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Abstract: Energy consumption and environmental issues have become major drivers of increasing
renewable energy penetration levels. The electricity generated from renewable energy sources is
decentralized throughout distributed generation (DG), which is located at the distribution level.
However, the presence of DG can change distribution system characteristics and affect protection
systems. Thus, this study aims to investigate the impact of DG in term of its sizing and placement
on distribution systems under both normal and fault conditions. In addition, the effects on voltage
improvement under normal conditions and current under fault conditions are also considered. The
case study system in this study was modelled after an actual section of a 22 kV distribution line
from the Provincial Electricity Authority of Thailand using PSCAD software. For DG, wind turbine
generation was selected as a renewable energy source. The simulation results demonstrated that
the presence of DG has a significant impact on both voltage and current characteristics under both
normal and fault conditions. These impacts on the distribution system caused by DG can affect
the operation of conventional distribution systems, which require further analysis and preventive
measures in order to ensure good system reliability.
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1. Introduction

Currently, energy and environmental problems have become major concerns in many
countries because of the increasing consumption of fossil fuels and the corresponding
release of greenhouse gases. In addition, populations and economies have been growing
rapidly, which means that energy production cannot keep up with energy consumption
rates. To address this, increasing energy production from renewable energy sources is
among the methods that have gained attention from both governments and the private sec-
tor to replace the usage of fossil fuels. To achieve this goal, small-scale forms of renewable
electric power generation called “distributed generation (DG)” systems must be adopted
on a larger scale [1]. DG systems generate power from energy sources such as solar, wind,
biomass, and biogas and are installed close to end users. In Thailand, the government
plans to increase the proportion of energy generated from renewable energy sources by
investing in renewable energy sources such as solar, wind, waste, biomass, and biogas in
every region of the country that has potential for their use. In addition, the government has
expanded its transmission and distribution system to keep up with increases in renewable
energy penetration levels. According to data from the Ministry of Energy, Thailand created
a long-term integration plan called The Power Development Plan (PDP2018 Revision 1) in
2018, which includes the objective of increasing renewable energy in power generation to
18.9% by 2037 [2]. The Alternative Energy Development Plan (AEDP2018) has the objective
of increasing the proportion of renewable energy to 34.23% of total energy consumption
by 2037. In particular, wind power generation will increase from 1102.82 MW in 2018 to
2989 MW in 2037, according to the plan [3]. This trend of rising DG penetration levels in
the power system will affect the overall system characteristics in both positive and negative
ways [4].
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The connection of DG to the distribution system, including elements such as PV,
thermal, wind, and water power plants, causes shifts in the characteristics of the power
system [5-10]. Thus, the impacts of DG, both negative and positive, are reviewed in this
paragraph. The conventional distribution system is a centralization generation (CG) type [5]
with a large power generation unit that is placed near the energy source for generation
and transmission of energy to customers through a distribution system. However, DG
systems directly generate active power (P) [6] and reactive power (Q) [7] to the load
customers via the distribution feeder. There are also side benefits of DG installations in
distribution systems, such as voltage drop improvement [8], power loss reduction [9],
improved power quality [10], and reactive power reduction. Literature reviews on DG
placements in distribution systems and their effects on system characteristics [11-16] have
been conducted. Optimal DG placement to improve voltage profiles and reduce power loss
on distribution feeders in comparison to existing networks has also been studied [11]. In
Ref. [12], the author proposed that DG placement along the distribution feeder impacts
the bi-directional power flow of the distribution system. Various load characteristics were
studied before determining the optimal DG placement and locating the weak bus of the
primary feeder [13]. Furthermore, a technique to place DG to improve the power loss
and reactive power compensation has been proposed [14]. Compared to the conventional
technique, the results showed that DG installation achieved greater benefits, such as voltage
drop improvement and an increase in the voltage profile. In addition, DG penetration with
better allocation reduced the power loss of the system. In [15], the author reported that the
voltage drop on the distribution line improved with the DG system, especially in the case
of load unbalancing placement.

According to the above literature review, most DG systems can be improved through
loss reductions and voltage deviations in the distribution system. These techniques have
not been conducted for determining optimal locations to select the best position. Thus, DG
placement techniques are proposed in [16-19]. DG placement techniques utilize the power
loss and voltage profile. The DG placement technique has an impact on distribution feeders
in term of voltage drop and power loss minimization, affecting the reliability of power
systems [16]. In Ref. [17], studies were conducted regarding planning the optimal DG
placement using the Strawberry Plant Propagation Algorithm (SPPA), which was applied
on 33 and 69 nodes for testing. Ref. [18] studied the Meta-heuristics technique for optimal
placements in multiple DG sizing variations, totaling 7 positions, which were performed
on an IEEE 33-bus radial distribution system. Other devices that used capacitors were also
proposed and placed on every weakness bus, using the analytical method technique for
determining the optimal sizing and placement testing on the IEEE 37-bus [19].

Wind turbine generation (WTG) is one of the main types of DG that uses renewable
energy sources that is on par with solar power systems. Past studies on the impacts of
various WTG placements on distribution systems have been presented in [20,21]. The
results indicated that operational issues that occur in systems with other types of DG also
occur in the case of wind farm projects. Various phase faults in a distribution system
consisting of wind power generation that uses a doubly fed induction generator (DFIG) can
affect relay operation and are caused by a malfunction in a conventional directional relay.
Research on a new approach to fault classification also demonstrated the effect of DFIG on
the wave shape of the fault current, as can be seen in [22,23]. A smart grid system with a
high level of renewable energy penetration, especially in wind farms, requires accurate and
rapid fault location algorithms to prevent any tripping out of wind power generators [24].
Moreover, the fault current on the distribution system will be more affected by the installed
WTG according to parameters such as sizing and placement [25]. To determine the type of
fault and identify the fault line, simulation programs have been utilized to determine the
correct location [26]. In addition, fault currents have been monitored from the load side and
fault point occurrence to improve the relay-setting coordination along with the distribution
system. The fault current will increase in the system depending on the DG installation
size [27,28]. The reason for this is the penetration of DG, which injects continuous current
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into the system when the fault is still occurring. The WTG still provides power under fault
conditions through the distribution system because the wind power comes from the flow
of wind speed, which drives the mechanisms of the wind turbine and generates power
regardless of whether a fault occurs on the distribution line [29]. In [30], the researcher
employed the reduction amplitude method when the fault occurred through fault current
limiter (FCL) installation to the distribution system. Thus, the sizing and placement of the
DG were optimized to avoid high FLC sizing selection.

In [31-35], research on the impact of DG placement on distribution systems when
various faults occur was conducted. The optimal DG placement was determined based on
the right placement location and sizing of the DG [31]. Investigations analyzing the root
causes of DG integration in a distribution system used for resetting relay protection have
also been conducted [32,33]. In [34], the authors proposed the optimal placement of fault
detection for identifying the zone of the fault location along with the distribution system,
and the results could be used to improve the reliability of the system. Furthermore, DG
causes significant changes in various aspects of the power system characteristics when
connected to the system in both steady and transient states. In addition, the DG placement
on the distribution system must consider the fault occurrence among the feeders to identify
and determine the fault location, thus helping to minimize the major fault occurrences in
the distribution system [35]. Ref. [36] determined the various DG types to connect with the
grid for monitoring performance.

From the literature review it can be seen that the integration of DG has various impacts
on conventional distribution systems. However, many research articles focused on case
studies with fixed DG sizes and locations. Thus, this paper aims to present the effect of
DG on various parameters such as voltage under normal conditions and system currents
during fault conditions. The case study distribution system using a 22-kV distribution
network located in the northern part of Thailand’s central region was simulated using
PSCAD software. The evaluation of system characteristics considered various factors such
as DG location, number of DGs, and fault locations in consideration. Various case studies
have been conducted in order to anticipate the system behavior in case of an increase in
the penetration level on the distribution line and to analyze the trend to ensure that the
traditional distribution system can operate under the new condition reliability.

The contribution of this study as follows:

e  The case study replicated an actual distribution line from the Provincial Electricity Au-
thority (PEA) 22 kV distribution network, which represents real load and connection;

e  The voltage characteristic under a normal condition and the side benefits of DG
installation on the distribution in terms of voltage drop improvement were analyzed
using various DG sizes, numbers, and locations;

e  The current characteristic of the distribution system with various cases of DG installa-
tions under fault occurrences were also observed.

The results from this study can be used to anticipate both the positive effects (in
terms of improving the voltage drop) and negative effects (in terms of its impact on the
current characteristics of the system) of DG implementation, which can help ensure reliable
operation of the distribution system with higher distributed generator penetration.

The remainder of this paper can be divided into the following sections. Section 2
provides details and a configuration of the distribution system used in the case study. The
results in terms of voltage improvement obtained by using DG are presented in Section 3.
Section 4 evaluates the impact of fault conditions on the distribution system characteristics
under different DG conditions. Finally, the findings of the study are summarized and
discussed in the conclusion.

2. Case Study Distribution System

The characteristics of the distribution system used in the case study were modelled
after the actual PEA 22-kV distribution line connected between the Sukhothai (STA) and
Sawankhalok (SWA) substations in the northern region of Thailand. The distance between
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the substations is 43 km, and the configuration of the cable in this section of the distribution
line is summarized in Table 1.

Table 1. Configuration of the case study distribution system.

Parameters Configurations

1. Rated voltage (Vi.1, Vims) 22 kV
2. Boundary voltage 20.9-23.1kV
3. Lean conductor 3 conductors

m SAC cable 185 mm?

m  Outer diameter 0.00799 m

m DC resistance 0.164 O
4. Distribution line length 43 km
5. Total loads 9 loads
6. PF loads 0.95

The parameters of each customer load on the distribution system are summarized in
Table 2. The customer load requirement in this section was 23.59 MVA with an average
power factor of 0.95, which can be simplified into nine connected points along a 43 km
distribution line. The largest load was number 4, located 27.5 km from the STA substation,
and the smallest load was number 9, located 37.5 km from the STA substation.

Table 2. Parameters of the interconnected load in the distribution system.

Load No. Distance (STA-Load) (km) Apparent Power (MVA) PE.
1 5.5 0.86 0.95
2 10 471 0.95
3 14.5 2.55 0.95
4 17.5 6.02 0.95
5 20 297 0.95
6 26 0.97 0.95
7 30.5 2.36 0.95
8 33.5 2.96 0.95
9 37.5 0.19 0.95

23.59 MVA

The distribution line used as a case study can be represented by a single-line diagram,
as shown in Figure 1. In Figure 1a, the simplified diagram consists of nine connected loads
with varying power demands, with the largest connected load of 6.02 MVA located at bus
No. 4, slightly near the STA substation. The PSCAD diagram is illustrated in Figure 1b,
where the substation is replaced with a voltage source and the load is connected to the
transmission line model with a bus, circuit breaker, and measurement device.

To evaluate the characteristics of the distribution system used in the case study, a
simulation using PSCAD software was performed. System parameters such as voltage
and current were obtained through measurement devices installed on the substation and
each load bus. The three-phase voltage waveform obtained in front of the STA and SWA
substation displayed in Figure 2 shows the sinusoidal wave characteristic with each phase
according to 120°, which is common in alternate current systems. For the load parameter,
the obtained results are summarized in Table 3. The voltage level on the load bus decreased
as the distance between the load bus and the substation increased. This resulted from
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the voltage drop on the load and cable as power was fed along the distribution line. The
voltage was the lowest on load No. 4, which was also the largest load on the distribution
line and was located farthest from both substations. On the other hand, the current from
both substations was a combination of the current that flowed through each load, and
the amplitude depended on the sizing of the load, which was highest for load No.4. The
current on the STA substation was higher than that on the SWA because the sizing of the
load near the STA substation was larger than that near the SWA substation. Thus, a larger
amount of power was fed from the STA substation.
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Figure 1. The 22 kV distribution system used in the case study. (a) Single-line diagram; (b) PSCAD
diagram.
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Figure 2. Three-phase voltage waveform in case study distribution system. (a) STA substation;
(b) SWA substation.
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Table 3. Parameter results of base case (no DG) simulation.

Parameters Recorded

Descriptions
V (kV) I (kA) PMW) Q(MVAr) S(MVA)
STA (S1) 23.000000 0.499433  19.174202  8.096472 20.813526
Load No.1 21.705532  0.035279  1.255549 0.427419 1.326307
Load No.2 20.766570  0.184679  6.308891 2.078501 6.642459
Load No. 3 20.213322  0.097514  3.243475 1.065713 3.414070
Load No.4 19967074 0.226968  7.460242 2441514 7.849598
Measuring Points  Load No. 5 20.017326  0.112525  3.703464 1.226886 3.901396
Load No. 6 20.433511 0.037232  1.254766 0.402474 1.317734
Load No.7 20.821111 0.093333  3.195578 1.056986 3.365848
Load No. 8 21.203214 0.118314  4.129579 1.351087 4.344980
Load No.9 21939189  0.007498  0.272923 0.081175 0.284739
SWA (S2)  23.000000 0.413103 15.078666  6.592662 16.456894

From a voltage perspective, the voltage drop level that occurred on the distribution
line is significant because of its impact on the end user. The PEA has set a standard that
regulates the voltage level, which should not exceed 5% of that of the substation. The
voltage level of the 22-kV case study distribution system is plotted in comparison with the
PEA standard, as shown in Figure 3. The 5% voltage boundaries are 23.1 kV and 20.9 kV for
the upper and lower boundaries of the PEA standard, respectively. From the figure, it can
be seen that the voltages on the bus nos. 2 through nos. 7 were lower than the minimum
imposed by the standard.
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Figure 3. Voltage level of the case study distribution system.

This under-voltage issue on the majority of the load can impact end users on this
specific distribution line. However, the presence of DG at the distribution level may be able
to improve the voltage level on the distribution line. Thus, a characteristic evaluation of the
distribution system with a connected wind-type DG under different conditions, particularly
at the voltage level, is presented in the next section.

3. Distribution System with Distributed Generation

In this case study, WTG was selected as the type of DG to be connected to a distribution
system. The diagrams of the wind turbine model and its PSCAD counterpart used in the
case study are illustrated as shown in Figure 4a,b, respectively. The WTG components
consist of a wind source (point 1), which can be used to control the input wind speed for
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the WTG. The next part is the wind turbine governor, which controls the pitch angle of the
turbine blade and the turbine modulation that generates mechanical torque (point 2). The
output torque provides a synchronous machine with AC exciters that generate voltage and
current (point 3). Finally, the output power flows through the power transformer (point 4)
to synchronize a generator with the distribution grid (point A). In addition, the detailed
WTG configurations are described as displayed in Table 4.

Wind turbine converter
® B |
DC |

Integrated
gear or
module
system

Grid
transformer

switchgear

Medium volta

PM generator  Break

(up to 500 rpm)
I v

Rotor ; -
bearing @ O < | Wind turbine
control
1 Pitch
drive

Wind Turbine
MOD 2 Type

Wind Turbine
Governor
MOD 2 Type

|
g A cn= A
10 >-B

Ctrl e e e e —

TIVE :‘;I: o

(b)

Figure 4. Detail of the WTG used in the case study. (a) Simplified diagram of the WTG; (b) PSCAD
diagram of the WTG.
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Table 4. WTG parameters used in the case study.

Components Parameters Configurations
1. Wind Source Average wind Speed (m/s) 6
Generator rated (MVA) 2
2. Wind Turbine Generator Rotor radius (m) 35
Rotor area (m?) 5944
Air density (kg/ m?) 1.225
Rate voltage per phase (kV) 0.398
3. Synchronous Machine Rate current (kA) 1.840
Frequency (Hz) 50
Frequency (Hz) 50
4. Unit Transformer Apparent power (MVA) 2
Primary voltage (kV) 0.690
Secondary voltage (kV) 22

From Table 4, the average wind speed at the case study location was 6 m/s. The
parameters of the generator in the turbine had a rated power of 2 MVA, mechanical speed
of 16.667 Hz, rotor diameter of 43.5 m, and air density of 1.225 kg/ m3. The generator
type was synchronous with a rated configuration voltage of 0.398 kV and 1.84 kA and a
power converter control frequency for synchronization to the grid at 50 Hz. The power
transformer was a step-up voltage Delta-Wye connection with a voltage ratio of 0.69/22 kV
connected between the WTG and the distribution line.

The DG placement consisted of three main locations: near the STA substation (S1), on
the middle point of the distribution line (M), and near the SWA substation (S2). Moreover,
the sizing of the WTG varied from 2 MW to 8 MW, which is the maximum allowable DG
output to connect with the grid according to PEA regulations. A simplified diagram of
the case study distribution system with the WTG is shown in Figure 5a,b, which show a
diagram from PSCAD software. The simulation results from PSCAD with different DG
sizing and placement are discussed in the next section.

215km | 215k
|

Figure 5. Cont.



Sustainability 2023, 15, 5581

90f23

STA Substation

¥

Wind Turbine T }7Wrﬁ7Taﬂ)ﬂ1€77 KNT*\TVEETJrEiEej
MOD 2 Type PP | MOD 2 Type } | MOD 2 Type }
- | |
! i ! l
pras T TTTTTTTTTTTTTT ks | | |
T\ : o | T\ | | T\ |
-7 ! | ! |
- ! | ! |
e | | ! |
;7 ! | ! I
/// | /P | | /P SWA Substation
N / I _d L,,,,,,,,,Je
f?\ W'W'W'W'W'W'W'W'W%]_@_{p
B LAl LAl W LAl LAl LAl LAl LAl LAl W
L@ TLine1 TLine2 TLine3 TLine4 TLine5 TLine6 TLine7 TLine8 TLine9 TLine10
4 4
= < Ph %
o 3
© o
v
sloogl 3L, 3L, &L, 3L, 3l ¢ 5
L AL S MY AL ol -1 SO -L oL (R -
- N w S () (=2} ~ o m
| J7\L | $\L | $\L | $\L | J7\L \L \L \L J7\L
P+Q P+Q P+Q P+Q P+Q P+Q P+Q P+Q P+Q

Loadno.1 Loadno2 Loadno3 Loadno4 Loadno5 Loadno6 Loadno.7 Loadno8 Loadno.9

(b)

Figure 5. Case study diagram with single DG placement on the distribution system. (a) Single-line
diagram; (b) PSCAD model.

3.1. Distribution Characteristics in the Case of a Single 2 MW DG with Different Placement

The evaluation of distribution characteristics with different DG placements was con-
ducted by simulating a 2 MW DG at three different positions. The selected positions
consisted of the STA substation, the middle of the distribution line, and the SWA substation.
The simulation results in terms of sinusoidal voltage and current waveform for the three
different DG placements are shown in Figure 6. The amplitude of both the sinusoidal
voltage and current waveform from the STA substation (Figure 6a) were similar to those
of the substation (Figure 6b) and those of the case without DG (Figure 2). This result is
due to the DG installed on the substation bus, where the voltage level is constant. On the
other hand, DG placement at the middle of the distribution line (Figure 6c) had a lower
peak-to-peak voltage compared to the substation placement because of the voltage drop
that occurred on the distribution line. For the current waveform, the amplitude depended
on the power provided by the DG sizing.

The obtained current and voltage of each measuring point from three different 2 MW
DG placement locations in comparison with the case without DG are summarized in Table 5.
With respect to the voltage level, the RMS voltages at each measurement point in the cases
of DG placement near both substations were similar to that in the base case without DG.
This results from the constant voltage level on the substation bus; therefore, the DG does
have an effect on the voltage. In the case of DG placement in the middle of the distribution
line, the RMS voltages on each load bus increased compared to those in the base case.
This is because DG provides power to the nearest load instead of power feeding from the
substation, resulting in a reduction in the voltage drop. For the current, the DG had an
impact on the current level by feeding power to the nearest load instead of the substation.
Thus, the current level of a substation reduced when DG placement was near it compared
with to base case without DG. However, the sizing of DG was small in comparison to the
load, and the effect did not reach the substation on the other side. When the DG was placed
in the middle of the distribution line, the additional power generated from the DG resulted
in an increase in the current level on the nearest load and a reduction in the substation
current level.
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Figure 6. Sinusoidal voltage and current waveform for distribution system with 2 MW DG placement.

(a) DG placement near STA substation; (b) DG placement near SWA substation; (c) DG placement in

middle of distribution line.
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Table 5. Simulation results for single 2 MW DG with different placements.
Descriptions
Near STA On the Middle Near SWA Near STA On the Middle Near SWA
. . Base Case . Point of the . Base Case . Point of the .
Items Measuring Points Substation e . Substation Substation e . Substation
(No DG) (DG-STA) Distribution Line (DG-SWA) (No DG) (DG-STA) Distribution Line (DG-SWA)
(DG-Middle) (DG-Middle)
Voltage (kV) Current (kA)
1 STA (S1) 23.000000 23.000000 23.000000 23.000000 0.499433 0.411413 0.468915 0.499443
2 Load No. 1 21.705532 21.705543 21.908088 21.705561 0.035279 0.035279 0.035607 0.035279
3 Load No. 2 20.766570 20.766675 21.138453 20.766642 0.184679 0.184673 0.187696 0.184673
4 Load No. 3 20.213322 20.213380 20.761723 20.213555 0.097514 0.097515 0.100147 0.097515
5 Load No. 4 19.967074 19.967146 20.639817 19.967360 0.226968 0.226969 0.234555 0.226972
6 Load No. 5 20.017326 20.017389 20.798338 20.017638 0.112525 0.112525 0.116922 0.112526
7 Load No. 6 20.433511 20.433512 21.099504 20.433847 0.037232 0.037232 0.038440 0.037233
8 Load No. 7 20.821111 20.821148 21.300304 20.821548 0.093333 0.093333 0.095484 0.093335
9 Load No. 8 21.203214 21.203240 21.563076 21.203488 0.118314 0.118314 0.120318 0.118316
10 Load No. 9 21.939189 21.939206 22.146445 21.939720 0.007498 0.007498 0.007569 0.007498
11 SWA (S2) 23.000000 23.000000 23.000000 23.000000 0.413103 0.413099 0.381220 0.330026
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The voltage level at each measurement point was plotted in the voltage profile along
the distribution line in comparison with the voltage regulation, as shown in Figure 7. The
PEA standards of maximum and minimum voltage levels indicated that under normal
conditions, the 22 kV system had an upper voltage boundary of 23.1 kV and a lower
voltage boundary of 20.90 kV. From the figure, the distribution system without DG had
voltage levels on loads 2 through 7 that were lower than the minimum regulation boundary.
Although the voltage level improved in the case of DG placement in the middle of the
distribution line, the voltage levels on loads 3 through 5 were still lower than the minimum
regulation boundary. However, the PEA interconnection code allows up to 8 MW of a
DG unit to be connected to a single bus. Thus, the evaluation of different DG sizing
and the corresponding effects in cases where the penetration level is higher than 2 MW
were performed.

= = =\Voltage boundaries =¥=No DG —¢—DG-STA DG-SWA —a—DG-Middle = = =Voltage boundaries
23.30 J: l
23.00 M <

22.70
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Figure 7. Voltage profile of the distribution system with different 2 MW DG placements.

3.2. Characteristics of Voltages in the Case of Varying DG Sizing

From a previous case study, only the case of DG placement in the middle of the
distribution line showed results in terms of voltage improvement on load buses. Thus, this
section will focus only on the case of DG placement at the middle of the distribution line
and varied sizing from 2 MW to 8 MW. The voltage levels when the DG sizing varied are
summarized in Table 6. The RMS voltage level loads increased in comparison with that of
the distribution system without DG and the voltage increased as the DG sizing increased.
As for the voltage regulation, the DG size of 3 MW at the middle of the distribution line had
a voltage level at all load buses higher than the lower boundary of voltage regulation. This
is because the DG was located near the load and provided power to the load instead of to
the substation. Thus, there was a smaller voltage drop from the distance of the load to the
substation. For the sinusoidal voltage waveform, the voltage amplitude at the connected
point increased depending on DG sizing, as shown in Figure 8.

Table 6. The voltage results in the case of 2 MW to 8 MW DG placement at the middle of the
distribution line (M).

Single DG Sizing

Measuring Points

STA 1 2 3 4 5 6 7 8 9 SWA
no DG 23.000000 21.705532 20.766570 20.213322 19.967074 20.017326 20.433511 20.821111 21.203214 21.939189 23.000000
2 MW 23.000000 21.908088 21.138453 20.761723 20.639817 20.798338 21.099504 21.300304 21.563076 22.146445 23.000000
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Table 6. Cont.

Single DG Sizing

Measuring Points

kV

Time

-10.
-15.
-200

STA 1 2 3 4 5 6 7 8 9 SWA
3 MW 23.000000 21.974048 21.293040 21.025706 21.006142 21.222554 21.392216 21.504872 21.748671 22.239908 23.000000
4 MW 23.000000 22.107511 21.482672 21.272889 21.265034 21.525231 21.713015 21.746262 21.901710 22.342198 23.000000
5 MW 23.000000 22.184035 21.632193 21.489586 21.586236 21.854500 21.990732 21.959655 22.061591 22.433231 23.000000
6 MW 23.000000 22281338 21.807338 21.751126 21.856676 22.217459 22.299483 22.176007 22.216389 22.524413 23.000000
7MW 23.000000 22.333308 21.990926 21.964674 22.105478 22.554267 22.567886 22.367582 22380118 22.614138 23.000000
8§ MW 23.000000 22.441116 22.105417 22.191798 22.397389 22.855555 22.834169 22.547406 22.504952 22.688590 23.000000
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Figure 8. The sinusoidal voltage waveform in the case of DG connected at the middle of the distribu-
tion line. (a) 2 MW DG; (b) 8 MW DG.

The voltage characteristics of each case study compared with the PEA voltage regula-
tion are summarized in Figure 9. The voltage levels on all load buses increased as the DG
sizing increased from 2 MW to 8 MW. The DG installation was located in the middle of the
transmission line, that is, between buses 5 and 6. This resulted in the voltage level in these
two buses being higher than the other buses because of the proximity of the DG. At the
maximum connected DG allowance of 8 MW, the voltage level did not exceed the upper
boundary of the PEA voltage regulation. This change in distribution system characteristics
represents a positive effect. However, the change in current characteristics under normal
conditions due to DG can impact the system, especially under fault conditions. Thus, the
next section discusses the impact of DG on the distribution system under fault conditions.

—@— Voltage boundaries == No DG ——2 MW — 3 MW —0—4 MW

X5 MW ——6 MW =7 MW —h—8 MW === Voltage boundaries

STA 1 2 3 4 5 6 7 8 9 SWA

Figure 9. The voltage profile of DG placement at the middle position of the distribution line.
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4. Distribution System with Distributed Generation in the Case of Fault Occurrence

The simulation results under normal conditions show that DG interconnected into a
distribution system can indeed alter the system characteristics by increasing the voltage
level along the distribution line. However, the characteristics of the system under fault
conditions may be affected by the presence of DG. Thus, an evaluation of a system with
DG under fault conditions must be performed.

4.1. Distribution System in the Case without dg under Fault Conditions

To evaluate the characteristics under fault conditions, a case study distribution system
without DG was simulated. The location of the fault was varied across six different locations:
L1at5.5km, L2 at 10 km, L3 at 17.5 km (on the bus connected with load No. 4), L4 at 20 km
(middle point), L5 at 33.5 km (10 km from SWA substation), and L6 at 37.5 km (5.5 km
from the SWA substation). The single-line diagram of the distribution system under fault
conditions and its PSCAD counterpart are shown in Figure 10a,b, respectively.
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Figure 10. Distribution system without DG under fault condition. (a) Single-line diagram; (b) PSCAD
diagram.

The sinusoidal current waveforms at the STA and SWA substations under normal
conditions are displayed in Figure 11a,b, respectively. The different amplitudes obtained
from the load sizing on the STA side were larger than those on the SWA size. Thus, the STA
substation needed to provide more power, which resulted in a higher current amplitude
compared to that of the SWA substation. Under the fault condition at L1, the single line to
ground fault in Figure 11c shows that the fault phase current from the STA was significantly
higher than that of the other phases, and it was also higher than the fault phase measured
from the SWA side because the fault location was near the STA substation. For the three-
phase fault in Figure 11d, the currents from both the STA and SWA in all phases had similar
characteristics that were significantly higher than under pre-fault conditions. However, the
current from the STA substation was higher than that from the SWA substation because the
location of the fault was similar to that of the case with single-phase to ground fault.
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Current (kA)

Figure 11. Normal and fault condition waveforms without DG. (a) STA substation current waveform;
(b) SWA substation current waveform; (c) Single-phase to ground fault; (d) Three-phase to ground fault.

The currents measured from all buses during the fault conditions are listed in Table 7.
Considering that phase-A-to-ground faults occur at L1, the magnitudes of current phase A
on both substations were higher than those of other phases because the current from the
substation flowed directly to the fault location, which had a lower resistance path. In
addition, current phase A on the other load bus decreased compared to that in the normal
condition because the current flowed to the fault location instead of the load. At the same
time, the currents of the B and C phases could feed to the loads as before, but the current
magnitude shifted to be slightly higher compared to that with normal conditions because of
the unbalanced substation current. However, the current gap between the fault and normal
conditions on load bus decreased as the fault location moved away from the observed load
bus. When comparing the current from the STA and SWA substations, the current on the
STA substation was significantly higher than that on the SWA substation because the fault
was located nearby. In the case of a varied fault location away from L1, the current from the
STA decreased as the distance increased. The fault current was the lowest around location
L4, owing to the distance from the substation. Conversely, when the fault location moved
nearer to the SWA substation, the current increased significantly.

Comparing the pre- and post-fault conditions shows that the fault currents of the STA
and SWA substations increased under fault conditions. This increase depended on the
distance between the fault location and the substation. However, this characteristic may
change when the distribution system has a DG connection, which can act as an additional
generating source.
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Table 7. Simulation results in the case of fault occurrences in the system without DG.

Measuring Points

Fault Location Parameters STA Load Load Load Load Load Load Load Load Load SWA
(S1) No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 (S2)

A 0499433 0.035279 0.184679 0.097514 0.226968 0.112525 0.037232 0.093333 0.118314 0.007498 0.413103

Normal Condition RMS(ISX;rem B 0.499433 0.035279 0.184679 0.097514 0.226968 0.112525 0.037232 0.093333 0.118314 0.007498 0.413103
C 0.499433 0.035279 0.184679 0.097514 0.226968 0.112525 0.037232 0.093333 0.118314 0.007498 0.413103

A 3.425437 3.80059 0.045354 0.034836 0.104118 0.059266 0.025076 0.072426 0.098934 0.006807 0.656846

5?1‘::: (a‘]fl) RMs(lfl‘i;rem B 0570717 0.048403 0.227256 0.110387 0.244291 0.118632 0.037849 0.093260 0.11784 0.00748 0.431361
C 0.60103 0.045938 0.231498 0.118328 0.270682 0131697 0.041878 0.101779 0.1262 0.00778 0.470331

A 2.039706 0.018407 2.534366 0.025607 0.075196 0.046396 0.022077 0.067126 0.094045 0.006635 0.736406

" ault (?2) RMsglfxre“t B 0584159 0040447 0242797  0.015761 0253281 0122223 0038493 0094094  0.118467 0007506  0.444318
C 0.612174 0.040432 0.239505 0.12189 0.278379 0.135086 0.04227 0.103318 0.127651 0.007829 0.479773

A 1.28695 0.02593 0.092053 0.031512 1.979025 0.031697 0.015228 0.05431 0.081949 0.006207 0.920934

17231‘(111; "Eia) RMS(ISZ;rem B 0.576755 0.036578 0.200288 0.11494 0.287371 0.136297 0.041345 0.098378 0.122088 0.007624 0.462517
C 0.607462 0.038518 0.21505 0.121232 0.294322 0.141964 0.044407 0.106478 0.130603 0.007931 0.490508

A 1144118 0.027471 0.107245 0.035007 0.056589 1.880047 0.014092 0.049399 0.076969 0.006017 0.990623

25 i‘ita) RMS(EX)HGM B 0562203 0.036117 0.195049 0.109855 0.27104 0.14385 0.042907 0.100751 0.124109 0.007693 046411
C 0.598486 0.037899 0.21074 0117767 0.28416 0.14591 0.045309 0.108073 0.132065 0.00798 0.489472

A 0.786051 0.031503 0.146545 0.066019 0.133924 0.057004 0.011675 0.026774 2513962 0.003605 2.065382

33.1:531‘(111;?;5) RMS(EK)“e“t B 0.527778 0.035217 0.184619 0.099259 0.236191 0.12059 0.044063 0.118574 0.158727 0.008857 0.474618
C 0.56739 0.036791 0.199489 0.10909 0.259745 0.131519 0.045305 0.118059 0.154326 0.00866 0.488163

A 0.728949 0.032086 0.152416 0.07073 0.147694 0.065068 0.014511 0.025329 0.028757 3.713365 3355621

37ial‘jrl; "EtL 6 RMS(ISZ;re“t B 0.518104 0.035196 0.184339 0.0987 0.233933 0.118883 0.042851 0.114254 0.151947 0.101409 0.469314
C 0.558022 0.036599 0.197586 0.107615 0.255573 0.129131 0.044292 0.114906 0.149521 0.009837 0.481258
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4.2. Distribution System in the Case of Single DG under Fault Conditions

A distribution system with DG under fault conditions was simulated to evaluate
the current characteristics. The voltage drop improvement resulting from the presence
of DG sizing of more than 3 MW connected at the middle point (M) was within the PEA
voltage regulation. Thus, the DG sizing varied from 3 MW to 8 MW with three different
DG placements: near the STA substation, at the middle of the distribution line, and near
the SWA substation. In addition, the single-line to ground fault location varied among
six locations along the distribution line in a manner similar to the case without DG. The
single-line diagram and PSCAD model are shown in Figure 12a,b, respectively.
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Figure 12. Distribution system with single DG placement under fault condition. (a) Single-line
diagram; (b) PSCAD diagram.

The sinusoidal current waveforms from the STA substation, DG connected point, and
SWA substation in the cases of single-phase fault to ground and three-phase fault to ground
at location L1 are shown in Figure 13a,b, respectively. As shown, the location of the fault
was near the STA substation, resulting in the current amplitude after fault occurrence being
significantly higher when compared to the SWA substation. The current from the DG at
the middle of the distribution line in the phase fault slightly increased compared to that
in the pre-fault condition. However, the amplitude did not sharply increase, owing to the
limitation of the current generated by the WTG.
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Figure 13. Current waveform at the fault location at 5.5 km with DG placed at the middle of the
distribution system. (a) Single-phase fault to ground; (b) three-phase fault to ground.

4.3. Distribution System in the Case of Single DG under Various Fault Locations

The results from simulating the distribution system with a connected 3 MW DG under
various fault locations are summarized in Table 8. For fault position L1, the STA substation
current in the fault phase in post-fault condition increased compared to that in the pre-fault
condition. However, the amplitude was less than that in the case without DG under similar
conditions. This resulted from the DG generating additional power and current into the
fault location. The SWA substation current also had a similar characteristic but was less
affected by the presence of DG, which allowed the current from the SWA substation to flow
through to the nearest load. The current on the load bus near the fault location decreased
because of the current flow to the fault position. On the other hand, the load located far
away from fault position and between the DG and the SWA substations was less affected by
the decreasing current. This characteristic was caused by a similar resistance path between
the load and fault positions in which the DG generated current and flowed both ways, and
the SWA substation current could load the bus in-between.

When the fault location moved away from the STA substation to the location near
the middle of the distribution line in which the DG was located, the post-fault current
from the STA substation decreased and that in the SWA substation increased. In addition,
the load bus current near the fault location decreased. This change was not similar to the
case without DG. In the case in which the fault occurred between the DG and the SWA
substations, the opposite occurred compared to the fault position at L1. This characteristic
is similar to the main post-fault current originating from the SWA substation and DG. This
result demonstrates that the current level and flow are altered when DG is present during a
fault occurrence, and the position of the fault also significantly effects the characteristics.
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Table 8. Current characteristics in the case of a distribution system with 3 MW DG at the middle point (M) under varying fault locations.

Measuring Points

Fault Location Parameters STA (S1) Load No. 1 Load No. 2 Load No. 3 Load No. 4 Load No. 5 Load No. 6 Load No. 7 Load No. 8 Load No.9 SWA (S2)
RMS A 0.462155 0.035898 0.190778 0.102424 0.241254 0.120776 0.039484 0.097338 0.122070 0.007628 0.372955

Normal Condition Current B 0.462155 0.035898 0.190778 0.102424 0.241254 0.120776 0.039484 0.097338 0.122070 0.007628 0.372955
(kA) C 0.462155 0.035898 0.190778 0.102424 0.241254 0.120776 0.039484 0.097338 0.122070 0.007628 0.372955

RMS A 3.350859 3.875873 0.049368 0.039561 0.117352 0.067317 0.027353 0.076529 0.102934 0.006947 0.550503

Fault at 5.5 km (L1) Current B 0.509782 0.049651 0.234932 0.115791 0.259409 0.127304 0.040195 0.097321 0.121592 0.007610 0.373297
(kA) C 0.569199 0.046875 0.239042 0.124110 0.287262 0.140970 0.044451 0.106379 0.130555 0.007932 0.428855

RMS A 1.969711 0.018456 2.636615 0.027950 0.086082 0.053203 0.024157 0.070917 0.097640 0.006758 0.630972

Fault at 10 km (L2) Current B 0.520884 0.041206 0.251161 0.121614 0.268988 0.131079 0.040847 0.098137 0.122272 0.007629 0.389854
(k) C 0.591338 0.041413 0.249009 0.128351 0.296177 0.145131 0.045448 0.108213 0.132329 0.007991 0.441544

RMS A 1.218242 0.025997 0.092901 0.032938 2.142779 0.027515 0.015812 0.056099 0.083815 0.006267 0.829761

Fault at 17.5 km (L3) Current B 0.519040 0.037207 0.207318 0.121206 0.307445 0.146750 0.043992 0.102758 0.126037 0.007755 0.410029
(kA) C 0.583505 0.030340 0.225305 0.129308 0.317921 0.154032 0.047724 0.112414 0.136087 0.008125 0.458019

RMS A 1.217067 0.025970 0.092311 0.032283 2.141804 0.026847 0.015756 0.056206 0.083878 0.006265 0.828898

Fault at 20 km (L4) Current B 0.522745 0.037207 0.207329 0.121361 0.306798 0.146636 0.044006 0.102680 0.126119 0.007755 0.407454
(kA) C 0.587915 0.039346 0.225305 0.129355 0.317864 0.154004 0.047727 0.112475 0.136128 0.008128 0.460042

RMS A 0.694390 0.031997 0.151590 0.069843 0.144844 0.063071 0.012523 0.028027 0.053128 0.003845 1.889275

Fault at 33.5 km (L5) Current B 0.476797 0.035832 0.191145 0.104663 0.252375 0.130098 0.047069 0.125118 0.160301 0.008902 0.412728
(k) C 0.530858 0.037564 0.207296 0.115419 0.277644 0.141896 0.048297 0.124230 0.158084 0.008812 0.466108

RMS A 0.632474 0.032714 0.158713 0.075744 0.162303 0.073428 0.016677 0.028405 0.031145 3.790341 3.278373

Fault at 37.5 km (L6) Current B 0.465596 0.035805 0.190499 0.103811 0.248799 0.127528 0.045330 0.118906 0.156489 0.010595 0.410326
(k) C 0.519209 0.037301 0.204732 0.113329 0.272003 0.138420 0.046848 0.119672 0.154281 0.010004 0.456568
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4.4. Distribution System in the Case of Various Single DG Sizing under Fault Conditions

The DG connected allowance based on the PEA interconnection code is up to 8 MW.
Thus, the effect of the DG sizing on the current characteristics needs to be evaluated. The
simulation result from the fixed fault location at L1 when varying the DG sizing from 3 MW
to 8 MW is shown in Figure 14. From Figure 14a—f, it can be seen that increasing the DG size
resulted in lower STA and SWA substation currents, owing to the larger generating capacity
from the DG. The current on the load bus increased slightly because of the proximity of the
DG location and the reduction in loss from the line impedance. During fault conditions, a
larger-capacity DG can generate more power and current to the fault position, while the
load requires the same amount of power. This results in a decrease in the SWA substation
current located far from the fault location. However, the current from the STA substation
still increased with DG sizing because of the vicinity of the fault location. The current on
the load bus increased as the DG sizing increased as a result of the ability of the DG to
supply both the load and fault positions.
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Figure 14. Current characteristics of the fixed fault location at L1 from 3 MW to 8 MW. (a) The 3 MW
DG; (b) 4 MW DG; (c) 5 MW DG; (d) 6 MW DG; (e) 7 MW DG; and (f) 8 MW DG.
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In conclusion, DG placement in the distribution system has an impact on the charac-
teristics of the system under both normal and fault conditions. The flow of the current and
amplitude levels depends on the DG and fault location. This is because the DG provides
current to the fault position as an additional source on the distribution line. For the DG siz-
ing, despite the current on substation decreasing and load bus increasing for the increased
DG sizing, the overall characteristic of the system showed a similar pattern, and the sizing
of DG did not impact the flow. However, a protection device that relies on the current level
setting may have a significant impact.

5. Conclusions

This study aimed to investigate the effect of DG using WTG as a source on a distribu-
tion system under both normal and fault conditions that were analyzed. The WTG sizing
varied between 2 MW-8 MW at three different locations: near the STA substation (S1), at
the middle of the distribution line (M), and near the SWA substation (S2). The voltage
level results showed that under normal conditions, DG connected to the distribution line
can improve the voltage on all loads connected to the distribution line. The voltage level
increases in proportion with DG sizing. The result found that DG with a size of 3 MW
placed on the middle of the transmission line can improve voltage levels within the PEA
voltage regulation limits with the maximum DG connection allowance reaching 8 MW, thus
showing that the voltage level still did not go over the authoritative boundary. In the case
of fault conditions without DG, the current flowed from the substation to the fault location
instead of the load bus. However, DG placement can affect the direction of the current
flow and provide the nearest load bus with current and power depending on the distance
between the DG and the fault location. The current amplitude provided to the fault location
was proportional to the sizing of the DG. However, this study only focused on wind power
generation (WTG) based on a PEA 22 kV voltage level. The system characteristics may
differ in the case of changing types of DG or voltage levels, suggesting that further analysis
needs to be done. These impacts on the distribution system caused by DG can affect the
operation of conventional distribution systems. With an increase in the DG penetration
level, a new suitable operation must be considered to ensure good system reliability. Future
work will compare DG with the high voltage capacitor bank regarding aspects of voltage
improvement and provide recommendations for suitable devices to reduce voltage drop in
distribution systems. Furthermore, a protection device will also be provided and studied.
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