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Abstract: This study aims to evaluate the impact of the distributed generator (DG) connection to the
grid. The simulated results present the parameters of the system required to install DG on the end
of the main distribution feeder. Various parameters, such as voltage, current, and protective relay
coordination are modelled after the actual provincial electricity authority (PEA) distribution system.
Various case studies compared the coordination without and with DG connections to the grid by finding
the difference of protective devices. The results indicate that the malfunction can be fixed in order
of priority protective devices, which operate according to the parameter setting. Additionally, the
coordinate functions between the recloser and fuse devices in both phase and ground configurations
in the operating zone prevented the drop-out fuse melting or burning out. Based on the result, this
problem is fixed by providing a directional recloser device and increasing the fuse-link rated with 40k
installation for replacing the conventional sizing, which can improve the performance in case of fault
occurrence to investigate the reliability and stability of the distribution system.

Keywords: fault; protective coordination scheme; recloser; drop-out fuse; distributed generator;
distribution system

1. Introduction

Power generation from fossil fuels is one of the contributions factors to the global
warming issue. Thus, various countries have launched power development policies to
reduce fossil fuel utilisation. Renewable energy is important to rapidly increase the power
system. Most private sectors develop the distributed generator (DG) to combine with the
grid individually. Renewable sources of DG are connected to the grid, such as PV power,
wind power, and biomass power, which are populated to complied on grid connections. The
advantages of DG sizing placement [1] involve the characteristics of the voltage level, short
circuit current magnitude, and power flow direction changing. Renewable DG placement
can be supported in terms of the economic and lower effect on the environment [2]. However,
each DG has been provided with the protection system which depends on the network
configuration. Several DG technologies are connected to the grid, which differently impact
the existing protection system. Thus, the provincial electricity authority (PEA) provides the
grid connection code regulation notice that is used for applying all DG connections.

However, DGs must be connected from the system in case of abnormal conditions such
as short circuit occurrences as calling in “islanding mode”. Therefore, these events cannot be
controlled in case of fault in the distribution system. Nonetheless, when the fault situation
occurs, the system energises the power back immediately, which cannot be interrupted for
all power systems. In addition, the fault characteristics are of two types, i.e., permanent
and temporary failures [3]. Various solutions are presented to the system by improving the
protection scheme to prevent the malfunction of protective devices. The protective devices
are installed on the system, which is used for monitoring and detecting the fault location or
defected point. When a fault occurs in the system, the protective devices can be operated
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on time due to a wrong relay coordination. Hence, the coordination between the protective
devices must be performed by zone protection to increase the reliability of the distribution
system. Therefore, protective coordination is divided into three main feature correlations
such as current, timing, and both of current and timing.

DG installation is impacted by and related to the impedance bus value [4,5], when con-
nected to the grid. Thus, the magnitude current value also increases, causing malfunction of
protective devices as well. Simple protective devices are proposed and utilised on the radial
distribution system, such as the overcurrent [6-8], reclosers [9,10], and fuses [11,12]. Losses
of coordinated protective devices are concerned with the processes observed, such as loss
of tripping, loss of action, and loss of trip command to another device [13,14]. However,
the protection characteristics are applied to the distribution system, in which the operation
has to be correctly performed and perfectly functional as per the conceptual providing.
For instance, the reliability, dependability, security, selectivity, and speedy functions of
protective devices are used for reinforcement of the stability of a distribution system. Addi-
tionally, various protective coordination is proposed under different conditions to prevent
the high-risk impact to the grid [15,16]. The optimal coordinate of protective devices is
proposed in cases between positive, negative, and zero sequences [17,18] to comply and
consider with overcurrent and voltage aspects in case DG connection to the grid. For this
reason, the point of failure will be separated from the system correctly and accurately for
saving and reducing the time to protect the device breakdown.

The major impacts after DG connection to the grid are summarised on three critical
points. For instance, the sensitivity problem concerns the power, selectivity, recloser, and
islanding problems. The current differential is performed for monitoring and classification
part of units between load and DG, which are energised during fault occurrences [19,20].
There are issued methods for protection with DG connection which have the type of bi-
directional and islanding detection [21,22]. In addition, anti-islanding detection is to make
the step-voltage regulator device, which causes by under and over voltage by utilising at
synchronous DG. This method is provided for making clearly fast fault of proper relay-
fuse coordination of each DG on IEEE 33-bus [23,24]. Two aspects of the coordination
protection scheme [25-27], such as the behaviour DG sizing placement [28,29] and the
operation process, are concerned with either connection or disconnection devices to the
radial distribution network. For reinforcement of the optimal protection scheme, the con-
figuration setting will be improved by the existing system [30]. In [31], fault management
is performed to reduce the DG impact on the grid connection. Despite the reconfiguration
being purposed, many factors on the system, such as protection coordination, network
operation, DG sizing, and soft opening points (SOPs), are approached the constraint of
formula on the system [32,33]. To propose the optimal protective coordination (OPC) in
the single-phase without DG connection, there has to be considered the time operation
period. Afterward, the Coordinate Protection Index (PCI) by considering the power flows
and downtime for operation [34].

The protection coordination schemes are proposed, including many techniques and
solutions, for increasing the performance in fault situations on the distribution system.
The self-adaptive protection is proposed for maintaining the time dial at the recloser and
fuse equipment in the operation mechanism. Studies are utilised to protect both phase
and ground sides at real-time, which show better operating and interval timings on the
IEEE 34-bus system [35,36]. Besides, the enhancement of protection with recloser-fuse
coordination that provides by using Integer linear programming (IP) that is to be found the
fault transmitter (FT) on the distribution system. The fuse-saving and costing of benefits
can be reduced total fault interrupting duration [37,38]. In [39], the economic impact of
protecting system scheme development is considered. The fault controller by the fault
ride-through (FRT) constraints [40], which can operate in over various fault levels and
locations of the system. The author of [41,42] proposed the adaptive optimal coordination
for reaching the over current relays (OCRs) at the power distribution system. It can increase
the reliability of the protection system. Based on the results, this proposed study can
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reduce the operation of OCRs to lower conventional than 54.2% as a comparison in various
conditions. In addition, a CPU processor for controlling the smart over current relays, which
can be prohibited by any unwanted tripping and incorrect miscoordination of protective
devices on the distribution feeder [43]. Furthermore, in both studies [44—47], the proper
restoration technique for protecting coordination prior the fuse melting and burning out,
which is to classify and relies upon peer-to-peer communications that only reduces the
numeral of relay aspects layer only.

Nevertheless, previous studies proposed a number of methods to improve the protec-
tion scheme based on individual devices. Thus, the configurations for protection devices
are not presented and coordinated with all devices and DG connection. Therefore, the
solutions are proposed to address the malfunction of priority protective devices operating.
The contributions of this study are as follows:

1.  Toimprove the protection system by minimising the serious effect of fuse-link failures
during high fault conditions and managing the protection coordinate scheme between
recloser setting and fuse-link sizing verifications;

2. To develop the conventional protection system to increase the stability and reliability
on the distribution system both with and without DG;

3. To determine and apply the correct sizing of fuse-link devices at the right positions to
protect the interrupting power supply to the load connections along the primary line.

The remaining paper is presented as follows: Section 1 is the introduction section and
discusses the background and previous works related to the study. Section 2 presents the
distribution system in the case study and provides the load sizing, voltage, and power
loss characteristics. The result of fault occurrences in case of without DG connection to the
grid is presented in Section 3. The fault occurrence in case DG connection is described in
Section 4. The discussion and summary of simulation results are explained by the existing
protection coordination scheme both of without DG and with DG.

2. Distribution System Simulation

The simulation system replicates the actual load characteristic of the PEA 22 kV radial
distribution system. The load characteristics are based on PEA’s load profiles at Khok Samrong
district, Lopburi province, Thailand, as shown in Table 1. By considering data in Table 1, the
load demand of this system is 4890 kVA capacity consist of the medium-scale industry in
total of load demand 3700 kVA, small-scale industry has only one location in 500 kVA and the
remaining residential loads in total 690 kVA, respectively. From the single-line diagram, the
system energizes the power from bus Bl to all loads, which flows the current pass through the
primary line to load location in total 39 load positions. Belonging to the load characteristics
that could be separated by 3 industrial loads and 36 residential loads which is based on sizing
of distribution transformers as shown in Figure 1. In addition, the DG is placed at the opposite
of bus-B6, which is the end of primary feeder.

Table 1. Load characteristics of PEA’s 22 kV radial distribution system.

Load Position Load Types Load Demand (kVA)

L1 Medium scale industry 2700
L2,1L12,L19 Residential 50

L3, L4, L6, L9, L10, L13, L15, L32, L37 Residential 250
L5, L16, L17, L18, 123, L25, 130, L34, L36, L38 Residential 150
L7,111, 127 Small scale industry 500
L8, L14, 121, L22,1.24, L26, 131, L33, L35 Residential 100
L20 Residential 30

L28 Residential 10

L29 Residential 100

L39 Medium scale industry 1000
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Figure 1. 22 kV radial distribution system.

6
L L11
Under this system study is a single primary feeder, that consists of four major devices
installed at this system, which consist of recloser, dropout fuses, distribution transformers,
and Automatic Voltage Regulation (AVR). The recloser devices are placed at three locations
along a feeder, such as the recloser-R1 is placed nearby the bus-Bl and bus-B2. The
recloser-R2 is closely placed middle line and located the AVR. The recloser-R3 is placed
for separating the end of the primary line, which has been utilised for disconnecting loads

from L30 until L39. Dropout fuses are placed at every lateral along the distribution line.
The power cables are studied in the main three cable types, which are proposed in
the system for simulation, the spaced aerial cables (SAC), partial insulated cable (PIC), and
aluminium conductor steel reinforced (ACSR), respectively. The cross-sections of these cables
will be held by both 50 and 185 mm? in these studies. The SAC of 50 mm? shows the DC
resistance of the cable is highest as compared to others. Additionally, the characteristics of

other cables are shown in Table 2. The parameters of each cable are shown in terms of positive,
negative, and zero sequences, which are based on the PEA cable parameters (Table 3).

Table 2. Cable specification of 22 kV distribution system.

Descriptions

Technical Information

Cross-Section Area

50 mm? 50 mm? 50 mm? 185 mm? 185 mm?

Cable type

SAC PIC ACSR PIC SAC

Lead conductor

3 conductors

Type of conductor

Aluminum

Outer diameters

8.00 mm. 8.00 mm. 8.00 mm. 15.80 mm. 15.98 mm.

DC resistance

0.641 O 0.5711 O 0.5711 Q) 0.164 O 0.164 O

The case study will focus on the coordination between fuse-link and recloser devices.
There are studies of cases that consist of both phase fault and grounding fault situations
with both single and three-phases faults. The comparison is presented by vary sizing of
fuse-link and reclosers, which are determined sizing via protection coordinates curves both
without DG and with DG placement.

In case without DG, the case study consists of (1) The recloser R1 and Fuse-link 15k,
(2) The recloser R1 and Fuse-link 25k, (3) The recloser R1 and R2, (4) The recloser R2 and
R3, and (5) The recloser R3 and Fuse-link 25k.
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Table 3. Impedance sequence of 22 kV cable.
Zero Sequence Positive Sequence Negative Sequence
Cable Types
RO X0 R1 X1 R2 X2
50SAC 1.019329 1.897538 0.8219353 0.3395188 0.8219353 0.3395188
50PIC 1.001667 1.670839 0.8219279 0.4553402 0.8219279 0.4553402
50ACSR 0.8219702 1.669577 0.6403365 0.4545099 0.6403365 0.4545099
185PIC 0.3913551 1.629687 0.2106576 0.4144061 0.2106576 0.4144061
185SAC 0.402942 1.857875 0.2106598 0.2985855 0.2106598 0.2985855
For the case with DG, the case study consists of (1) Voltage and power loss improve-
ment aspects which are compared both without and without DG, (2) Belonging to various
fault locations in terms maximum and minimum currents by fixing the three points mea-
suring such as at fault location, at substation, and at DG locations, (3) The recloser R1 and
Fuse-link 25k at grounding side, (4) The recloser R1 and R3 with Fuse-link 25k, (5) The
recloser R2 and R3 at phase side, and (6)The recloser R3 and Fuse-link at position 13.
2.1. Effect on Voltage Level in Case of Distribution System with DG Placements
This simulation started from the various DG placement and measured the voltage value
on that position on time. The simulation results will be followed by Table 4. The voltage results
in case of no DG installation do not impact the lower voltage standard by 100% injection to the
loads. AVRs are installed on the distribution system, which can improve the existing voltage
value. The distribution system is applied to the DG at various positions. Thus, the voltage is not
impacted by any load locations, which is based on the voltage standard of the grid. Considering
the distancing from substation, the voltage behaviours steadily increased as compared to those
without DG, which is dependent on the distancing from the substation. For instance, the voltage
level at 2 km is higher than the voltage level at 26 km by 7.30%. The voltage level at 26 km is
more than that at the voltage level at 26 km from substation without DG by 8.87%. However,
both voltage levels at 12 and 14 km have increased value due to the AVR placement near those
positions. The simulation result is shown in Table 4.
Table 4. Voltage level from different measurement points in case of various DG placement.
Distancing Voltage Level by Individual Location (kV)
from Substation  without DG~ 2km  4km  6km  8km 10km 12km 14km 16km 18km 20km 22km 24km 26km
2km 22610 22759 22772 22785 22792 22799 22802 22803 22798 22797 22794 22788 22782 22776
4km 22358 22509 22668 22686 22696 22704 22708 22709 22703 22701 22697 22690 22681 22673
6km 22107 22261 22423 22587 22598 22609 22614 22615 22608 22606 22600 22591 22580 22570
8 km 22.909 22065 22229 22395 22552 22564 22570 22572 22563 22560 22553 22543 22530 22517
10 km 21721 21879 22045 22213 22372 22530 22537 22538 22529 22525 22517 22504 22490 22475
12km 21.589 21748 21916 22086 22246 22405 22557 22558 22547 22543 22534 22519 22503 22486
14 km 21497 21658 21826 21997 22150 22319 22472 22617 22605 22600 22589 22574 22555 22536
16 km 21317 21481 21654 21.829 21994 22158 22315 22463 22569 22563 22548 22525 22498 22471
18 km 21243 21408 21581 21758 21924 22089 22246 22395 22502 22639 22622 22598 22569 22540
20 km 21.167 21332 21507 21684 21.851 22016 22174 22324 22431 22568 22694 22.688 22.637  22.606
22km 21114 21280 21455 21632 21.800 21965 22124 22274 22381 22519 22645 22760 22727  22.694
24km 21.079 21246 21421 21599 21766 21932 22091 22241 22349 22487 22613 22729 22826 22802
26 km 21.045 21211 21387 21565 21733 21899 22058 22209 22317 22454 22581 22697 22805 22911

2.2. Effect on Power Loss in Case of Distribution System with DG Placements

The 8 MW DG sizing is installed in various locations to support the load consumption
total 9 MW. The power loss depends on the changing location of DG integrating to the
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system. The simulation evaluation is compared on both situations with DG and without
DG connections. The loads demand will be applied between 100% and 80% of power
consumption. The details of simulation result are shown in Table 5.

Table 5. Power loss for various DG placements.

Distance of DG Placement from Substation Power Loss
(km) (kW)
without DG 370
2 350
4 280
6 210
8 180
10 150
12 140
14 150
16 160
18 170
20 190
22 230
24 270
26 300

From the table, it can be seen that the DG can reduce power loss in the system when
compared to the case without DG. The amount of power loss reduction depended on the
distance from the substation; as the DG placement was further away from the substation,
the power loss in the system is decreased. The DG placement at 12 km from the substation
or the middle point of the distribution line achieved the lowest power loss. The reason is
power generated from DG can be provided to load instead of received from the substation,
thus reduce power loss in the distribution line. The benefit of DG placement at the middle
line is getting the lowest power loss. However, the further away from the substation the
DG placement is, the effectiveness in reducing power loss is decreased, but the power loss
is still lower than the case without DG.

3. Protective Device Functional Operation in Case without DG

Two case studies of case fault occurrence are provided here, such as the three-phase
fault (3P) that gets a highest current magnitude of this case study. The single-line to ground
fault (SLG) has an impedance of 40 ohms, which is getting a lowest current magnitude.
However, this simulation program will be done by DigSILENT Power Factory, which
divided the case studies in every connection point of the distribution line. The priority of
protection coordination will be arranged on this system.

The investigation of the fault occurs at three-phase and single-phase simulations, and
the maximum current at location 1 was more than 8.6 times from the single-phase. The
highest fault current is location 1, and the trending is decreased from this location until
location 16, which is the lowest fault current. The fault current behaviour is dependent on
the distance away from the fault location. Therefore, the fault impedance causes directly
impact the fault current that injects into the grid. Thus, the results both with DG and
without DG connections are shown in Table 6.
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Table 6. Maximum and minimum fault currents in cases without DG.

Maximum Current (A) Minimum Current (A)
Locations

30 1® 3P 1o

1 2812 326 2464 234
2 2464 218 2050 314
3 2266 313 1821 307
4 2190 311 1534 295
5 2178 311 1394 288
6 2085 308 1527 295
7 2021 306 1492 293
8 1970 304 1863 303
9 1921 302 1040 264
10 1290 296 968 266
11 1230 291 1045 274
12 1211 289 935 262
13 1141 282 627 219
14 1109 279 1012 269
15 1079 276 752 237
16 937 258 836 244

3.1. Protective Relay Operation Sequential at Both Recloser R1 Location and Drop-Out Fuse
Device at the Position 25k Such as F2, F3, F4, and F5, Respectively

In Figure 2a,b, recloser R1 energises the power to AVR by the large transformer, which
can increase the line voltage along this circuit. Thus, the inrush current of the circuit has
been limited to cause by the AVR via operating time zone. Considering this, this recloser
position is set up only on a slow curve mode. In addition, the configuration setting is
shown in Table 7.

Table 7. Parameter setting of recloser R1.

Recloser Position Phase Setting Ground Setting
Pick up =360 A Pickup =90 A
Rl Curve TCC 2 =116 Time Curve TCC 2 =165 Time
Interval =10 s Interval =10's
Reset Time =120 s Reset Time =120 s

However, the drop out fuse at the F1 position has provided the fuse link device at 15k
rating, which cuts out positions F2, F3, F4, and F5, respectively. Thus, those devices are
providing the fuse link at 25k.

In Figure 2a,b, when the short circuit occurs at lateral in F2, F3, F4, and F5, respectively,
which the fuse-link have been melted of the connecting couple point before the recloser
activated. Every fault occurrence, the period in the lateral of the distribution system is
more than 0.3 s. This means that the fuse-link devices of F2, F3, F4, and F5 positions have
been broken down due to all loads after those fuse-links are getting loss the power.

3.2. Sequential of Protective Relay Coordination between the Recloser R1 and Drop-Out Fuse Rated
15k at F1 Position

While the recloser R1 is determined, the setting value is according to Section 3.1 in the
graph plotting interval R1 recloser and fuse-link 15k, which is shown in Figure 3a,b of both
phase and ground sides.



Appl. Sci. 2023, 13, 7970

8 of 21
100 ¢ |:
I
[ [
[ | \
i
\ \
\
10 ; ,ﬂ
Li
‘-.11}\
Ny
'\\.‘:\.
1L N
Fuse-linl% | Recloser R1
0.1 ¢ .
; el
0.01 S :
22.00kV10 100 1000 10,000 [pri.A] 100,000
(a)
[
[s] 1
i|.|'|
10 'L|'||'
II-".
L}
N\
\
% D) 1 1
1 ==Em Rectoser R1
Fuse-link_
0.1 \\\\\\
e
T
=an
\ Lﬂ_
\\ |
B
0.01 P4 I L] —rT T
22.00kV10 100 1000 10,000 [pri.A] 100,000
(b)

Figure 2. Coordinate protection between recloser R1 and fuse-link of 25k rated. (a) At the phase side;
(b) At the ground side.

The failure occurs at the lateral F1 position, as shown in both figures. The fuse-link

devices are melted, as well as behaviour in the previous case. Considering this, the loads
are connected at the F1 location, causing the loss of power at load L27.
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Figure 3. Coordination between recloser R1 and the fuse-link of 15k sizing. (a) At the phase side;
(b) At the ground side.

3.3. Protective Coordination between Recloser R1 and R2 Devices

In Figure 1, the recloser R2 will be operated for preventing the AVR device acting only
in the slow curve period. Moreover, the functional at recloser R1 is previously operated.
Considering this, the load capacity and the fault current magnitude on the distribution
system are set at recloser R2, as shown in Table 8.

Regarding the correlation between reclosers R1 and R2, the operating time of the
phase side is picked up time at the recloser R2 before recloser R1 due to recloser R1 is
connected from the substation sides. This means that the recloser R2 result is always
disconnected before recloser R1 if the fault occurs at both sides. By contrast, both reclosers
are simultaneously operated at the fault current approximately 10 kA at phase side and
4 kA at ground side. Thus, the phase side will be operated timing faster than the ground
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side. However, the coordinated functions of recloser can be combined with both the phase
and grounding operations, as shown in Figure 4a,b.

Table 8. Configuration setting of recloser R2.

Recloser Position

Phase Setting

Ground Setting

Pick up =180 A
Curve TCC2=116

Pickup =45 A
Curve TCC 2 =165

R2 Time Interval =10 s Time Interval =10 s
Reset Time =120 s Reset Time =120 s
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Figure 4. Protective coordination between recloser R1 and R2. (a) At the phase side; (b) At the ground side.

3.4. Coordination with Recloser R2 and R3

The load capacity on the distribution system and the fault current magnitude at the
recloser R3 are compared, as shown in Table 9.
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Table 9. Configuration setting of recloser R3.

Recl

oser Position

Phase Setting

Ground Setting

R3

Pickup =125 A
Curve TCC1 =101
Curve TCC2=116
Time Interval 1=5s
Time Interval2=15s
Reset Time =120 s

Pickup =30 A

Curve TCC 2 =102

Curve TCC 2 = 165 Time dial 1.5
Time Interval 1=5s

Time Interval2=15s

Reset Time =120's

The correlates between recloser R2 and R3 are shown in Figure 5a,b, respectively,
as shown in Table 8. The result of functional can support in both the phase and ground
operations. Since the fault occurrence, the recloser R3 is first operated. Then, recloser R2
will be activated based on the configuration settle.
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Figure 5. Coordination between reclosers R2 and R3. (a) At the phase side; (b) At the ground side.
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The protective cooperation is shown in Figure 6a,b. When fault occurs at the phase
side near recloser R3, it will be operated at the priority, such as reclosers R3, R2, and R1,
respectively. All reclosers will be acted on time, which is dependent on the fault location
occurrence at the feeder line. Although the ground side behaviour also similarly happened
at the phase side, recloser R3 will be used for the first time depending on a sequential of
protection cooperation schemes.
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Figure 6. Coordinated functions of the recloser R3 and fuse-link 25k rated. (a) At the phase side;
(b) At the ground side.

3.5. Correlation between Recloser R3 and 25k Rated of Fuse-Link Device

The functional of recloser R3 is followed in Table 9, that identified the rated of fuse-link
sizing. The placement of recloser R3 is operated in the fast curve zone in first time before the
fuse-link break down. By considering in this case study, fuse-link-rated are limited by size
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25k. Thus, it cannot be determined the protective device that is co-related on both phase
and ground sides. For this reason, this simulation specifies the main protective function at
the ground side only due to mostly fault occurrences. The protective coordinated curves of
recloser R3 and fuse-link device are shown in Figure 6a,b.

4. Protective Device Functional Operation in Case with DG

This simulation presents the three-phase faults to the grounding situation, which is due
to the occurrence of a high magnitude. However, the phase to the grounding situation has
the lowest magnitude. The short current impedance is 40 (2. The DigSILENT Power Factory
program is used for the simulation in various fault locations on the distribution system.

Most problems of a distribution system include the three-phase and single-phase to
ground fault. The current magnitude in various fault locations 1 until 16 positions along the
distribution primary feeder. The behaviours of the current are similar to the fault current
in case without DG connection. Since the highest current is shown at fault location 1 in
case with DG connection due to the increase of the fault current injection by the DG side.
All fault locations have been shown current magnitudes that are greater than the previous
fault current compared with the result presented in Table 6. Therefore, the fault current
is increasing due to the current from DG integration to the grid, in which the simulation
results are shown in Table 10.

Table 10. Three-phase fault current in case of DG placement on the distribution system.

Fault Locations Maximum Current (A) Minimum Current (A)
At Fault Position At Substation At DG At Fault Position At Substation At DG
1 3447 2812 666 2960 2394 567
2 3149 2464 688 2506 1960 548
3 2965 2266 705 2251 1720 535
4 2896 2190 712 1852 1400 455
5 2885 2178 713 1654 1248 409
6 2801 2085 723 1883 1402 486
7 2743 2021 731 1857 1368 495
8 2698 1970 737 2233 1630 610
9 2655 1921 744 1224 885 343
10 2207 1290 921 1404 821 586
11 2177 1230 952 1663 940 728
12 2168 1211 963 1420 794 631
13 2141 1141 1010 1279 841 397
14 2131 1109 1034 1821 943 880
15 2124 1079 1060 1152 585 575
16 2130 937 1224 1688 742 970

The fault current from the grounding side has the same magnitude as the result shown
in Table 10. The fault current has the highest magnitude at fault location 1. Trending of
this fault current will be reduced from location 1 to 16, respectively, which is based on the
cable distancing from the fault location. Particularly, the DG aspect steadily increased the
fault current since the distancing is considerably close to the DG location. In addition, the
fault current of ground sides is getting more than the results at the same side in Table 6 as
compared at point by point. The characteristics of the current are shown in Table 11.
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Table 11. Single-phase fault to ground current on the distribution system with DG connection.

Fault Locations

Maximum Current (A)

Minimum Current (A)

At Fault Location At Substation AtDG At Fault Location At Substation At DG
1 333 286 47 326 280 46
2 328 274 54 318 265 52
3 326 267 59 291 255 56
4 325 264 61 279 244 56
5 324 263 61 273 238 55
6 323 259 64 278 241 59
7 322 256 66 275 239 61
8 322 253 67 284 245 65
9 320 251 69 247 213 58
10 310 224 86 278 201 77
11 307 217 89 288 204 84
12 305 215 90 276 195 82
13 301 207 95 231 159 73
14 298 202 97 287 195 93
15 296 198 99 254 170 84
16 285 177 109 268 167 103

4.1. Effect of Coordinates Are Compared with the Recloser R1 and Drop-Out Fuse of 25k Type in
F2, F3, F4, and F5 Positions with DG Integrating
According to Figure 7a,b, the fault current situation is connected with DG. The three-
phase fault occurs on the distribution system. The fault current will not impact recloser R1
and fuse-link devices. However, the DG injects the fault current through the fault location.
Recloser R3 is operated on the fast curve from the grounding side before the drop-out fuse
operates and melts. In addition, the recloser R3 cannot be detected on this fault location.
However, this situation will be impacted by the long period it takes for the system to recover.
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Figure 7. The coordinates of the recloser R1 and fuse-link of 25k. (a) At the phase side; (b) At the
ground side.

4.2. Effect of Protective Devices in Operating between Reclosers R2 and R3 with the Fault Location
Occurs after the Recloser R2

The DG connection at distribution system when the three-fault appears at this system.
The recloser R3 is activated in the fast curve function of the grounding side which detects
the signal before recloser R2. Considering this, recloser R3 is complexed to find out the
fault location and obtain the long time for improvement of the system. Thus, the behaviour
of the protection setting is shown in Figure 8a—c, respectively.

In summary, as per the previously cases without DG, the recloser is installed at the
selection point that proposes in a non-directional type. The DG injects through the fault
current to the grid. The DG and recloser are installed together due to the incorrect position
of the active recloser. However, the directional type of recloser can address this problem.

4.3. Protective Devices Improvement When the DG Connection to the Distribution System
4.3.1. Improvement of Malfunctions between the Recloser and Fuse-Link Devices

The DG placement is near the termination line to incorrect function between recloser
and fuse-link devices. The fault current of DG is introduced to the system with a fuse-link
device with a high current magnitude compared with the recloser side. Thus, the fuse-
link device is operated and melted before the recloser active by the fast curve function.
Considering this, the loads are closely placed causing the loss of electricity. To address this
problem, the fuse-link sizing must be increased, which could extend the timing, and the
configuration must be set up for protection of the fuse-link device before melting occurs.
The result after adjustment is shown in Figure 9. However, the corrected sizing is 40k,
which is complied with the recloser R3.

However, the automatic voltage regulator (AVR) is installed behind the recloser R1,
which could not be operated in the fast curve zone. They impact electrical users when
the short circuit occurs on this system. Therefore, to be changed, the AVR to place at the
recloser R1 position. The case study simulated the voltage level trend to provide energy for
the load customer by 100%.
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4.3.2. Simulation in Case of AVR Relocation

The relocation of AVR impacted the voltage supply of 100% of the load customers. The
voltage trend is dependent on the distance far away from the substation that is slightly reduced
in case of without DG. By considering the maximum voltage is 22.62 kV at 2 km distancing
and the minimum voltage is 21.9 kV at 26 km distancing, which is slightly reduced from
distancing at 2 km. In contrast, the 26 km distance of AVR placement directly impacts the
voltage level due to the location being far away. By the way, in case DG placement on the
system is quite supportive of the voltage profile, which maintains the voltage level smoothly
changing. Despite the distance having changed, the voltage value is still quite a bit more
changed as comparing without DG. The results are presented in Table 12.

Table 12. Voltage improvement result in various positions.

Distancing Voltage Level without DG Voltage Level with DG
(km) kV) kV)
2 22.62 22.85
4 22.36 22.69
6 22.10 22.58
8 21.89 22.52
10 21.80 22.20
12 22.44 22.20
14 22.32 22.25
16 22.23 22.31
18 22.15 22.42
20 22.08 22.43
22 22.01 22.52
24 21.96 22.63
26 21.90 22.73

5. Conclusions

This simulation studied the fault location on distribution systems. We compared
the electricity outage with DG and without DG connected to the grid. This study aimed
to investigate the effects of DG connection to the grid to address the problems on the
distribution system. The simulated results present the parameters of the system that are
due to install DG on that place. The parameters include voltage, current, and protective
relay coordination, which are modelled after the actual PEA distribution system. The DG
placement, which is close to the load or the middle line, has great advantages, such as the
power loss and voltage improvement. With this, the middle line is complexed to select for
DG placement at the present. Thus, the case studies compared the coordinated function
without and with DG connections to the grid in various protective devices. Solutions were
proposed to fix the malfunction of priority protective devices between recloser and fuse-link
devices operating in the directional recloser device. The malfunctions between the recloser
and fuse-link devices are provided. For this reason, the fuse link increases, which will
provide more capacity for melting protection before the recloser operates at the fast curve
zone. Thus, the electric loads lost power at this occurrence. This methodology is based
on the adjustment of protection device coordination in case the distribution system has
changing characteristic with different coordination related issues between various protective
devices taken into consideration. Thus, the proposed coordination method can be applied
to the various distribution system topologies that consist of similar protective devices.
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