant voltage source
that is 77 kV and 60 Hz. An on-load tap changer (OLTC)
transforms the voltage from 77 kV to 6.6 kV. Table 1 shows
the length and load capacity for each feeder and for each
node. The capacity and distribution of the load are different
for each feeder. The load and PV systems are defined as
a three-phase balanced PQ bus connected to 6.6 kV sys-
tem. The impedance of all distribution lines between nodes
is 0.237+ j0.401�/km. The impedance is defined by the
resistance and reactance. The length of the distribution line
with tie-switches between feeders is shown in Table 2. The
candidates of the configuration are represented by the status
of the 11 tie-switches. The tie-switches are defined as a
three-phase breaker. The open or closed status is determined
by the tie-switch resistance value setting. When the status is
open, the resistance is set as a large value to prevent power
flow. The resistance is set as almost zero if the status is closed.
The network model is constructed in MATLAB/Simulink.
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TABLE 1. Settings of the distribution network model.

TABLE 2. Length of distribution lines with tie-switches between feeders.

TABLE 3. Parameters under constraints.

The power flow calculation is solved by the Newton-Raphson
method.

B. PARAMETER SETTINGS
Table 3 shows the parameters relating to the constraints
described in Section III. The proper range of node voltages
in the 6.6 kV system is determined based on the proper
range for low-voltage systems, i.e., 95 V to 107 V [28]. The
range is transferred based on a ratio in a pole transformer
of 105 V/6600 V. This transformer is general in Japan. The
calculated proper range includes a margin allowing for a
voltage deviation in the distribution line from the pole trans-
former to the connection point of the customer. Specifically,
the upper limit during the daytime is set as a lower value
to consider the voltage rise in a low-voltage system due to
PV system generation. The coefficient for overload detection
KOL is set based on an actual operation in Japan. The assumed
fault points for the short-circuit fault are a root node and an
end node in each feeder. The upper limit of the ANSLCR
index is determined based on a comparison of the system

TABLE 4. PV system penetration conditions in each case.

average interruption frequency index (SAIFI) and system
average interruption duration index (SAIDI) in Japan as well
as those around the world [49]. The ANSLCR index is calcu-
lated assuming that a feeder is divided every 2 km by a section
switch. The total number of closed tie-switches is limited
to 6, which is the minimum number needed to connect all
feeders. Additionally, the closing of adjacent tie-switches is
prohibited for ease of power flow management. For example,
both SW1 and SW2 are not simultaneously closed in any
configuration. The constraint is given in Eqs. (16)-(20),

SW1 + SW2 ≤ 1, (16)

SW3 + SW4 ≤ 1, (17)

SW5 + SW6 ≤ 1, (18)

SW8 + SW9 ≤ 1, (19)

SW10 + SW11 ≤ 1. (20)

C. VERIFICATION CASES
The effectiveness of the optimal configuration is verified
under various penetration levels of the PV systems to consider
the transition of PV system penetration. Table 4 shows the
PV system penetration settings in each case. The penetration
ratio of the PV systems increases from Case 1 to Case 5.
The penetration ratio represents the ratio of households with
PV systems relative to the households in a feeder [50]. The
PV penetration ratio of 100% indicates that all households
in a feeder have PV systems. The condition is assumed to
be a future power system. In this simulation, the number of
households is defined assuming that the load capacity and PV
system capacity in each household are 2.0 kW and 3.0 kW,
respectively. For example, the total number of households
in Feeder A is 300. If the PV penetration ratio is 20%, the
number of households with PV systems is 60, and the total
PV capacity is 180 kW. The ratio and distribution of PV
system penetration are different among the feeders. The PV
penetration ratio increases in Feeders A, B and F, as shown
in Table 4. In Feeders A and D, the PV systems are installed
from the root node to the end node. In Feeders B and E,
the PV systems are installed from the end node to the root
node. In Feeders C and F, the PV systems are installed into
each node at the same ratio.

A power flow calculation is performed to evaluate active
power loss and voltage regulation over 2 days during the
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FIGURE 7. Load and PV profiles. (a, b) Active and reactive power profile
of load on a sunny day. (c) PV profile on a sunny day. (d, e) Active and
reactive power profile of load on a rainy day. (f) PV profile on a rainy day.

FIGURE 8. Flow of verification.

summer: a sunny day and a rainy day. Fig. 7 shows profiles
of the load and generation from the PV system, and these two
days are selected randomly from sunny and rainy days during
the summer [51]. The time step is 1 hour. This paper focuses
on summer because this season has a heavy load demand
in Japan and the power system operators adjust the network
configuration for each season [52]. Additionally, sunny and
rainy days are selected as verification days to consider the
generation from PV systems [50].

The method of voltage regulation consists of the tap opera-
tion of OLTC in a substation and the reactive power control of
the PV systems. The tap of the OLTC is lowered at 08.00 hrs
and raised at 16.00 hrs on both days. PV systems generate
reactive power based on fixed power factor control [53].
The power factors of the PV systems in households and
large-scale PV systems at the ends of Feeders A and B are
0.98 and 0.95, respectively.

Fig. 8 shows the verification procedure. The optimal con-
figuration is determined in each case based on an exhaustive
search by controlling the tie-switch status.

V. RESULTS AND DISCUSSION
This section evaluates the impact of an FCB on the detection
of short-circuit current in a radial-loop configuration. Then,
the effectiveness of the optimal configuration is verified
based on active power loss and voltage regulation.

Table 5 shows the total number of configurations satisfying
the constraints for the tie-switch status in Eqs. (15)-(20) and
the total number of configurations satisfying the constraints
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TABLE 5. Total number of configuration candidates satisfying constraints
for tie-switch status in Eqs. (15)-(20) and Eq. (9).

FIGURE 9. Example of a configuration NOT satisfying the constraint in
Eq. (9) for total number of closed tie-switches 2. In this configuration,
the FCB at the root of Feeder B cannot detect the short-circuit current
caused by a fault in the end node of Feeder F.

for the tie-switch status and the detection of short-circuit
current in Eq. (9). The value is summarized in each total
number of closed tie-switches. The number in the right col-
umn decreases compared with the number in the center col-
umn because some configuration candidates do not satisfy
the constraint in Eq. (9). When the total number of closed
tie-switches is greater than two, some candidates cannot sat-
isfy the constraint in Eq. (9). Fig. 9 shows an example of
a configuration not satisfying Eq. (9). In the configuration,
tie-switches SW 2 and SW 10 are closed. The FCB in Feeder B
cannot detect the short-circuit current by the fault at an end
node of Feeder F because the impedance from the FCB to the
fault point increases, as shown by the red arrows in Fig. 9.
The number of configurations not satisfying the constraint in
Eq. (9) increases as the total number of closed tie-switches
increases. All configurations do not satisfy Eq. (9) for the
case when the total number of closed tie-switches is five.
This is because the distribution network model has six feed-
ers, and all the feeders are connected by closing five tie-
switches. Therefore, it is important to evaluate the detection
of a short-circuit current by the FCB.

The effectiveness of the optimal radial-loop configuration
is described for each case as follows. Fig. 10 shows the
relationship between the ANSLCR index and active power
loss in Case 1. The total number of plots in Fig. 10 is
179, as described in Table 5. The plots on the yellow

FIGURE 10. Relationship between active power loss and the ANSLCR
index in Case 1. In this graph, the area with a yellow background
indicates that the ANSLCR is lower than 2.0. The result of the optimal
configuration is marked with a red circle, and that of the radial
configuration is marked with a red triangle.

background area are the candidates for the optimal config-
uration. The blue circles represent the indices of configura-
tions not satisfying the constraint for the ANSLCR index,
and the red square shows the indices of the configuration
where all tie-switches are closed. These indices are shown
as references, although the configurations do not satisfy the
constraints. The optimal configuration with minimal active
power loss is shown with a red circle on the yellow back-
ground. The optimal configuration is determined by the same
procedure in each case. The active power loss is reduced by
18% against a radial configuration using the optimal configu-
ration. The active power loss in the configuration candidates,
shown as black circles, are varied. Some configurations show
almost the same active power loss as the radial configuration.
Additionally, some configuration candidates deteriorate the
ANSLCR index more than the optimal configuration. There-
fore, the importance of optimizing the tie-switch status is
revealed by these results. The configuration that closes all
tie-switches reduces the active power loss by 25% compared
to that in the radial configuration. However, the ANSLCR
index deteriorates by approximately seven times compared to
that in the radial configuration. On the other hand, the optimal
configuration reduces the active power loss by 18%, and the
ANSLCR index is lower than 2. Specifically, the proposed
method can determine the useful configuration that reduces
the active power loss without a significant deterioration of
the ANSLCR index. According to Fig. 10, there is a trade-off
relationship between active power loss and the ANSLCR
index. Therefore, the optimal configuration can also be deter-
mined by Pareto optimization based on these indices [54].
In that method, the priority between the active power loss and
the ANSLCR index can be determined by DSOs.

Next, active power loss and optimal configuration are dis-
cussed for each case. Fig. 11 shows the active power loss
of the radial configuration and the optimal configuration.
Table 6 shows the closed tie-switches of the optimal configu-
ration. In all cases, the optimal configuration can reduce the
active power loss by approximately 17% against the radial
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FIGURE 11. Active power loss of radial configuration and optimal
configuration for each case.

TABLE 6. Optimal configuration for each case.

configuration, as shown in Fig. 11. This result suggests that
the radial-loop configuration is useful under various PV sys-
tem penetration conditions. In Table 6, the closed tie-switches
in the optimal configuration are changed by the transition of
PV system penetration. This result suggests that a reconfigu-
ration considering the condition of PV system penetration is
useful in reducing active power loss.

To assess the reduction of active power loss and the tran-
sition of the optimal configuration, the active power loss in
each distribution line is visualized for Cases 1, 2 and 5 in
Figs. 12, 13 and 14, respectively. These figures show the
active power loss in the radial configuration and the optimal
configuration. Each distribution line is colored based on the
amount of total active power loss occurring during the verifi-
cation days. The total active power loss in each feeder is also
described. In Fig. 12 (a), the active power loss in Feeder B
with large PV systems is largest among feeders in the radial
configuration for Case 1. In the optimal configuration, the
tie-switches SW 2 and SW 4 are closed, as shown in Fig. 12 (b).
The active power loss in Feeder B is significantly reduced by
sharing the generation from a large-scale PV system in an
end node of Feeder B with Feeders A and C. In Fig. 12 (a),
the active power loss in Feeder E is also large. However,
the tie-switches connected with Feeder E are not closed. This
is because of the similarity of Feeders D, E and F. The PV
penetration ratios of these feeders are all 20% in Case 1.
Therefore, the partial loop with Feeder E cannot reduce active
power loss significantly.

In Case 2, the optimal configuration is changed from that
in Case 1. The SW6 is closed instead of SW2, as shown
in Fig. 13 (b). This is because Feeder A and Feeder B
have a large-scale PV, and the contribution of loss reduction
by connecting Feeder A and B is small. Compared with
Fig. 13 (a) and (b), the active power loss in Feeders B, C, and
D is reduced by closing the tie-switches SW4 and SW6. The

FIGURE 12. Active power loss in each distribution line for Case 1.
(a) Radial configuration. (b) Optimal configuration.

loss in Feeder B is almost halved because of the loss reduction
in the distribution lines in the roots of Feeder B. Additionally,
the loss in Feeder D is reduced by 12 kWh.

In Case 5, the active power loss in Feeders A, B and F
increases in the radial configuration due to the increase in PV
penetration, as shown in Fig. 14 (a). The optimal configura-
tion is changed from the one in Cases 2-4, and the tie-switch
SW9 is closed instead of SW6, as shown in Fig. 14 (b). This
is because the penetration ratio of PV systems for Feeders A,
B and F is 100%, and that for Feeders C, D and E is 20%.
The effect of loss reduction increases when connecting with
Feeder E and Feeder F. According to Table 1, the load capac-
ity of Feeder E is the largest among the feeders. Compared
with Fig. 14 (a) and (b), the active power loss in Feeder B is
almost halved by the optimal configuration, although the loss
in Feeder C increases by 21 kWh in the optimal configuration.
The losses in Feeder E and Feeder F are both reduced by
approximately 25 kWh by closing the tie-switch SW9.

To compare the optimal configuration and other configura-
tions, Table 7 shows the active power loss for three configu-
rations, which were selected as the optimal configuration for
each case. This table represents the importance of adjusting
the configuration while considering PV system penetration.
In Case 2, the active power loss of the optimal configuration
in Case 1 and Cases 2-4 are almost the same, at 743 kWh
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FIGURE 13. Active power loss in each distribution line for Case 2.
(a) Radial configuration. (b) Optimal configuration.

TABLE 7. Active power loss of optimal configuration for each case.

and 740 kWh, respectively. However, the difference in the
power loss between these configurations is larger in Case 4.
These differences affect the operation as an integrated value.
Therefore, the configuration needs to be adjusted to minimize
power loss while considering PV system penetration.

Additionally, the radial-loop configuration can contribute
to voltage regulation. Table 8 shows the existence of a voltage
violation in a radial configuration and the optimal config-
uration for each case. The voltage violation is caused by
generation from PV systems in the radial configuration in
Cases 3 to 5. However, the voltage violation is cleared in the
optimal configurations. Fig. 15 shows the voltage profiles on
the sunny day in Case 4. The node voltages are colored based
on feeders. The voltage violation occurs at the node in Feeder
B during the daytime in the radial configuration. The OLTC
cannot clear the voltage violation because the tap drop causes
the voltage violation from the lower limit in Feeder D.

FIGURE 14. Active power loss in each distribution line for Case 5.
(a) Radial configuration. (b) Optimal configuration.

TABLE 8. Checking node voltage constraint.

Therefore, generation from PV systems may need to be
curtailed to manage node voltages within the proper range.
The curtailment of PV system generation should be avoided
because a loss of generation opportunity is created. In the
optimal radial-loop configuration, the voltage violation is
cleared by sharing the generation from PV systems with
Feeders C and D, as shown in Fig. 15 (b). This result indi-
cates that the optimal radial-loop configuration can accept
more PV systems without voltage violation and curtailment.
Additionally, the voltage drop in Feeder D during the daytime
is mitigated in the optimal configuration compared with the
profiles in the radial configuration, as shown in Fig. 15.
In particular, the widths between the maximum andminimum
node voltages at 13.00 hrs are 202 V and 130 V in the radial
configuration and the optimal configuration, respectively.
The voltage width is mitigated by approximately 36%. This
result suggests a contribution to the voltage regulation by
the radial-loop configuration. Additionally, the mitigation of
voltage width contributes to the reduction of the reactive
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FIGURE 15. Voltage profile on a sunny day in Case 4. (a) Radial
configuration. (b) Optimal configuration.

power required from distributed generators and capacitor
banks for managing voltage conditions [55]. As the reactive
power required for voltage management is reduced, the scale
of the capacitor bank is reduced, and economic investment in
the power system is expected.

According to these results and analysis, this paper has
shown the impact of the detection of short-circuit current by
FCBs in the radial-loop configuration and the effectiveness
of the optimal configuration based on active power loss and
voltage regulation.

VI. CONCLUSION
This paper proposes amethod to determine the optimal radial-
loop configuration for future power system operations utiliz-
ing existing equipment and systems without installing new
equipment. The radial-loop configuration includes a partial
loop structure by closing the tie-switches in the base radial
configuration. This configuration can be applied easily to
distribution network operations in terms of the switch oper-
ation, and the sequential fault detection system can be used
like the operation in a radial configuration. In the proposed
method, an optimal configuration is achieved by minimizing
active power loss while satisfying the constraints relating to

the normal condition, fault condition and tie-switch status.
In a numerical simulation, the impact on fault detection
by an FCB in a radial-loop configuration is evaluated, and
the importance of this evaluation is demonstrated. Then,
the effectiveness of the optimal radial-loop configuration is
evaluated based on active power loss and voltage regulation
under several conditions of PV system penetration. The active
power loss is reduced by approximately 17% compared to a
radial configuration. The voltage violation in the radial con-
figuration is cleared by using the optimal radial-loop configu-
ration. Additionally, the necessity to adjust the configuration
is suggested by considering PV system penetration. These
results indicate that the radial-loop configuration can reduce
power loss while accepting more PV systems in terms of
voltage regulation. It is thus considered that the radial-loop
configuration is a useful scheme for achieving a sustainable
society with future power system operations.

In this paper, a numerical simulation is performed that
focuses on a sunny day and a rainy day during the summer
under several cases of PV system penetration, and the load
profiles are fixed in each PV penetration case. To evaluate
the effectiveness of the radial-loop configuration in detail,
the simulation is performed while assuming various days and
scenarios considering the electric needs of the consumers,
such as installing electric vehicles. Thus, our future work
will evaluate the effectiveness of the radial-loop configura-
tion based on annual verification under various scenarios.
In addition, the voltage regulation scheme of the OLTC and
the cooperation with other devices in the radial-loop config-
uration will be verified.
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