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Abstract: The meshed network may become a standard for future distribution systems owing to its
various benefits regarding voltage profile, reliability, losses, and the distributed generation (DG).
Therefore, in Korea, there is a plan to introduce an advanced form of meshed network called a net-
worked distribution system (NDS). This refers to a system with permanent linkages between four
distribution lines (DLs) and N X N communication-based protection. To properly introduce NDS to
an actual grid, this study proposes a strategy for optimal grid planning and system evaluation. Four
different topologies and four practical indicators are explained. First, load imbalance is used to find
the optimal grid that maximizes the load capacity. Second, line overload, fault current, and tempo-
rary overvoltage (TOV) were used to evaluate the necessity of load transfer, availability of circuit
breakers, relay settings, and system stability. PSCAD/EMTDC were employed for the simulation.
This study establishes the construction and evaluation guidelines of NDS for distribution system
operators (DSOs).

Keywords: meshed network; networked distribution system (NDS); load imbalance; line overload;
fault current level; temporary overvoltage (TOV)

1. Introduction
1.1. Motivation and Aims

As global climate change and energy-related concerns are growing, medium-voltage
(MV) networks are facing challenges due to distributed generation (DG). Despite its var-
ious benefits (reduction of losses and mitigation of voltage drop) [1], excessive DGs can
evoke the violation of voltage limits and thermally overloaded lines [2]. Therefore, utili-
ties are encouraged to restrict the interconnection of DGs within the DG hosting capacity
(in Korea, 12 MW per distribution line) [3]. As a result of this, massive amounts of DG
interconnections are prohibited and delayed, causing long-term inefficiency.

Various methods have been proposed to overcome these issues [4-11]. Among these,
one of the most revolutionary one is network reconfiguration from radial to meshed. Sev-
eral studies have referred to meshed networks as a promising solution for integrating
massive amounts of DGs [4-9]. Other options such as smart grid, BESS, volt/var control,
and power factor settings can also be employed [10,11]. However, additional advantages
such as improvement of reliability, power quality, voltage profile, flexibility, and reduc-
tion of losses of meshed network make itself a more attractive option [12-14].

Consequently, these features may justify the introduction of meshed network, and it
is expected to become the standard for future distribution systems. Hence, to properly
move to the next step, the main topic of this study is the optimal and stable introduction
of a meshed network to an actual grid. More specifically, the construction and evaluation
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of meshed networks are addressed. Therefore, the main goal of this work is to establish
guidelines for meshed networks for distribution system operators (DSOs).

1.2. Literature Survey

The meshed network is a new paradigm that is entirely different from a conventional
radial or open loop. This concept was proposed many years ago but has rarely been intro-
duced owing to certain challenges. The author of [9] argued that short circuit level, voltage
regulation, and protection coordination may become the main issues in meshed networks.
To resolve these issues, fault current limiters (FCLs) and modifications of voltage regula-
tor are suggested. Protection coordination has been proposed in several other studies [15—
17]. The author of [15] proposed a transient fault detection algorithm that is based on the
angle between the zero-sequence voltage and current phasors. Communication is also
used for the signal exchange between directional relays. The author of [16] proposed a
dual-setting directional overcurrent relay (DOCR) for multisource meshed distribution
networks with DGs. Relay settings that minimize the relay operating time are derived
using a genetic algorithm. The author of [17] proposed plug-and-play (PnP) protection
schemes that do not require relay settings independent of a specific distribution system.
Furthermore, circulating currents can also appear in a meshed network and negatively
influence protection devices. This is due to the mutual coupling between the positive and
negative sequences that have been ignored in a radial distribution system (RDS) [18]. For
the efficient future operation of meshed networks, the authors of [19,20] identified that
DG's the lagging power factor can reduce real and reactive losses and improve the voltage
profile compared to DG’s unity power factor. Optimal DG siting and sizing along with
the operating power factor using optimization can also reduce loss, improve voltage pro-
file, and improve reliability [21,22]. The author of [23] proved that a constant impedance
load is better than a constant power load in terms of voltage profile and losses. The author
of [24] suggested dynamic meshing to reduce the overloaded line length and grid expan-
sion.

From the above-mentioned literature, it can be observed that researchers have mainly
focused on the impact of meshing and efficient operation plans. These are all crucial tasks,
but none of them focus on specific plans for constructing a meshed network regarding
grid conditions. This paper also addresses the evaluation of necessity of load transfer,
breaker replacement, relay setting, and system stability, which is important in network
reconfiguration. A comparison between the TOV in a meshed network and a radial net-
work was also offered.

1.3. Contributions and Organization of the paper

In Korea, research on networked distribution systems (NDS) is currently in progress
for future distribution operations. NDS is an advanced form of meshed network in which
there exists permanent linkages between four distribution lines (DLs) and NxXN commu-
nication-based protection. This has the advantage of a meshed network and is expected
to solve the low utilization rate of closed-loop systems. To introduce NDS optimally and
stably, this paper presents a strategy for optimal grid planning and system evaluation.

The contributions of this study are summarized as follows:

e The key contribution of this study is to present a strategy for optimal grid planning.
This provides an optimal grid that maximizes the load capacity with specific plans
regarding the conditions of existing radial feeders.

e  This paper provides an assessment of network reconfiguration based on the standard
of the Korea Electric Power Corporation (KEPCO) with practical indicators. A review
from a practical point of view can facilitate the understanding of NDS for distribution
system operators (DSOs).
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e The paper also presents the rationale for network reconfiguration by comparing the
temporary overvoltage (TOV) that has not been addressed. It is worthwhile to estab-
lish a theoretical basis for the influence of introducing NDS.

The remainder of this paper is organized as follows. In Section 2, different NDS to-
pologies and indicators are explained. Subsequently, a methodology for optimal grid
planning and system evaluation is presented. In Section 3, simulation setups for case stud-
ies are explained. In Section 4, case studies of the proposed methodology are performed
using the PSCAD software tool. Finally, we discuss and conclude the paper in Section 5.

2. Proposed Methodology
2.1. Mid-Voltage Networked Distribution System

Figure 1 illustrates a 22.9 kV NDS with permanent linkages between four DLs with-
drawn from the same 154 kV/22.9 kV main transformer (MTR). This system is composed
of a generator, MTR, underground or overhead distribution lines, and loads that are based
on specific parameters of the KEPCO distribution system. The rated power and voltage
levels are described in Table 1. In addition, communication lines are installed for N X N
communication-based protection. Distribution lines and loads are divided into three re-
gions, where circuit breakers (CBs) or reclosers (RCs) are installed at the entrance. More-
over, three-phase (3P) faults (# 1-4) and faults with various conditions (# 5-16) were also
simulated in the middle of the lines between the CB and RCs. Furthermore, a distributed
generator (DG) with 8 MW output is connected to the endpoint of DL2 with the trans-
former.

CNCV/MW Line Impedance (@100 MVA) ACSR Line Impedance (@100 MVA)

Distribution Substation

7' = 0.01823 + j0.028222 pu/km
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Z° = 0.053203 + j0.016495 p.u/km

7! = 0.086824 + j0.228644 p.u/km
7% = 0.086824 + j0.228644 p.u/km
7° = 0.034763 + j0.074379 pw/km
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Figure 1. Detailed model of networked distribution system.
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Table 1. System parameters.

Interconnection

Generator MTR Line DG
Transformer
Rated power 100 60 100 10 8
Al R
[MVA] Rated 154 154/22.9/6.6  22.9 22.9/0.69 0.69
voltage [kV]

The distribution system described in Figure 1 was defined as Type 1. This is the basic
topology of the NDS that links the endpoints of the four feeders. The three different to-
pologies are described in Figure 2. Type 2 represents the mid-linkage of the two feeders
when the line lengths of the four feeders are the same. In addition, Types 3 and 4 represent
the mid-linkage of one feeder when the line length of one feeder (DL1, DL2 each) is shorter
than the others.

Type 2: Type 3: Type 4:
Network system Network system Network system
(2 mid-connection) (1 mid-connection) (1 mid-connection)

=

DL1 DL4 DL1 DL4 DL1 § DL4

B —n —R
0 ) 0

—n | —¢ —n
o i

Busbar [~ H Normally open [—H Normally closed

@— External grid
Figure 2. Different types of NDS topology.

2.2. Indicator
2.2.1. Load Imbalance

The load imbalance refers to the imbalance of load distribution among four feeders
in the NDS, which thus causes the imbalance among load currents of four feeders. High
load imbalance can cause load concentration in a feeder, which reduces the load capacity.
Therefore, a load imbalance analysis is necessary for network reconfiguration. Load im-
balance is obtained from the maximum and average load currents of each feeder, as shown
below. Load currents are measured from CB1 at the entrance of the four DLs.

maximum phase load current

Load imbalance(L.1) = (1)

average phase load current

2.2.2. Line Overload

Load current must be maintained under the line ratings (CNCV/W 325 mm? and
ACSR 160 mm?, 252 A) for preventing thermal damage to lines. If load current exceeds
252A, DSOs are encouraged to transfer loads to other lines, causing inefficiency. Line over-
load is obtained from the maximum load currents of each phase, as shown below. Load
currents are measured from CB1 at the entrance of the four DLs.

maximum phase load current
line ratings (252 A)

Load Overload(L.0) = 2)

2.2.3. Fault Current Level

Utilities need to maintain the maximum fault current within the CB ratings (12.5 kA);
otherwise, existing CBs must be replaced. Owing to its high cost, utilizing the existing
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equipment is economical for reducing the cost of network reconfiguration. For this, a com-
parison between the maximum fault current and 12.5 kA was conducted as follows.

maximum fault current(Iymqy) < 12.5 kA 3)

Furthermore, the fault current can be used to evaluate the protection system, which
is one of the most important issues in network reconfiguration. Neutral and phase fault
currents were measured from CBs or RCs that were adjacent to the fault location. A com-
parison between the fault current and existing relay settings was conducted as follows.
These settings (400 A, 70 A) are determined based on the MV CB and RC standard of
KEPCO.

Neutral fault current level(I;,,) > 70 A (4)

Phase fault current level(I;,,) > 400 A (5)

2.2.4. Temporary Overvoltage (TOV)

Temporary overvoltage due to the increased penetration of DGs can be used to eval-
uate the system stability. This can damage the insulation of power equipment and needs
to be addressed in network reconfiguration. TOV can be calculated using the voltage on
healthy phase measured from the adjacent RCs before and after the fault.

hase voltage after fault
roy =2 ge after f

" phase voltage before fault ©)
2.3. Theoretical Basis

This section presents a mathematical analysis of how the load imbalance of NDS can
be minimized. The basic theory of a closed-loop system (CLS) is addressed first, and an
explanation of the optimal grid condition of NDS is followed.

2.3.1.CLS
Formula 1: Voltage Drops (AVy)

The voltage difference between the entrance and endpoint of each feeder can be cal-
culated by Equation (7). Figure 3 can be applied for each case (left: DL1, right: DL2). It is
assumed that both feeders are radial operations.

6 i

AV, = Z I Z Z | (k=DL1,DL2) 7)

i=1 j=1

o :
DL1 - l - l - l DL1 \wa l - 1 - l
iy i i3 ig is iy

d I Ch N

T o«
DL2

Ze Zs Zy Zy Z3

L
| AVpr1 = Vo — Vo1 | | AVprz = Vo — Vpi2 |

Figure 3. The equivalent circuit of the CLS for formula 1.

Formula 2: Voltage Drops (AV,")
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The voltage difference between the entrance of each feeder and a specific location
can be calculated by Equation (8). Figure 4 can be applied for each case (left: DL1, right:
DL2). Similar to Formula 1, it is assumed that both feeders are radial operations.

3 i

AVk’=Zli sz (k = DL1,DL2) ®)
=1 \j=1
7 Z Z
DL1
T T
Vo z, Vo [ A

DL2 I ] I a) B VP - I - I i I &

v Zy Z, Z3 v

| AVpit' = Vo=V, | | AVpa' = Vo=V, |

Figure 4. The equivalent circuit of the CLS for formula 2.

As shown in Figure 4, voltage drops (Al}) at a particular point can be calculated by
Equation (9) when connecting the two feeders. Hence, the voltage level of a specific loca-
tion can be derived by Equation (10).

_ AVpiy' + AVpy,'

5 ©)

AV,

W' =V, — Al (10)

2.3.2.NDS

Figure 5 presents the equivalent circuit of NDS that is composed of two CLSs and a
linkage line. If the voltage drops (AV) of four feeders are all the same, which is calculated
using Equation (7), an optimal grid can be derived by linking the same voltage locations.
The voltage at a specific location of the CLS can be derived using Equation (10). Equations
(11) and (12) represent the condition for this method and can be used for minimizing the
load imbalance in Types 1 and 2.

Linkage point
(DL3)

T T 17 T 71

SR N A S I S T O

Linkage point
(DL2)

DL1 DL3

Figure 5. The equivalent circuit of the NDS when voltage drops of four feeders are the same.
AVpy, = AVpr, = AVprs = AVpra (11)

Vor2' = Vs’ (12)

On the other hand, if the voltage drops (AV,) of the two feeders are different, the
linkage between the endpoint of the short feeder and the middle of the adjacent feeder
can be possible, as shown in Figure 6. In this method, it is assumed that only one feeder
(DL2) supplies power to the linkage line (green line). This is because the line impedance
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between the entrance of DL2 and the linkage line is relatively lower than that of the other
feeders. The optimal mid-linkage point at DL2 can be determined by the conditions, as
described in Equations (13) and (14). These conditions can be used for minimizing the load
imbalance in Type 3. In this case, voltage drops (AVp;,") of DL2 that are composed of
closed-loop and radial can be calculated using Equation (15).

Linkage point
(DL3)

T Ty
| N |

DLZ_’IOI T I I I

Linkage point 1
(DL2)

DL1

DL4

Figure 6. The equivalent circuit of the NDS when voltage drops of four feeders are different.

AVpr1 = AVpr,, AVprz = AVpp, (13)
Vori' = Vo2’ (14)

3
Vo' = 212 I; (15)

i=1

2.4. Proposed Methodology

Figure 7 shows a detailed algorithm of the proposed methodology. First, we found
the optimal grid of NDS according to the conditions of existing radial feeders. Second, we
evaluated the necessity of load transfer, availability of existing CBs, relay settings, and
system stability.
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Start

line lengths

Finding Optimal Grid

No

are equal?

Yes

Find minimum distance point
(DL2 ~ DL3) that has same

A 4

Find one feeder that has
shorter line length than

distance from substation others
located in located in
end point? DL1 or DL4?
Yes v Yes v
Typel Type2 Type3 Type 4

(end-linkage)

(2 mid-linkages)

(1 mid-linkage)

(1 mid-linkage)

A 4

Optimal grid of Type 1 Optimal grid of Type 2 Optimal grid of Type 3 Optimal grid of Type 4
System Evaluation
Evaluation of Evaluation of fault :
overload current level Evaluation of TOV

Find location where
minimum fault

o> < [

current is detected

Yes Yes
Load transfer is Available for
not needed utilizing existing CB @ Isp>4004
Yes Yes
Protected by existing Protected by existing
OCGR settings OCR settings

TOV < 1.38pu

Yes

System is stable

Figure 7. Algorithm for finding optimal grid and system evaluation.

2.4.1. Methodology 1: Finding Optimal Grid

As mentioned in Section 2.2, the load capacity is determined by the load imbalance.
Methodology 1 employs this indicator to find the optimal grid. For this purpose, load
imbalance analysis of four different topologies (Types 1-4) was conducted by changing
the grid conditions. Through this, a strategy for finding the optimal grid according to the
conditions of existing radial feeders was derived. In addition, the influence distributed
generation (DG) on load imbalance was also analyzed. Table 2 lists this methodology.

Table 2. Methodology 1—simulation cases.

Indicator Method Case
Load imbalance Analy21.ng load 1.mbalance by changllng grid conditions 14
Analyzing load imbalance by changing DG placement 5
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2.4.2. Methodology 2: System Evaluation

The evaluation of the necessity of load transfer, availability of existing CBs, relay set-
tings, and system stability is an important task for introducing a newly designed system
stably. Methodology 2 employs the line overload, fault current, and temporary overvolt-
age (TOV) for evaluating the NDS. This process consists of four parts as listed in Table 3.

1. Compare the maximum load current to existing line ratings (252 A) by changing
loads at DL1. By doing this, the load growth impact on the line overload can be eval-
uated. In this case, line overload analysis of RDS is also compared with NDS.

2. Compare the maximum fault current level and existing CB ratings (12.5 kA) by sim-
ulating a 3-phase (3P) fault (#1-4). Thus, the availability of existing CBs installed in
an RDS can be evaluated.

3. Infault analysis, it is assumed that the relay detects the fault current on one side and
trips to another side with NXN communication-based protection. This is because the
reverse fault current level in the NDS is too small, making it difficult to detect. Con-
sidering this, the forward fault current measured by adjacent CB or RC is mainly
addressed. First, we find the location with the minimum forward fault current by
simulating a single-line-to-ground (SLG) fault (#5-16). Second, we compare the for-
ward fault current with existing relay settings (400 A, 70 A) by changing the fault
impedance and fault type. These settings (400 A, 70 A) are determined based on the
MV CB and RC standard of KEPCO.

4. The TOV level and standard of effective grounding requirement are compared by
simulating a single-line-to-ground (SLG) fault (#10). By changing the DG types and
transformer windings, the system stability can be evaluated. In this case, TOV anal-
ysis of RDS with no linkages between feeders is also addressed.

Table 3. Methodology 2—simulation cases.

Indicator Method Case
Line overload Compearing line overload to 1 pu by changing loads 6
Maximum fault Comparing maximum fault current to 12.5 kA by simulating
current 3P fault (#1-4)

Finding location where minimum fault current is detected
by simulating SLG fault (#5-16)
Analyzing fault current level by changing fault impedance,

Fault current

fault type o-10

Comparing the TOV to 1.38 pu by changing DG types and
transformer windings

TOV 11

3. Numerical Experiment Setup

In this section, a description of the PSCAD/EMTDC model is firstly explained. De-
tailed simulation setups for finding the optimal grid and evaluating system are as follows.
Cases 1-5 represent the simulation conditions for finding the optimal grid, and Cases 6—
11 describe the system evaluation processes.

3.1. PSCAD/EMTDC Modeling

Figure 8 represents the grid model of MV NDS using PSCAD/EMTDC. This is com-
posed of a distribution substation, overhead and underground lines, loads, and distrib-
uted generation with a transformer. Detailed parameters including sequence impedance,
rated power, and voltage are described in Figure 1 and Table 1. The main transformer
(M.TR) connection types are determined by Y, — A — Y. A neutral grounding reactor (j0.6
ohm) that is the effective grounding standard of KEPCO is connected to the neutral point
of Y to limit the neutral fault current. In addition, distribution lines are modeled with a
three-phase m-equivalent circuit, and the loads are characterized by constant impedance
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W 32

type. The model of distributed generation is composed of SBDG (synchronous-based dis-
tributed generation) and IBDG (inverter-based distributed generation). The SBDG model
consists of a synchronous machine, exciter, hydro governor, and hydro turbine. The IBDG
model is composed of an AC-DC-AC converter (grid-side, generator-side) and controls,
a permanent magnet synchronous machine (PMSM), and a low-pass filter. Basic functions
such as low voltages ride through (LVRT) and a fault current limiter are modeled. SBDG
and IBDG are interconnected to the endpoint of DL2 with a two-winding transformer.

Distribution
Substation

COUPLED

e
T T

- COUPLED COUPLED - > - > - —
i e PR k ? ‘
® @i | |T o T To T & RCDLI1 . DL1_ P T T & RCDLL3
* SECTION SECTION * - *
Distribution 1 L g
5 P+Q PHjQ pQ
Lines |, Al Sl T ——

Load

Typed

COUPLED COUPLED
VAT
T T
SECTION

- =
TmT T o 7| |l® rebias

.

L

IBDG with TR

bie P4IQ pie
LI e, S

COUPLED
et

0 piiQ
1 [MW] /Yh 1 [MW] /¢
450 [VAR] /ph 450 [kKVAR) /ph

COUPLED
oS

To T

[0} P+1Q p3Q
1MW) /Yn 1[MW] /?h 1 [MW]
450 [KVAR] /ph 450 [KVAR] /ph 450 [KVAR] /ph

Figure 8. The PSCAD/EMTDC-based grid model.

3.2. Simulation Setups
3.2.1. Methodology 1: Finding Optimal Grid

Methodology 1 consisted of five cases (Cases 1-5). First, detailed setups for analyzing
the load imbalance of each topology (Types 1-4) with multiple grid conditions are de-
scribed in Figure 9. Case 1 represents the load imbalance analysis of Type 1 with various
line lengths of DL1. In addition, Cases 2-4 represent the load imbalance analysis of Types
2-4 by changing the position of the mid-linkage point.
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Type 3:
Network system
(1 mid-linkage)

]

Type 2:
Network system
(2 mid-linkages)

%3 DL! L3
4 jm '
—_— —_—

Type 1:
Network system
(end-linkage)

DL1 %

Type 4:
Network system
(1 mid-linkage)

4Km
9IMW IMNW
P — = =l cn
=3 =8
[ S
8 km, 9 MW 8 km, 9 MW 8 km, 9 MW 8 km, 9 MW 8km, 9MW  8km, 9 MW
(per DL) (per DL) (per DL) (per DL) (per DL) (per DL)
Changing line length (DL1) Changing linkage point Changing linkage point Changing linkage point Changing linkage point
:1km=16 km (DL3) : 1 km=8 km (DL2=DL3): 1 km—8 km (DL2) : 1 km—=8 km (DL3) : 1 km—8 km
T— T— T— T— T—
Analyzing L.] & finding Analyzing L.I & finding AvlvERE L Analyzing L.I & finding Analyzing L.I & finding
condition that minimizes L./ condition that minimizes L. 1 Al S condition that minimizes L./ condition that minimizes L./

Figure 9. Simulation setups for Methodology 1 (Cases 1-4).

Second, finding an optimal DG place with a minimum effect on load imbalance is
also conducted in Case 5, as shown in Figure 10. Optimal grids of Types 1-4 that are de-
rived in Cases 14 are used.

Case 5

Type 2 Type 3

RS

Type 1

2

4Km 4 K{m 4 km 2.85 km 4 m 2.76 km
f — 1  w— |  — 1
— j —
o = = = = — ) = =3 X
8 km, 9 MW DG 8 km, 9 MW e 8 km, 9 MW DG 8 km, 9 MW DG
(per DL) - (per DL) - (per DL) - (per DL) -
Changing DG placement Changing DG placement Changing DG placement Changing DG placement
(DL1-DL4) (DL1-DL4) (DL1-DL4) (DL1-DL4)

Finding location that has
minimum load imbalance

Finding location that has
minimum load imbalance

Finding location that has
minimum load imbalance

Finding location that has
minimum load imbalance

Figure 10. Simulation setups for Methodology 1 (Case 5).

3.2.2. Methodology 2: System Evaluation

Methodology 2 employs six cases to evaluate the system derived from Section 3.2.1.
Simulation setups for evaluating systems of Types 1-4 are shown in Figure 11. This figure
only describes Type 1, but additional simulations are conducted under the same condi-
tions using Types 2—4. First, Case 6 represents the comparison between line overload and
1 pu for evaluating the necessity of load transfer. Second, Case 7 represents the compari-
son between maximum fault currents and 12.5 kA for evaluating the availability of exist-
ing equipment for use. Third, a fault location with a minimum forward fault current is
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detected in Case 8. Subsequently, the fault current is analyzed by simulating different
fault conditions. The fault current level with three different fault types (SLG, LL, 3P) and
eight different fault impedances (0.01 €, 0.1 Q3, 1 Q, 10 €3, 20 O, 30 Q, 50 €2, 100 Q) were
evaluated in Cases 9-10. Finally, TOV levels under multiple conditions (DG types and
transformer windings) are compared with 1.38 pu by simulating the SLG fault. In this

case, the TOV of the RDS is also addressed.

Type 1 (NDS vs RDS)

S

===

8km, 9 MW
(per DL)

Type 1

DL1 %

3r
0.01
—plrplcn
1=

==

8km, 9 MW
(per DL)

Type 1

o

SLG
0.01 Q|
—plrplcn

===t

8km, 9 MW
(per DL)

Case 9-10

Type 1

:

) SLG,
ILL, 3P|

—plrplcxn
==

8km, 9 MW
(per DL)

Type 1 (NDS vs RDS)

8 km, 9 MW
(per DL)

Changing load (DL1) Simulating 3P fault Simulating SLG fault Simulating SLG, LL, 3P Simulating SLG fault
=6 f/lvg—(FMW W by changing fault location fault by changing fault by changing DG types and
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Figure 11. Simulation setups for Methodology 2 (Cases 6—11).

4. Case Study
4.1. Methodology 1: Finding Optimal Grid

Figure 12 shows the load imbalance analysis results of Case 1. In this graph, load
imbalance tends to increase proportionally with the length difference between feeders. In
particular, when one feeder (DL1) is shorter than other feeders (8 km), the loads are con-
centrated seriously to a short line. This can be a main concern when introducing NDS with
a Type 1 topology. However, load imbalance can be minimized when the line lengths of
the four feeders are all equal (8 km). Therefore, introducing Type 1 is desirable when the
line lengths of the four feeders are equal.

Case 1: Analysis of Type 1
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Figure 12. Case 1 simulation result.

Figure 13 shows two different types of simulation results that were conducted using
Type 2. The first graph shows that the load imbalance of Type 2 is minimized when the
mid-linkage points of DL2 and DL3 have the same distance from the substation (4 km).
With this condition, further simulations were conducted resulting in the second graph,
which changes the distance between the mid-linkage point and the substation. This shows
that load imbalance is not affected by the position of mid-linkage points, even the same
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as Type 1 (8 km). In other words, linking DL2 and DL3 with minimum distance is possible
without affecting the load imbalance. Thus, the line extension cost can be minimized.
Therefore, introducing Type 2 is economical when the minimum distance points are in the
middle of DL2 and DL3.
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Figure 13. Case 2 simulation results representing the change of one linkage point (the upper) and
two linkage points (the below picture).

Figure 14 shows the load imbalance analysis results of Case 3. In this figure, most of
the load imbalance results of Type 3 are lower than those of Type 1 (8 km). This indicates
that introducing Type 3 is better than Type 1 when one feeder (DL1) is shorter than the
others. In this case, load imbalance can be minimized to 1 (no load imbalance exists) when
the mid-linkage point is 2.85 km far from the substation. This can also be applied when
DL4 is short by linking the endpoint of DL4 to the middle of DL3. In addition, introducing
Type 3 has the advantage of reducing the line extension cost compared to Type 1 owing
to the decreased line length needed for linkage.

Case 3: Analysis of Type 3
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Figure 14. Case 3 simulation result.

Figure 15 shows the load imbalance analysis results of Case 4. Similar to Case 3, most
of the load imbalance results for Type 4 are lower than those for Type 1 (8 km). This indi-
cates that introducing Type 4 is better than Type 3 when one feeder (DL2) is shorter than
the others. In contrast to Case 3, load imbalance cannot be minimized to 1, and there exists
a certain load imbalance between feeders. The minimum load imbalance is 1.103 when the
mid-linkage point is 2.76 km far from the substation. This can also be applied when DL3
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is short by linking the endpoint of DL3 to the middle of DL2. Furthermore, introducing
Type 3 has the advantage of reducing the line extension cost compared to Type 1 because
of the decreased line length needed for linkage.

Case 4: Analysis of Type 4
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Figure 15. Case 4 simulation result.

Table 4 represents the load imbalance analysis results when DG is interconnected.
DG placement on DL2 and DL3 is more desirable in an optimal grid because the rise in
load imbalance is relatively low. This is based on the fact that DG output can be easily
dispersed to other feeders due to the relatively lower line impedance.

Table 4. Case 5 simulation result: load imbalance (L.I.).

Topology DG Placement
DL1 DL2 DL3 DL4
Type 1 1.153 1.104 1.104 1.153
Type 2 1.268 1.255 1.255 1.268
Type 3 1.279 1.144 1.208 1.238
Type 4 1.290 1.279 1.285 1.326

4.2. Methodology 2: System Evaluation

Figure 16 represents the line overload analysis results for Case 6. As shown below,
line overload in NDS is relatively less volatile than that of RDS according to load change.
This is because load concentration in one feeder can be dispersed to other feeders. Hence,
the maximum load current does not exceed the line ratings (252 A) even when more than
10 MW per distribution line is connected. Accordingly, the probability of line overload
can be reduced by introducing NDS, presenting similar results in [24], which indicates

that integrating variable resources such as an electric vehicle (EV) is also advantageous in
NDS.
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Figure 16. Case 6 simulation results of Types 1, 2, 3, and 4 in an order from the top to the bottom.

Table 5 presents the maximum fault current analysis results for Case 7. This shows
that the maximum fault current level is almost unaffected by the fault location (#1-4) or
topology (Types 1-4). Accordingly, meshing the feeders withdrawn from the same main
transformer has almost no effect on the short circuit current, which is different from the
result of reference [9]. All results are 9.95 kA, which is lower than the existing CB ratings
(12.5 kA). Therefore, every topology (Types 1-4) can be applied to an actual grid without
the additional cost of circuit breaker installation.

Table 5. Case 7 simulation result: maximum fault current level (kA).

Fault Location

Topology 1 > 3 1
Type 1 9.95 9.95 9.95 9.95
Type 2 9.95 9.95 9.95 9.95
Type 3 9.95 9.95 9.95 9.95
Type 4 9.95 9.95 9.95 9.95

Figure 17 presents the neutral fault current analysis results of Case 8. As mentioned
in Section 2.4.2, most forward fault currents are higher than reverse fault currents. In par-
ticular, when a fault occurs near a substation (#5-8), the forward fault current is dominant,
and the reverse fault current is too low. Fault locations where the minimum fault current
is detected are usually located near the endpoint of each feeder (#13-16). These are shown
with blue round marks in Figure 17.
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Figure 17. Case 8 simulation results of Types 1, 2, 3, and 4 in an order from the top to the bottom.

Table 6 presents the neutral fault current analysis results for Case 9. In this table, the
neutral fault current of Type 2 exceeds the overcurrent ground relay (OCGR) settings (70
A) regardless of the fault condition. In addition, the neutral fault currents of Types 1, 3,
and 4 exceed 70 A except when an extremely high impedance fault (100 Q) occurs. In other
words, most faults can be protected by existing OCGR pick-up settings. Therefore, net-
work reconfiguration does not require a change in OCGR settings.

Table 6. Case 9 simulation results: neutral fault current (kA).

Fault Impedance (ohm)
0.1 1 10 20 30 50 100
Typel 1959 1939 1705 053 0285 0.194 0.118 0.06
Type2 2159 2139 1911 0.654 0357 0244 0.149 0.076
Type3 2009 1989 1756 0.559 0301 0206 0.125 0.063
Type4 2015 1996 1768 0.562 0.302 0206 0.126 0.064

Fault Type Topology 0.01

SLG fault

Table 7 presents the phase fault current analysis results. In this table, the phase fault
current of each case does not exceed the overcurrent relay (OCR) settings (400 A) when
the LL fault impedance is higher than 30 Q or 50 Q. However, most 3P faults are well
protected except when extremely high impedance faults occur. This indicates that a high-
impedance LL fault may not be properly eliminated. Lowering the OCR pick-up settings
can be a solution, but this has limitations owing to the difficulty of discriminating with
load current. Therefore, network reconfiguration requires a new method to protect high-
impedance faults. Research on this topic will be conducted in future work.
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Table 7. Case 10 simulation result: phase fault current (kA).
Fault Fault Impedance (ohm)
Topology
Type 0.01 0.1 1 10 20 30 50 100

Typel 2316 2303 2141 0908 0542 0398 0274 0.177
Type2 2617 2603 2437 1.108 0.666 0486 0.329 0.206

LL fault Type3 2395 2381 2218 0957 0572 0419 0287 0.184
Type4 2321 2308 2.147 0.9 0.516 0364 0234 0.132
Typel 2643 2.633 2518 1367 0.846 0.616 0412 0.247
Type2 2991 2981 2862 1.649 1.04 0.76 0505 0.295
3P fault

Type3 2734 2724 2608 1437 0.893 0.651 0434 0.258
Type4  2.67 2.66 2544 137 0.83 0592 0.379 0.206

Table 8 shows the TOV analysis results for Case 11. In this table, the maximum TOV
results are observed under conditions of synchronous DG and Yg-Y transformer. This is
based on the fact that the TOV level is proportional to the zero-sequence impedance. Un-
der these conditions, the TOV level is within the standard of effective grounding (1.38 pu),
regardless of the topology. Furthermore, the TOV level of the NDS is lower than that of
the RDS under the same conditions. This indicates that introducing NDS may reduce the
TOV level and contribute to system stability, which is a new characteristic of meshed net-
works.

Table 8. Case 11 simulation result: temporary overvoltage (pu).

Tovolo Inverter-Based DG Synchronous DG
pology Yg—-A Yg-Yg Yg-Y Yg-A Yg—Yg Yg—V

NDS 1.05 1.16 1.16 1.09 1.16 121

Type 1
RDS 0.96 1.18 118 1.09 117 127
Tvoed NDS 1.04 115 115 1.09 1.16 121
ype RDS 0.96 1.19 118 1.09 117 127
NDS 1.04 116 1.16 1.09 1.16 121

Type 3
RDS 0.96 1.19 118 1.09 117 127
Tvoed NDS 0.99 1.14 1.14 1.04 1.14 1.19
ype RDS 0.95 117 1.16 1.04 115 1.22

5. Discussions and Conclusions

This paper proposes a methodology for determining the optimal grid and evaluating
system. To this end, an optimal grid that can maximize the load capacity is derived ac-
cording to the conditions of existing radial feeders. In addition, evaluation results for line
overload, the availability of existing CBs for use, relay settings, and system stability in the
network reconfiguration are provided. Through these, it provides a distribution system
operator (DSO) with guidelines on how to construct an optimal NDS efficiently and sta-
bly.

Consequently, it was observed that the introduction of NDS through end-linkage is
most efficient when the line lengths of the four feeders are the same. In this condition, it
is also possible to link the minimum distance points between the DLs, thereby reducing
the cost of linkage. However, when one feeder is shorter than the others, the load is con-
centrated to one feeder and significantly reduces the load capacity. This can be the main
concern for introducing an end-linkage NDS. To resolve this issue, a linkage between the
endpoint of the short feeder and the middle of the adjacent feeder is feasible. Thus, the
load capacity can be increased without additional line construction, and the cost required
for linkage can also be reduced.
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It is noteworthy that this work is primarily based on balanced loading conditions
among three phases. Therefore, the proposed approach, which designs optimal grid to-
pology as described in Figure 7, is based only on the relative differences of feeder line
lengths; that is, neither line impedances nor unbalanced loads are considered. In practice,
distribution systems are more likely to have unbalanced loads, which might affect the
effectiveness of the NDS optimal design proposed in this work since the minimization of
the load imbalance (i.e., load distribution among feeders in the NDS) depends not only on
line lengths but on loading conditions among three phases. This realistic consideration
will be addressed for further study.

In addition, the system evaluation results are summarized as follows: introducing
NDS can reduce the line overload by dispersing the overload to other feeders. In addition,
when introducing NDS within the same MTR, it is judged that the replacement of CBs or
RCs is unnecessary regardless of the topology. Furthermore, single-line-to-ground and
three-phase faults are well protected even if the existing relay settings (70 A, 400 A) are
used, but measures are needed to protect the high impedance line-to-line fault. Lastly, the
introduction of NDS can reduce the TOV level compared to RDS and thus contribute to
system stability, which is a new characteristic of meshed networks.

Succinctly, introducing NDS has many advantages and may become a standard for
future distribution systems. However, load concentration may occur depending on the
length of the radial feeders, and violation of the line capacity can be a major concern in
NDS. The proposed methodology can effectively solve this problem by providing guide-
lines for network reconfiguration. In addition, the evaluation of line overload, breaker
replacement, relay settings, and system stability can be used as important references for
the DSO in the construction and operation stages.

In the end, this work is an initial stage of introducing NDS, and numerical factors
may also need to be considered. Research on communication-based protection schemes
will be followed as a future work using IED (intelligent electronic device) with HIL (hard-
ware-in-the-loop) simulation. In addition, voltage-based protection schemes and a line-
impedance equivalent reactor for improving load imbalance may also follow. Further-
more, transient phenomena due to the grid supporting the function of inverter-based DG
will be conducted in future work. This can cause transient overvoltage such as spark [25]
and must be addressed carefully for stable NDS operation.
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