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ABSTRACT - Distribution transformers are important components in industrial
electrical systems because their performance is affected by power quality conditions,
particularly harmonic distortion generated by nonlinear loads. This study aims to
analyze the effect of harmonic distortion on the performance of a 1600 kVA distribution
transformer and to compare field measurement results with simulation results using
MATLAB and Simulink. Real measurements were conducted by using a Hioki PQ3198
and PQ One program on the distribution panel of the transformer. Measurement results
showed THD-I values of 6.53% for phase R, 7.58% for phase S, and 7.50% for phase T,
with an average apparent power of 307.1 kVA. MATLAB analysis was carried out with
the variation of THD-I in the range of 0% to 20% to assess the effect on the RMS current,
loading, and the copper loss index. However, Simulink analysis was performed using
the nonlinear load, specifically a six-pulse diode rectifier. RMS current calculations
based on fundamental current and THD yielded 462.282 A, 439.658 A, and 454.373 A
for phases R, S, and T, respectively; meanwhile, the rectifier model produced a THD-I
of 12.7159%, with the 5th harmonic (H5) component at 51.6665 and the 7th harmonic
(H7) at 19.5684. These findings show that an increase in THD-I increases the effective
current from a mathematical perspective, while a six-pulse rectifier gives rise to more

distortion compared to the average case studied in practice.

*Corresponding Author | Royb Fatkhur Rizal | DX (fatkhurrizal.fv@um.ac.id)

INTRODUCTION

Distribution transformers transformers are key components in industrial electrical systems, as they step down
electrical energy from distribution voltage levels to voltages suited to load requirements[1]. Industrial operating
conditions for transformers can fluctuate due to varying usage of motors, inverters, variable speed drives,
rectifiers, and other power electronic equipment[2]. Rectifiers can be classified as non-linear loads that are able
to generate harmonics in the current[3]. Non-linear loads create non-sinusoidal currents, which result in the
creation of harmonics in the system[4][5]. Harmonic components can increase RMS current and cause additional
losses in conductors and transformer windings[6]. Calculations of transformer losses must account for the effects
of harmonic currents[7]. Consequently, harmonic measurement and analysis become very important in order to
know the true scenario and possible effects on the performance of the transformer. These same issues are also
applicable to electrical systems at sea, where transformers provide power to electric motors, drives, rectifiers, and
other power electronics that are used aboard vessels and ports. These loads are non-linear and can produce
harmonic operation[8].

Subject matter of this study is an ABB distribution transformer that has a capacity of 1600 KVA and operates
in three phases. The transformer features a primary voltage of 3.3 kV, a secondary voltage of 400 V, a frequency
of 50 Hz, an impedance of 5.9%, a Dyn5 vector group, and an ONAN cooling system. The transformer's
secondary-side rated current of approximately 2309 A serves as the reference for load evaluation. The
measurements for power quality were done by Hioki PQ3198 at the transformer distribution panel, and the
following parameters were measured: Voltage, Current, Frequency, Power Factor, Power, Voltage THD, and
Current THD[9]. This information was used in developing a mathematical model of simulating to identify the
relationship between harmonic distortion and the operation of the transformer. Other examples of the same
transformer connection can be found in marine electrical systems, where there is a need for a dependable
distribution of electrical energy in propulsion systems and auxiliary machinery. Therefore, power quality
evaluation is also applicable for marine engineering when non-linear loads operate continuously[10].

Research on transformer harmonics indicates that the impact of harmonic currents extends beyond increased
RMS current; it is also linked to increased additional losses and hotspot temperatures. Harmonics in voltage and
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current have potential to cause damage to the electrical system and electrical devices. Effect of harmonics on
electrical devices involves effect on capacitors, transformers, and three phase motors. Capacitors are affected by
harmonics because of the decrease in capacitive reactance at high frequencies[11]. Previous literature reveals that
there is an effect of current THD on the temperature of transformer hotspot when the harmonic component is
increasing[12][13]. Calculation using IEEE 519 method also demonstrates that transformer capabilities with non-
sinusoidal loading must take into account load losses and harmonic currents[14][15]. The loss in the transformer
due to non-linear load affects insulation temperature, thus causing a reduction in the lifetime left. Non-linear loads
will require transformer[16].

Therefore, combining direct field measurements, MATLAB analysis, and Simulink modeling provides a more
comprehensive approach to evaluating harmonic distortion in distribution transformers. Direct field measurement
using a power quality analyzer has the advantage of providing actual operating conditions and real harmonic
characteristics of the transformer under industrial loads. It can directly capture parameters such as RMS current,
voltage, power, power factor, and THD-I [17]. However, field measurements are generally limited to the operating
conditions and load characteristics present during the measurement period, making it difficult to evaluate
transformer behavior under harmonic conditions that have not occurred in the field. MATLAB provides greater
flexibility for numerical analysis because different THD-I conditions can be mathematically varied to evaluate
their effects on RMS current, transformer loading, and relative loss indices. Nevertheless, MATLAB-based
calculations depend on mathematical assumptions and input parameters and therefore may not fully represent the
nonlinear waveform characteristics generated by actual power electronic loads.

However, the accuracy of the Simulink results depends on the accuracy of the model parameters, component
configuration, and simulation assumptions. Thus, direct measurement provides practical validation under actual
operating conditions, MATLAB enables controlled numerical evaluation of different THD-I scenarios, and
Simulink provides detailed modeling of harmonic generation from nonlinear loads. The combination of these three
approaches allows the measured harmonic conditions to be validated through numerical analysis and further
investigated using a nonlinear load model, providing a more comprehensive assessment of harmonic distortion in
the 1600 kVA distribution transformer. The objectives of this research a MATLAB-based electrical analysis has
also been applied to maritime electrical systems to evaluate load distribution and operating conditions on electric
ships[18]. The evaluation of electrical loads and power distribution is also important in marine electrical systems,
where generator loading and electrical energy efficiency directly affect vessel operation[19]. Similarly, the above-
mentioned consideration is also relevant to the case of electrical power system on board ships where reliable
power distribution is required for various electrical loads[8]. The use of power electronic equipment and drives
in such systems can also introduce harmonic distortion.

The objectives of this research are to investigate the THD-I characteristics of a 1600 kVA distribution
transformer through power quality analysis, evaluate the effects of varying THD-I values on RMS current and
relative loss indices using MATLAB, and investigate the harmonic characteristics produced by a six-pulse rectifier
load using Simulink. The measurement, MATLAB, and Simulink approaches are used as complementary methods
to examine harmonic distortion from different perspectives. Direct measurement provides actual operating data
from the transformer, MATLAB enables controlled numerical evaluation of different THD-I conditions, and
Simulink enables investigation of harmonic characteristics generated by a nonlinear load. Consequently, this
research integrates Power Quality Analyzer measurements with MATLAB and Simulink analyses to assess the
current distortion characteristics of the 1600 kV A distribution transformer and to identify the relationship between
measured, calculated, and simulated harmonic characteristics.

METHODS
Research Flowchart

An algorithm for research was generated to relate field measurements with MATLAB analysis and Simulink
modeling. Field data was gathered by direct measurement through the use of Hioki PQ3198 on a 1600 kVA
distribution transformer, then analyzed with the PQ One software. This data consisted of parameters which include
voltage, current, THD-I, THD-V, apparent power, and loading. These parameters served as the basis for
MATLAB calculations to analyze RMS current and the relative loss index in relation to THD-I variations, while
Simulink was used to analyze harmonic characteristics under a nonlinear load scenario involving a six-pulse diode
rectifier. Thus, the PQ One data represent actual measured conditions, whereas MATLAB and Simulink serve as
analytical and simulation tools to evaluate the system's response to varying levels of harmonic distortion.

The research process began with the collection of transformer nameplate data and power quality measurement
data. This data was then processed to obtain average voltage, fundamental current, RMS current, THD-I, THD-
V, power factor, and apparent power values[20]. Subsequently, mathematical calculations were performed using
MATLAB to determine the relationship of THD with RMS current, loading, and the relative loss index
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Figure 1. Research methodology flowchart

A Simulink model was then employed to represent the transformer and a nonlinear load in the form of a six-
pulse diode rectifier. The PQ One measurement results served to represent actual operating conditions, while the
Simulink model was used to analyze the system's response to the nonlinear load scenario involving the six-pulse
diode rectifier. A descriptive comparison of the two sets of results was conducted based on the THD-I
characteristics and harmonic components obtained from each method[21].

Distribution Transformer

Distribution transformers operate on the principle of electromagnetic induction to transfer electrical energy
from the primary winding to the secondary winding. Under ideal conditions, the relationship between voltage and
current is determined by the ratio of the number of primary and secondary turns. In real-world conditions, however,
transformers possess internal impedance and experience losses arising from the windings and core, as well as
additional losses caused by harmonic currents. Nonlinear loads cause the current waveform to deviate from a
sinusoidal shape, resulting in an RMS value that exceeds that of the fundamental component. These conditions
become critical when the transformer operates at high loading levels or is subjected to continuous harmonic
currents.

The specifications of the transformer used in this study are summarized in Table 1.

Table 1. Distribution Transformer Specifications

Parameter Value
Manufacturer ABB
Rated Capacity 1600 kVA
Primary Voltage 33kV
Secondary Voltage 400 V
Frequency 50 Hz
Primary Current 280 A
Secondary Current 2309 A
Impedance 5.9%
Vector Group Dyn5
Cooling Method ONAN
Temperature Rise 60/65 K
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Transformer specification data serve as key parameters for load analysis and system modeling. The
distribution transformer used in this study is an ABB transformer with a rated capacity of 1600 kVA, a primary
voltage of 3.3 kV, and a secondary voltage of 400 V. The transformer operates at a frequency of 50 Hz and has
rated primary and secondary currents of 280 A and 2309 A, respectively. The transformer has an impedance of
5.9% and uses the Dyn5 vector group, with ONAN (Oil Natural Air Natural) cooling. The temperature rise is
specified as 60/65 K, while the rated power factor is not specified on the available nameplate data[22][23]These
parameters are used as the basis for calculating transformer loading and modeling the electrical system, and are
subsequently combined with power quality measurement results for further analysis[24].

Harmonic Distortion

Harmonic distortion is a condition in which an electrical waveform contains frequency components that are
multiples of the fundamental frequency. In a 50 Hz system, the fifth-order harmonic has a frequency of
approximately 250 Hz, while the seventh-order harmonic has a frequency of approximately 350 Hz. The
magnitude of current distortion can be expressed using Total Harmonic Distortion of Current, or THD-I
Mathematically, THD-I represents the ratio of the RMS value of all harmonic components to the fundamental
component[25]. The THD-I equation can be written as follows.

B+I124+ -+ 12
THD, = |=——F———x100% ¢}
1

where I; is the fundamental current and I,, is the nth order harmonic current. The total RMS current can be
calculated based on the fundamental component and THD using the equation:

The THD-I value must be expressed as a decimal when substituted into the equation. This relationship
indicates that an increase in THD causes a non-linear rise in RMS current[26].This increase can subsequently
affect transformer loading and loss components that depend on the square of the current[12].

Simulink System Model Diagram

In this model, a three-phase source represents the transformer's primary side. The transformer is modeled with
a capacity of 1600 kVA and a voltage rating of 3.3 kV/400 V, in accordance with its nameplate data. Voltage and
current measurement blocks are connected to the transformer's secondary side before the signal enters a six-pulse
diode rectifier. The secondary-side current is then fed into a PS-Simulink Converter block and a Spectrum
Analyzer to obtain the harmonic spectrum. Fast Fourier Transform (FFT) analysis is employed to examine the
frequency spectrum of the sinusoidal signal; specifically, FFT is used to identify harmonic components based on
the signal's frequency spectrum[27]. This configuration enables direct observation of the impact of nonlinear loads
on the current flowing through the transformer. The simulation model comprises a three-phase voltage source, a
circuit breaker, a transformer, voltage and current measurement units, and a nonlinear load consisting of a six-
pulse rectifier connected to an R-L load on the DC side. A six-pulse rectifier was selected as the equivalent model
for the nonlinear load because its configuration produces non-sinusoidal input current and exhibits dominant
harmonic characteristics at orders harmonics (h = 6k + 1)[27]such as the S5th and 7th harmonics which align with
the requirements for analyzing current harmonic distortion in three-phase systems. The current signal on the
transformer side is subsequently used to derive the harmonic spectrum and THD-I value through frequency-
domain analysis. The use of a six-pulse rectifier in the simulation is not intended to directly represent every
nonlinear load found in industrial systems, but rather serves as an equivalent model to represent nonlinear loading
characteristics. Model validation was performed by comparing the harmonic parameters obtained from the
simulation with measurement results obtained using a Hioki PQ3198.

The following is the system diagram used as the basis for the Simulink model.
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Figure 2. Diagram of the 1600 kVA transformer system model with a nonlinear load.

PQ One Measurement Data

Primary research data were obtained by measuring power quality at the distribution panel of the 1600 kVA
transformer using a Hioki PQ3198 Power Quality Analyzer. . Voltage measurements were connected to the three-
phase secondary-side system, while current measurements were performed on phases R, S, and T using current
probes, with the measurement configuration maintained consistently throughout the measurement period.
Measurements were conducted from February 13, 2026, to February 23, 2026, yielding 1,408 statistical data
records. statistical data records processed using PQ One software according to its configured recording and
statistical aggregation settings. The analyzed parameters included voltage, fundamental current, RMS current,
frequency, power factor, apparent power, THD-V, and THD-I for each phase. All valid statistical records were
included in the analysis; incomplete or invalid records were excluded, while valid high or low values were retained
because they represented actual variations in the transformer’s operating conditions. The resulting average values
were used to represent the actual operating condition of the transformer and subsequently served as the basis for
MATLAB calculations and comparison with the Simulink simulation results.

Table 2. Average Measurement Results of PQ One

Parameter Phase R Phase S Phase T
Average Voltage (V) 397.42 397.06 396.00
Fundamental Current (A) 461.3 4384  453.1
RMS Current (A) 460.8 4393 454.1
THD-I (%) 6.53 7.58 7.50
Power Factor 0.8412 0.9456 0.9706

Average Apparent Power (kVA) 1044 99.7 103.0

Measurement results indicate that the inter-phase voltage is very close to the nominal value of 400 V. The
average RMS current ranges from 439.3 A to 460.8 A, remaining well below the secondary nominal current of
2309 A. The highest THD-I occurred in phase S at 7.58%, while phase R exhibited the lowest value at 6.53%.
These THD-I values indicate a measurable harmonic content in the system current. These measurement results
were subsequently used to represent actual conditions in the MATLAB mathematical modeling.

Fast Fourier Transform (FFT) Analysis

FFT analysis is used to convert a time-domain current signal into a frequency spectrum representation. This
method allows fundamental and harmonic components to be identified based on their respective frequencies.
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Mathematically, the discrete Fourier transform can be expressed as:
N-1

x(k) = Z x (n)e~j2mkn/N 3)

n=0

where x(n) is the time-domain signal, X(k) is the spectral component, N is the number of samples, and k is
the frequency index. In Simulink, this process is represented by the Spectrum Analyzer, which displays the
fundamental and harmonic components based on the spectrum analysis results. For a system with a fundamental
frequency of approximately 50 Hz, the fifth-order harmonic lies around:

fs = 5% 50 = 250 Hz 4)

while the seventh-order harmonic is located at:

f; =7x%x50=
350 H 5)

The harmonic characteristics of a six-pulse rectifier theoretically follow a pattern. h = 6k + 1, Consequently,
the appearance of Sth-order (HS) and 7th-order (H7) harmonic components in the simulation results aligns with
the harmonic characteristics of a six-pulse rectifier. In a system with a fundamental frequency of 50 Hz, H5 and
H7 occur at 250 Hz and 350 Hz, respectively. These components were identified using the Fast Fourier Transform
(FFT) by converting the current signal from the time domain to the frequency domain. The resulting FFT spectrum
enables the identification of the fundamental frequency and harmonic components, which are subsequently used
to evaluate THD-1. FFT-based analysis is appropriate for this study as it allows for the quantitative observation of

current harmonic spectrum characteristics prior to comparison with measurement results obtained using the Hioki
PQ3198[23].

RESULTS AND DISCUSSION
Effect of THD-I on RMS Current

The MATLAB calculation results indicate that the RMS current increases as THD-I rises. At a THD-I of 0%,
the RMS current equals the fundamental current because no harmonic components are present. At a THD-I of
25%, the RMS current becomes approximately 1.0308 times the fundamental value. This relationship is nonlinear
because THD-I appears as a squared term in the RMS current equation. These results demonstrate that an increase
in harmonic distortion mathematically increases the effective current component flowing through the transformer.

Effect of THD-I on RMS Current
475
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H B B~ B b
b

Figure 3. Effect of THD-I on RMS current (MATLAB results).
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Table 3. Results of THD-I Variation vs. RMS Current
THD-I (%) R (A) S (A) T (A)

0 461,300 438,400 453,100
5 461,876 438,948 453,666
6,53 462,282 439,334 454,065
7,50 462,596 439,631 454,373
7,58 462,623 439,658 454,400
10 463,601 440,587 455,360
15 466,461 443,305 458,169
20 470,436 447,082 462,073

With an actual THD of 6.53% on phase R, the RMS current derived from the model reached approximately
462.282 A. For phase S, with a THD of 7.58%, the RMS current was approximately 439.658 A. For phase T, with
a THD of 7.50%, the RMS current reached approximately 454.373 A[28]This increase indicates that harmonic
components contribute to the effective current, even though the rise is relatively small within the range of the
actual THD values. These results serve as a basis for evaluating transformer loading under conditions of higher
harmonic levels.

The Effect of THD-I on Transformer Loading

Analysis results indicate that the loading of the 1600 kV A transformer under the observed operating conditions
is approximately 19.19% of its nominal capacity, meaning the transformer retains a substantial capacity margin.
An average THD-I value of 7.20% indicates the presence of harmonic content in the load current flowing through
the transformer. Increases in THD-I result in a gradual rise in RMS current: specifically, an increase of
approximately 0.125% at 5% THD-I, 0.26% at 7%, 0.50% at 10%, 1.12% at 15%, and 1.98% at 20%. These
findings demonstrate that higher harmonic content leads to a greater effective current load on the transformer,
thereby increasing effective loading and conductor losses[29]. Consequently, even though the transformer's
average loading level remains relatively low, the rise in THD-I warrants attention, as it can elevate the RMS
current and impose additional thermal stress on the transformer.

21,00%
20,50%
19,50%
19,00%
18,50%
0% 5% 10% 15% 20% 25% 30%
Phase T —@=—Phase R Phase S

Figure 4. Effect of THD-I on transformer loading.

As can be observed from the results of the analysis, an increment in THD-I will cause an increment in RMS
current in each phase of the transformer. Phase R experiences an increment in RMS current as THD-I is increased
from 0% to 20%, while Phases S and T experience the same trend. For the level of THD-I at about 7%, which is
near to the actual average value of 7.20%, the rise in the RMS current is quite moderate; therefore, its effect on
transformer loading is insignificant. The reason for this is that the basic current used during the process of analysis
is significantly lower than the secondary rated current of the transformer, which is 2309A. This means that when
the transformer is under lower loads, the effect of THD-I on the percentage load of the transformer is relatively
low, although the increase in harmonics should not be overlooked.

The Effect of THD-I on Transformer Loading Copper Loss Increase Index

The effect of harmonics on copper losses can be analyzed simply based on the relationship between losses and
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the square of the current. Since the transformer winding resistance value is not available in the research data, the
losses are not calculated in watts. In its place, is an index that signifies the increase in copper losses due to the
presence of harmonics. This index is calculated using the equation , which is mathematically equivalent to. The
index is used as an indicator of trends and should not be interpreted as the absolute absolute loss value of the
transformer

lims — I
LOSSindex = — 7z X 100% (6)
1

or
LOSSingex = THD? X 100% 7N

4,5
3,5
2,5
1,5

0,5

s

0 5 10 15 20 25

Figure 5. Relationship between THD-I and the relative copper loss increase index.

Table 4. Relative Loss Increase Index
THD-I (%) Loss Index (%)

0 0
5 0,25
7 0,49
75 0,56
10 1
15 225
20 4

The analysis results indicate that an increase in THD-I drives a rise in the relative copper loss index of the
transformer. While the measured THD-I was 7.20%, the 0-20% THD-I range served as the analysis scenario to
evaluate the trend of the relative copper loss index. At a THD-I of 5%, the loss index rose to 0.25%, whereas at
10% THD-I, it reached 1.00%. When THD-I increased to 15%, the loss index reached 2.25%, and at 20% THD-I,
the value climbed to 4.00%. This relationship demonstrates that the rise in the loss index follows a quadratic
pattern relative to THD-I, meaning that greater distortion results in a more significant increase in losses. These
findings indicate that, although the actual average THD-I of 7.20% results in a low relative loss index, the increase
in harmonic content under higher loading conditions still warrants attention when evaluating transformer
performance

Comparison of MATLAB RMS Current Calculations with PQ One Data

A comparison was conducted using measured fundamental current and THD-I values for each phase as
parameters for MATLAB calculations. The RMS current was calculated based on the relationship between the
fundamental current and THD-I, and the results were compared against the average RMS current values recorded
by the PQ One device. The calculations yielded RMS currents of 462.282 A for phase R, 439.658 A for phase S,
and 454.373 A for phase T. The average absolute difference relative to the PQ One data was 0.154%, with phase-
specific differences of 0.322% for R, 0.081% for S, and 0.060% for T. These discrepancies may be attributed to
the rounding of statistical values, the use of separate average parameter values, and differences between the
processing of average values and calculations derived from average parameters.

285

Open Access: https:/ /journal.itk.ac.id/index.php/ismatech



Rizal et al. | Indonesian Journal of maritime Technology | Vol. 04, Issue 02 (2026)

Table 5. Comparison of PQ One and MATLAB Results

PQ One

MATLAB Relative
Phase Measured RMS RMS Current  Difference
THD-I (%) Current o
) (A) (%)

R 6.53 460.8 462.282 0.322
S 7.58 4393 439.658 0.081
T 7.5 454.1 454373 0.06
Average _ _ 0.154

Table 5 shows that the RMS current values calculated using MATLAB closely match the measurements
obtained from the PQ One device across all three phases. The MATLAB-calculated RMS currents were 462.282
A for phase R, 439.658 A for phase S, and 454.373 A for phase T, compared to the PQ One readings of 460.800
A, 439.300 A, and 454.100 A, respectively. The relative differences were 0.322% for phase R, 0.081% for phase
S, and 0.060% for phase T, resulting in an average difference of only 0.154%. These results demonstrate that the
MATLAB calculations accurately represent the RMS current values derived from the PQ One data with minimal
relative discrepancy.

RMS Current C

[ ONE|
| — AT AR

1 2 3

Phase

RMS Current (A)
a - ~N ~ @ @ a &
8 2 8 g 8 g 8 8

g

Figure 6. Comparison of RMS current from PQ One and MATLAB measurements.

The largest relative difference occurred in phase R at 0.322%, while phases S and T showed differences of
0.081% and 0.060%, respectively. The average relative difference of 0.154% indicates that the RMS current
values calculated using the fundamental current and measured THD closely align with the RMS data recorded in
PQ One. These discrepancies may be attributed to the rounding of statistical values and the use of average values
as calculation parameters. These results serve as a comparison against calculations based on measurement data
rather than as an independent validation of the MATLAB model.

FFT Spectrum Analyzer Analysis Results

In addition to the MATLAB mathematical model, Simulink was used to represent the nonlinear load conditions
of the 1600 kVA distribution transformer.

Table 6. Spectrum Analyzer Results

Component Fre(qI}IJZe;l &y RMS
Hl 50,3540 441,4513
HS 250,2441 51,6665
H7 349,4263 19,5684
THD-I — 12,7159%

The model consists of a three-phase source, transformer, voltage and current measurements, a six-pulse
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rectifier, and an R-L load. FFT analysis was performed using the Spectrum Analyzer to identify the fundamental
and harmonic components [30]. fundamental component (H1) occurred at 50.3540 Hz with an RMS value of
441.4513, while H5 and H7 occurred at 250.2441 Hz and 349.4263 Hz with RMS values of 51.6665 and 19.5684,
respectively. The simulation produced a THD-I of 12.7159%, confirming the model's ability to represent current
distortion caused by nonlinear loads.[31].

The THD value can be verified from the harmonic components present:

HZ + H?
T % 100% (8)

1

THD, =

_ V(51,6665)2 + (19, 5684)>

THD
! 441,4513

x 100% 9)

[THD, ~ 12,72%)|

The current harmonic spectrum obtained from a MATLAB/Simulink simulation using a 6-pulse rectifier. The
simulation results indicate a fundamental component (H1) of 441.4513 A rms, while the 5th and 7th-order
harmonic components are 51.6665 Vrms and 19.5684 Vrms, respectively. Based on these harmonic components,
a THD value of 12.7159% was obtained, indicating current distortion caused by the nonlinear load characteristics
of the 6-pulse rectifier. The dominance of the 5th and 7th-order harmonics aligns with the general characteristics
of 6-pulse rectifiers, which generate characteristic harmonics at orders orde h = 6k + 1. These simulation results
subsequently serve as a basis for comparing the harmonic characteristics derived from the model with
measurement data obtained using a Hioki PQ3198 in an industrial electrical system.

Comparison Of PQ One And Simulink Results

A comparison between the PQ One results and the Simulink simulation was conducted to examine the
differences in harmonic characteristics between actual operating conditions and a nonlinear load scenario. PQ One
measurements showed an average THD-I of 7.20%, whereas the Simulink simulation using a six-pulse diode
rectifier yielded a THD-I of 12.7159%. The 5.5159% discrepancy indicates a difference in characteristics between
the system's actual state and the simulation model. The PQ One measurements reflect actual conditions involving
amix of various industrial loads, while the Simulink model focuses on a specific nonlinear load scenario—namely,
a six-pulse diode rectifier. Consequently, the simulation results serve as an approach to identifying the harmonic
characteristics of nonlinear loads rather than as a direct validation of the field measurements.

Table 7. Comparison of PQ ONE and Simulink Results Harmonic Measurement Results Using PQ One

Parameter Result
THD-I rata-rata 7,20%
Compliance H5 73,87%
Compliance H7 88,20%

Harmonics Simulation Results Using Simulink

Parameter Result
H1 441,4513 ARMS
H5 51,6665 A RMS
H7 19,5684 A RMS

Based on Table 6, the THD-I measured by the PQ One device shows an average value of 7.20%, whereas the
Simulink simulation yields a THD-I of 12.7159%. The 5.5159% discrepancy indicates a difference in
characteristics between the system's actual conditions and the simulation model. The PQ One measurements
reflect actual conditions involving a combination of various industrial load types, while the Simulink model
focuses on a nonlinear load scenario featuring a six-pulse diode rectifier. The 5th and 7th-order harmonics
observed in the simulation results exhibit the characteristic behavior of a six-pulse rectifier. These results
demonstrate that an increase in nonlinear loads can lead to higher levels of current distortion compared to the
system's average actual operating conditions. Consequently, Simulink can serve as a supporting tool for analyzing
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transformer response under conditions of higher harmonic levels.

THD-I (%) Harmonic Spectrum Results in Simulink
14
12 600
10 400
8
p 200
HI H5 H7
4 0
2 B Frequency (Hz) ™ RMS Current (A)
0

PQ One Simulink
Figure 8. Comparison of RMS Current from PQ ONE Measurement Results and MATLAB Calculations

Analysis Of The Effect Of Simulink Results On RMS Current

Simulation results were used to analyze the relationship between the increase in THD-I and changes in RMS
current for a 1600 kVA transformer. Based on the characteristics of non-sinusoidal current, the RMS current can
be expressed as the resultant of the fundamental and harmonic components; consequently, an increase in THD-I
leads to arise in the effective current value. At a THD-I level of 7.20%, the RMS increase factor is mathematically
approximately 1.00259, representing an effective current increase of about 0.259%. In scenarios with THD-I
levels of 10%, 15%, and 20%, the increases in RMS current reached approximately 0.50%, 1.12%, and 1.98%,
respectively. These results demonstrate that increased harmonic distortion contributes to a rise in RMS current, a
factor that must be considered when evaluating transformer loading.

Table 8. Effect of THD-I on RMS Current
THD-I Increase in RMS Current Increase Loss Indicator I?R

0% 0% 0%
5% 0,125% 0,25%
7,20% 0,259% 0,52%
10% 0,50% 1,00%
15% 1,12% 2,25%
20% 1,98% 4,00%

Based on Table 7, the change in losses in this analysis is expressed as a relative index derived from the
relationship P « I?R. This value illustrates the trend of loss variations resulting from increases in RMS current,
rather than representing an actual measurement of transformer power losses in watts. At a THD-I of 7.20%, the
RMS current increased by 0.259%, with a corresponding loss increase indicator of 0.52%. When THD-I rose to
20%, the RMS current increased by 1.98%, while the loss increase indicator rose by 4.00%. These results
demonstrate that harmonic components raise the effective current value, thereby leading to a relative increase in
conductive losses. The values in the table serve as mathematical indicators based on the I°R relationship and do
not represent direct measurements of temperature rise or actual transformer losses. Consequently, the simulation
results serve as a preliminary indicator of the relationship between THD-I and the increase in effective current,
rather than as absolute values for transformer losses.

5th And 7th Order Harmonic Analysis

An analysis of the 5th and 7th order harmonics was conducted because these components are key
characteristics typically found in systems utilizing six-pulse rectifiers. PQ ONE results indicate that the 5th and
7th orders were among the evaluated current harmonic parameters, with a limit of 4.0% for each in the
measurement report. The average compliance rates derived from the data were 73.87% for the 5th order and
88.20% for the 7th order; however, these figures represent compliance percentages rather than harmonic
magnitudes. In the Simulink simulation, the 5th and 7th order components registered values of 51.67 and 19.57,
respectively, on the Spectrum Analyzer. Thus, the presence of the Sth and 7th orders in both analyses demonstrates
that these harmonic components require attention when evaluating nonlinear loads on transformers.
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Table 9. Harmonic spectra from Simulink simulation for components H1, H5, and H7.

Harmonic Order Frequency (Hz) RMS (Vrms) Relative Power (dB)

H1 50.354 441.4513 0
H2 99.1821 0 -441.451
H3 151.062 0.0005 -441.451
H4 201.416 0.0007 -441.451
H5 250.2441 51.6665 -389.785
Hé6 302.124 0.0004 -441.451
H7 349.4263 19.5684 -421.883
H8 398.2544 0 -441.451
H9 450.1343 0.0004 -441.451
H10 502.0142 0.0005 -441.451
HI11 549.3164 7.583 -433.868
HI2 601.1963 0.0005 -441.451
H13 650.0244 6.4202 -435.031
H14 700.3784 0 -441.451
H15 750.7324 0.0004 -441.451
THD - 12.72% -

The results from the Spectrum Analyzer illustrate that the fundamental component (H1) lies at 50.3540 Hz
with an RMS value 0f441.4513 A, while the 5th (HS5) and 7th (H7) harmonics occur at 250.2441 Hz and 349.4263
Hz and RMS values of 51.6665 A and 19.5684 A, respectively. The THD-I value acquired from the simulation
equals 12.7159%, which implies that the H5 component is more dominating than H7. According to the
characteristic harmonic order of the six-pulse rectifier, h = 6k + 1 the 5 th and 7 th harmonics are supposed to
be dominant components. The PQ One results also illustrate lower compliance for HS (73.87%) than H7
(88.20%), which makes H5 relatively more critical in the measured system. Nevertheless, the compliance values
illustrate the degree of conformity to the harmonic limits and do not represent the absolute harmonic current
magnitude; thus, harmonic magnitude and compliance should be considered independently.

Analysis of the Effect of Harmonics on Transformer Loading

Based on measurement results, the transformer's average apparent power was 307.1 kVA—approximately
19.19% ofits 1,600 kV A nominal capacity—while the maximum apparent power reached 1,393.9 kVA, or about
87.12%. These figures indicate significant fluctuations in loading levels during the measurement period. Under
high-load conditions, the increase in RMS current caused by harmonic components can raise losses that are
proportional to the square of the current. However, this effect cannot be directly used to determine a derating of
the transformer's nominal capacity without an analysis of thermal factors and actual losses.

Table 10. Effect of THD-I on Transformer Loading Indicators

THD-I RMS Current RMS Current Change Effective Capacity Indicator Based on RMS Factor

(%) Factor (%) (kVA)
0 1.0000 0.00 1600.00
5 1.0012 0.12 1598.00

7.20 1.0026 0.26 1595.87
10 1.0050 0.50 1592.06
15 1.0112 .12 1582.30
20 1.0198 1.98 1568.92

The effective capacity indicator values based on the RMS factor in the table are the result of a mathematical
approximation intended to illustrate changes in load-carrying capability due to increases in RMS current. These
values do not represent an actual reduction in the transformer's nominal capacity and cannot serve as a basis for
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derating without an analysis of thermal performance and measured transformer losses.
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1565
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THD-I (%)

Effective Capacity Indicator Based on
RMS Factor (kVA)

Figure 9. Effect of THD-I on Transformer Equivalent Capacity

Based on Table 8, an increase in THD-I leads to a rise in the RMS current factor and a change in the RMS-
factor-based capacity indicator. At a THD-I of 7.20%, the RMS current factor rises to 1.0026—reflecting a 0.26%
increase in RMS current resulting in a capacity indicator of 1595.87 kVA. At a THD-I of 20%, the RMS current
factor increases to 1.0198, and the capacity indicator becomes 1568.92 kVA. These values are the result of
mathematical calculations based on the RMS current increase caused by harmonic components; they do not
represent a reduction in nominal capacity or the actual thermal derating of the transformer. Determining the actual
derating requires a more comprehensive analysis of losses, temperature, and the transformer's thermal
characteristics.

TECHNICAL IMPLICATIONS OF THE ANALYSIS RESULTS

Measurement results indicate an average THD-I of 7.20% for the actual system, whereas the six-pulse rectifier
simulation yielded a THD-I of 12.7159%. This discrepancy suggests that the nonlinear load scenario in the
Simulink model produces higher distortion than the average conditions observed in the actual system.
Theoretically, an increase in THD-I raises the RMS current, potentially increasing losses proportional to the
square of the current—particularly during periods of high loading. This warrants attention, as measurements show
the transformer reaching load levels of up to 87.12% of its nominal capacity. Consequently, periodic monitoring
of THD-I and RMS current is essential, especially given the increasing use of power electronics-based loads.

Some mitigation methods involve identifying the main causes of harmonics, performing periodic THD-I
measurements, and applying harmonic filters in case of increased levels of distortion[32][33]. It is essential to
perform phase balancing of loads, since measurements have shown that different values of THD-I and RMS
current have been detected for different phases. Depending on the nature of the harmonic spectrum, various
solutions can be applied.The mitigation techniques must be employed according to the measured values at the
point of evaluation to allow the accurate choice of the filter capacity and type[32][34]. By doing this, one will
manage to control the harmonic distortion and maintain the transformer's performance.

CONCLUSION

Based on measurement results using the Hioki PQ3198 via PQ One, the 1600 kVA distribution transformer in
actual operating conditions has an average THD-I value of 7.20%, with values for the R, S and T phases
respectively of 6.53%, 7.58% and 7.50%. The measurement results also show that the average apparent power is
307.1 kVA or around 19.19% of the transformer's nominal capacity, while the maximum load reaches 87.12%.
MATLAB calculations using fundamental current parameters and THD-I measurement results produce RMS
currents of 462,282 A, 439,658 A, and 454,373 A in the R, S, and T phases, with an average difference of 0.154%
to the RMS value recorded on the PQ One. THD-I variations prove that any rise in distortion leads to a quadratic
increase in RMS current and relative losses; hence, it is crucial to take note of this aspect, particularly at high
loads.Simulink simulation using a six-pulse diode rectifier produces a THD-I of 12.7159% with 5th and 7th order
harmonic components of 51.6665 A RMS and 19.5684 A RMS respectively. These results show different
harmonic characteristics of actual operating conditions because the Simulink model represents certain nonlinear
load scenarios, while the PQ One data represents industrial systems with a combination of various load types.
Thus, MATLAB/Simulink can be used as an analytical approach to evaluate the influence of THD-I variations
and nonlinear load characteristics, while Power Quality measurements provide a representation of the actual
operating conditions of the transformer.

290

Open Access: https:/ /journal.itk.ac.id/index.php/ismatech



Rizal et al. | Indonesian Journal of maritime Technology | Vol. 04, Issue 02 (2026)

ACKNOWLEDGMENT

The authors would like to express their sincere gratitude to State University of Malang, Faculty of Vocational
Studies, or academic support and guidance, and PT Salim Ivomas Pratama Tbk, particularly the Electrical and
Power Generation Division, for providing facilities and technical assistance throughout this research. The authors
also thank all parties who contributed to its completion.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[11]

[12]

[13]

[14]

[15]

[16]

B. W. Dionova, T. Hidayat, S. Wilyanti, M. N. Mohammed, and D. J. Vresdian, “Jurnal Nasional Teknik
Elektro Distribution Transformer Synchronization Simulation and Implementation with Dyn5 and Dyn11
Vector Groups using the MATLAB Simulink and TTR Test,” vol. 3, 2022.

Yudhistira et al., “Karakterisasi Conducted Emission Noise pada Inverter di Sistem Photovoltaic Off-
Grid,” J. Nas. Tek. Elektro dan Teknol Inf.,, vol. 10, no. 1, pp. 100-109, 2021, doi:
10.22146/jnteti.v10i1.1066.

D. Teknik and U. G. Mada, “Analisis Harmonik dan Perbaikan Nilai THD Arus dengan Perancangan Filter
Pasif Single-Tuned,” vol. 12, no. 4, pp. 892-906, 2024.

R. Amalia, “ISSN : 2302 - 2949 Pemodelan Dan Simulasi Beban Non-Linier 3-FASA,” no. 2, pp. 165—
171, 2015.

A. Zulkarnaini, R. Sinambela, and L. Lisapaly, “Listrik Di Gedung Administrasi Universitas Jayabaya,”
no. 3, pp. 132-139, 2024, doi: 10.14710/transmisi.26.3.132-138.

X. Ma, R. Jia, C. Liang, H. Du, X. Dong, and M. Ding, “Study of Transformer Harmonic Loss
Characteristic in Distribution Network Based on Field-Circuit Coupling Method,” 2022.

T. According, C. Standard, C. Andrada-monr, and A. Juan, “Load Losses and Short-Circuit Resistances of
Distribution Transformers According to IEEE Standard C57.110,” no. 1, 2023.

Suardi, S., Kyaw, A. Y., Raditya, M. Y., Sitanggang, S. G., Abdillah, R., & Handayani, W. (2023). Design
of the electrical system on a general cargo ship with a length of 105,669 meters . Indonesian Journal of
Maritime Technology, 1(2), 60—64. https://doi.org/10.35718/ismatech.v1i2.1044

Yohan Fajar Sidik, F. Danang Wijaya, Roni Irnawan, Muhammad Ridwan, Kevin Gausultan, and Sriyono,
“Single-Phase Shift Modulation of DAB Converter in Typhoon HIL Simulation,” J. Nas. Tek. Elektro dan
Teknol. Inf., vol. 13, no. 1, pp. 1-10, 2024, doi: 10.22146/jnteti.v13i1.6876.

S. Suardi et al., “Determination of Electrical Power for Lighting Distribution Using LED Lights on KM.
Tuna Kita,” Indones. J. Marit. Technol., vol. 3, no. 1, pp. 1-10, 2025, doi: 10.35718/ismatech.v3il.1287.

S. Saodah, 1. M. Wiwit, A. Deni, and D. Sodiq, “Pengaruh Harmonisa Penggerak Kecepatan Variabel
terhadap Kinerja Motor DC Fan Test Set,” vol. 9, no. 3, pp. 505-517, 2021.

A. Syarifuddin et al., “Jurnal Nasional Teknik Elektro Minimizing THD Using a Multilevel Inverter
Integrated with MPPT,” vol. 2, 2025.

A. Abdali, K. Mazlumi, and A. Rabiee, “International Journal of Electrical Power and Energy Systems
Harmonics impact on hotspot temperature increment of distribution transformers : Nonuniform magnetic-
thermal approach,” Int. J. Electr. Power Energy Syst., vol. 157, no. December 2023, p. 109826, 2024, doi:
10.1016/j.ijepes.2024.109826.

D. Committee, 1. Power, and E. Society, “IEEE Std 519-2014,” "IEEE Recomm. Pract. Requir. Harmon.
Control Electr. Power Syst. IEEE Std 519-2014 (Revision IEEE Std 519-1992), vol. 2014, pp. 1-29, 2014,
[Online]. Available: https://ieeexplore.ieee.org/servlet/opac?punumber=6826457

P. Systems and E. Committee, IEEE Recommended Practice for Electric Power Distribution for Industrial
Plants, vol. 1993. 1993.

J. Yaghoobi, A. Alduraibi, D. Martin, F. Zare, and D. Eghbal, “Electrical Power and Energy Systems
Impact of high-frequency harmonics ( 0 — 9 kHz ) generated by grid-connected inverters on distribution
transformers ,” Electr. Power Energy Syst., vol. 122, no. October 2019, p. 106177, 2020, doi:
10.1016/j.ijepes.2020.106177.

291

Open Access: https:/ /journal.itk.ac.id/index.php/ismatech



Rizal et al. | Indonesian Journal of maritime Technology | Vol. 04, Issue 02 (2026)

[18]

[19]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

M. I. Iskandar, Panca Mudjirahardjo, and Bambang Siswojo, “A Single Phase Inverter Using The Unipolar
Sinusoidal Pulse Width Modulation Method,” J. EECCIS (Electrics, Electron. Commun. Control.
Informatics, Syst., vol. 19, no. 1, pp. 29-38, 2025, doi: 10.21776/jeeccis.v19i1.1789.

A. Rafiah and S. Hariyanto, “Energy Efficiency and Battery Load Sharing Analysis of 26-m Electric
Supply Boat Using MATLAB,” vol. 04, no. 01, 2026.

S. Suardi ef al., “Optimizing Generator Power Usage Through LED Lighting Distribution on Tugboats: A
Case Study of a 26.80-Meter Vessel,” Indones. J. Marit. Technol., vol. 3, no. 1, pp. 1-8, 2025, doi:
10.35718/ismatech.v3il.1285.

M. C. Bagaskoro, Aripriharta, Sujito, and S. Omar, “Optimizing PV Inverter GMPP and Current Harmonic
Distortion Using QHBM,” J. Nas. Tek. Elektro, vol. 14, no. 3, pp. 162-172, 2025, doi:
10.25077/jnte.v14n3.1331.2025.

V. Speed and P. T. Ikpp, “Analisis Pemasangan Filter Pasif Untuk Mereduksi Harmonisa,” vol. 8, no. 1,
pp- 1-12, 2023, doi: 10.31849/sainetin.v8il.10030.

R. S. Pamungkas and C. F. Nugraha, “Impact Analysis of Transformer Extension and Network
Maneuvering Strategy on Tulungagung Substations,” ELKOMIKA J. Tek. Energi Elektr. Tek. Telekomun.
Tek. Elektron., vol. 14, no. 1, p. 1, 2026, doi: 10.26760/elkomika.v14il.1.

A. Senen, H. S. Dini, D. Anggaini, and P. Putera, “Penentuan Kriteria Kapasitas Transformator
Berdasarkan Proyeksi Kebutuhan Energi secara Mikrospasial,” ELKOMIKA J. Tek. Energi Elektr. Tek.
Telekomun. Tek. Elektron., vol. 10, no. 1, p. 200, 2022, doi: 10.26760/elkomika.v10i1.200.

R. K. Antar and B. M. Saied, “Active power compensation circuit for resonance mitigation and harmonic
reduction in microgrid system,” J. Mechatronics, Electr. Power, Veh. Technol., vol. 15, no. 1, pp. 32-41,
2024, doi: 10.55981/j.mev.2024.822.

O. Penangsang, R. S. Wibowo, N. K. Aryani, M. D. Prasetyo, M. N. Arianto, and A. A. Lutfi, “Harmonic
assessment on two photovoltaic inverter modes and mathematical models on low voltage network power
quality,” Int. J. Electr. Comput. Eng., vol. 13, no. 6, pp. 5951-5965, 2023, doi:
10.11591/ijece.v13i6.pp5951-5965.

Y. Siregar, F. Situmeang, and N. N. Mohamed, “Comparative design of harmonic current reduction in
variable speed drive using space vector pulse width modulation and hybrid pulse width modulation,” Int.
J. Electr. Comput. Eng., vol. 14, no. 5, pp. 4907-4920, 2024, doi: 10.11591/ijece.v14i5.pp4907-4920.

D. O. Anggriawan, E. Wahjono, I. Sudiharto, and A. Budikarso, “Identification of Power Quality
Disturbances Based on Fast Fourier Transform and Artificial Neural Network,” vol. 19, no. 1, pp. 9-17,
2023, doi: 10.17529/jre.v19i1.27120.

S. A. Santoso and A. Ulinuha, “Harmonic Distortion Analysis Of On-grid Photovoltaic Panel Integration
In Load Sharing Scheme,” Elkha, vol. 17, no. 1, pp. 77-83, 2025, doi: 10.26418/elkha.v17i1.91311.

F. Rofii, D. Siswanto, G. Priyandoko, and S. Setiawati, “Rancang Bangun Alat Deteksi Gangguan
Harmonisa Secara Real Time Berbasis Jaringan Syaraf Tiruan,” Transmisi, vol. 23, no. 3, pp. 119-124,
2021, doi: 10.14710/transmisi.23.3.119-124.

A. A. Syahrin, D. O. Anggriawan, E. Prasetyono, E. Sunarno, and E. Wahjono, “Real-Time Detection of
Power Quality Disturbance using Fast Fourier Transform and Adaptive Neuro-Fuzzy Inference System,”
vol. 20, no. 1, pp. 12-19, 2024, doi: 10.17529/jre.v20i1.33695.

H. Prasetijo, P. Priswanto, W. H.P., and I. [runowo, “Analisa Pemasangan Filter Pasif Sebagai Peredam
Harmonisa Akibat Beban Non Linier,” JRST (Jurnal Ris. Sains dan Teknol., vol. 7, no. 1, p. 109, 2023,
doi: 10.30595/jrst.v7i1.16677.

A. Irawan, Zulfahri, and Monice, “orde harmonik,” SainETIn J. Sains, Energi, Teknol. dan Ind., vol. 9,
no. 1, pp. 24-31, 2024, doi: 10.31849/sainetin.v9i1.10913.

A. R. Lubis, A. Sutopo, and M. Affandi, “Analisis Harmonisa Pada Trainer Lab Generator Sinkron Tiga
Fasa NV7017,” JTEIN J. Tek. Elektro Indones., vol. 4, no. 2, pp. 566-572, 2023, doi:
10.24036/jtein.v4i2.452.

H. Setiawan, B. Y. Dewantara, and 1. Winarno, “Eliminasi Harmonisa Pada Induction Furnace
Menggunakan Filter Hybrid,” E-Link J. Tek. Elektro dan Inform., vol. 19, no. 1, p. 116, 2024,
doi:10.30587/e-link.v19i1.7219.

292

Open Access: https:/ /journal.itk.ac.id/index.php/ismatech



	INTRODUCTION
	METHODS
	Figure 1. Research methodology flowchart
	Table 2. Average Measurement Results of PQ One
	Fast Fourier Transform (FFT) Analysis


	RESULTS AND DISCUSSION
	The Effect of THD-I on Transformer Loading Copper Loss Increase Index
	Comparison of MATLAB RMS Current Calculations with PQ One Data
	FFT Spectrum Analyzer Analysis Results

	Comparison Of PQ One And Simulink Results
	Analysis Of The Effect Of Simulink Results On RMS Current
	5th And 7th Order Harmonic Analysis
	Analysis of the Effect of Harmonics on Transformer Loading
	Conclusion
	ACKNOWLEDGMENT
	references


  T H   D  I =      I 2 2 +   I 3 2 + … +   I  n 2   I 1 × 100 %                                                                                                                                               ( 1 )


    I 1


    I  n


                                                                                                                                                    I  R M S = 1 + T H   D  I 2                                                                                                                                                                     ( 2 )


                                                                                                                            X  ( k ) =   ∑  n = 0  N − 1  x  ( n )   e  − j 2 𝜋 k n / N                                                                                                                                                         ( 3 )  


                                                                                                                                                                f 5 = 5 × 50 = 250   H z                                                                                                                                               ( 4 )


                                                                                                                                                                f 7 = 7 × 50 = 350   H                                                                                                                                                       ( 5 )


                                                                                                                                                        L o s   s  i n d e x =     I  R M S 2 −   I 1 2    I 1 2 × 100 %                                                                                                                                 ( 6 )


                                                                                                                                                            L o s   s  i n d e x = T H   D  I 2 × 100 %                                                                                                                                         ( 7 )


                                                                                                                                                            T H   D  I =      H 5 2 +   H 7 2    H 1 × 100 %                                                                                                                                   ( 8 )


                                                                                                                                        T H   D  I =       ( 51 , 6665 ) 2 +    ( 19 , 5684 ) 2  441 , 4513 × 100 %                                                                                     ( 9 )    


 


  h = 6 k ± 1


  h = 6 k ± 1

