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Abstract

This case study evaluates the coordination of the 250 kVA distribution transformer protection system at the PE 501
substation, including analysis of the lightning arrester and grounding system. The research uses field measurement
(grounding resistance using the three-point fall-of-potential method) and mathematical computation based on
standard equations. The results show that the polymer arrester with a rated voltage of 16 kV and a discharge current
of 4.2 kA meets the protection criteria, with a protection factor of 23.44%. The installation of the arrester at a distance
of 3.7 meters from the transformer, within the maximum limit of 3.8 meters, ensures the effectiveness of surge voltage
attenuation. The grounding system, using two rod electrodes, successfully reduced resistance from 9.688 ohms to 4.84
ohms, meeting the PUIL 2011 standard (<5 ohms). However, regular monitoring is required to ensure the system's
performance remains optimal, especially in lightning-prone areas. Recommendations include routine checks of
grounding resistance, evaluation of arrester performance, and upgrading the grounding system using modern
technology. This study highlights the importance of coordination between arresters and grounding to protect
transformers from overvoltage disturbances.
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Introduction

In this modern era, the need for a reliable electricity supply is increasing in line with technological and industrial
developments. An efficient and safe electricity distribution system is the backbone of many sectors, from households to
large industries (Adeniyi D Adebayo and Chinedu James Ujam 2023). However, one of the challenges faced in operating
distribution systems is overvoltage. Various factors, such as lightning strikes, network disruptions, or operational errors,
can causese overvoltage. Overvoltage incidents can cause damage to electrical equipment and disrupt the stability of the
electricity supply, potentially harming users and system operators (Yani et al., 2024). Therefore, it is important to
conduct research on overvoltage protection coordination, particularly at the PE 501 250 kVA transformer distribution
substation in the Anyer 20 kV feeder, with a focus on the use of arresters and grounding systems (Eghtedarpour, 2022;
IEEE Std 80-2000, 2000). However, preliminary observations at the PE 501 substation revealed two specific problems: the
measured grounding resistance of the single arrester electrode was 9.688 ohms, exceeding the PUIL 2011 standard of 5
ohms, and the installation distance between the arrester and the transformer had never been verified against the
maximum protective distance (BSN, 2020; IEEE Std 81, 2012).

Therefore, this study addresses three research questions: whether the installed lightning arrester provides an
adequate protection factor, whether the arrester is positioned within the safe distance limit, and whether the grounding
system can be improved to meet the standard. The specific objectives are to calculate the protection factor of the installed
polymer arrester, to evaluate the maximum permissible distance of the arrester from the transformer, and to measure
and improve the grounding resistance using multiple electrodes.

A good protection system must be able to effectively handle overvoltage, thereby not only protecting electrical
equipment but also maintaining the overall stability of the distribution system. An arrester, as one of the main
components in a protection system, functions to divert the excess current generated by overvoltage to the ground,
thereby minimizing the impact caused. Research findings indicate that the use of arresters that meet technical
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specifications can enhance the system's resilience to overvoltage. Additionally, a well-designed grounding system is
crucial to ensure that the diverted current flows safely into the ground.

Considering all the above aspects, this study includes a comprehensive analysis of overvoltage protection
coordination at distribution substations, including an evaluation of existing arrester and grounding systems. Data and
statistics obtained from various sources are used to support the analysis and conclusions drawn, so that the results of
this study can be used as a reference for the development of safer and more reliable electrical distribution systems.

Literature Review
The electrical power distribution system, particularly overhead lines, is highly susceptible to disruptions caused by
natural phenomena such as lightning strikes (Putra, Yani, et al.,, 2023; Ismail et al., 2020; Prastia et al., 2024). The
overvoltage generated by lightning strikes causes damage to critical equipment, such as distribution transformers, which
can disrupt the continuity of the power supply (Dare-adeniran et al., 2025). Therefore, a reliable protection system is
required, which, in this case, involves coordination between the Lightning Arrester (LA) and the Grounding System. The
Lightning Arrester play a key role in protecting distribution transformers from lightning-induced overvoltage (Gholami
et al, 2025). However, its effectiveness heavily depends on proper coordination with the grounding system. A
comprehensive evaluation of both components is necessary to ensure the reliability of the distribution system, especially
in areas with

- IEEE C62.11 (2020) for metal-oxide surge arresters (IEEE STD C62.22-2009, 1009)

- IEC 60099-4 (2014) for AC system arresters (IEC 60099-4, 2014)

- PUIL 2011 (clause 3.3.5) - maximum grounding resistance for distribution substations <5 Q (PUIL, 2011)

- IEEE Std 142-2007 (Green Book) for grounding industrial and commercial power systems (IEEE Std 80-2000, 2000)

In previous studies, the Metal Oxide Varistor (MOV) type LA with a rated voltage of 24 kV and a discharge current
of 10 kA was proven effective in discharging lightning surge voltages up to 1000 kV (Sariana and Asna 2020; Yani et al.
2024); (Nisworo et al., 2022); (Nisworo et al., 2024). Additionally, valve-type Lightning Arresters (LA), such as MOV,
have superior protective characteristics as they can withstand normal system voltages and divert high impulse currents
to the ground (Putra, Pardede, et al.,, 2023). For the reliability of the distribution system, one key factor is proper
installation spacing and coordination with the grounding system. The grounding resistance value must meet the PUIL
standard (maximum 5 Q) (Junaidi et al., 2024). However, research findings indicate that soil conditions (type, moisture
content, and electrode depth) and season significantly influence resistance values (IEEE Std 80-2000, 2000; Lukman et al.,
2023).

Materials and Method

This study uses a quantitative approach and computational methods to analyse the effectiveness of overvoltage
protection coordination at the PE 501 distribution substation with a distribution transformer capacity of 250 KVA at the
Anyer 20 KV feeder. This type of research was chosen because it allows for the collection of numerical data that can be
processed statistically to produce valid conclusions. In this study, the tools and materials used include voltage
measuring instruments, grounding resistance measuring instruments, and arresters that comply with the technical
specifications set by PLN. The use of appropriate measuring instruments is very important to obtain accurate and
reliable data, so that the analysis can provide a clear picture of the condition of the existing protection system.

Lightning Arrester Recognition Voltage

In the 20 kV voltage distribution system, the Anyer feeder is grounded with low resistance, the grounding
coefficient is selected as 100% (ineffective grounding) with the highest system voltage being 20 kV, then the arrester
recognition voltage uses equations 1 and 2 at the maximum system voltage :

Viominal + 10% (tolerance factor) 1)
Vmax = Vnominal x 1.1 = 20 x 1.1 (grounding coefficient) 2)

Air Transmission Impedance and Discharge Current

The 20 kV medium voltage distribution air duct system in Anyer consists of a 3-phase duct. At PE 501, concrete
poles are used, so the travelling wave voltage is assumed to be 1000 kV (Ud) with an air transmission wire radius of 11.4
mm and a wire height of 10 metres above the ground. Therefore, the air transmission impedance is calculated using
Equation 3, and the discharge current is determined using Equation 4:

z=60In2 (ohm) ®)

)

2Ug— U,
z

I, =

Protection Factors

This is a comparison of the TID (Basic Insulation Level) voltage of protected equipment with the working voltage of
the arrester. The Protection Factor is calculated using the working voltage of the lightning arrester for a 20 kV system.
The protection level (TP) of the arrester is in accordance with equation 3, and the protection factor is calculated using
equation 6, which is::
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TP (level of protection) = Vax 1.1 ®)
TID-TP
FP = — x 100% (6)

Arrester Position Distance

When determining the placement of the arrester, it is necessary to know the protective distance (L) from the installed
equipment, the steepness of the incoming wave (du/dt : 1500 kVps), and the TID voltage value of the equipment (Ut) of
125 kV, as well as the operating voltage of the arrester (Ua), with (v) wave propagation speed (300 m/ ps)

Therefore, the maximum distance of the arrester from the transformer, according to equation 7, is:

L= Utz_dga XV 7)
T4
du
where —=1500 kV/us )]

Soil Resistance

For measuring the grounding resistance of arresters using the 3-point or pin method, where the rod electrode is
embedded in clay soil with a grounding resistance exceeding the maximum permissible standard (5 Ohms), the soil type
resistance or soil resistivity is 20-100 Qm.

R=Lm(%) )

2ml r

To overcome this problem, two grounding electrodes were installed, and the following calculations were performed:

Rembedded Resitance = % (10)

Results and Discussion
To evaluate the coordination of overvoltage protection on the arrester (polymer surge arrester) and grounding system at
the PE 501 distribution substation on the 20 kV medium voltage overhead line (SUTM) 20 kV with AAAC 150 mm?
conductors (diameter 22.8 mm, radius 11.4 mm) in the operational area of PT. PLN (Persero) ULP Kayu Agung, with a
distribution transformer capacity of 3-phase 250 kV A, the following site conditions were recorded:
1. Climate:

a. Geographical location: Equator

b. Location altitude: 5-50 metres above sea level

c.  Humidity: 45% - 70%

d. Ambient Temperature: Average daily temperature 24°C
2. Type of 20 kV PE 501 distribution substation construction
Portal substation type.
11-metre concrete pole type
3-phase distribution transformer 250 kVA, 20/400 Volt, 50 Hz.
AAAC (All Aluminium Alloy Conductor) conductor height above ground 10 metres
With neutral point resistance set at 5 ohms
. Output of the SUTR 2 line distribution substation network
3. Technical Parameters of 5 kA Arrester

The use of arresters at the PE 501 distribution substation in Anyer feeder 20 kV is distributed with the following
characteristics:

From the results of the calculations using the above formula, the results are shown in Table 1, including channel
impedance, discharge current and protection factor, maximum distance of the arrester from the transformer, namely:

me A oe

Table 1. Mathematical Calculation Results for Lightning Arresters

Line Protection Maximum Distance
System Rated Voltage  Impulse Release
Impedance Factor of Arrester from
Voltage (kV) (ohm) kV) Current (kA) (%) Transformer (m)
20 448.20 16 4.2 23.44 3.8

From the calculations at table 1. The arrester voltage at the PE 501 distribution substation was found to be 16 kV, and
the rating used (3-54 kV) is appropriate. According to the maximum lightning surge voltage values from PT PLN, for a
rating of 20 kV the maximum impulse spark voltage (STD) is 87 kV and the front-of-wave impulse spark voltage (FOW)
is 100 kV. The incoming wave voltage is estimated to be 1000 kV.

Taking the transmission impedance (z) as 448.20 ohms, the impulse discharge current from the arrester (Ua residual
max 87 kV) and the travelling wave voltage of 1000 kV (Ud) gives a discharge current (Ia) of 4.2 kA. This is below the
installed arrester rating of 5 kA, so the selection is appropriate.

With a lightning protection level of 95.7 kV and transformer BIL of 125 kV (Ut), the protection factor is 23.44%,
which exceeds the minimum acceptable 20%. Therefore, the polymer lightning arrester provides good protection.
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The maximum calculated distance for the arrester to protect the transformer is 3.8 metres. Field observation shows
the polymer arrester is installed at 3.7 metres from the 250 kVA transformer, which is within the safe limit. Thus, the
installation meets the protection capacity against lightning overvoltage exceeding 1500 kV/us that could damage the
transformer. Coordination of the overvoltage protection system must align with the grounding system, which should be
as low as possible according to PUIL 2011 (<5 ohms).

Our protection factor of 23.44% is slightly higher than the 21% reported by Yani et al. (2024) for a similar 20 kV
system with a 16 kV arrester. This is likely due to the lower discharge current (4.2 kA vs. 5.0 kA) and more favourable
arrester positioning (3.7 m vs. 4.0 m). The grounding resistance reduction from 9.688 Q to 4.84 Q by adding a second
electrode is consistent with Putra et al. (2023), who reported a 50% reduction using two rods in podzolic soil. However,
the initial resistance (9.688 Q) is higher than typical values for clay soil (20-100 Qm) because the topsoil layer (0-1 m) had
low moisture content (measured at 22% during the dry season). This explains why the first rod alone failed to meet the
PUIL standard.

The use or installation of the polymer lightning arrester at the PE 501 can be considered in good condition, as the
equipment provides protection for the distribution substation equipment to perform its functions, and the arrester is
capable of diverting surge fault currents to ground through the arrester grounding system without causing the voltage at
the arrester terminals to exceed the rated voltage of 54 kV, as shown in Table 2.

Table 2. Rating of Lightning Arresters and Grounding Resistance Used in the PE 501 Distribution Substation

Tegangan Sistem Feeder =~ Tegangan Pengenal Arus Pelepasan Resistansi
(kV) (kV) (kA) Pentanahan (Q)
20 54 5 4.84

LA (Ligthning Arrester)
#  Grounding Conductor

3.5 metres

»  Transformer 250 kVA

5 gy T 8
‘ Jalan Tol Terbanggi Besar - Kayu
' “Agung

Menang Rayaj Kecamatan Pedamaran,
Sumatera Selatan, 30672, Indonesia

3.510688°S, 104.941325°E
Kam, 27 Maret 2025 17:30 WiB

Figure 1. PE 501 Distribution Substation

For the grounding resistance, the initial single electrode gave 9.688 Q, which does not meet the PUIL 2011 standard.
After installing two parallel electrodes, the resistance decreased to 4.84 Q, which is below 5 Q. This improvement ensures
that the arrester can safely dissipate surge currents into the ground.

Protection Coordination Analysis

Based on the evaluation results at the PE 501 distribution substation, the coordination of the protection system
between the lightning arrester and the grounding system shows adequate performance in protecting the 250 kVA
transformer from overvoltage caused by lightning surges. The polymer lightning arrester (rated 16 kV, discharge current
4.2 kA) has been selected in accordance with system requirements, where the discharge current remains below the
installed arrester rating of 5 kA. This ensures that the arrester can divert fault currents to ground without exceeding its
capacity. Additionally, the protection factor of 23.44% exceeds the minimum required threshold of 20%.

In terms of placement, the arrester is mounted at a distance of 3.7 metres from the transformer, still within the
maximum limit of 3.8 metres. This distance ensures effective damping of the lightning surge steepness before it reaches
the transformer. The critical aspect of this protection system is the grounding resistance. With two electrodes, the
resistance decreased to 4.84 ohms, meeting PUIL 2011 requirements. This proves that a grounding system designed with
multiple electrodes can enhance protection performance by more efficiently diverting surge voltage to the ground.

Overall, the coordination between the arrester and the grounding system at the PE 501 distribution substation meets
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technical standards and provides optimal protection for the transformer. However, periodic monitoring of grounding
resistance and arrester condition is necessary to ensure continued performance, especially in areas with high lightning
risk.

Conclusions
The protection system at the PE 501 substation is capable of protecting the 250 kVA transformer from lightning
overvoltage, provided that the arrester and grounding system are properly coordinated and maintained. The polymer
lightning arrester (rated 16 kV, discharge current 4.2 kA) provides a protection factor of 23.44%, exceeding the minimum
20% threshold, while its installation distance of 3.7 m is within the maximum safe limit of 3.8 m, ensuring effective surge
attenuation. Although a single grounding electrode produced a non-compliant resistance of 9.688 €, installing two
parallel electrodes reduced it to 4.84 Q, meeting the PUIL 2011 standard.

Routine monitoring (at least every six months) and maintenance of both the arrester and grounding system are
strongly recommended, especially before the rainy season. Future work should consider using chemical rods or biopore
techniques to further lower grounding resistance in dry clay soil.
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