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Abstract: Photovoltaic (PV) systems are becoming increasingly prevalent worldwide, particularly
in power distribution networks. However, their intermittency and integration into distribution
networks can have adverse effects. This study investigates the impact of large-scale solar integration
into a typical Malaysian power grid network, focusing on voltage stability, short circuits, and power
loss under peak and no-load conditions. Using Digsilent Power Factory software, static and dynamic
power flow analyses were performed on a network consisting of two 132/11 kV transformers,
an 11 kV busbar, and 112 loads served through eight feeders. Solar PV of 100 kW was integrated
into each node, and the maximum allowable solar grid connection level was determined. The static
results show that there were no violations in no-load conditions at 100 kW PV penetration. However,
during peak load, there were violations at 0% PV penetration, but by increasing the level of solar grid
connection to 60% (60 kW), the voltage level moves up to the acceptable range. Under contingency
conditions, the results show that the minimum level of solar penetration is 80% (80 kW). The highest
power loss occurs during peak time and is observed at 0% PV penetration. Feeder 8, the lounge feeder
with the highest number of loads, is identified as the main cause of power loss. According to the short
circuit analysis in peak and no-load conditions, the system experiences the highest shorts during
peak loads. On the other hand, we conducted a dynamic simulation with load characteristics and
compared the results for different levels of PV penetration. The results from the dynamic simulations
show that lower limit violations occur even at 100% PV penetration for a brief period in all case
studies. This study identifies the maximum permissible PV penetration as 125 kW.

Keywords: solar energy; power loss; voltage violations; dynamic simulation; static simulation

1. Introduction

There has been a significant increase in photovoltaic (PV) power generation worldwide
in recent years, and PV-distributed generation plays a vital role in using renewable energy.
The cumulative installed capacity of solar panels worldwide is expected to grow from
500 GW in 2020 to 2840 GW in 2030 and reach 8519 GW [1]. Malaysia has set a goal to assign
200 MW for the initial plant in Peninsular Malaysia and 50 MW in the state of Sabah [2].
It has been widely promoted and developed because the wide range of capabilities (from
kW to MW) make it flexible and highly adaptable [3]. There has been an increasing focus
on distributed power generation, which has led to the transformation of the distribution
network from a traditional passive distribution system (PDS) to an active distribution
system (ADS) consisting of small and medium-sized power generators. This has resulted
in an improvement in the efficiency of the distribution system. However, large-scale
integration of solar PV systems in distributed power generation systems can result in large
amounts of reverse power flow, which can pose serious challenges to managing voltage
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in distribution networks, equipment protection, and safety issues. Extensive study is
necessary to anticipate potential challenges in integrating PV systems into the grid [4–6].

Much research has been conducted on solar grid connections; for instance, Dilini
et al. [7] thoroughly investigate the use of active power curtailment and reactive power
absorption strategies by solar PV inverters to regulate voltage in medium voltage (MV)
distribution networks. Sreekumar et al. [7] studied the impacts of grid-connected, dis-
tributed PV systems on the distribution network regarding power losses and voltage drops
that may be caused by the PV system on the distribution network. Karunarathne et al. [8]
examined how the position of a DG in the grid affected the voltage profile and the network
power losses of radial distribution networks. Kmaruzzaman et al. [9] reviewed various
factors impacting voltage fluctuations in a distribution network when solar PV systems
are integrated into the grid. In Reference [10] it has been proposed that uncertainty in
distribution networks needs to be considered and that a probabilistic power flow maintains
the voltage profile of nodes within the distribution network. Numerous studies have
investigated the technical challenges that may arise due to the large-scale penetration of
solar PV in distribution networks. Some of these findings have been recently published.

The stochastic nature of solar units renders their output unpredictable and uncontrol-
lable [11]. Overvoltage problems can occur when there is a fluctuation in power output
and load demands. When PV generation is high, but the demand is low, a surplus of
power will flow to the substation, leading to a reverse power flow to the network. This
can cause disruptions in the distribution network’s performance, resulting in an increase
in voltage levels that can potentially cause the network to fail. It is important to note that
these consequences may sometimes be intensified based on the network topologies, size,
position, climatic conditions, and other factors. Additionally, the large-scale solar grid
connection in the distribution network, in conjunction with the experience of increasing
active power losses, might also affect the operational efficiency of the network [12]. In the
past, the effects of solar PV have mainly been studied and measured using deterministic
and probabilistic methods to assess their impact.

In recent years, Digsilent Power Factory has offered quasi-dynamic simulation services
for a wide range of electrical research projects, as well as medium- to long-term project
management solutions [13]. This program uses consumer time-step sizes to simultaneously
carry out multiple load-flow calculations, resulting in faster results since not all calculations
need to be solved. Several studies [14] have shown that, in contrast to quasi-static methods,
quasi-dynamic methods are more accurate [15], making it a preferred choice in various
fields of power system engineering. Gaitan et al. [16], using a quasi-dynamic approach,
investigated the impact of economic dispatch optimization on the performance of two
transmission grids that provide services to industrial clients. The study analyzed a distri-
bution system of various consumer types to evaluate potential changes and behaviors that
may arise when DG is installed at a particular busbar location [17]. Since the popularity of
large-scale solar connected to the grid has risen, the challenges related to distributing the
energy generated by these systems have become more significant. Therefore, companies
must proactively identify and understand potential issues and provide effective solutions to
address them [18]. Although various techniques have been used to analyze the performance
of single-point PV systems, their application to large-scale solar PV with multiple solar PV
units distributed across a wide area is limited. While numerous research has examined
how to integrate large-scale solar into distribution systems, very few studies have focused
on planning distribution networks to ensure that PV systems can be widely deployed [19].
Many studies have treated photovoltaic (PV) systems and loads as PQ nodes without
considering their dynamic behavior. Nevertheless, it’s crucial to keep in mind that the
actual load power consumption is heavily influenced by its connection to a busbar, which
means simulation results may not accurately reflect real-world consumption. Therefore,
further research is necessary to address these gaps in understanding.

This study aimed to assess large-scale solar penetration’s impact on the medium
voltage grid network. It determined the technical challenges, with the goal of helping
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utilities enhance their management of PV integration into the grid. Using Digsilent Power
Factory software, the reference network for 132/11 kV voltage transmission was simulated
(as shown in Figure 1). Both static and dynamic power flow analyses were employed
to assess the effects of PV integration during peak and no-load periods. The study was
designed to achieve the following objectives:

1. To conduct a power flow analysis during peak load and no-load conditions;
2. To examine short-circuit currents and power losses associated with PV penetration

levels during no-load and peak-load conditions;
3. To analyze dynamics simulations based on different scenarios;
4. To determine the maximum PV capacity and find sensitive nodes.
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Figure 1. Network Topology. In parallel, two 132/11 kV, 30 MVA transformers are connected to
a 11 kV bus bar to provide power to the grid. In the 11 kV busbar, 8 feeders in total serve 112 nodes.

2. Materials and Methods

The objective of this section is to provide a comprehensive explanation of the method-
ology utilized in the study to accomplish its research goals. This section discusses the
simulation model, tools, and analysis strategies. The methodology can be divided into
two main phases: a description of network data and a network evaluation. The network
data includes information about transformers, lines, buses, and solar irradiation, and dy-
namic and static power flow analyses are used for network evaluation. The following
section provides detailed instructions for each step of the methodology:

• Data collection: The information to be gathered includes the network single-line
diagram, the load profile, and solar PV generation data.

• Analysis of time-series power flows: The Power Factory software will compute the
power flow every minute to obtain accurate results.

• Voltage limit assessment: Overvoltage violations will indicate the maximum allowable
PV penetration level.
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• Identification of the highest voltage node: In case of an overvoltage violation, the node
and bus with the highest voltage will be identified and reported.

• Dynamic simulation: This analysis will be conducted to identify sensitive feeders
and nodes.

2.1. Network Topology Description

Figure 1 presents a simplified single-line diagram of a typical medium voltage distribu-
tion network in Malaysia that has been integrated with solar PV systems. The grid connects
to the 11 kV bus bar through two 132/11 kV, 30 MVA transformers linked in parallel.
Eight feeders are connected to the 112 nodes serviced by the 11 kV bus. The network is
divided into two zones using a bus section circuit breaker, and a breaker separates the two
transformers at the feeder one. To simplify the analysis, the four feeders on the left side
of the network are referred to as the “Left Side”, whereas the remaining four feeders on
the right side are the “Right Side”. Table 1 shows the load distribution among the feeders,
which are presented in different colors. The total active and reactive loads connected to
the 11 kV bus bar are 13.394 MW and 6.612 MVAR, respectively, for a total of 20.006 MVA.
Two scenarios were established during the simulations to assess the impact of integrating
large-scale solar PV into a typical Malaysian grid.

Table 1. Network load characteristics among the 8 feeders.

Feeder Active Reactive Bus No

Transformer 0 0 1 2

1 1048 525 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2 1896 933 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
3 2174 1088 34 35 36 37 38 39 40 41 42 43 44 45 46
4 2072 1037 47 48 49 50 51 52 53 54 55
5 1324 675 56 57 58 59 60 61 62 63
6 783 395 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81
7 1352 677 82 83 84 85 86 87 88 89 90 91
8 2745 1282 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112

Total 13,394 6612

• The no-load condition refers to turning off all loads in the network to evaluate how
grid voltage profiles are affected by PV penetration.

• The peak-load condition involves the activation of all loads in the network to evaluate
how PV penetration affects the voltage profiles of the grid.

2.2. Solar PV Integration Level

The concept of PV integration describes the ratio between the total connected PV
capacity and the maximum PV capacity permitted by the system. The percentage of PV
penetration is calculated based on the maximum possible power from the PV system.
The entire medium voltage distribution grid in Figure 1 is implemented using Digsilent
software version 2021. Different levels of solar PV penetration (0 kW—0%, 20 kW—20%,
60 kW—60%, and 100 kW—100%) were tested on the distribution network during peak
load periods and no-load situations to determine whether lower limit violations occurred.
This testing was conducted to evaluate the impact of increasing large-scale solar grid
connections on the network. Statutory tolerances for voltage variation between +5% and
−5% are set by Tenaga Nasional Berhad (TNB) for MV distribution networks in Malaysia.
Sustainable grid voltage limits were taken into consideration to evaluate PV penetration
levels. Furthermore, the study investigated the maximum level of PV penetration to analyze
the potential energy generation from PV systems.
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2.3. Network Evaluation Strategies

Several studies were conducted on three different cases to assess the network’s per-
formance under various conditions, including periods of peak load and no-load periods.
These studies aimed to examine the network’s effectiveness under different scenarios. In
case 1, the circuit breaker on the 11 kV bus section was closed, and two 132/11 kV trans-
formers operated in parallel. In case 2, the circuit breaker at Node 1 was open, and the
transformers were working independently. In case 3, the network’s performance during
a contingency outage condition was examined, where Transformer B was not working but
the circuit breaker for the bus section was closed. Transformer A powered all the loads
to simulate the contingency scenario. Different approaches, such as static and dynamic
power flow analysis, were used to evaluate the network’s performance, as depicted in
Figure 2. The primary aim of this study is to assess the impacts of varying levels of PV
integration on individual nodes across different scenarios. To model and simulate the
network, conventional power systems data, such as network topology, transformer data,
power generation data, busbar data, transmission lines, and load profiles, are required.
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Figure 2. Strategies for Evaluating Networks: Static and dynamic analyses were conducted to assess
the network’s performance in periods of peak load and in no-load situations among cases 1,2, and 3.

2.4. Power Flow Analysis (Static)

Static power flow analysis determines the magnitude and phase of voltage levels at
each busbar in the distribution grid network. Various analyses are performed on different
situations and case studies to evaluate their effectiveness. A radial distribution network
tends to lose voltage as it moves away from the bus bar, depending on the line’s resistance
and the current flowing through it. With the increasing integration of solar PV, the line’s
current decreases, reducing the conventional generation current and the actual power losses.
However, there is also the possibility that, after a certain penetration level, the actual power
losses could increase because the current from the solar PV flows back into the system.
Moreover, short-circuit evaluations are performed in all case studies to examine how the
system behaves under such conditions. Digsilent has a powerful short-circuit calculation
toolbox incorporating several techniques, such as IEEE 141/ANSI C37, IEC 60909, G74,
VDE 0102/0103, and IEC 61363, which are used for this purpose. The short-circuit current
limit of the network, defined by the Malaysian distribution code at 31.5 kA for the 132 kV
bus, is evaluated in several case studies to ensure compliance.
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2.5. Dynamic Power Flow Analysis

To conduct a dynamic power flow analysis, the PV generation and load profiles must be
considered to perform a proper analysis. The impact of solar PV penetration was evaluated
during peak load and no-load conditions, focusing on examining the voltage profiles of
distribution networks at various levels of PV penetration. To determine the maximum
solar PV distributed generation output that the distribution networks can handle, the level
of PV penetration at which the statutory voltage limit of ±5% is violated is identified.
Equipment failures such as motor stalling or generator trips can occur at low voltage levels.
In contrast, high voltage instances can lead to significant equipment damage, insulation
failure, or critical transmission equipment tripping. Various levels of solar PV penetration
(20%—20 kW, 60%—60 kW, and 100%—100 kW) were tested in both peak load and no-load
conditions to investigate the integration of solar PV into the distribution network and
whether voltage violations occurred during testing.

3. Results

This section presents static and dynamic simulation results for each case in graphical
and table formats. The graphical results demonstrate the location and pattern of voltage
fluctuations in the network across various levels of solar grid integration. By examining the
voltage profile graphs for all cases during peak and no-load conditions, a simpler detection
of voltage violations in the network was facilitated. Furthermore, the results for any feeders
that experienced voltage violations were tabulated. These tabulated results summarize the
condition of the feeders for all scenarios of solar PV penetration levels, making it easier to
determine which feeder is the most affected during the discussion.

3.1. Static Power Flow Analysis

To achieve the aim and objective, we examined the maximum allowable PV penetration
without statutory limit violations under no-load (the worst-case scenario) and peak load
conditions of 100 kW. The voltage profiles for cases 1, 2, and 3 during no-load conditions
are shown in Figure 3. It can be seen that there are no voltage violations for all 112 nodes in
all case studies up to 100% (100 kW) solar PV penetration level. Furthermore, the voltages
are within acceptable statutory limits of the grid code. As the penetration level of solar PV
was increased beyond 100%, the maximum penetration level of solar PV was examined in
the study. The grid code voltage limits were not violated until solar integration reached
125% (125 kW). In effect, this was the maximum penetration level that could be achieved
without violating voltage. The figure clearly shows that the solar PV penetration at 125 kW
hits the upper limit voltage at feeder 8 (nodes 111–112), as shown by the green line. This
feeder is the lounge feeder with the highest number of loads.

Based on case studies 1, 2, and 3, Figure 4 illustrates the difference in voltage profiles
during peak loads. The analysis examined the varying levels of PV penetration in the
different case studies, as shown in the following graphs. It is evident that there are lower
limit violations in all three case studies, from node 92 to node 112 (feeder 8). In the case
of studies 1 and 2, by integrating 60% of the penetration level, indicated by the yellow
line, all nodes shift to an acceptable level. Conversely, in case 3 (contingency condition),
the blue color shows the minimum solar PV penetration level required to overcome lower
limit violations is 80% (80 kW). The results show that nodes at feeder 8 are the main cause
of lower limit violations in this network. Furthermore, the study investigated the impact
of increasing solar PV penetration levels beyond 100% on the distribution network and
identified that the maximum permitted penetration level is 125% (125 kW).
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3.2. Power Losses Evaluation Results

Table 2 presents power loss calculations for all case studies under peak load conditions.
The table is divided into two sections with gray lines. The first section displays power losses
at different levels of solar PV penetration, ranging from 0% to 100% (100 kW) across all
case studies. The data shows a reduction in power losses as solar PV penetration increases.
The maximum power loss of 329 kW was observed for case 3 at a 0% penetration level.
Part two of Table 2 compares the power losses produced by solar PV for the network at
the highest level of solar PV penetration possible under the grid code’s voltage limit of
125% (125 kW). However, increasing PV penetration by more than 100% is likely to result
in significant increases in losses. This study concludes that increasing solar PV penetration
beyond 125% is not advisable based on the results obtained.
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Table 2. A comparison of power losses during period of peak load among cases 1,2, and 3.

Levels of Solar Penetration Power Loss (kW)

Solar (kW) Solar (%) Case1 Case2 Case3

0 0% 320 319 329
20 20% 242 241 249
40 40% 182 181 187
60 60% 138 138 142
80 80% 111 111 114

100 100% 99 96 102
125 125% 102 100 107

As mentioned earlier, one of the challenges of PV penetration into the grid is power
losses in the network. Table 2 shows the greatest power losses during full loads observed at
0% PV penetration. However, by increasing PV penetration, power losses can be minimized.
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Therefore, it is essential to investigate the main causes of network losses to mitigate these
challenges. Figure 5 illustrates feeder power losses at peak loads for 0% and 100% PV
penetration levels. Feeder 8 has the highest percentage of power losses due to the number
of loads and the long feeder line.
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3.3. Short-Circuit Current Network Evaluation

Network designers often conduct short-circuit tests to ensure network reliability
during emergency situations. This section aims to evaluate the short circuit analysis of
three case studies conducted on two buses, at 132 kV and 11 kV, in periods of peak load and
in no-load situations. Table 3 compares the short-circuit currents at the 132 kV and 11 kV
busbars among the three case studies. It also shows that the maximum short-circuit current
value at the 132 kV busbar occurs at 100% penetration level, with values of 28042A, 28042A,
and 28050A for cases 1, 2, and 3, respectively. Additionally, the short-circuit current at the
11 kV busbar was evaluated in peak-load and no-load situations, as shown in Table 4. The
maximum value of the short-circuit current record for the 11 kV busbar is 6515A under
contingency conditions at 100% PV penetration when operating at no load and 6469A
during full load.

Table 3. A comparison of short-circuit currents during a period of no-load.

Levels of Penetration Short-Circuit Current(A),

PV(kW) PV(%)
Case 1 Case 2 Case 3

132 kV Bus 11 kV Bus 132 kV Bus 11 kV Bus 132 kV Bus 11 kV Bus

0 0% 28,000 6148 28,000 6264 28,000 6264
20 20% 28,007 6157 28,007 6271 28,007 6283
40 40% 28,014 6170 28,014 6282 28,016 6319
60 60% 28,023 6188 28,023 6296 28,026 6370
80 80% 28,032 6210 28,032 6314 28,038 6436

100 100% 28,042 6236 28,042 6335 28,050 6515

3.4. Dynamic Simulation under Peak Load Scenario

As a part of the study, network parameters such as impedances and the lengths of
lines used in typical Malaysian MV distribution networks were taken into consideration.
According to Figure 6, we have shown a normalized load consumption and solar PV
generation profile used to conduct this study. As shown in the figure, solar PV generation
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profiles are shown in blue, whereas load demand profiles are shown in red. Due to these
load characteristics, daytime tends to have a high amount of load demand. We obtained
solar and load time characteristics from a local distribution company.

Table 4. A comparison of short-circuit currents during a period of peak load.

Levels of Penetration Short-Circuit Current(A),

PV(kW) PV%
Case 1 Case 2 Case 3

132 kV Bus 11 kV Bus 132 kV Bus 11 kV Bus 132 kV Bus 11 kV Bus

0 0% 27,996 6133 27,996 6243 27,996 6234
20 20% 28,004 6141 28,004 6250 28,005 6251
40 40% 28,012 6154 28,012 6268 28,014 6284
60 60% 28,021 6171 28,021 6288 28,025 6332
80 80% 28,031 6192 28,031 6312 28,037 6394

100 100% 28,041 6217 28,041 6341 28,050 6469
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Figure 6. Normalized load consumption and solar PV generation profile.

This section of the study investigates the dynamic simulations under peak load condi-
tions across different penetration levels (20%, 60%, and 100%). Figure 7 shows the dynamic
simulation during peak load among three case studies. Increasing PV penetration improves
the voltage profile in all three case studies, and it is observed that there is a violation among
all three case studies, even after 100% solar PV penetration. In cases 1 and 2, the voltage
profile is at 20%. Penetration has a lower limit violation for nodes 93–112 (feeder 8, shown
by the blue color). Increasing penetration to 60% means a lower limit violation occurs only
briefly between 4 pm and 6 pm. In addition, it is observed that even after 100% solar PV
penetration, there is still a lower limit violation in a few nodes at feeder 8, including nodes
96–112 at the end of this feeder.

Nevertheless, case 3, when penetration of solar PV is 20%, indicates lower limit voltage
violations for all buses at feeders 7 and 8 (purple and blue). Raising the level of solar PV
penetration to 60% enables nodes in feeder seven to exceed the lower limit, but most of
the nodes in feeder eight still exist. In addition, despite 100% PV penetration, voltage limit
violations continue to occur at nodes 93–112 between 9 and 11 am and 3 and 6 pm, but only
for a short duration.
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4. Conclusions

The performance of a PV system was evaluated under different scenarios through
three case studies. The studies analyzed the PV system’s effectiveness under low, at 20%
(20 kW); medium, at 60% (60 kW); and high, at 100% (100 kW) levels of PV penetration.
The static power flow analysis revealed that for all 112 busbars in the three case studies,
there were no voltage violations at the no-load condition up to a solar penetration level
of 125 kW (125%). It was also noted that the voltage levels remained within the statutory
limits of ±5% as set by the grid code regulations. Under peak load conditions, voltage
violations were found to occur at nodes 92–112 (feeder 8) in the grid when the solar PV
integration was at 0%. The maximum penetration limit of solar PV was determined by
increasing the solar PV penetration level beyond 100%. The study revealed that the grid
code voltage limits could not be exceeded beyond a maximum PV penetration of 125%
(125 kW). The load flow analysis takes into account power loss as a crucial factor. Based
on the study, the highest power loss was observed during peak time with zero solar PV
integration, with values of 320 kW and 319 kW for cases 1 and 2, respectively, and 329 kW
for case 3. As the level of solar PV penetration increased, the power loss decreased.

Moreover, the results also indicated that the maximum short-circuit currents occurred
at 100% solar PV penetration level, equal to 28,050 A. Dynamic simulations were conducted
for each case study at peak load conditions as part of the study. The Digsilent power
factory utilized a load profile and solar PV generation profile acquired from a local power
supply company to assess the network’s performance at various PV penetration levels



Processes 2023, 11, 1172 12 of 13

every minute of the day. The study’s results indicated that the voltage profile improved
with increasing PV penetration. For cases 1 and 2, it was found that feeder 8 had lower
limit voltage violations up to 60% PV penetration. Still, after increasing the PV penetration
to 100%, most nodes are overcome, though nodes 96–112 for a short duration around 6 pm
still exist. However, in case 3, the voltage profiles of feeders 7 and 8 indicate lower limit
violations at 20% PV penetration. However, after increasing the PV penetration to 100%,
only a low limit violation at feeder 8 for a short duration still exists. As this is a contingency
situation, it is not a major concern because it may be only a brief period of time before
this occurs. A future research effort will focus on exploring and implementing mitigation
techniques, such as demand response and energy storage programs, in order to address
voltage fluctuations in the grid and enhance the integration of solar PV.
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List of Abbreviations Nomenclature
DG Distributed Generation Vpu Voltage per unit
PV Photovoltaic Vmin Minimum Voltage
PV DG Photovoltaic Distributed Generation Vmax Maximum Voltage
MV Medium Voltage Vactual Actual Voltage
LV Low Voltage V base Voltage base
PPU Main Distribution Substation P Real Power
PMU Main Intake Substation Q Reactive Power
QD Quasi Dynamic Simulation PU Per unit
NL No-Load PL Peak Load
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