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Abstract

This paper presents the various levels of photovoltaic (PV) penetration which strongly affect the voltage quality in low
voltage systems. The rural area of the Provincial Electricity Authority (PEA) in Chiang Mai is selected as a case study.
DIgSILENT PowerFactory program is used to simulate the PV solar rooftop 1-phase on the selected area. This paper analyzes
the impact of the PV solar rooftop in various locations and PV penetration levels with the PEA voltage standard. Next,
the technical solution by transformer relocation is proposed. The results are compared with the worst case and analyzed the
possibility of the solution. The results from the worst case show that only 30% of PV penetration is acceptable in PEA voltage
standard and the solution can mitigate the PV penetration level.
c⃝ 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Power and Energy Systems Engineering (CPESE
2019).
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1. Introduction

The Thailand renewable energy policy called “Alternative Energy Development Plan” AEDP [1] has supported
and promoted Thai people to install the renewable energy such as photovoltaic (PV), as well as wind energy. In
2036, this plan aims to have the PV powerplant around 6000 MW and the PV solar rooftop from the household
area about 300 MW. The Provincial Electricity Authority (PEA) is a utility which provides electricity in Thailand,
where responsible areas are almost all over the country. Moreover, PEA is a department to configure the grid code
rules used to define the parameter of the grid-connected to the PV solar rooftop. From the above conditions, many
Thai people are interested in installing the PV solar rooftop. However, high PV penetration caused by installing the
PV solar rooftop rapidly will make a great impact on the distribution system. Therefore, it is important to review
and update the grid code rules for supporting high PV penetration.
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From the literature review, Eftekharnejad et al. [2] have focused on a large distribution system. The results show
that high PV penetration can impact on a voltage deviation; 20% of PV penetration is the beginning of the problem.
However, the violation of the problem depends on the location of the PV penetration. Papaioannou et al. [3] has
studied the effect of the voltage and the harmonic caused by the PV penetration. The 6-node simulations in low
voltage show that around 18% of the PV penetration caused the overvoltage to the low voltage system, especially
at the nodes which are distant from the transformer. Harmonic issues were also investigated for various topologies
and penetration levels. However, no violation of harmonic limits was detected. Punyachai et al. [4] analyzed the
intermittent of light intensity throughout the day for 2 objectives. First was to find out when the overvoltage occurred.
The second was to examine the distance between the solar rooftop installed. The results show that increasing distance
between the solar rooftop increases the chance to cause the overvoltage problem. Aziz and Ketjoy [5] have shown
that the power limitation of the PV solar rooftop was analyzed by defining various areas, the light intensity, and the
load profile. The results by Hashemi and Ostergaard [6] revealed that the areas with low load profile encountered
the overvoltage problem. Therefore, it is necessary to define the PV solar rooftop correctly for solving the problem.

This research aims to study the impact of the voltage profile in various location of PV penetration level. A rural
area of Chiang Mai Thailand is selected as a case study. This research uses DIgSILENT PowerFactory to simulate
1 phase of the PV penetration for problem analysis. In addition, it also presents a solution method by moving the
installation of the transformer.

2. Theoretical analysis of grid-connected PV

The 2-bus system in Fig. 1 is used to show the equation of the voltage at the beginning point and end point as
shown in (1)–(3) where VPCC is the voltage at point of connection, VG is the voltage at transformer, RL+jXL is
the line impedance, I is the line current, S is the apparent power from grid to Bus, SPV is the apparent power from
the PV system, and SL D is the load consumption. If the PV power generation is more than the consumption load
at the PCC point, the grid will absorb the power. If the PV power generation is less than the consumption load at
the PCC point, the grid will supply the power to the load.

S = V I ∗ (1)

I⃗ =
P − j Q

V⃗ ∗

PCC

(2)

V⃗G = V⃗PCC + I⃗ (RL + jXL) (3)

⇀

V PCC =
⇀

V G −

[
P RL + Q X L

V⃗ ∗

PCC

− j
RL Q − P X L

V⃗ ∗

PCC

]
(4)

Fig. 1. 2-bus system used to explain the voltage equation.

Equation in (4) refers to power flow at PCC point. After comparing between active and reactive power, it can
be presented as (5)

V⃗PCC = V⃗G −

[
(PL D − PPV ) RL + (QL D − Q PV ) X L

V⃗ ∗

PCC

]
(5)

Hashemi and Ostergaard [6] have proposed the voltage problem which caused by PV solar rooftop relies on
important factors below and these factors are the key to find a solution to the voltage problem.
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• System load consumption
• PV power generation
• Line Impedance: location of the PV installation, type of line.

2.1. Interconnection Code f PEA by Provincial Electricity Authority [7]

• Voltage standard: The PEA voltage standard range is between 200 to 240 V. or 0.9 to 1.1 pu. This range is
used to verify the voltage result.

• Power capacity: The power is purchased from power producers at voltage level 380/220 V distribution system.
A power producer can connect to a single-phase distribution system, only if the system can supply capacity no
more than 5 kW. In case that the power producer wishes to connect the single-phase distributions to a power
network system, capacity supplied to each phase must be stable; that is, the different values of voltage between
each phase must not exceed 5 kW. The total power capacity from each connection requester’s generator
connected to the same transformer must not exceed 15% of the distribution transformer load (kVA). The
purposes of this study are to review the requirements and to increase the amount of power needed to connect
the distribution system.

3. Research methodology

3.1. The simulation case studies

The simulation case studies choose a rural area of the Chiang Mai which uses the 22 kV/400 V distribution system
of PEA by Suksornchai et al. [8]. This system consists of two feeders, 100 kVA transformer, and 67 rural loads
(1 phase, 3 phase) as shown in Fig. 2. The case studies are imported and simulated in DIgSILENT PowerFactory
program.

Fig. 2. Low voltage distribution system of the Provincial Electricity Authority in Chiang Mai which installed transformer 100 kVA.

Fig. 3 Shows the low voltage distribution system simulation in DIgSILENT PowerFactory program which uses
in this paper. This system is used to analyze the size and location of installing the PV which has effects on the
voltage profile. The longest distance of load is 540 m used for measuring the voltage and distance between houses
around 20 to 100 m, while the transformer is installed at the middle point of the system. Distance from left is 540
m and distance from right is 330 m.

3.2. Load profile and the PV power generation

This study employs the load profile from [9] to represent the load in a rural area of Chiang Mai. This load
profile is selected in February due to the minimum demand in the year. Fig. 4. illustrates the daily load curve at
0.85 powerfactor and the total PV power generation used in case studies.
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Fig. 3. The low voltage diagram of PEA distribution system in Chiang Mai.

Fig. 4. The daily load curve and the total PV power generation.

3.3. The parameters of the system

Where Nominal voltage (L-L) is 380 V, PEA Voltage Standard Range is between 0.9–1.1 pu., Type of Line is
50 sq.mm. Aluminum, Resistance is 0.571 (�/km), Reactance is 0.271 (�/km), Transformer ratio is 22,000/400 V,
Secondary Voltage is 400/230 V, Rating 100 kVA, Type Dyn 11, Frequency 50 Hz, %Z is 4%, No-Load Loss is
250 W., Load Loss at 75 ◦C is 1,550 W., Number of Meter 3 Phase is 12 house, and Number of Meter 1 Phase is
55 house

4. Simulation and result

4.1. Case studies

In this research, case studies are used to analyze the percentage of acceptable PV power generation. Various
sizes and locations for installing the PV are also considered. Three case studies consist of (1) installing the same
PV location at the transformer, (2) installing the PV distribution throughout the system, (3) installing the PV at the
farthest load.

• Case study 1: the PV is installed at the same location of the transformer and near 10 houses with solar
rooftop by connecting four houses on phase A, three houses on phase B, and three houses on phase C. The
PV penetration increases from 10% to 100% by using 10% per step.

• Case study 2: the PV is randomly installed throughout the system on 10 houses with solar rooftop. The PV
has connected four houses on phase A, three houses on phase B, and three houses on phase C. This case is
almost the same as the real situation in the PEA system.

• Case study 3: the PV is installed around the end of the line location on 10 houses with solar rooftop, while
other conditions are similar to case study 1.
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4.2. Results

The PEA voltage standard level is 0.9–1.1 pu. The all-day voltage profile from three case studies is shown in
Fig. 5.(a), (b), (c) respectively. In Fig. 5(a), (b), (c), the voltage increases when the PV starts to operate in the
morning and decreases in the evening. In case 1, the voltage with all PV penetration level is still acceptable in
the PEA voltage standard. In case 2, phase A voltage at 70% of the PV penetration level starts to violate the PEA
voltage standard. In case 3, only less than 40% of the PV penetration level is acceptable in the standard. If the PV
penetration level is more than 40%, the voltage of the system will exceed the standard which negatively affects the
household. The results from three case studies show that the location of the PV penetration level directly affects
the voltage profile system.

Fig. 5. (a) The all-day voltage profile from case study 1; (b) The all-day voltage profile from case study 2. (c) The all-day voltage profile
from case study 3.
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The all-day voltage results from Fig. 5(a), (b), (c) are clearly different due to the location of the PV installation
and impedance line differences. Various locations show the actual situation of the PEA rural area in Chiang Mai.

Fig. 6 shows the ratio of the PV penetration level and the voltage level of the system at peak time. It can be
concluded that 30%–40% of the PV penetration level can cause the overvoltage to the system.

Fig. 6. The comparison of the PV penetration level increased in 3 case studies.

4.3. Mitigation strategy

The results show that no voltage violation in case 1 because the line impedance between PV location and
transformer is low. Therefore, it can be noticed that low line impedance between PV location and transformer
can control the voltage level from PV penetration.

This paper shows a mitigation strategy to reduce the line impedance by moving the transformer location near
to the PV location. This strategy is simulated in low volt system case studies in which the system has different in
length and load. The case studies relocate the transformer in Fig. 7 to the left 200 m as shown in results of case 2
and 3. The voltage profile after relocating the transformer is acceptable in the PEA voltage standard.

Fig. 7. The new location of the transformer after relocating from case 2.

Fig. 8 shows the comparison of voltage before–after the transformer relocation. The results from improvement
with case 2 show that the capacity of installed PV increases from 70% to 80%. The voltage at PV penetration

Fig. 8. The comparison of voltage results between case 2, case 3 and the transformer relocation.
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level 10%–50% is increased by the transformer relocation. However, the voltage level is still acceptable in the PEA
voltage standard. Next, the percentage of the voltage rise at PV penetration level 60%–100% is decreased due to
the decreasing of line impedance from the transformer relocation. In case 3, the transformer relocation starts to
decrease the percentage of the voltage rise at 40% PV penetration level.

5. Conclusion

In this paper, various levels of photovoltaic are analyzed with the voltage levels of the system. Different locations
of the PV solar rooftop are selected as case studies. The results show that installing the PV solar rooftop around
the end of the line will have lower PV capacity than other locations and the location near the transformer has more
capacity of the PV penetration level than others. This is because the line impedance varies with the voltage level.
The relocated transformer helps mitigate the voltage problem and increase the capacity of installing the PV solar
rooftop in some case studies
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