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ABSTRACT

In this study, distribution transformers in the Mus Alparslan University
campus are analyzed in order to minimize energy losses due to har-
monics in the electrical network. Current and voltage harmonics, which
are the power quality problems of these transformers, are analyzed. The
power quality of different transformers in Mus Alparslan University was
measured with a Chauvin Arnoux CA:8331 energy analyzer. Three-phase
nonlinear load models were created using current harmonic values in the
Matlab/Simulink environment. A parallel active power filter is designed
in the Matlab/Simulink environment to eliminate current harmonics.
The performance of the parallel active power filter is analyzed for each
transformer. As a result, the total harmonic distortion (THDI) ratio for the
current decreased from 6.78% to 1.38% in fast Fourier transform analyses
after the parallel active power filter was activated in the first transformer.
Similarly, the THDI ratio decreased from 5.1% to 2.19% in the second
transformer, from 4.5% to 1.39% in the third transformer, and from 5.63%
to 1.36% in the fourth transformer.

1 Introduction

The energy transmission system serves as the core structure of an electrical power network. The
quality of electrical energy within this system is primarily determined by the continuity of the electricity
supply, voltage and frequency variations remaining within acceptable limits, and the smoothness of
the waveform. For electric power systems to function reliably, various factors must be accounted
for during both the design and operation stages. One of these critical factors is the presence of
harmonics generated by nonlinear components, which significantly influence power quality. Nonlinear
elements in electrical systems lead to harmful harmonic distortion in transmission and distribution
networks, compromising the overall quality of the electricity delivered to consumers [1,2]. The issue
of harmonics was first identified in 1893 when engineers were investigating engine heating problems
in Hartford and discovered that the primary source of heat was resonance in the connected power
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system. They determined that this resonance stemmed from the variable waveforms, or harmonics,
present in the system [3]. Even earlier, in 1890, electricians in Portland were addressing problems with
transmission lines potentially caused by line frequency harmonics. These early investigations mark the
first documented analyses of harmonics in power systems. At that time, European electricity producers
were largely unaffected by such problems, as they were not utilizing high frequencies in their systems
[3]. However, as technology advanced, harmonic distortion became a global concern, prompting
the development of various techniques to detect and mitigate these harmful waves. In one notable
study on industrial furnaces controlled by a 12-pulse converter in Alabama, researchers conducted
harmonic analysis on both current and voltage. Using simulations, they identified that harmonics such
as the 5th, 7th, 11th, and 13th were being injected into the furnace system by the converter [4]. This
analysis was conducted in compliance with the IEEE-519 standard, which recommended the use of
tuned shunt or parallel Inductor-Capacitor (LC) filters for each phase to mitigate these harmonics.
Similarly, other studies have explored harmonic analysis in variable load motor circuits, revealing
the presence of harmonic currents and voltages [5,6]. Even in systems with smaller power ratings,
harmonic behavior has been analyzed, such as in circuits with nonlinear loads controlled by single-
phase full-wave rectifiers [7]. The generation of harmonics is a persistent and unavoidable issue, with
nonlinear loads being a significant contributor to harmonic disturbances in electrical systems. As the
use of nonlinear elements increases across industries, the importance of addressing harmonic pollution
grows, and it poses a significant threat to the reliability of electrical power systems. Consequently,
accurately measuring and analyzing harmonic sources has become a crucial task for the efficient
control and analysis of power systems [¢,9]. Harmonic analysis plays a pivotal role in ensuring optimal
power quality in electrical systems [10]. Given the complexity of electrical networks, these analyses are
often performed using simulation environments. Previous research has investigated how transformer
connection groups affect harmonics [1 1-14]. However, there remains a lack of studies using electrical
models derived from real-world data obtained from large distribution networks. This research aims to
bridge that gap by simulating a large distribution network and examining how changes in transformer
connection groups influence harmonics within the system. For instance, time-dependent voltage and
current vectors are analyzed through various transformation techniques, such as the DQ Transform
[15-18], PQ Transform [19-21], and machine learning models like back propagation [22-24] and
adaptive extraction methods [25-27]. These techniques decompose the signals into their components,
and control algorithms such as Proportional-Integral (PI) or Proportional-Integral-Derivative (PID)
controllers are employed to generate compensation signals. In addition, studies have analysed specific
applications, such as the energy quality of an educational building [28-31], and obtained findings
showing that load distribution imbalances lead to reactive power problems in compensation systems.
Balancing the loads and applying passive filters helped achieve the desired power quality standards.
Similar studies at university campuses have investigated harmonic levels in transformer panels, using
passive filters to reduce high harmonic ratios [32-36]. Further research has explored the effects of
intermediate harmonics generated by nonlinear loads on power quality, demonstrating how series
active filters can reduce harmonic distortion by significant percentages in different load systems
37-39]. Overall, with the increasing reliance on power electronics and nonlinear devices, harmonics
in the power system have become a critical issue. Harmonics not only result in additional losses
but also pose risks such as faulty tripping in protection systems, overheating of electrical machines
and power lines, and efficiency losses. These adverse effects make the detection and mitigation of
harmonics an important area of research. Furthermore, power quality limits in distribution networks
are governed by standards such as EN50160, outlined in regulations by the Energy Market Regulatory
Authority (EMRA) [40—43]. In another study, the Gazelle Optimisation Algorithm (GOA) improved
with a chaotic maps algorithm is proposed for the estimation of harmonics and sub/inter harmonics
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to solve power quality problems caused by harmonics. Ten chaos-based GOA variants were analyzed
for noisy and noiseless conditions using 2 synthetic power signals and a time-varying signal. In the
performance analysis, the Gauss/Mouse chaotic map-based GOA (G/M GOA) method outperformed
the other methods and estimated the amplitude, frequency, and phase parameters with high accuracy
[44]. In another study, it was reported that conventional FFT analysis is sensitive to noise and has low-
frequency resolution when detecting harmonics and inter-harmonics. The PEA (parameter estimation
algorithm) method is proposed to overcome this problem. It is reported that this proposed method is
more robust to noise and estimates the frequency, phase, and amplitude parameters of harmonics and
interharmonics with high accuracy in a shorter time and provides twice the accuracy compared to the
windowed FFT and Prony algorithm [45].

This study analyzes the energy quality of Mus Alparslan University Campus with a focus
on harmonics. Data, including total harmonic distortion (THD), voltage fluctuations, and phase
current imbalance, were collected from low-voltage transformer measurements across the campus. The
analysis revealed that while the voltage harmonics complied with the relevant standards, there were
significant current harmonics present. To address this issue, a simulation of the current harmonics was
carried out in a computer environment. Subsequently, a parallel active power filter was designed and
implemented, resulting in a substantial reduction of the current harmonics.

1.1 Study Area

Mus Alparslan University, established in 2007, currently operates with 10 faculties, 6 vocational
schools, and 2 institutes as of 2024. The university campus is situated in the Giizeltepe neighborhood,
covering an area of 130,000 m* with a total enclosed space of 193,865 m*. The campus receives its
energy supply via a477 MCM 34.5 kV power transmission line from the city center. Upon entering the
Giizeltepe modular cell, the 477 MCM line is connected to the first transformer on the campus through
a 95 mm* XLPE cable. The campus is equipped with five transformer modular cells, with connections
between transformers facilitated by XLPE cables running through the gallery. Fig. | illustrates the
medium voltage energy distribution system and the transformer capacities across the campus.

2 Materials and Methods

This section outlines the methods and equipment used for harmonic measurements at Mus
Alparslan University Campus. Initially, the instruments employed to measure current and voltage
harmonics will be introduced, along with the data collected from these devices. Following this, the
process of transferring the gathered data into the simulation environment will be explained. Finally,
a parallel active power filter will be designed in the Matlab/Simulink environment to reduce the
harmonic levels based on the obtained data.
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Figure 1: Mus Alparslan university medium voltage power distribution infrastructure and transformer
power single line diagram

2.1 Mathematical Calculations of Harmonics

In a power system, current and voltage waveforms are ideally desired to be sine waves. However,
in practical applications, the waveform of current and voltage due to non-linear loads in the power
system is not an ideal sine wave. These non-ideal composite waves in current and voltage are defined
as harmonics. Harmonics are expressed mathematically with the help of the Fourier series. In Fourier
transform, non-sinusoidal signals are written as the sum of signals of different amplitude and
frequency [46,47]. Fourier series expansion of a periodic wave is given in Eqs. (1) and (2).

= 50 + Za cos (nwt) + Zb sin(nwt) (N

n=1

f@= 3 + a, cos(wt) + b, sin(wt) + a, cosCwt) + b, sinQLwt) + ---) 2)

in these equations ay, a,, b, are the coefficients and the angular velocity w is 27t /T. The coefficients are
calculated as in Eqs. (3)—(5).

ay = %/0 f(tdt 3)
a, = %/ f () cos(nwt)dt 4)
b, = ; / f(t) sin(nwt)dt %)
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2.1.1 Filtering Harmonics

Harmonic sources, i.e., harmonic-generating devices (transformers, rectifiers, arc furnaces, light-
ing elements, etc.), should be designed to produce little or no harmonics when manufactured. However,
this may not be possible in practical applications. The equipment added to the power system in order
to minimise current and voltage harmonics and to design the network to be affected by harmonics
is called a ‘harmonic filter’. These circuits are used to filter or suppress the desired harmonics.
Harmonic filters are used to reduce or eliminate the level of voltage or current harmonics at one or
more frequencies [47-49]. Two different methods are used to minimise harmonics in power systems.
These methods are known as the filtering method or the harmonic suppression method after the
harmonic occurs. Harmonic filters are ‘Passive filters’ consisting of circuit elements such as resistance,
inductance, and capacitance, and ‘Active filters’ with controlled voltage or current source [50].

2.1.2 Total Harmonic Distortion (THD)

THD can be defined as the percentage deviation of the harmonic component from the ideal
waveform. At the fundamental frequency, the total harmonic distortion is zero. Total harmonic
distortion is the square root mean of the harmonic components of a waveform divided by the
fundamental component. The total harmonic distortion voltage is calculated as in Eq. (6) below. In
Eq. (6), THD, is expressed as total harmonic distortion concerning voltage. V, is the nth order voltage
harmonic V, is the voltage at fundamental frequency.

/ 9 Vz
THD, = L (6)
Vi
total harmonic distortion current is calculated by Eq. (7). Here, THD, is defined as the total harmonic
distortion in the current, I, is the nth order current harmonic, I, is the current at fundamental
frequency.
2l

THD, = e (7
1

2.1.3 Total Demand Distortion (TDD)

Total demand distortion (TDD) is the average of the maximum currents demanded by the load.
TDD is a load-related variable and can be calculated according to Eq. (8).

2.1
I

TDD = (8)
2.1.4 Shape Factor

The shape factor is a parameter that expresses a certain characteristic of the waveform of a signal.
In power systems, the shape factor is usually defined as the ratio of the effective value of a current or
voltage signal to its average value. It is calculated as in Eq. (9).
Ef ektif Deger
"= Ortalama Deger

(©)
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2.1.5 Peak Factor

Peak factor is the ratio between the peak value of the harmonic signal and the effective value of
the fundamental component [51,52]. More precisely, for a current or voltage that is not in the form of
an ideal sine wave, the peak factor value is calculated by dividing the peak value by the effective value
of the fundamental component as in Eq. (10).

Peak Value

Peak Factor = :
eak Factor Effective Value of the Basic Component Y

2.1.6 Distortion Power Factor

One-phase nonlinear loads that generate high current distortion require power factor calculation.
Since these loads cause resonance, power factor calculation and power factor corrector elements
should be used [53]. The following Eq. (11) is used for voltage:

THD,\’
V=", 11
W ( 100 ) an
the following Eq. (12) is used for current:
THD,\’
I=1I.1 12
it ( e ) (12)

active and passive filters are used to maximise the distortion power factor and to eliminate harmonics
produced by nonlinear loads [54].

2.1.7 Harmonic Standards

EN 50006 and IEEE-519-1992 define standards for current and voltage harmonics to improve
electrical power quality. Total harmonic distortion (THD) refers to the distortion in voltage and
current waves. THD is calculated as the ratio of the sum of the effective values of the harmonics to the
effective value of the fundamental component. According to IEEE 519, this ratio is defined as 5.0%
for current harmonics and 3.0% for voltage harmonics in power systems below 69 kV. IEEE Std 519-
1992 standard considers concepts such as THD and TDD when determining harmonic distortion
limits. While THD indicates the harmonic levels according to the instantaneous load condition,
TDD takes into account the long-term load condition of the system. Therefore, TDD prevents the
misinterpretation of harmonic levels in light load cases [55].

2.2 Purpose of Measurements in Energy Quality in Electrical Systems

Instantaneous power theory is one of the methods used in active power filter control. This theory
was proposed by Akagi in 1983. Instantaneous power theory (IPT) is known as a simple calculation
method that gives output with instantaneous values in three-phase systems. In this method, the
instantaneous active and reactive powers of the three-phase system can be calculated instantaneously
regardless of whether the system is harmonised and/or unbalanced. In this method, also known as
p and ¢ theory, firstly, three-phase components (abc) are converted into two-phase components ()
by means of Clarke transformation. Using the transformed currents and voltages, the instantaneous
values of active and reactive powers are calculated with the help of instantaneous power theory.
The instantaneously calculated powers consist of Alternating Current (AC) and Direct Current (DC)
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components [560,57]. Clarke’s transformation of currents and voltages are given in Eqs. (13) and (14).

iy F[UvV2 V2 1v2 T
i =\/; 1 =172 =172 || (13)
| iy 0 32 =v32] |
Rz S[1V2 V2 V2T [V
18 z\/j 1 =12 —1,2 Vv, (14)
vl Lo VB2 =] L

the instantaneous active and reactive power matrix is calculated as in Eq. (15). Where p and ¢ are
active and reactive (virtual) power, respectively. Normally, only the average value of the instantaneous
real power is desired in the power system. Other power components are eliminated by using an active
power filter. In addition to the instantaneous power components, the active power filter also has a
power requirement to stabilise the capacitor voltage on the DC bus side [56,57].

(p] [ V. Villi

_‘1} a [_ Vi Vel [’J (>
biaxial currents can be obtained from the obtained powers as in Eq. (16).

_ia 1 _Va Vﬁ ﬁ _p

N == 16
_lﬁ:| Vo + Ve Vs —VJ[ q } (16

by converting the reference currents obtained on the two axes to the three-phase system by means of
the inverse Clarke transformation, the reference currents for the three-phase system can be obtained
asin Eq. (17).

v 51 N2 0 i
iy s :\/; 1/vV2 —1/2 =372 |id (17)
l ey 1/v/2 =172 =372 Lis

2.3 Measuring Harmonics

In order for the electricity quality in electrical power systems to be at the specified standards, it
should be monitored regularly, measurements should be taken, and analyses should be made. With
the data obtained, solution methods for the problems that occur or may occur should be investigated.
Power quality problems can be detected by fixed devices or portable devices connected to the facility.
Especially in industrial plants with continuous operation and high energy consumption, there should
be power quality analyzers that continuously monitor the system. It is an important advantage that
the information obtained can be stored electronically. Since such devices record continuously, they
provide the opportunity to see and analyze the energy quality of the facility and to intervene quickly.
Transformer modular cells low voltage (LV) panel harmonic measurements are shown in Fig. 2.

In electrical systems, the efficient operation of power systems and electrically powered devices
relies on the transmission, distribution, and consumption of ideal voltage and current, typically
represented by a 50 Hz sine wave. However, disturbances from equipment within the system or
from consumers connected to the grid can cause the fundamental electrical quantities—such as flux,
current, and voltage—to deviate from this ideal sinusoidal waveform. These disturbances, such as
unwanted harmonic currents and voltages, which are integer multiples of the fundamental frequency,
can significantly distort the original waveform. Issues like sudden voltage fluctuations, instantaneous
interruptions, voltage extremes, harmonic distortions, waveform anomalies, and frequency shifts can
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all be monitored and addressed through power quality analyzers. In this study, the Chauvin Arnoux
8331 power analyzer (Chauvin Arnoux Ltd., Dewsbury, UK) was utilized to measure the harmonic
levels in the transformer LV panels. This device is capable of generating power quality reports in line
with EN50160 standards and is designed for quick and efficient analysis of large datasets. Featuring a
large color graphic screen, the CA: 8331 ensures ease of use and accessibility. The analyzer can measure
current and voltage harmonics up to the 50th harmonic, record voltage waveforms, and log data on
active, reactive, and apparent power, as well as active and reactive energy. Additionally, it records
flicker and provides the ability to transfer all recorded data to a computer. The device is also suitable
for conducting comprehensive energy audits of a building’s electrical system. A picture of the CA:
8331 energy analyzer used for measurements at Mus Alparslan University Campus is shown in Fig. 3.

Harmonics Measurement in Transformers
G ]

Figure 3: Chauvin Arnoux CA: 8331 energy analyzer

2.4 Parallel Active Power Filter Design
Although parallel active power filters are effective in reducing harmonics, some difficulties arise
in practice. Unlike the simulation environment, in real-time applications, load and grid conditions
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are not constant but vary. This situation requires that the control algorithm to be used should react
quickly according to the variable grid and load conditions; in other words, adaptive control methods
are needed. In addition, switching losses and electromagnetic interference (EMI) are critical for system
stability in real-time applications. From a cost point of view, the price differences between high-
performance digital signal processing (DSP) and power electronics equipment and passive filters
required for real-time active power filter (AGF) applications have become more reasonable today
[58]. In this study, the harmonic data measured in real time are transferred to the Matlab/Simulink
environment, and the liberty variance format (LVF) to suppress the harmonics measured in the
Matlab/Simulink environment is designed. The single-line schematic of the parallel active power filter
is given in Fig. 4.

Electricity grid

Non-Linear load
L

Vsl

4[]

Figure 4: Single line schematic of parallel active power filter

In this study, a Matlab/Simulink model on the elimination of harmonics using the instantaneous
power (p and ¢) theory is created. Instantaneous powers (p and ¢) are calculated using three phase
currents and voltages. The power at fundamental frequency (50 Hz) was obtained by applying p,
which constitutes the instantaneous active power and includes all harmonics, to a low-pass filter.
This fundamental frequency power was subtracted from the power containing all harmonics, and the
harmonic power to be filtered was separated. Finally, using these powers and three-phase voltages,
reference currents are obtained at the output of the parallel active power filter to eliminate the grid
harmonics. Since reactive power compensation is not performed in this study, instantaneous reactive
power q is not included in the calculation. Fig. 5 shows the transformation of three-phase currents
into biaxial currents by Clark transformation.

Fig. 6 shows the transformation of three-phase voltages into biaxial voltages by means of Clark
transformation.

After Clark’s transformations of three-phase currents and voltages, p and ¢ powers were obtained
by instantaneous power theory using the biaxial currents and voltages obtained as shown in Fig. 7.

After the p and g powers were calculated, three-phase reference currents were obtained using these
powers. [ig. 8 shows the reference current calculation model of the parallel active power filter.
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Figure 7: Matlab/Simulink model of instantaneous p and g power calculation
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Figure 8: Reference current calculation Matlab/Simulink model of parallel active power filter

The active power filter supplies the harmonic currents in the opposite direction that it generates
to suppress the grid harmonics from the DC line capacitor at the input of the three-phase inverter.
Therefore, keeping the voltage of this capacitor constant is critical for the AGF to fulfill its function.
The PI controller is used for voltage control of the DC line capacitor. K, and K, coefficients were set as
K,=20and K, = 15 by trial and error method. FFig. 9 shows the PI controller of the DC line capacitor.

-C- PI(s)

Pda

Vref Pl Controller

Ve

Figure 9: Direct current line capacitor PI controller

2.4.1 Complete Parallel Active Power Filter Model

The designed parallel active power filter and nonlinear load model are connected to the power
system, and a simulation model is created, as shown in Fig. 10. In the simulation model, circuit
breakers are added to the system to adjust the activation time of the parallel active power filter.

3 Result and Discussion

In this study, when the currents drawn in transformer 1, transformer 2, transformer 3, and
transformer 4 are analyzed, it is determined that the phase currents are unbalanced. Therefore, the
highest current phase is taken as a reference, and a solution is investigated by assuming that the three-
phase system is balanced loaded.
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Figure 10: Parallel active power filter complete model

3.1 Transformer 1 (Main Input Transformer) LVF Application

The total harmonic distortion graph and total harmonic distortion ratios (THD) of Transformer
1 with Chauvin Arnoux CA:8331 energy analyzer are given in Fig. 11. When the graph is analyzed, it is
seen that voltage harmonics are low, i.e., below the standard limits, while current harmonics are above
the standard limits. These differences can also be seen in the graphs of Transformer 2, Transformer 3,
and Transformer 4 in Appendix A.

The currents drawn from transformer 1 are given in Table 1. In Appendix A, Transformer 2
current values are given in Appendix B-Table Al and Fig. A1. The harmonic load model was created
according to the current values in Appendix B-Table A1, and it was observed that the phase currents
were balanced in the simulations. The current values of transformer 3 are given in Appendix A-Fig. A2
and Appendix B-Table A2. When the values in Appendix B-Table A2 are analyzed, it is determined
that transformer 3 has the highest load imbalance compared to other transformers with unbalanced
interphase currents. As applied in other transformers, a non-linear load model was created from the
current values measured with the energy analyser in transformer 3. When Fig. A3 in Appendix A,
i.e., the Transformer 4 THD graph, is examined, since the current harmonics are above the standard
limits, the nonlinear load model was obtained by collecting current sources with different amplitudes
and frequencies. The measured current values of Transformer 4 are given in Table A3 in Appendix B.

According to the values in this table, current harmonics are combined and nonlinear load model
is obtained as shown in Fig. 12.
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Figure 11: Total harmonic distortion (THD) graph for transformer 1
Table 1: Transformer 1 current values
TR 1 1.H 3.H S.H 7H 9.H 11.H 13.H
A, 407.5 21.64 16.74 2.859 0.816 2.449 2.042
A, 384.6 17.73 8.479 2.670 4.239 3.855 1.930
A, 379.8 26.99 7.615 3.045 0.759 3.807 1.903

— _,[}_, 6.928

<1

NL

I T T 1]

-NL
Figure 12: Nonlinear load model created with current sources
In transformer 1, the load current, filter current, and grid current during the simulation period

are plotted, respectively, as shown in Fig. 13. The load current, filter current, and grid current for
transformer 2, transformer 3, and transformer 4 are also plotted in Appendix B. Initially, the parallel
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active power filter is not activated. The parallel active power filter is activated after 0.02 s. When the
graphs are analyzed, the distortion in the current waveform is seen when the parallel active power filter
is not activated. After the activation of the parallel active power filter, the current waveforms drawn
from the grid approached the ideal sinusoidal, and the parallel active power filter filtered the current
harmonics to a great extent. The same simulation as in Appendix C was performed for Transformer
2,1in Fig. A4, Transformer 3, in Fig. A5, and Transformer 4 in Fig. A6. According to these measured
values, current sources were connected in parallel, and a nonlinear load model was obtained. When
the current values are analyzed, it is understood that the inter-phase currents are unbalanced, and
the inter-phase load distribution in transformer 4 in Appendix C should be rearranged. Unbalanced
load distribution in three-phase systems causes overheating of transformers, decreased efficiency, and
excessive neutral currents.

Load Current (A) £, AEUQ QG

1c|"

500 T T T

b

Current(A)

_500 1 1 L 1 1 L 1 1 1
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Figure 13: Graph of load current, filter current, and grid load current at transformer 1

Transformer 1 (Fig. 14) shows the Fast Fourier Transform (FFT) analysis graph. This graph shows
the current THD when the parallel active power filter is not activated. The THD, value is calculated as
6.77% when the parallel active power filter is not activated. In addition to the fundamental frequency,
3rd (150 Hz) and 5th (250 Hz) harmonics are dominant compared to other harmonics. Appendix
D-Fig. A7 shows that the 5th harmonic is dominant over other harmonics in Transformer 2, and the
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THD, ratio is 5.2% when the parallel active power filter is not activated. The THD, ratio of transformer
3 in Appendix D-Fig. A8 is 4.60%. In Fig. 14, it is seen from the frequency spectrum that the 3rd
harmonic is dominant compared to other harmonics. In Appendix D-Fig. A9, it is determined that
the 3rd, 5th, and 7th harmonics are dominant in transformer 4. The THD, ratio was calculated as
5.64% when the parallel active power filter was not activated.
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Figure 14: Fast fourier transformation graph at transformer 1

The fast Fourier transform analysis graph after the parallel active power filter is activated is given
in Fig. 15. While the THD, ratio was 6.77% in the fast Fourier transform analysis when the parallel
active power filter was not activated, this ratio decreased to 1.37% after the parallel active power filter
was activated. Appendix E-Fig. A10 shows that the THD, ratio decreased to 2.21%. In Appendix
E-Fig. Al1l, THD, decreased from 4.60% to 1.41%. The 3rd harmonic, which was dominant when
the parallel active power filter was not activated, was completely suppressed after the parallel active
power filter was activated. In the same way, in Appendix E-Fig. A 12, the fast Fourier transform graph
of Transformer 4 with a parallel active power filter is given.
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Figure 15: Fast fourier transform graph for transformer 1 with parallel active power filter activated

4 Discussion

During the generation, transmission, and distribution of energy in electrical power systems,
current and voltage are required to be at a frequency of 50 Hz and in a form very similar to the sine
curve. This condition is one of the main factors determining the quality of electrical energy. However,
due to the harmonics produced by nonlinear loads, quantities such as flux, current, and voltage
cease to be sinusoidal, and their waveforms become quite complex. As a result, significant problems
arise that are not desirable for operation. In high current installations, oversaturated transformers,
arc furnaces, arc welding machines, electric machines, and power electronics elements, which are
nowadays highly developed, cause harmonics to occur in the network. Compensation facilities have
gained importance and become widespread with the realisation of the damage to the national economy
caused by the network being loaded with a low power factor. This can cause harmonics to cause
damage to the capacitors used in compensation facilities in resonance and perforation of insulating
cables and constitutes a major problem. The negative effects of harmonics in the energy system can be
divided into two categories: technical and economic problems. Technical problems are the problems
that adversely affect the operation of the system and prevent the provision of quality energy to the
consumer. Economic problems are the problems caused by the additional losses caused by harmonics
in the system. The absence of harmonics provides a great benefit for energy systems. However, it is
seen that this is not possible under today’s conditions. Therefore, the effects of harmonics can be
considered to be reduced or even eliminated. There are two methods for this: one is to design the
device in such a way that it does not produce harmonics or produces harmonics at a low level, and the
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other is to remove harmonics from the system by filtering them through filters. In this study, current
and voltage harmonics were recorded by connecting an energy analyzer to the transformers on campus
to create a nonlinear load model. When the recorded current and voltage harmonics were analyzed,
it was determined that the THD, ratios of voltage harmonics were below the limits specified in the
standards, while the THD; ratios of currents were higher than the limits specified in the standards.
In order to model the current harmonics measured from the transformers, current sources were
connected in parallel in the Matlab/Simulink program, and THD values close to the actual measured
current harmonics were obtained from the current harmonics up to the tenth harmonic. As a result
of this study, the THD, ratio decreased from 6.78% to 1.38% in the fast Fourier transform analyses
performed after the parallel active power filter was activated in the first transformer. Similarly, the
THD, ratio decreased from 5.2% to 2.21% in the second transformer, from 4.6% to 1.41% in the third
transformer, and from 5.64% to 1.37% in the fourth transformer. During the generation, transmission,
and distribution of energy in electrical power systems, the current and voltage are required to be at a
frequency of 50 Hz and in a form very similar to the sine curve. This condition is one of the main factors
determining the quality of electrical energy. However, due to the harmonics produced by nonlinear
loads, quantities such as current and voltage cease to be sinusoidal, and their waveforms become quite
complex. As a result, significant problems arise that are not desirable for operation. In this study,
in a plant with a laser lathe, in a plant with a computer numeric control (CNC) vertical lathe, and
in a plant with an induction melting furnace, parameters such as current, voltage, and power of the
system were recorded with a power analyzer. The data obtained were transferred to the computer, and
power analysis was performed. In the analyses, current and voltage harmonics were examined, and the
losses caused by current and voltage harmonics in the system were calculated. In the studies of [59],
it is seen that there are serious losses in the system in percentage (34.03%) as a result of harmonics
and that the harmonics reduction studies should be implemented as soon as possible as published
in the official gazette. As a result, the parallel active power filter in the design used in our study has
successfully filtered current harmonics. However, passive power filter design can also be made accord-
ing to the dominant harmonics by making harmonic measurements for long-term and various load
conditions [60].

5 Conclusion

In this study, the transformers at Mus Alparslan University campus were analyzed for current
and voltage harmonics, and a parallel active power filter was designed to mitigate the measured
harmonics. The measurements revealed that the voltage harmonics were within the standard limits,
while the current harmonics exceeded the allowable thresholds. To generate the reference current,
instantaneous power theory was applied. Instantaneous active and reactive powers were calculated
using this theory, and the harmonic component of the instantaneous active power was determined
by subtracting the 50 Hz fundamental frequency power from the total instantaneous active power.
The three-phase reference currents were derived from the biaxial currents, and these were fed into a
hysteresis band controller to regulate the parallel active power filter. The DC line voltage of the voltage
source inverter was controlled using a PI controller. For the nonlinear load model, current sources were
connected in parallel based on the current values measured with the energy analyzer. Load models
were created separately for each transformer, and simulations of the parallel active power filter were
performed in Matlab/Simulink for each transformer (transformers 1, 2, 3, and 4). In the simulations,
the parallel active power filter was initially inactive and was activated at 0.02 s. After activating the
filter in the first transformer, the total harmonic distortion current (THD;) ratio decreased from 6.78%
to 1.38% based on fast Fourier transform analysis. Similarly, the THD, ratio in the second transformer
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decreased from 5.1% to 2.19%, from 4.5% to 1.39% in the third transformer, and from 5.63% to 1.36%
in the fourth transformer. These results demonstrate a significant reduction in the harmonic currents
drawn from the grid by the nonlinear load. After activating the parallel active power filter, the current
waveforms drawn from the grid were significantly improved and closely aligned with the ideal sine
wave, effectively suppressing the harmonic distortions. In addition, harmonic currents cause extra
losses and heating in transformers and transmission lines. When the parallel active power filter is
switched on, THD, is reduced, and system losses are significantly reduced. This improves the overall
efficiency of the electrical system, resulting in lower energy consumption and longer equipment life.
Harmonics and load imbalances are important for voltage stability, but voltage harmonics are not
included in the study since they are within the standards. Concerning the power factor, harmonics
increase the reactive current due to inductive loads. As a result of the suppression of harmonic currents,
the total currents drawn from the network decrease, the reactive currents decrease, and the system
efficiency increases. In the measurements made together with the harmonic measurements, it can be
determined that the loading in the phases is unbalanced, and this may cause neutral currents to be
drawn and unbalanced in harmonic voltages. It was observed that harmonic voltage stabilization was
performed and that interharmonics around the harmonic frequencies that do not correspond to an
integer have a negative effect and should be eliminated. Power quality is one of the most important
problems in the power system. Harmonic studies and harmonic filtering with passive power filters
are not sufficient to prevent the effects of nonlinear loads on power quality. Therefore, an active
power filter comes into play. Although passive filters offer a low-cost solution by suppressing certain
harmonic components, they may cause resonance problems. In addition, they may not provide the
desired performance under variable load conditions. Besides, active power filters have wider band
harmonic suppression capabilities and can adapt to dynamic load conditions. However, active filters
are economically disadvantageous due to high switching losses and initial investment costs. As a result,
the presence of harmonics does not mean that electrical systems will not work. Considering that the
filter itself is also a source of harmonics, it shows that these sensitivities should be taken into account
in the design process.
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Figure A1: THD graph for transformer 2
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Appendix B
Table Al: Transformer 2 current values
TR 2 1.H 3.H 5.H 7.H 9.H 11.H 13.H
A, 169.19 2.029 8.459 1.353 0.001 0.001 0.170
A, 162.09 1.784 7.458 1.134 0.487 0.163 0.163
A, 174.69 3.320 8.387 1.397 0.350 0.174 0.174
Table A2: Transformer 3 current values
TR 3 1.H 3.H 5.H 7.H 9.H 11.H 13.H
A, 372.9 15.98 3.729 4.479 0.373 0.748 1.495
A, 306.8 13.01 6.769 6.769 1.229 0.616 1.538
A, 272.0 7.369 1.637 1.910 0.545 0.818 0.818
Table A3: Transformer 4 current values
TR 4 1.H 3.H 5.H 7.H 9.H 11.H 13.H
A, 405.59 9.733 17.03 11.35 1.216 1.623 2.029
A, 393.29 8.260 19.68 10.63 2.359 2.754 1.968
A, 338.89 11.87 14.90 8.474 2.030 2.373 2.034
Appendix C
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Figure A4: Graph of load current, filter current, grid load current at transformer 2
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Figure AS: Graph of load current, filter current, grid load current at transformer 3
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Figure A6: Graph of load current, filter current, grid load current at transformer 4
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Figure A7: Fast fourier transformation graph at transformer 2
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Figure A10: Fast fourier transform graph for transformer 2 with parallel active power filter activated
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Figure A11: Fast fourier transform graph for transformer 3 with parallel active power filter activated
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