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ABSTRACT

Transformer tap changers are widely used in distribution systems to regulate voltage and maintain acceptable steady-state operating
conditions. This study presents an application-oriented ETAP 19.0.1 load-flow assessment of five discrete tap positions (-5%, -2.5%, 0%,
+2.5%, and +5%) for Transformer T2 in a multi-source distribution network containing utility and generator supplies, motor and static loads,
a capacitor bank, and a photovoltaic unit. The adopted ETAP convention places the tap adjustment on the primary winding; consequently, a
negative tap reduces the effective primary turns ratio and raises the secondary-side voltage. For the investigated operating point, Bus3 remains
nearly constant at 19.68-19.70 kV (98.4-98.5% of nominal), whereas Bus4 and Bus5 are strongly affected by tap position. The -5% setting
gives 3.63 kV at Bus4 (100.8%) and 0.395 kV at Bus5 (98.8%), while the +5% setting reduces them to 3.28 kV (91.1%) and 0.357 kV
(89.3%). The study therefore identifies -5% as the best of the five tested settings for this specific operating condition. The contribution is a
reproducible comparative tap-setting procedure and a practical voltage-regulation recommendation for the modeled network, rather than a
new OLTC control algorithm. Active and reactive power-flow trends are also examined to complement the voltage-profile assessment.

Keywords: Transformer tap changer; voltage regulation; load flow analysis; voltage profile; power quality.

1. Introduction

The increasing demand for electrical energy has created
greater challenges in maintaining the reliability and power
quality of electrical power systems. Among the various
power quality indicators, voltage regulation is critical
because voltage levels directly affect the performance,
efficiency, and service life of electrical equipment connected
to the network. Therefore, maintaining voltage within the
permissible operating range is essential to ensure stable and
reliable power system operation [1, 2].

Voltage variations commonly occur in distribution
systems due to changes in load demand, network
configuration, line impedance, and power-flow conditions.
These variations may result in undervoltage or overvoltage
conditions that adversely affect system performance and
customer equipment. Excessive voltage drops can increase
system losses and reduce the efficiency of electrical devices,
while excessive voltage rises can cause insulation stress and
equipment damage. Thus, effective voltage regulation
methods are required to maintain an acceptable voltage
profile throughout the distribution network [3].

Transformers play an important role in voltage regulation
within electrical power systems. One practical method for
controlling transformer output voltage is tap changer
operation. A tap changer adjusts the transformer turns ratio,

enabling the secondary voltage to be increased or decreased
according to operating requirements. Proper tap settings can
reduce voltage deviations caused by load fluctuations and
network conditions, improve voltage profiles, and minimize
the risk of voltage-limit violations without major
modifications to the existing electrical infrastructure [4, 5].

Advances in power system simulation tools have enabled
engineers and researchers to evaluate voltage regulation
methods through computer-based analysis. Simulation
allows various operating scenarios to be investigated
efficiently without affecting the actual electrical network [6].
Load-flow analysis is commonly used to assess voltage
magnitudes, power-flow distribution, and system operating
conditions under different tap changer settings. Such
analysis provides useful information for determining
appropriate transformer tap positions and understanding
their influence on system performance [7].

This study evaluates five fixed transformer tap positions
using ETAP 19.0.1 to determine how the adopted primary-
winding tap convention affects voltage regulation in the
modeled distribution network. Unlike recent studies that
develop automatic or coordinated OLTC controllers using
fuzzy logic, distributed inverter control, energy storage, or
real-time optimization, the present work focuses on a
transparent static sensitivity assessment that can be
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reproduced directly from a conventional load-flow model.
The practical contribution is the identification of a suitable
operating tap for Transformer T2 under the investigated
network condition, which includes multiple voltage levels,
conventional sources, motor and static loads, a capacitor
bank, and photovoltaic generation.

Accordingly, the research gap addressed here is not the
basic transformer turns-ratio relationship, which is well
established, but the lack of a clearly documented, scenario-
by-scenario assessment of how a specific transformer tap
convention propagates through medium- and low-voltage
buses in this modeled network. The analysis is intentionally
limited to five discrete steady-state cases; therefore, claims
are restricted to the investigated operating point and should
not be interpreted as a universal or adaptive OLTC control
strategy.

2. Literature Review
2.1. Transformer

A transformer is a static electromagnetic device used to
transfer electrical energy between circuits through magnetic
coupling without changing the frequency of the electrical
supply. Transformers are among the most critical
components in electrical power systems because they enable
efficient power transmission and distribution by adjusting
voltage levels according to operational requirements. High-
voltage transmission reduces current flow and minimizes
power losses, while lower voltages are required for safe
distribution to consumers [1, 2, 7].

The fundamental relationship between primary and
secondary voltages in an ideal transformer is expressed as:

V, N
LpL__P (1)
Vs Ng

where:

Vp = primary voltage (V)

Vs = secondary voltage (V)

Np = number of primary winding turns
Ns = number of secondary winding turns
The ratio

a=—" )

Where a is known as the transformer turns ratio. This
parameter determines whether the transformer operates as a
step-up or step-down unit. Any modification of the effective
turns ratio directly affects the output voltage, which forms
the basis for transformer tap changer operation [8, 9].

2.2. Voltage Quality

In electrical distribution systems, voltage levels are
continuously affected by changes in load demand, feeder
length, conductor impedance, transformer loading, and
reactive power conditions. As power flows through network
components, voltage drops occur due to line impedance and
load current. Therefore, maintaining voltage within
acceptable operating limits is a primary objective of power
system operation and planning [10].

1. Under Voltage

Energy Sustainability 1 (2026) 100010

Under-voltage is a condition in which the RMS voltage
falls below the lower acceptable operating limit for a
specified duration. According to common power system
standards, under-voltage generally occurs when the voltage
decreases below 95% of its nominal value.

V < 0.95V, (3)
where:

V = actual voltage

Vn = nominal voltage

Several factors contribute to under-voltage conditions,
including:

Excessive loading

Long distribution feeders
Reactive power deficiency
High transmission losses

Fault conditions in the network

agprpwdE

Under-voltage may result in reduced motor torque,
overheating of electrical equipment, increased current
consumption, poor lighting performance, and deterioration
of system stability [2].

2. Over Voltage

Over-voltage occurs when the voltage exceeds the upper
permissible limit.

V> 1.05V, (4)
This condition may arise due to:

Light-load operation

Excessive reactive power compensation
Improper transformer tap settings
Switching operations

Distributed generation penetration

0.95V, <V < 1.05V,

ogrwpnE

For a 20 kV distribution system, the allowable voltage range
is:

19kV <V <21kV

Maintaining voltages within these limits is essential for
ensuring power quality, minimizing losses, and protecting
customer equipment. Therefore, voltage regulation devices
such as transformer tap changers, capacitor banks, and
voltage regulators are commonly utilized in modern power
systems [8, 11].

2.3. Transformer Tap Changer

A transformer tap changer is a voltage regulation device
installed on a transformer winding to adjust the transformer
turns ratio and maintain the desired output voltage level. In
electrical power systems, voltage levels continuously
fluctuate due to changes in load demand, network
impedance, reactive power flow, and operating conditions.
These fluctuations can cause the secondary voltage of a
transformer to deviate from its nominal value. Therefore,
transformer tap changers are utilized to compensate for such
variations and ensure that voltage remains within acceptable
operating limits [10, 11].

The basic operating principle of a tap changer involves
changing the effective number of turns in one of the
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transformer windings. Since the voltage transformation ratio
depends on the ratio of primary and secondary winding turns,
modifying the number of active turns will directly affect the
output voltage. By selecting an appropriate tap position, the
transformer can increase or decrease its secondary voltage
according to system requirements [1, 11].

The relationship between transformer voltage and turns
ratio is expressed by:

=1 (5)

From this equation, it can be observed that changing the
effective number of windings turns results in a corresponding
change in the voltage ratio. Consequently, transformer tap
changers provide a practical means of voltage regulation
without requiring additional compensation equipment.

In modern power systems, tap changers are commonly
installed on the high-voltage winding because the current
level is lower than that of the low-voltage winding. This
arrangement reduces switching stress and minimizes contact
wear during tap-changing operations. Depending on the
transformer design, tap positions are typically provided in
discrete steps, such as +2.5%, +5%, +7.5%, or £10% of the
rated voltage [9, 13-17].

A. Types of Transformers Tap Changers

Transformer tap changers are generally categorized into
two types based on their operating characteristics.

1. Off-Circuit Tap Changer (OCTC)

An Off-Circuit Tap Changer (OCTC), also known as a
De-Energized Tap Changer (DETC), requires the
transformer to be disconnected from the power system before
the tap position can be changed. Because the transformer
must be taken out of service during adjustment, OCTCs are
mainly used in applications where voltage regulation is not
frequently required [18].

2. On-Load Tap Changer (OLTC)

An On-Load Tap Changer (OLTC) allows tap position
changes while the transformer remains energized and
connected to the load. OLTCs are widely used in
transmission substations, distribution substations, and large
power transformers where continuous voltage regulation is
essential [19].

Due to these advantages, OLTCs have become one of the
most important voltage control devices in modern power
systems.

B. Tap Position and Voltage Regulation

Each tap position corresponds to a specific voltage
adjustment level. The percentage change in voltage depends
on the transformer design and tap step size. The relationship
between the adjusted voltage and tap setting can be
approximated as:

Vnew = Vrated(1 + ATap) (6)
where:

Vnew = adjusted voltage
Vrated = rated voltage
ATap = tap adjustment percentage
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For example, if a transformer has a rated secondary
voltage of 20 kV and the tap position is increased by +5%,
the resulting voltage becomes:

Vyew = 20(1 + 0.05)

Vyew = 21KV
Vyew = 20(1 — 0.05)
Vyew = 19KV

Improvement of voltage profiles
Reduction of under-voltage conditions
Reduction of over-voltage conditions
Enhancement of voltage stability
Improvement of power quality
Increased reliability of electrical supply

ok~ wbdE

Conversely, inappropriate tap settings may lead to
undesirable operating conditions. Excessive tap increases
can cause over-voltage problems, while insufficient tap
adjustments may fail to mitigate voltage drops. Therefore,
determining the optimal tap position is a critical aspect of
power system operation and planning [18, 19].

The effectiveness of transformer tap changer settings is
commonly evaluated using load flow analysis. Load flow
studies provide information regarding bus voltage
magnitudes, active power flow, reactive power flow,
transformer loading, and system losses under various
operating conditions [20].

2.4. ETAP Software

Electrical Transient Analyzer Program (ETAP) is a
comprehensive software package designed for the modeling,
simulation, analysis, operation, and optimization of electrical
power systems. The software provides an integrated platform
for engineers and researchers to evaluate electrical network
performance under various operating conditions. Through a
graphical single-line diagram interface, ETAP enables the
representation of power system components such as
generators, transformers, transmission lines, buses, loads,
and protection devices in a realistic simulation environment
[9, 15].

The development of power system simulation software
has significantly improved the efficiency of power system
studies. Rather than performing extensive calculations
manually, engineers can utilize simulation tools to analyze
system behavior under different scenarios while reducing
computational time and minimizing the risk of calculation
errors. ETAP has become one of the most widely used
software applications in power system engineering due to its
comprehensive analysis capabilities and its ability to
integrate multiple studies within a single platform [15].

One of the major strengths of ETAP is its digital
modeling capability. The software allows users to create a
virtual representation of an electrical network by entering
equipment  parameters according to  manufacturer
specifications and system design data. This digital model can
then be used to investigate various operating conditions
without affecting the actual system. Such an approach
provides a safe, economical, and efficient method for
evaluating  system  performance before practical
implementation [22].



Ichal Priski et al.

ETAP offers numerous analysis modules that support
different aspects of power system engineering. These
modules include load flow analysis, short-circuit analysis,
protective device coordination, transient stability analysis,
motor starting analysis, harmonic analysis, reliability
assessment, and arc-flash studies. The integration of these
modules enables engineers to perform comprehensive
investigations of electrical system performance using a
single software environment [16, 19, 21] .

Among these features, load flow analysis is one of the
most frequently utilized tools in power system studies. Load
flow analysis calculates the steady-state operating conditions
of the system, including bus voltage magnitudes, voltage
angles, active power flow, reactive power flow, current
magnitude, and power losses. The results provide essential
information regarding the operational condition of the
network and are commonly used as the basis for planning,
operation, and optimization studies [23].

In transformer voltage regulation studies, load flow
analysis plays a particularly important role because it allows
the evaluation of voltage profiles under different transformer
tap settings. Changes in transformer tap positions directly
affect transformer voltage ratios, which in turn influence bus
voltages throughout the electrical network. Through
simulation, the impact of each tap position can be observed
and compared systematically without interrupting actual
system operation [13, 24].

The software also provides detailed transformer modeling
capabilities, including transformer ratings, impedance
characteristics, winding configurations, and tap changer
settings. These features enable accurate representation of
transformer behavior during simulation studies. As a result,
ETAP is frequently employed to evaluate transformer
voltage regulation strategies and determine the optimal tap
position required to maintain voltage levels within
prescribed operating limits.

Furthermore, ETAP enables users to conduct multiple
simulation scenarios efficiently. Engineers can compare
system performance under different loading conditions,
network configurations, and voltage control strategies. This
capability is particularly useful when investigating under-
voltage and over-voltage conditions because it allows a
comprehensive assessment of the effectiveness of
transformer tap adjustments before implementation in the
actual system [26].

In this research, ETAP 19.0.1 is utilized to perform load
flow simulations and evaluate the effect of transformer tap
changer settings on voltage regulation. Various tap positions
are applied to the transformer model, and the resulting
voltage profiles are analyzed to determine the most effective
tap setting for maintaining voltage levels within acceptable
operating limits. The simulation results are expected to
provide a better understanding of transformer tap changer
performance and its contribution to improving voltage
quality in electrical distribution systems [27].

2.5. Previous Studies

Table 1 summarizes previous studies relevant to
Simulation and Analysis of Transformer Tap Changer

Settings for Voltage Regulation
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in Electrical Distribution

Systems.
Table 1
State Of the Art
No Authors Year Research Method Main Findings
Focus
Proposed an
OLTC
OLTC operation
operation strategy
considering capable of
o Sowst pisin D90
1 Yoonetal. 2022 b system and
Y . simulation L
photovoltaic maintaining
penetration in voltage within
distribution acceptable
systems[1] limits ~ under
high PV
penetration.
The proposed
controller
Voltage improved
regulation voltage
:sz_\g ba ftijzzy Fuzzy logic regl}zllatlon
Maataoui et ogic-base and performance
2 al 2022 OLTC simulation and  reduced
' controller in - voltage
. analysis o
active deviations
distribution compared with
systems [2] conventional
OLTC control
methods.
Demonstrated
Voltage that OLTC
control in operation
low-voltage . . significantly
Spertino et networks Simulation contributes  to
3 2022 h based o
al. using OLTC _ .. . maintaining
optimization .
and voltage quality
distributed PV and reducing
inverters [3] voltage
violations.)
The
: coordination
S(;)I(t);d:enated between OLTC
e ulgtion Simulation  and distributed
begt)ween using generators
4 Lietal 2022 flexible coordinated  improved
control voltage
OLTC and .
distributed strategy regulqtlon
generation [6] effectiveness
and system
stability.
The proposed
Decentralized decentralized
control of OLTC and PV
OLTC and PV inverter control
: effectively
inverters  for :
voltage Decentralized improved )
regulation in control voltage profiles
5 Jafarietal. 2022 o9 while
radial strategy and . ." . .
distribution  simulation Trm:a?eZslgrg
networks with tan o erat)i/ons
high PV p 0P
enetration and_ -
p maintaining
[27]
system
stability.
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No Authors Year Research Method Main Findings
Focus
Voltage Coord!nated "
fluctuation operation 0
PR OLTC and
mitigation
- energy storage
using L
. significantly
coordinated reduced
OLTC  and Coordinated
Khan  and voltage
. 2022 energy control  and .
Rihan . . fluctuations
storage simulation
s and enhanced
control in high
voltage
PV o
. stability under
penetration varvin
distribution Ioe;(};ing
networks [10] ng
conditions.
Decentralized The proposed
voltage approach
management increased PV
using OLTC- Decentralized hosting
fitted voltage capacity while

7 Aydinetal. 2022 distribution ~ management maintaining
transformers  and distribution
to  increase simulation  voltages within
residential PV acceptable
hosting operating
capacity [17] limits.

The intelligent
tap controller

Intelligent improved
transformer voltage
tap controller . regulation,
for harmonic Intelligent reduced
Bhatta and ... .~ control -
- 2023 elimination in - harmonic
Patidar . algorithmand . -
photovoltaic simulation distortion, and
interfaced enhanced
micro-grid overall power
networks [18] quality in
micro-grid
operation.

2.6. Research Gap and Study Positioning

Recent literature has progressed toward coordinated and
adaptive OLTC control, including PV-aware tap operation,
fuzzy-logic control, coordinated OLTC-energy-storage
strategies, decentralized PV-inverter coordination, and field-
measurement-based voltage compliance methods. These
approaches primarily emphasize automatic control design
and multi-device coordination. In contrast, the present study
does not propose a new controller. It provides a static
comparative assessment of five discrete primary-winding tap
settings in a detailed ETAP network and quantifies their
effect on bus-voltage deviation and transformer power-flow
behavior. This narrower positioning makes the study useful
as an engineering tap-setting verification exercise and as a
baseline for future automatic OLTC control development.

3. Research Methodology
3.1 Research Method

This study employs a quantitative simulation-based
approach to investigate the impact of transformer tap changer
settings on voltage regulation in an electrical distribution
system. The research is conducted using ETAP 19.0.1
software, which provides an integrated platform for
modeling and analyzing electrical power systems under
various operating conditions.

The primary objective of this research is to evaluate the
effectiveness of different transformer tap positions in
maintaining bus voltages within the permissible operating
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range. The analysis is performed through load flow
simulations, which allow the determination of voltage
magnitude, power flow, and operating conditions throughout
the electrical network. By comparing the voltage profiles
obtained from different tap settings, the most suitable tap
position can be identified.

Unlike field testing, simulation-based studies provide a
safer and more economical approach for evaluating system
performance because various operating scenarios can be
investigated without affecting actual power system
operation. Therefore, the simulation method is considered
appropriate for analyzing transformer voltage regulation
characteristics and assessing the influence of tap changer
adjustments on distribution system performance.

3.2 System Modeling

The electrical distribution system is represented using a
single-line diagram developed in ETAP 19.0.1. The model
consists of the main components commonly found in a
distribution network, including a utility source, transformer,
buses, connecting cables, and electrical loads.

All equipment parameters are entered based on their
technical specifications. The transformer model includes its
rated capacity, primary voltage, secondary voltage,
impedance characteristics, and tap changer configuration.
Similarly, the load model includes active and reactive power
requirements, while cable parameters include impedance and
voltage ratings.

3.3 Transformer Tap Changer Simulation

The transformer tap changer simulation constitutes the
core of this study. The simulation is conducted by varying
the transformer tap position while maintaining all other
system parameters unchanged. This approach ensures that
any observed voltage variation is solely caused by changes
in transformer tap settings. The transformer tap positions
investigated in this study are presented in Table 2.

Table 2
Transformer Tap Position Scenarios
Tap Position Tap Setting (%0)

Tap 1 -5.0%
Tap 2 -25%
Tap 3 0%

Tap4 +2.5%
Tap 5 +5.0 %

For each tap position, a load-flow simulation is
performed in ETAP while all non-tap model parameters are
kept unchanged. The resulting voltage magnitudes and
power-flow quantities are recorded for comparison. In the
adopted ETAP model, the tap changer is applied to the
primary winding of Transformer T2. The transformer
relationship can be written as Vs/Vp = Ns/Np. Therefore, a
negative primary-side tap decreases the effective number of
primary turns Np and increases the secondary voltage Vs for
an approximately unchanged primary voltage; conversely, a
positive tap increases Np and reduces Vs. This sign
convention explains why the -5% case produces the highest
Bus4 and Bus5 voltages in the simulation results.

Negative tap positions are expected to reduce the
transformer secondary voltage, whereas positive tap
positions increase the secondary voltage. Through this
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simulation, the relationship between tap adjustment and
voltage regulation performance can be clearly observed.

3.4 Load Flow Analysis

Load-flow analysis is used to determine the steady-state
operating condition of the ETAP network for each of the five
tap cases. The same network topology, source conditions,
load data, capacitor-bank status, PV representation, and
component parameters are retained in every scenario; only
the T2 tap position is changed. For each case, bus-voltage
magnitude, branch current, active power, reactive power,
apparent power, power factor, and transformer loading are
recorded from the ETAP results. This controlled scenario
design allows changes in voltage and P/Q flow to be
attributed to the tap adjustment rather than to simultaneous
changes in other model inputs. The exact ETAP numerical
solver option, convergence tolerance, and iteration limit are
properties of the saved ETAP study case and should be
reported directly from that project file for complete
independent reproducibility.

The load flow results provide information regarding the
ability of each tap setting to maintain acceptable voltage
levels throughout the system. Consequently, load flow
analysis forms the basis for comparing transformer tap
positions and identifying the most effective voltage
regulation strategy.

3.5 Data Analysis

The simulation results are analyzed by comparing the
voltage profiles obtained from each tap position. The voltage
magnitude at every bus is evaluated and compared against
the allowable operating limits discussed in Section 2.2.

Particular attention is given to buses experiencing the
largest voltage deviations, as these locations are typically the
most sensitive to transformer tap adjustments. The
effectiveness of each tap setting is determined by examining
its ability to improve voltage profiles and reduce voltage
deviations.

The comparison between simulation scenarios enables a
comprehensive assessment of transformer tap changer
performance under different operating conditions. The
resulting voltage profiles are presented in tabular and
graphical forms to facilitate interpretation and comparison.

3.6. Research Workflow

The research stages illustrate the systematic procedure
followed in this study, from the initial literature review to the
determination of the optimal transformer tap position. The
overall process begins with a literature review on
transformers, voltage quality, and transformer tap changers,
which is then followed by modeling the electrical
distribution system as a Single Line Diagram in ETAP 19.0.1
and verifying the model through an initial load flow
simulation. Once the model is confirmed to be free of errors,
the tap position of Transformer T2 is set sequentially to each
of the five predefined scenarios (-5%, -2.5%, 0%, +2.5%,
and +5%), and a load flow simulation is executed for every
tap setting to record the resulting voltage magnitudes at
Bus3, Bus4, and Bus5. This procedure is repeated until all
five tap positions have been simulated.
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The recorded voltage profiles are then compared against
the permissible +5% voltage standard described in Section
2.2 to identify the buses experiencing the most significant
deviations. Based on this comparison, the tap position that
produces the most favorable voltage profile while
maintaining transformer loading within safe operating limits
is determined as the optimal setting. The complete sequence
of these research stages is illustrated in the flowchart

presented in Figure 1.

Literature Review
(transformer, voltage quality,
tap changer, load flow analysis)
\ J

'

% N
System Modeling in ETAP 19.0.1

(single line diagram: source,

transformer, bus, cable, load)

s ¢ N
Initial Load Flow Simulation

(baseline / model verification)

N J

'

Set Transformer T2 Tap Position
(Tap 1 -5%, Tap 2 -2.5%, Tap 3 0%,
Tap 4 +2.5%, Tap 5 +5%)

¥

Run Load Flow Simulation & Yes
Record Bus3, Bus4, Bus5 Voltages

-

Repeat for the
remaining tap positions

No, all 5 done

Profiles Against the +5% Standard

'

Determine the Optimal Tap
Position (Best Voltage Profile)

Fig.1. Flowchart of the Research Stages

[ Data Analysis: Compare Voltage J

4. Results and Discussion
4.1 Single Line Diagram of the Simulated System

The first stage of this study involves developing a power
system model using ETAP 19.0.1. The simulation model is
represented in the form of a Single Line Diagram (SLD),
which illustrates the interconnection of major electrical
components within the system. The modeled network
consists of utility and generator sources, power transformers,
distribution buses, transmission cables, loads, capacitor
banks, and a photovoltaic (PV) system. This configuration
enables the evaluation of power flow and voltage profiles
under different transformer tap changer settings.
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4.2 Load Flow Simulation Results
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Fig.2. Single Line Diagram of the Simulated Electrical Distribution System

The utility grid supplies electrical power through a 70 kV
bus connected to a 15 MVA transformer, which steps down
the voltage to the 20 kV distribution level. In addition, a 10
MW generator is connected to the system through another 15
MVA transformer, providing an additional power source for
the network. The medium-voltage buses are interconnected
through distribution cables, allowing power transfer between
different sections of the system.

At the load side, several transformers are utilized to
further reduce the voltage from 20 kV to 0.4 kV for low-
voltage consumers. The system includes lumped loads, static
loads, an induction motor load, and a capacitor bank for
reactive power compensation. Furthermore, a photovoltaic
(PV) unit is integrated into the low-voltage network to
represent renewable energy penetration within the
distribution system [16, 22].

The developed SLD serves as the basis for conducting
load flow simulations and evaluating the influence of
transformer tap changer adjustments on voltage regulation.
Various tap positions are applied to the main transformer,
and the resulting voltage profiles are analyzed to determine
the effectiveness of voltage regulation under different
operating scenarios.

After the system model was developed in ETAP 19.0.1, a
load flow simulation was performed to evaluate the steady-state
operating condition of the electrical distribution network under
normal operating conditions. The load flow analysis provides
comprehensive information regarding voltage magnitude,
power flow, current flow, and loading conditions at each bus
and system component, including transformers, cables, and
loads. This analysis is essential for assessing the overall
performance of the power distribution system, identifying
voltage deviations, and detecting potential overloading
conditions that may affect system reliability and operational
efficiency. Furthermore, the simulation results serve as the basis
for evaluating the effectiveness of voltage regulation through
transformer tap adjustment, allowing the impact of different tap
positions on the voltage profile and overall system performance
to be systematically analyzed.
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Fig.3. Load Flow Simulation Results

Based on the simulation results shown in Figure 3, the
majority of medium-voltage buses operate close to their
nominal voltage level. The voltage at Busl remains at
approximately 70 kV, while Bus7 operates at approximately
13.5 kV, indicating that the primary power sources are
supplying the system under normal operating conditions.
After passing through the main transformers, the voltages at
Bus2, Bus3, Bus6, and Bus8 are approximately 19.69-19.71
kV, which is slightly below the nominal 20 kV level but still
within the acceptable voltage regulation range.

Several buses are highlighted in different colors by ETAP
to indicate their voltage conditions. The pink-colored buses
represent buses that are operating close to the lower voltage
system operation. In this simulation, the buses located on the
low-voltage side of the network, such as Bus4 and Bus9,
exhibit voltages of approximately 0.375 kV and 0.386 kV,
respectively. These values are lower than the nominal
voltage of 0.4 kV, indicating the occurrence of voltage drops
caused by transformer loading, cable impedance, and
connected loads.
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Meanwhile, the red-colored buses indicate buses
experiencing more significant voltage deviations from their
nominal values. The most noticeable voltage drop occurs at
Bus5, where the voltage decreases to approximately 0.369
kV. This condition suggests that the bus is located at the end
of a feeder supplying multiple loads, resulting in greater
voltage reduction due to line impedance and load demand.
Such conditions make these buses suitable observation
points for evaluating the effectiveness of transformer tap
changer adjustments.

4.3 Transformer Tap Changer Adjustment

Based on the initial load flow simulation performed with
the transformer operating at the nominal tap position (Tap 3
= 0%), several buses on the low-voltage side of the
distribution system experienced significant voltage drops.
This condition is clearly indicated by the presence of pink
and red-colored buses in the ETAP load flow visualization.
These color indicators represent buses whose operating
voltages fall below the acceptable voltage limits specified for
normal system operation, reflecting inadequate voltage
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regulation and poor voltage profiles throughout the
distribution network. Such voltage deviations may adversely
affect the performance, efficiency, and reliability of
electrical equipment connected to these buses, making
voltage improvement necessary.

Therefore, this study focuses on adjusting the tap position
of Transformer T2, which has a rated capacity of 10 MVA
and a voltage ratio of 20 kV/3.6 kV, as illustrated in Figure
4. Transformer T2 was selected because it directly supplies
the buses experiencing the most severe voltage drops,
making it the most effective point for implementing voltage
regulation. The transformer is equipped with an on-load tap
changer (OLTC), which enables voltage regulation by
changing the transformer turns ratio without interrupting
power supply. By modifying the tap position, the secondary-
side voltage can be increased or decreased to compensate for
voltage drops caused by feeder impedance and loading
conditions. In this study, several tap positions were evaluated
through load flow simulations to determine the most suitable
tap setting capable of restoring bus voltages within the
permissible operating limits while maintaining stable system
performance and minimizing voltage deviations across the
network.
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Fig.4. Transformer T2 Parameters Used in the Simulation

To evaluate the influence of tap changer operation on
voltage regulation, five tap positions are investigated. The
selected tap settings are summarized in Table 3.

Table 3
Tap Position Scenarios for Transformer T2
Tap Position Tap Setting (%)

Tap 1l -5.0
Tap 2 -2.5
Tap 3 0

Tap 4 +2.5
Tap 5 +5.0
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Fig.5. Transformer T2 Tap

For each tap position, a separate load flow simulation is
performed while maintaining all other system parameters
unchanged. The resulting voltage profiles are then compared
to determine the effectiveness of each tap setting in
mitigating under-voltage conditions and improving the
overall voltage quality of the distribution system.

The primary objective of the tap adjustment is to increase
the voltage at the buses experiencing the largest voltage
deviations while ensuring that all bus voltages remain within
the acceptable operating range. Consequently, the simulation
results obtained from each tap position provide valuable
information regarding the optimal transformer tap setting
required to achieve satisfactory voltage regulation
throughout the system.

1. Transformer T2 Tap 3 (0%)

Bus3

Bus4

Lump1
5MVA

)
Buss 031>

Load1
0,447 MVA Load2
1,155 MVA

Fig.6. Transformer T2 Load Flow Tap 3 (0%)

At Tap Position 3 (0%), the system operates under stable
conditions without any indication of transformer
overloading. The voltage at the 20 kV bus (Bus3) is slightly
below its nominal value, indicating a minor voltage drop on
the medium-voltage side. This condition is reflected by the
bus color, which remains within the normal operating range
and does not indicate any critical voltage violation. The
transformer T2 continues to supply power effectively to the
downstream network while maintaining acceptable operating
conditions.

On the 3.6 kV bus (Bus4), the voltage is noticeably lower
than its nominal value, as indicated by the bus color changing
to a lighter shade that represents an undervoltage condition.
Although the voltage reduction is still within an acceptable
operational range, it suggests that the transformer tap setting
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at 0% is not fully compensating for the voltage drop caused
by the connected load demand. The load flow results show
that the majority of the power is delivered to the large motor
load and the downstream distribution transformer,
contributing to the observed voltage reduction.

Overall, the Tap 3 (0%) setting keeps Transformer T2
within its reported loading range, but Bus4 and Bus5 remain
below their nominal voltages. Because the adopted tap is
located on the primary winding, moving toward a more
negative tap increases the secondary-side voltage. The
comparison therefore indicates that the nominal setting is not
the best of the five tested cases for this operating point.

2. Transformer T2 Tap 2 (-2.5%)

Bus4

Bus5

Load1
0,447 MVA

Load2
1,155 MVA

Fig.7. Transformer T2 Load Flow Tap 2 (-2.5%)

At Tap Position 2 (-2.5%), the primary-winding tap is
reduced relative to the nominal position, which increases the
secondary-side voltage under the adopted ETAP sign
convention. Bus3 remains close to nominal at approximately
19.68 kV. Bus4 reaches approximately 3.54 kV and Bus5
approximately 0.385 kV, representing an improvement over
the 0% case, although both buses remain below their nominal
values. Transformer loading remains within the reported
rating, so this tap provides a useful intermediate voltage-
regulation condition between the nominal and -5% settings.

On the 3.6 kV bus (Bus4), the voltage decreases to
approximately 3.54 kV, which is lower than the nominal
value. The bus color changes from the normal condition to a
darker shade, indicating an undervoltage condition. This
voltage reduction is a direct consequence of the negative tap
adjustment and the power demand from the connected motor
load and downstream transformer. Although the bus remains
operational, the voltage level is farther from the desired
nominal value compared to higher tap positions.

3. Transformer T2 Tap 1 (-5%).

At Tap Position 1 (-5%), the transformer operates with
the lowest tap setting among the analyzed cases, resulting in
the highest secondary-side voltage level. The 20 kV bus
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(Bus3) remains stable at approximately 19.68 kV, indicating
that the upstream network is largely unaffected by the tap
adjustment. The bus color remains within the normal
operating range, showing that the primary-side voltage is
maintained close to its nominal value and that transformer
T2 continues to operate under acceptable loading conditions.

165

Busd 485,38% PF 263 W

A 5042 kva
111,44 2019 A

85% PF

Cmtrl

Bus5

Load2
1,155 MVA

Fig.8. Transformer T2 Load Flow Tap 1 (-5%)

The voltage at the 3.6 kV bus (Bus4) increases to
approximately 3.63 kV, which is very close to its nominal
rating. This improvement is reflected by the bus color
returning to a normal operating condition, indicating that the
voltage regulation on the medium-voltage side has
significantly improved compared to the previous tap
positions. The enhanced voltage profile helps ensure better
operating conditions for the connected motor load and
downstream distribution transformer.

On the 0.4 kV bus (Bus5), the voltage rises to
approximately 0.395 kV, which is closer to the nominal low-
voltage level than in the Tap 2 (-2.5%) and Tap 3 (0%)
scenarios. Although a small voltage drop is still present, the
bus color indicates a healthier voltage condition and
improved voltage quality throughout the low-voltage
network. Overall, Tap Position 1 (-5%) provides the best
voltage profile among the evaluated tap settings, maintaining
voltages closer to their nominal values across both the
medium-voltage and low-voltage buses while keeping
transformer loading within safe operating limits.

4. Transformer T2 Tap 4 (2.5%)

At Tap Position 4 (+2.5%), the transformer operates at a
higher tap setting, resulting in a reduction of the secondary-
side voltage compared to the lower tap positions. The voltage
at the 20 kV bus (Bus3) remains relatively stable at
approximately 19.7 kV, indicating that the upstream
transmission system is not significantly affected by the tap
adjustment. The primary-side voltage remains within
acceptable operating limits, and transformer T2 continues to
operate under normal loading conditions with an apparent
power flow of approximately 6.93 MVA, well below its 10
MVA rating.
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The voltage at the 3.6 kV bus (Bus4) decreases to
approximately 3.36 kV, representing a noticeable
undervoltage condition compared to its nominal rating. This
reduction is reflected by the bus color indication, suggesting
that the medium-voltage network is operating outside the
optimal voltage range. The lower voltage level may
adversely affect the performance of the connected motor
load, potentially leading to increased current demand and
reduced operational efficiency. The apparent power supplied
to the motor load remains around 4.68 MVA, while the
current increases to approximately 804 A, indicating the
impact of the reduced voltage on load operation.

Bus3

Cmitrl

Bus5

Load2

0,447 MVA
1,155 MVA

Fig.9. Transformer T2 Load Flow Tap 4 (2.5%)

On the low-voltage side, the voltage at the 0.4 kV bus
(Busb) drops further to approximately 0.366 kV, which is
significantly below the nominal voltage level. This indicates
a considerable voltage drop throughout the distribution
system and may result in poor voltage quality for connected
loads. The downstream loads continue to consume
approximately 0.447 MVA and 1.155 MVA, respectively,
but the reduced voltage level can negatively affect equipment
performance and increase system losses. Overall, Tap
Position 4 (+2.5%) provides the poorest voltage profile
among the evaluated tap settings, producing substantial
undervoltage conditions on both the medium-voltage and
low-voltage buses while maintaining transformer loading
within safe operating limits.

5. Transformer T2 Tap 5 (5%)

At Tap Position 5 (+5%), the transformer operates at the
highest tap setting among the evaluated cases, resulting in
the lowest secondary-side voltage levels throughout the
distribution network. The voltage at the 20 kV bus (Bus3)
remains relatively constant at approximately 19.7 kV,
demonstrating that the upstream supply system is largely
unaffected by changes in the transformer tap position.
Transformer T2 carries an apparent power of approximately
6.76 MVA, which is still well below its 10 MVA rating,
indicating that the transformer is operating safely from a
loading perspective.
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The voltage at the 3.6 kV bus (Bus4) decreases further to
approximately 3.28 kV, representing a significant deviation
from the nominal medium-voltage level. Compared to Tap
Position 4 (+2.5%), the voltage profile deteriorates further,
indicating a stronger undervoltage condition on the medium-
voltage feeder. This reduced voltage level can negatively
affect the performance of connected equipment, particularly
the motor load, which continues to consume approximately
4.57 MVA while drawing a current of about 805 A. The
increased current demand associated with the lower voltage
may contribute to higher system losses and reduced
operational efficiency.

Bus3

Cmirl

Bus5

Load2
1,155 MVA

Fig.10. Transformer T2 Load Flow Tap 5 (+5%)

On the low-voltage side, the voltage at the 0.4 kV bus
(Busb) falls to approximately 0.357 kV, which is the lowest
voltage recorded among all investigated tap positions. This
value is considerably below the nominal low-voltage rating
and indicates poor voltage regulation throughout the
distribution network. The connected loads continue to
consume approximately 0.436 MVA (Loadl) and 0.921
MVA (Load?2), but the reduced voltage may lead to degraded
equipment performance, increased current draw, and
potential operational issues for sensitive loads. The bus color
also reflects a severe undervoltage condition, highlighting
the deterioration of power quality at the consumer level.

Table 3 and 4 summarizes the impact of transformer tap
position adjustments on the voltage profile of the distribution
network. The analysis was conducted by varying the tap
position of transformer T2 from -5% to +5% while observing
the voltage levels at Bus3 (20 kV), Bus4 (3.6 kV), and Bus5
(0.4 kV). The results show that the primary-side voltage at
Bus3 remains relatively constant for all tap settings,
indicating that the upstream network is largely unaffected by
the transformer tap adjustment. In contrast, significant
changes are observed on the medium-voltage and low-
voltage sides. As the tap position increases from -5% to +5%,
the voltages at Bus4 and Bus5 decrease progressively,
resulting in increasingly severe undervoltage conditions.
Among all evaluated cases, Tap Position 1 (-5%) provides
the most favorable voltage profile, maintaining bus voltages
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closest to their nominal values. Conversely, Tap Position 5
(+5%) produces the lowest voltage levels and the poorest
voltage regulation performance. Therefore, the results
indicate that a negative tap setting is more effective in
improving voltage regulation and maintaining acceptable
operating conditions throughout the distribution network.

Table 3

Effect of Transformer Tap Position on Bus Voltages and System

Performance

Tap Tap Busa Busb Voltage Performance

Position Settin Voltage  Voltage Condition Assessment

Y 36KkV) (0.4kV)

Tapl 5%  363kv 0395ky Nearnominal g
on all buses
Slight

Tap2  -25% 354kV 0.385kV undervoltage at Good
Bus4 and Bus5
Moderate

0,

Tap3 0% 345kV  0.375kV undervoltage Acceptable

Significant
0,

Tap 4 +2.5% 3.36kV 0.366 kV undervoltage Poor

Tap5 +5% 328KV 0357KV ScVere Worst
undervoltage

Table 4

Bus Voltage Magnitudes Expressed as a Percentage of Nominal Voltage
Tap Position Bus3 (%) Bus4 (%) Busb (%)

Tapl(-5%) 98.4%  100.8% 98.8%
Tap2 (-2.5%) 98.4%  98.3%  96.3%
Tap3(0%) 98.5%  95.8%  93.8%
Tap4 (+2.5%) 98.5%  93.3%  91.5%
Tap5 (+5%) 98.5%  91.1%  89.3%

In this study, the tap changer is installed on the high-
voltage (primary) side of transformer T2. When the tap
position is moved toward the negative direction (-2.5% and
-5%), the effective number of primary winding turns
decreases. Since the primary-to-secondary turns ratio
becomes smaller, the secondary voltage increases. This
behavior can be clearly observed from the simulation results,
where the voltage at Bus4 increases from approximately 3.28
kV at Tap Position 5 (+5%) to 3.63 kV at Tap Position 1 (-
5%). Similarly, the voltage at Bus5 increases from 0.357 kV
to 0.395 kV as the tap position shifts from +5% to -5%.

From an operational perspective, maintaining adequate
voltage levels at the load buses is essential because
undervoltage conditions can negatively affect equipment
performance. For induction motor loads, a reduction in
terminal voltage leads to higher current demand in order to
maintain the required torque. The increased current may
result in higher copper losses, greater heating, reduced
efficiency, and a shorter equipment lifespan. Likewise, low-
voltage consumer loads connected to Bus5 may experience
poor performance, reduced power quality, and potential
malfunction when the supply voltage falls significantly
below its nominal value [28, 29, 30].

Among all investigated cases, Tap Position 1 (-5%)
provides the most favorable operating condition because it
maintains the bus voltages closest to their nominal values
while keeping transformer loading within safe limits. The
voltage at Bus4 reaches approximately 3.63 kV, which is
very close to its nominal rating of 3.6 kV, while Busb
achieves approximately 0.395 kV, representing the highest
voltage level among all evaluated scenarios. These results
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indicate that reducing the effective number of primary
winding turns through a negative tap adjustment can
successfully compensate for voltage drops caused by load
demand and feeder impedance, thereby improving overall
voltage regulation throughout the distribution system [12,
16, 24, 25].

4.4. Voltage and Power-Flow Profiles across Tap
Positions

Figure 11 summarizes the normalized bus-voltage
profiles for all five T2 tap positions. Bus3 changes by only
about 0.1 percentage point, whereas Bus4 and Bus5 show a
monotonic reduction as the tap moves from -5% to +5%. The
-5% case keeps both downstream buses within the £5% band,
while the 0%, +2.5%, and +5% cases progressively increase
undervoltage severity at the low-voltage bus.

Bus Voltage Profile under Different Transformer Tap Settings
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-4 -2 0 2 4
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Fig.11. Bus-voltage profile as a function of Transformer T2 tap setting.

To address the influence of tap position on power flow,
the active and reactive components at the T2 primary side
were calculated from the apparent-power and power-factor
values displayed in the ETAP load-flow screenshots using P
= S-PF and Q = S-sqrt(1-PF?). The resulting profile is shown
in Fig. 12. The calculated active power decreases from
approximately 6.27 MW at -5% to 5.63 MW at +5%, while
reactive power decreases from approximately 4.16 MVAr to
3.74 MVAr. This trend indicates that the tap change affects
not only downstream voltage magnitude but also the current
and complex-power transfer through T2. Because the present
study evaluates a single steady-state loading condition, these
P/Q trends should be interpreted as scenario-specific rather
than as a general dynamic reactive-power control
characteristic.

Active and Reactive Power Flow through Transformer T2
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Fig. 12. Active and reactive power flow at the primary side of Transformer
T2 for the five tap settings.



Ichal Priski et al.

5. Conclusion

The ETAP 19.0.1 simulations show that Transformer T2
tap position has a strong influence on the downstream
voltage profile for the investigated steady-state operating
condition. Five primary-winding tap positions (-5%, -2.5%,
0%, +2.5%, and +5%) were compared while all other model
parameters were held constant. Bus3 remained essentially
unchanged at 98.4-98.5% of nominal, whereas Bus4 and
Bus5 varied substantially. The -5% setting produced 3.63 kV
(100.8%) at Bus4 and 0.395 kV (98.8%) at Bus5, while the
+5% setting reduced them to 3.28 kV (91.1%) and 0.357 kV
(89.3%), respectively.

The sign of this response is consistent with the adopted
primary-winding tap convention: a negative tap reduces the
effective primary turns ratio and therefore raises the
secondary voltage. Power-flow quantities also vary with tap
position; based on the ETAP-reported apparent power and
power factor at T2, the primary-side active/reactive power
changes from approximately 6.27 MW/4.16 MVAr at -5% to
5.63 MW/3.74 MVAr at +5%.

Among the five tested cases, the -5% tap is the most
favorable setting for this specific operating point because it
keeps the observed downstream voltages closest to nominal
without exceeding the reported transformer rating. This
conclusion is intentionally limited to the modeled steady-
state case; further validation under different load levels, PV
output, capacitor-bank status, and source conditions is
required before the setting can be generalized for automatic
or real-time OLTC operation.
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