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ABSTRAK

Saluran transmisi 150 kV yang menghubungkan Gardu Induk Surabaya Selatan
dengan Gardu Induk Kalisari menggunakan konduktor ACSR Zebra dengan luas
penampang 858 mm?2 dan panjang 5,48 km. Penelitian ini bertujuan menganalisis
pengaruh variasi jarak antar subkonduktor terhadap resistansi, impedansi,
tegangan kirim dan terima, serta rugi daya selama proses transmisi. Data diperoleh
melalui pengamatan langsung pada panel kontrol Gardu Induk Surabaya Selatan
selama 30 hari di bulan Januari 2025 pukul 13.00 WIB. Parameter yang dicatat
meljputi tegangan, arus, dan rugi daya. Setelah data terkumpul dilakukan
pemodelan dengan variasi jarak antar subkonduktor. Hasil analisis menunjukkan
bahwa peningkatan jarak antar subkonduktor berdampak pada meningkatnya rugi
daya serta penurunan efisiensi transmisi. Nilai regulasi tegangan juga meningkat,
menunjukkan selisih tegangan kirim dan terima yang lebih besar. Oleh karena itu,
pemilihan jarak optimal antar subkonduktor penting untuk menekan kerugian
energi dan menjaga keandalan pasokan listrik.

Kata kunci: ACSR Zebra, Saluran Udara Tegangan Tinggi, Regulasi Tegangan,
Rugi Daya, Sub-Konduktor

ABSTRACT

The 150 k¢gransmission line connecting Surabaya Selatan Substation to Kalisari
Substation uses ACSR Zebra ma’ucto.rs with a cross-sectional area of 858 mm?
and a total length of 5.48 km. This study aims to analyze the effect of varying the
distance between sub-conductors on resistance, impedance, sending and receiving
voltage, as well as power losses during transmission. Data were collected through
direct observation of the control panel at the Surabaya Selatan Substation for 30
days in January 2025 at 1:00 PM local time. Recorded parameters included voltage,
current, and power losses. After data collection, modeling was carried out with
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variations in the sub-conductor spacing. The analysis results showed that
increasing the distance between sub-conductors led to higher power losses and
lower transmission efficiency. Voltage regulation values also increased, indicating
a greater difference between sending and receiving voltage. Therefore, selecting
the optimal spacing between sub-conductors is crucial fo minimize energy losses
and ensure a reliable electricity supply.

Keywords: ACSR Zebra, High Voltage Transmission Line, Power Loss, Voltage
Regulation, Subconductor
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1. INTRODUCTION

High-voltage transmission lines are fundamental in ensuring the reliable delivery of electric
power from generation centers to end users (Widagdo et al., 2025). Among the many
design considerations in transmission systems, the configuration and spacing of subconductors
in bundled conductor arrangements such as the ACSR Zebra type significantly influence system
performance (Widagdo et al., 2024). The ACSR Zebra conductor, commonly used in
Indonesia’s 150 kV transmission networks, offers advantages in current-carrying capacity and
mechanical strength. However, its electrical behavior, particularly in relation to subconductor
spacing, remains a critical factor affecting power losses, line impedance, voltage regulation,
and overall transmission efficiency (Slamet et al., 2025).

Several studies have explored the influence of conductor configuration on the electrical
performance of transmission systems. Khan & Ghassemi (2014) highlighted the impact of
conductor geometry on impedance and system losses. Shaikh et al. (2022) provided
foundational equations for modeling bundled conductors, while Shaikh et al. (2021) studied
the effects of bundle spacing on corona discharge and electric field stress. Rabah et al.
(2022) emphasized electromagnetic interactions between subconductors that affect both
inductance and capacitance. Similarly, Khan et al. (2025) investigated the potential of
subconductor spacing in mitigating transient overvoltages. Bindhu, V., & Ranganathan, G.
(2021) conducted simulation-based assessments on impedance variations due to spacing
changes. Zainuddin et al. (2020) examined subconductor configuration in relation to
thermal aging and mechanical durability. Salceanu et al. (2020) addressed the issue of radio
interference in high-density regions caused by improper bundle spacing. Most recently,
Lutfiansjah et al. (2022) presented field data on power losses in Indonesian transmission
systems, although the study did not specifically analyze subconductor spacing.

While these studies have contributed significantly to the field, most rely on simulation models
or laboratory conditions and lack real-time operational data from tropical networks such as
those in Indonesia. Furthermore, the literature has not sufficiently addressed the relationship
between subconductor spacing and voltage regulation in active 150 kV transmission lines. This
presents a notable gap in understanding the practical impacts of physical conductor
arrangements in actual transmission environments.
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To address this gap, the present study investigates the effect of subconductor spacing on
power losses and voltage regulation in the 150 kV overhead transmission line between
Surabaya Selatan and Kalisari Substations, operated by PT. PLN (Persero). Unlike previous
studies, this research utilizes 30 days of field data obtained from direct monitoring of voltage,
current, and power factor at the control panel of Surabaya Selatan Substation. The novelty of
this study lies in its integration of empirical measurements with analytical calculations to
provide a comprehensive understanding of how subconductor spacing influences system losses
and efficiency. The findings are expected to support optimal design and operation of
transmission systems in tropical and developing regions.

2. METHOD

In this research, the method used to calculate power losses in the 150 kV transmission line
between Surabaya Selatan Substation and Kalisari Substation at PT. PLN (Persero) Surabaya
involves several key steps. The process begins with an electrical system analysis based on
initial data related to the transmission line configuration, including subconductor spacing,
nominal current, and conductor characteristics, which are collected from control panel
observations and field surveys. The analysis of subconductor spacing is particularly important
to identify conditions that may lead to significant power losses, which could have detrimental
impacts on operational efficiency and energy delivery performance.

Figure 1. SLD of the 150 kV Substation from Surabaya Selatan to Kalisari
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2.1 Resistance Analysis
This section presents the resistance analysis of the transmission line to determine the line
resistance and total resistance in the 150 kV transmission system connecting Surabaya Selatan
Substation and Kalisari Substation. The initial calculation is based on the following equation:

pxl
— 1

R=

Where the resistance is derived from the materials and components used in the 150
transmission line between Surabaya Selatan and Kalisari Substations. The total resistance of
the ACSR conductor is calculated using the following equation:

Rirotaracsmy = R X1 (2)
Where,
R : DC Resistance (Q)
p : Spesific Resistivity of Alumunium (.m)
1 : Length of conductor (km)

By determining the conductor’s specific resistance and total length, the overall resistance of
the transmission line can be accurately calculated. This value serves as the foundation for
calculating power losses. Understanding line resistance allows engineers to evaluate how much
of the electrical energy is converted into heat, which is critical in assessing system performance
and energy efficiency.

2.2 Geometric Mean Ratio (GMR)

Geometric Mean Ratio (GMR) is a key parameter used in determining the inductive properties
of bundled conductors. It reflects the self-inductance of a conductor group and influences the
reactance (Xu et al., 2022). The GMR calculation is based on the following equation:

, 1,725 _1

n'= e (3)
GMR =R |n %’ (4)
Where,
R : Half the spacing between two conductors
S : Subconductor spacing
n : Number of subconductors
bat : Effective radius of the subconductor

The effective radius and spacing between subconductors determine the GMR. These values
are essential inputs for inductive reactance calculations. An accurate GMR estimation ensures




Tuliskan judul artikel sebagai header halaman ganijil

the system's inductance is correctly modeled, which directly affects the efficiency and stability
of long-distance power transmission.

2.3 Geometric Mean Distance (GMD)

Geometric Mean Distance (GMD) is the average spacing between different phase conductors
and determines the mutual inductance between phases (El Dein et al., 2022). The GMR
calculation is based on the following equation:

a
GMD = *3fDiy. Dy3. Di5.Dig.Dy3. Dy Dag. D3y . Dag . Dys . Dyg . D (5)
Where,
D : Distance between phase conductors

By analyzing the spatial layout of phase conductors, the GMD helps researcher understand
inter-phase coupling, which plays a role in determining reactance. Precise GMD values
contribute to reliable impedance calculations, enabling better planning and control of voltage
stability in the transmission network (Romim et al., 2024).

2.4 Line Reactance and Impedance

Inductive reactance is caused by the magnetic field created around conductors due to
alternating current. It plays a vital role in voltage regulation and system impedance. The line
reactance calculation is based on the following equation:

X, =2nflxIn % (6)
X, = 0,1446710g% @
Where,
X : Inductive Reactance ()
f : Frequency (Hz)
L : Inductance (Henry)

GMD : Geometric Mean Distance (m)
GMR : Geometric Mean Ratio (m)

Reactance is directly influenced by the conductor geometry (GMR) and spacing between
phases (GMD). It is a key component in the overall impedance of the line. Accurately
determining reactance helps in maintaining voltage quality and minimizing transmission
inefficiencies across long distances. Impedance is the total opposition a conductor offers to
alternating current, combining both resistive and inductive elements. The line impedance
calculation is based on the following equation:

Z=R+jX, (8)
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This value combines real power losses (resistance) and reactive effects (inductance). It
determines voltage drop and phase shift in transmission. By knowing the impedance, system
operators can effectively assess line performance and make decisions on load management
and power flow (Arief et al., 2022).

2.5 Sending Voltage and Voltage Regulation

Sending voltage is the voltage level at the transmitting substation. It must account for the
voltage drops along the transmission line to ensure stable deliwn/ at the receiving end. Voltage
regulation expresses how much the voltage changes between the sending and receiving ends
of the transmission line (Hardi et al., 2025). The sending voltage and voltage regulation is
based on the following equation:

Vo= Ve +1 X Z (9)
AV = | "5;—"‘* | x100% (10)
s
Where,
Vs : Inductive Reactance ()
Vg : Frequency (Hz)
4 : Inductance (Henry)

AV : Voltage Regulation (Volt)

This calculation incorporates the current and line impedance to estimate the required source
voltage to maintain target voltage at the load side. Accurately determining the sending voltage
helps in setting operational parameters and voltage compensation strategies. A lower voltage
regulation percentage indicates a more efficient and stable transmission system. High values
may result in undervoltage at the load end. Monitoring voltage regulation ensures that voltage
levels remain within operational standards, maintaining power quality and system reliability
(Hendri et al., 2024).

2.6 Power Loss

Power losses in transmission lines occur primarily due to conductor resistance. These losses
are undesired as they reduce system efficiency. Using the current and resistance values, power
losses for each phase can be estimated. This is essential for evaluating energy efficiency.
Minimizing power losses not only improves operational economy but also supports a more
sustainable and reliable power system (Marwan et al., 2024).

Prossps = P X Z (1
Where,

z : Impedance ()
I : Line Current (A)
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3. RESULT AND ANALYSIS
1

This section presents a quantitative gﬁlysis of power losses and voltage regulation on the 150
kV transmission line connecting the Surabaya Selatan Substation and the Kalisari Substation,
operated by PT. PLN (Persero). The study investigates three variations of subconductor
lengths: realjshort, and extended. The analysis includes key electrical parameters such as
resistance, Geometric Mean Distance (GMD), Geometric Mean Radius (GMR), inductive
reactance, total impe@uce, power losses, voltage regulation, and transmitted power. The
results are compared to assess the impact of subconductor length variations on the overall
performance and efficiency of the transmission system.

3.1 Resistance of Lines

To determine the electrical characteristics of the transmission line, one of the key parameters
that must be calculated is the resistance of the conductor. This value is essential for evaluating
power losses and the overall performance of the system. In this study, the ACSR Zebra
conductor is used, and its resistance is calculated using Equation (1). By substituting the known
values into Equation (1), the resistance per meter of the ACSR Zebra conductor is obtained
as:

2,826 X 1078 x 5,48 x 10

STE v 105 =0,000179 0/km

The total resistance of the conductor over the full length of the transmission line is then
calculated using Equation (2):

Reorar = 0,000179 x 5,48 x 10° = 0,980 Q

This total resistance value is a critical input for further calculations, such as determining the
total power loss, voltage drop, and impedance of the transmission system. Accurate estimation
of conductor resistance ensures the reliability of subsequent performance evaluations.

3
3.2 geometric Mean Distance (GMD) and Geometric Mean Ratio (GMR)
16

The next step involves calcﬁting the gometric Mean Distance (GMD), which is a critical
parameter for determining the inductive reactance of a transmission line. To accurately
compute the GMD, it is necessary to refer to the specific configuration and dimensions of the
suspension tower used in the transmission system. In this analysis, three subconductor
configurations are considered. The GMD is calculated using the geometric mean of all mutual
distances between the subconductors, as expressed in Equation (5):

GMDpreqry = '3/ (18)2 (2002.(17)%. (16)% = 22,644 m

Therefore, the Geometric Mean Distance (GMD) for the actual tower configuration is
approximately 22.644 meters. This value is essential for calculating the inductive reactance of
the transmission line in subsequent sections.
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Figure 1. Construction of 150 kV Tower Surabaya Selatan - Kalisari

Table 1. GMR and GMD with Various Subconductor Length

Distance Subconductor Length
Reality Short Extended
di2, da3, das, dss 9m 4,5m 18 m
dis, da4, doe, d3s 17 m 8,5m 34m
di3, d4s 18 m 9m 36m
d14, d3s 20m 10m 40 m
di6, d34 16 m 8m 32m
S 0,6 m 0,3m 1,2m
GMD 22,644 m 10,087 m 51,600 m
GMR 0,08 m 0,063 m 0,125 m

12

Before calculating the Geometric Mean Radius (GMR), it is necessary to determine the value
of the equivalent radius (ry), which depends on the spacer distance between subconductors
in a bundled conductor system. Based on the 150 kV transmission system design, the distance
between subconductors (spacer distance) is given as:

S=06m

1
R:ED,Bm:U,Sm
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Table 2. Inductive Reactance and Total Impedance with Various Subconductor Length

Parameter Subconductor Length
Reality Short Extended
Inductive Reactance (X,) 0,354 Q 0,318 Q 0,378 Q
Total Impedance (Z) 1,042 Q 1,031 Q 1,050 @
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Figure 2. Voltage Regulation on the 150 kV South Surabaya - Kalisari Transmission Line
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Figure 3. Power Losses on the 150 kV South Surabaya - Kalisari Transmission Line
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1,725 _1
l = e 4=00134m

"= oo

The GMR for a bundled conductor consisting of two subconductors can then be calculated
using Equation (4):

1
1,725xe™%
GMR oy =03 |2 ~100x03 =0,0896m

15
Therefore, the Geometric Mean Radius (GMR) for the actual bundled conductor configuration
is a:proximately 0,0896 meters. This value is required for calculating the inductive reactance
in the transmission line.

Figure 1 illustrates the construction of a 150 kV transmission tower on the Surabaya Selatan
— Kalisari substation line, featuring a double-circuit configuration where each phase consists
of two bundled conductors spaced 0.6 meters apart. The diagram on the right shows the
arrangement of the bundled conductors, each positioned 0.3 meters from the center.
7

Table 1 presents the distances between conductors and the calculated values of EMD
(Geometric Mean Distance) and GMR (Geometric Mean Radius) for three different sub-
conductor length scenarios: Reality (actual length), Short, and Extended. These values are
essential for analyzing transmission line parameters such as impedance, inductance, and
power losses. It can be observed that increasing the sub-conductor length leads to higher
GMD and GMR values, which directly influence the performance and efficiency of the
transmission system.

3.3 Inductive Reactance and Total Impedance

Before calculating the impedance of the transmission line, it is necessary to determine the
inductive reactance (X,) of the ACSR Zebra conductor. The inductive reactance can be
calculated using Equation (6):

22,644
Xi(rean) = 0,14467 log =~

=0,3540

Therefore, the inductive reactance of the ACSR Zebra conductor is 0,354 ohms.
Once ta:h the resistance and inductive reactance have been determined, the total impedance
of the transmission line can be calculated using Equation (7):

Zyow = R+X, = 0,980+ /0,354 = 1,031 2 19,861° Q1
Thus, the total impedance of the 150 kV transmission line for the actual subconductor
configuration is expressed in complex form as Z = 1,031 £ 19,861° )
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3.4 Voltage Regulation

Voltage regulation indicates the percentage difference between the sending-end and receiving-
end voltages, reflecting the voltage drop across the transmission line. It is calculated using
Equation (10):

245-147

AVireary = | 215 |x100%: 0,40 %

3
Thus, the voltage regulation for the 150 kV transmission line between Surabaya Selatan and
Kalisari substations is approximately 40%. Figure 2 illustrates the wvoltage regulation
performance of the 150 kV Surabaya Selatan — Kalisari transmission line over a four-week
period. It compares three sub-conductor configurations: Short, Reality, and Extended. The
vertical axis represents the percentage of voltage regulation, ranging from 0.36% to 0.395%.
In Week 1, the Extended and Reality configurations exhibit slightly higher voltage regulation
than the Short Subconductor. In Weeks 2 and 3, all three configurations demonstrate similar
performance, while in Week 4, the Reality configuration shows the highest regulation, followed
by Extended and then Short. Overall, the graph suggests that longer sub-conductor lengths
(Extended) tend to result in slightly higher voltage regulation compared to shorter ones.

3.4 Power Loss

Once the total resistance of the line has been determined, the next step is to calculate the
power losses in each phase (R, S, and T) of the high-voltage transmission network between
Surabaya Selatan Substation and Kalisari Substation. The power loss for each phase is
calculated using Equation (8):

Pyoss (rotan) = 0.0104 + 0.0096 + 0.0082 = 0.0282 MW

Therefore, the total real power loss on the 150 kV transmission line for the actual subconductor
configuration is 0.0282 MW. This value represents the sum of losses from all three phases and
can be used for further energy loss evaluations over time, such as monthly energy loss
calculations. Figure 3 presents the power losses observed on the 150 kV Surabaya Selatan —
Kalisari transmission line over a four-week period for three different sub-conductor
configurations: Short, Reality, and Extended. The vertical axis shows power losses in
megawatts, ranging from 0.022 to 0.028 MW. In Week 1, the Reality and Extended
configurations experience the highest losses, while the Short configuration has slightly lower
losses. In Weeks 2 and 3, a similar trend continues, with the Extended showing consistently
higher losses. By Week 4, all configurations show a reduction in losses, but the Short
configuration remains the most efficient. Overall, the graph indicates that shorter sub-
conductors tend to reduce losses, whereas longer sub-conductors slightly increase them.
These findings align with previous studies that emphasize the role of conductor configuration
in influencing transmission efficiency. Earlier research has also shown that increased spacing
between sub-conductors can elevate corona and line losses under certain conditions.
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4. CONCLUSION

Based on the analysis conducted during the research, it is concluded that power losses in the
150 kV transmission line between Surabaya Selatan Substation and Kalisari Substation are
significantly influenced by the configuration of the distance between sub-conductors. An
increase in the distance between sub-conductors leads to higher power losses and voltage
regulation issues. Manual calculations over a 30-day period show that a configuration with the
optimal distance can significantly reduce power losses compared to a larger spacing. Moreover,
the difference between sending and receiving voltages indicates the importance of voltage
regulation in maintaining the efficiency of the transmission system.
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