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Abstract

The increasing use of power electronics in various sectors leads to harmonic distortion in
electric power systems, affecting power quality and equipment longevity. While harmonic filters
have been used to address this issue, they are limited in effectiveness, particularly in reducing
distortion across the entire distribution system. This study aims to reduce harmonic distortion
using a zigzag transformer as a more comprehensive solution in mitigating harmonic distortion
throughout the entire distribution system. In this research, the zigzag transformer was placed at
Point Common Coupling to reduce harmonic distortion in the distribution system as a whole. A
zigzag transformer connection was configured by connecting either three windings of a single-
phase transformer or one winding of a three-phase transformer. Based on the results of this
research, the Total Harmonic Distortion (THD) value has decreased from 25.26% to 2.48%
following the implementation of the zigzag transformer. This substantial decrease in THD
concludes the zigzag transformer's effectiveness as a solution for improving power quality in
electrical distribution systems.
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L. Introduction

Nowadays, renewable energy such as photovoltaics can be integrated into radially connected
distribution systems [1]. This renewable energy has power electronic devices that can generate
harmonic distortion. The impact of harmonic distortion can cause the stator and rotor coils in
electrical machines to heat up quickly during normal use. Previous research that has discussed
the stator and rotor in induction motors can be seen in reference [2]. Distribution systems with
three phases and four wires are uently used to provide low voltage to a variety of consumer
sectors. A single-phase load or a three-phase load can be connected to a three-phase, four-wire
system. Computers, printers, automatic machines, televisions, energy-efficient lighting, variable-
speed drives, and other devices are examples of non-linear loads. Current and voltage waveforms
generated by non-linear loads are not sinusoidal. Harmonics are brought on b ve distortion,
which is caused by this. Harmonics have harmtful effects, including raising the neutral current in
a three-phase, four-wire system, which increases the risk of overheating and igniting excess heat,
shortening the lifespan of transformers due to overheating, deteriorating voltage quality,
reducing power factor, and other things.

Using filters, either passive, active, or a combination of passive and active filters, is one way
to deal with harmonics. The system impedance has a significant impact on passive filter
performance. Active filters, on the other hand, demand a lot of capacity and money. The
electromagnetic filter has a simpler circuit design and is more cost-effective. The zigzag
transformer used in this study serves as the electromagnetic filter [3]. There is research that has
discussed the contribution of zigzag transformers in reducing neutral current in distribution
systems connected via Wye with four conductors [4]. For basic knowledge about zigzag
transformers can study the reference [5]. Several previous studies have used zigzag transformers
with wye connections to reduce triplen harmonics [6]-[8]. However, this research was only
carried out on triplen harmonics, not yet carried out on other multiple harmonics. This research
will perfect previous research in reducing individual harmonics at other multiple orders.

Each three-phase winding can be split into two parts and connected to a different node to
create the zigzag connection. Neutral currents and zero-sequence harmonic currents will be
reduced by a zigzag transformer [9]. Previous research has also improved the quality of electrical
power in photovoltaics using zigzag and fuzzy transformers [10]. Research conducted by [11]
connects the transformer coils in a star-zigzag manner in rural areas to determine the efficiency
of the zigzag transformer which is also connected to consumers. Zigzag transformers can also be
used to suppress the iron losses and DC magnetization brought on by three-phase rectifiers.
Based on these issues, this research was conducted to investigate how zigzag transformers work

in the distribution network to reduce harmonics. The purpose of this study is to ascertain whether
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installing a zigzag transformer has any impact on bringing harmonic levels down to below the
predetermined threshold.

Zigzag transformers are applied to balanced loads, according to [12]. In this study, it was
discovered that adding an inductor to the load side can increase the load side neutral current's
reduction. Harmonic distortion can disrupt the performance of electrical machines, therefore
research [13] carried out the installation of zigzag transformers to improve the performance of
induction electric machines. Installation of zigzag transformers has also been carried out in
railway electrical power systems [14]. The aim is to balance the load on the train's electric power
system as well as improve power quality. To obtain a suitable mathematical model for the zigzag
transformer under balanced connection conditions, one can refer to Reference [15]. Zigzag
transformers have also been used in hybrid AC-DC systems [16]The aim is to improve the
quality of electrical power in the hybrid system which is caused by the large number of inverters
in the DC system entering the AC system. Another technique for reducing harmonic distortion is
using the Euclidean direction search-based control technique [17]. Zigzag transformers have
been used to increase energy effigiency in electric power systems [18]. The research carried out
[19], [20] combined a 12-pulse t&de bridge rectifier and a 36-pulse AC-DC converter with a
zigzag transfoaler autoconnect to reduce the impact of harmonic distortion from the diode
bridge device. Previous research that has discussed the power quality in electrical power systems
that are interconnected with renewable energy can be seen in the References [21], [22]. A single-
phase rectifier that powers unbalanced non-linear loads and loads with an AC voltage regulator
is the load being modeled. The study covered neutral current reduction as well.

Research gap based on previous research [21], [22], shows that harmonic filters, whether
passive or active, have shortcomings such as only being able to reduce harmonic distortion in
certain areas and are less effective in reducing harmonic distortion in the entire distribution
system. The further the distance between the harmonic filter and the non-linear load, the lower
the perfo ce of the harmonic filter. Therefore, this journal presents a way to reduce harmonic
distortion using a zigzag transformer. The position of the zigzag transformer as a Point of
Common Coupling (PCC) can reduce overall harmonic distortion in the distribution system and

is more effective than a harmonic filter.

II. Material and methods

A non-linear load is a load that produces a non-sinusoidal output current when operating in a
sinusoidal voltage. Non-linear loads are divided into two when viewed in terms of working

characteristics. The first type is a transient change which has working characteristics in the form
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of a momentary increase in current. The second type is a non-linear load which has working
chﬁctcristics in the form of periodic non-linear current.

In general, non-linear loads are electronic equipment that contains many semiconductor
components. In operation, this component works as a switch that is active at every wave cycle
from the voltage source. This process causes non-sinusoidal distortion of the current wave. This
wave has an erratic shape and can change according to settings in the parameters of the
semiconductor components in electronic equipment. The voltage source does not affect the
change in wave shape.

Examples of non-linear loads include power electronics applications such as rectifiers and
inverters, battery chargers, adjustable speed drives (ASD), silicon-contgglled rectifiers (SCR),
and others. These loads contribute to the emergence of harmonics which have a negative impact

on the electric power system.

A. Harmonic
Harmonics is a phenomenon in electric power systems that can be caused by distortion of
current and voltage waves. Therefore it is important to measure harmonics in ent
transformers and voltage transformers [23]. The cause of this distortion is the formation of waves
whose frequencies are integer multiples of the basic frequency [24], [25]. The fundamental wave
is distorted by 3rd order harmonic waves. The harmonic waves have a frequency three times the

fundamental frequency. This distorted fundamental wave causes the waveform to become non-

sinusoidal as shown in Figure 1.
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Figure 1. Effect distortion harmonic to sinusoidal waveform

Along with the development of electronic technology in power systems, the use of non-linear
loads is increasing. Non-linear loads are loads whose impedance value changes according to
changes in voltage, so that the current in the load does not match the voltage [26], [27]. The
results of the IEEE standard benchmarking test for the contribution of harmonics to electric
power systems [28] show that the causes of harmonics can be written based on the following:

*  Power electronic equipment such as rectifiers and converters.

*  Equipment that can trigger arcs such as arc furnaces and fluorescent lamps.

*  Equipment with ferromagnetic core saturation such as induction motors and transformers.

B. Harmonic Distortion

Harmonics produced by non-linear loads are injected back into the system power source. This
harmonic current will have a broad impact and interact with system components such as
capacitors, motors, and transformers. Harmonic currents are also the cause of various problems
[29], such as induction interference in long-distance communication systems, errors in measuring
instruments, excessive heat in circuit breakers so that they can disconnect themselves, and
control systems that can lock themselves. This problem can cause cost losses due to maintenance.

Harmonics can affect the performance of every equipment component around the distribution
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system [30], and can even result in power losses in the AC system when sending power through
the conductor [31]. This can result in reduced performance and even damage to the equipment.

Normally, a linear load produces load currents per phase that cancel each other out so that the
current in the neutral wire will be zero. This is different from single-phase non-linear loads
which trigger the emergence of odd harmonics in multiples of three (3rd, 9th, 15th, 21st, and so
on) which are zero sequence harmonics.

Harmonics can be analyzed using indices ﬁ can be used to determine the impact of these
harmonics on the electricity system, namely Individual Harmonic Distortion (IHD) and Total
Harmonic Distortion (THD). Individual Harmonic Distortion is the ratio between the Root Mean
Square (rms) value of the harmonics of each order and its basic rms value. This IHD applies to

both voltage and current. The following is the formula for calculating IHD for harmonics.
IHD = % 100 % 0]
1

where I, 1s the nth order harmonic current (A) and I, is the fundamental current (A). Based on
this definition, IHD; will always be 100%. This harmonic calculation method is known as
harmonic distortion which refers to its basic value. This calculation is used by the Institute,Qf
Electrical and Electronic Engineers (IEEE) in America. Total Harmonic Distortion (THD) is the
ratio of the rms value of the total harmonic components to the rms value of the basic components.
THD also applies to voltage and current. For example, if the noﬁnear voltage has a basic
component V_1 and harmonic components Vi, V2, Vi, up to V, then the rms value of the voltage

harmonics can be calculated using the following equation.

Vy = JVE + V2 VR 4+ V2 )

The THD at voltage can be calculated using the following formula.

fE;O=2 (Vn)?
THD, = ———

Vi (3)
where V, is the nth order harmonic voltage (V) and V,; is the fundamental voltage (V).
Meanwhile, THD on the current can be calculated using the following formula.

[, am?
THD, = Y“"—— )

1

where I is the nth order harmonic current (A) and I is the fundamental current (A)

C. Zigzag Transformer
The transformer is a component that plays an important role in the electricity system. A
transformer is an equipment that functions to distribute electrical power o different voltage

levels. The voltage can be increased or decreased according to the size of the current flowing
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through the coil. In principle, a three-phase transformer is a single-phase transformer that is
arranged into three phases and has two coils, namely the primary and secondary coils. These
coils can be connected in three ways, namely triangular (delta), star or wye, and zigzag
connections.

Zigzag transformers are different from transformers in general. This transformer provides a
neutral point so it is also called a grounding transformer. This transformer can also equalize the
load on a three-phase system. Apart from that, the zigzag transformer is also able to attenuate
neutral currents and zero sequence harmonic currents. A transformer with a zigzag connection
can be obtained by dividing each wye-connected coil into two equally. This half is connected to
the other half of the coil in the opposite way (subtractive polarity) and intersects (zigzag). This
subtractive polarity relationship causes the harmoniﬁurrent to be reduced. The zigzag
connection in the transformer is obtained by connecting three single-phase transformers or three-

phase transformers in a special way as shown in Figure 2.

A > TV .
iza “
B N M2 :
izb
s — N
C N Y D—= in
izc
.
Fi 2. Zigzag transformer connection

In a three-phase four-wire system, the zero sequence three-phase currents ia(t), ino(t), and

ico(t) have the same amplitude and phase [6],[7], so

lg =1po(t) =igo(D) (5)
The neutral current iy(t) is the sum of the zero sequence currents which can be written as
in(t) =3 g (6)

WW iao 18 the zero sequence A phase current, in, is the zero sequence B phase current, and
ico is the zero sequence C phase current. In is neutral current. Because the transformer coils have
a ratio of 1:1, the input current flowing to a point on the pwary coil will be the same as the

output current flowing from a point on the secondary coil, so it can be written as follows.

iza. (t) = izb (t) (7)
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I.zI:! (t) = izc (t) (8)
fze(t) = i5q(t) ©)
Base Figure 2, the 3 phases voltage analysis on the zigzag transformer used in this

search can be represented as the following equations.

V4 =V, sin(wt) (10)

V = Vi sin [wt — ] (11)
2n

Ve =V, sin |t +— (12)
m 37 3]

where Vm is the peak value of the voltage in a single phase system in a zigzag transformer.
Meanwhile, to analyze the voltage in a 3-phase zigzag transformer system, it can be represented

as the following equations.

Vas = V3V, sin [wt +§] (13)
Ve = V3V, sin [wt—gl (14)
Vea = V3 Vy sin [wt +7] (15)

Figure 3. Phasor diagram of zigzag transformer
Figure 3 shows the shape of the phasor diagram of a zigzag transformer. Based on this figure,

the shifted voltage values of phases A, B, and C can be calculated using the equation below.

Var = my(Vap — Vac) + my Ve (16)
Vaz = my(Vap — Vac) — my Ve (17)
Vi1 =my (Ve — Vap) + my Ve (18)
Vea = my (Ve — Vap) — My Ve (19)
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Ver =my(Vae — Vpe) + my Vap (20
Vea =my(Vae — Vpe) —my Vap (21

where, Var, Vic, and Vac are the 3 phase system voltages in the zigzag transformer
configuration. Meanwhile, m; has a value of 0.5773 and m» has a value of 0.2679. The values m;
and m; play a role in determining the number of coils in the zigzag transformer. By substituting

the values of m1 and m2 into Equations (16) to (21), the new equations are obtained as follows

= (V3 — 1)V, sin [wt - %] (22)
Viz = (V3= 1)V sin [wt + 7] (23)
Vay = (V3 = 1)l sin |t — F = Z] = (V3 = 1)V, sin [t — 2| (24)
Vs = (Y3 = Dk sin oot =5+ 5] = (V8 = D¥sin [t - 3] @)
Var = (V3 — 1)m sin [wt + 5 - =] = (V3 - 1)V sin [wt + ] (26)
Var = (VB = D)V, sin [t + 2 + Z] = (V3= 1)U, sin [wt + 2] @7

By applying the voltage equation model, the voltage harmonics in the zigzag transformer can
be reduced. Meanwhile, the harmonic current is based on the zigzag transformer configuration as

in Figure 4.

—
A A Tpzemy I

Figure 4. Phasor diagram of zigzag transformer
Based on Figure 4 and by applying Kirchoff's law (KCL), the current input to the zigzag
transformer for each phase can be modeled in the following equations.

IA = IAl + IAZ + 11 (28)
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IB:IBI +192+l2 (29)
JC = ICl + 1(_\2 + 13 (30)
Meanwhile, in the current coil with the values m: and ma2, the current equation for each phase

in the zigzag transformer is obtained as follows.

my Iy =my (a1 + Ih2) (31)
I = (2v3 =3) (a1 + Ls2) (32)
I, = (Zm) (Ig1 + Ip2) (33)
Iy ?2@) (er + I¢) (34)

y applying the current equation model, the current harmonics contained in the zigzag

transformer can be reduced.

D. Method

In tﬁmodeling in Figure 5, the system is composed of a -phase voltage source that
serves a non-linear load in the form of a three-phase rectifier. A zigzag transformer is installed
between the voltage source and the load. Due to consideration of the impedance factor, the
zigzag transformer is connected to a voltage source via a 500 m long conductor and connected to

the load via a 20 m long conductor.

powergui

| Discrete
- Se05s.
THD

>
ﬂ'l!;
T
—
¥

Figure 5. Distribution network model

In Expegiment 1, the transformer rating was set at 100 kV A. The zero sequence resistance and
reactance gare set at 0025 pu and 0.75 pu, respectively. The magnetization resistance and
reactance are set at 0.5 pu and 0.5 pu, respectively. In Experiment 2, the transformer rating value
was reduced to 80 kVA. Then in Experiment 3, the zero sequence resistance and reactance
values were increased to 0.05 pu and 1 pu, respectively. Then in Experiment 4, the magnetization
resistance and reactance values were changed to 1 pu and 1 pu. Meanwhile, the voltage and

frequency used were the same for each experiment, namely 220 V and 50 Hz. The simulation is
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run by collecting data discretely. The simulation was run over a time span of 0.1 s with a sample
time of 50 ps. Analysis was carried out with the help of Fast Fourier Transform.

The Fourier transform is a mathematical formula that transforms a function in the time
domain into another function in the frequency domain. Apart from time and frequency functions,
the Fourier transform is also applicable to other functions. Understanding the Fourier transform
will be easier if you use time and frequency parameters. In addition, most uses of the Fourier
transform relate to these time and frequency parameters.

The Fourier series is the Fourier transform of a function of time that has periodic properties. A
periodic function is a function whose value repeats itself in every certain period for an infinite
distance. In general, the parameters related to periodicity are the period T, frequency f, or
angular frequency ©. Based on the Fourier transformation, every periodic function x(t) with

period T can be decomposed into sine and cosine functions as follows.

x(t) = Z—O + Ynoila, cos(n 2nfit) + b, sin(n 2r fit)] (35)
T1
, I
o = 1 f_z%x(t) dt (36)
,
ay, = %j’ 2, x(t) cos(n 2nfit) dt, forn=1,2,3, ... (37)
Sy
, I
b, = % _ZT_lx(t) sin(n2nfit) dt, forn=1,2,3, .. (38)
2

Thus, the decomposition or decomposition of the periodic function x(t) has been defined.
These equations represent the Fourier series, namely the Fourier transform for periodic functions.
In any periodic function, it is possible to contain a direct component (DC) that has no frequency,
a sine or cosine function component with a certain fﬁlency which is the fundamental
frequency fi, and a sine or cosine function component with a frequency that is an integer

multiple of the fundamental frequency, namely 2f, 3f;, 41|, and so on.
I1I. Results and Discussions

A. Conditions before the distribution system was installed with a zigzag transformer

In the conditions before the installation of the zigzag transformer, circuit simulations were run
to observe the voltage and current waveforms and current harmonic values in each order and as a
whole. The voltage and current waveforms before installing the zigzag transformer are shown in

Figure 6.
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Figure 6. Voltage and current waves before installing the zigzag transformer
Figure 6 shows that the current wave is not sinusoidal. This is due to harmonic distortion

caused by non-linear loads. This distortion produces defects in the current wave so that the

current wave becomes not sinusoidal. Individual H ic Distortion (IHD) values for each

order and Total Harmonic Distortion (THD) values for voltage and current are found with the

help of the Fast Fourier Transform Ihe results of the Fast Fourier Transform analysis before

installing the zigzag transformer are shown in Figure 7.
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Figure 7. Results of analysis of IHD and THD values before installing the zigzag transformer
Conditions before the installation of the zigzag transformer, the highest voltage harmonics

were in the 5th order, namely 1.05%, the 7th order was 0.61%, and the 11th order was 0.67%.

Harmonics also appear in the 13th, 17th, and 19th orders at 0.42%, 0.37%, and 0.23%
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respectively. Meanwhile, the THDv value is 1.60%. For current waves, the highest harmonics are
in the 5th order, namely 22.27%, the 7th order 8.83%, and the 11th order 6.53%. Harmonics also
appear in the 13th, 17th, and 19th orders. Meanwhile, the THD; value is 25.26%.

B. Experiment 1 after installing the zigzag transformer
In Experiment 1, a zigzag transformer with parameters P, = 100 kVA, Ro= 0.025 pu, Xo=

0.75 pu, Ry =0.5 pu, Xn=0.5 as installed in the circuit. The voltage and current waveforms

in Experimental condition | are shown in Figure 8.

NV \
NN

Time (s) e

g

J Voltage (V)
T
e

1

T

L]

8

Figure 8. Voltage and current waves in Experiment 1
Figure 8 shows that the current waveform is close to a sinusoidal shape, although not perfect.
The imperfection of this sinusoidal shape is caused by harmonic wave distortion that has not

completely disappeared. The results of the Fast Fourier Transform analysis after Experiment 1

are shown in Figure 9.

Page 13 of 24




o L e I | L I s

10
11
12
13

3.00

2.50

® Voltage
® Current
- J‘--- |
5 7 11 13 17 19 THD

Order

N
8

Magnitude (%)
(=1
S

8

=)
&

Figure 9. Results of analysis of IHD and THD values in Experiment 1

In Experiment 1, the 5th order voltage harmonics decreased to 0.56%, the 7th order by 0.35%,
and the 11th order by 040%. The voltage harmonics in the 13th, 17th, and 19th orders also
decreased to 0.27%, 0.26%, and 0.17%, respectively. Meanwhile, the THDy value fell to 0.94%.
For current waves, the highest harmonics are in the 5th order, namely 2.13%, 7th order 0.91%,
and 11th order 0.69%. Harmonics also appear in the 13th, 17th, and 19th orders, namely 0.38%,
0.29%, and 0.17% respectively. Meanwhile, the THD; value fell to 2.48%.

C. Experiment 2 after installing the zigzag transformer s
In Experiment 2, a zigzag transformer with parameters Pp= 80 kVA, Ro=0.025 pu, Xy = 0.75
pu, Ry =05 pu, X, = 0.5 pu was installed in the circuit.'ﬂie voltage and current waveforms

after Experiment 2 are shown in Figure 10.
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Figure 10. Voltage and current waves in Experiment 2
Figure 10 shows that the current waveform is also close to a sinusoidal shape, although not
perfect. The amplitude of the current wave in Experiment 2 decreased slightly when compared to

the current wave in Experiment 1. The results of the Fast Fourier Transform analysis after

Experiment 2 are shown in Figure 11.
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Figure 11. Results of analysis of IHD and THD values in Experiment 2

In Experiment 2, the 5th order voltage harmonics were 0.63%, the 7th order was 0.39%, and
the 11th order was 0.44%. Voltage harmonics in the 13th, 17th, and 19th orders are 0.29%,
0.28%, and 0.18%, respectively. Meanwhile, the THDv value is 1.04%. For current waves,
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harmonics are found in the 5th order, namely 2.79%, the 7th order is 1.18%, and the 1 1th order is

0.89%. Harmonics also appear in the 13th, 17th, and 19th orders, namely 0.48%, 0.37%, and
0.21% respectively. Meanwhile, the THD; value is 3.23%.

D. Experiment 3 after installing the zigzag transformer
In Experiment 3, a zigzag transformer with parametergPn=100 kVA, Ro =0.05 pu, Xo = 1 pu,
Rm = 0.5 pu, Xin = 0.5 pu is installed in the circuit. The voltage and current waveforms in

Experiment 3 are shown in Figure 12.

Voltage (V)

Current (A)

¥
R
-}

Figure 12. Voltage and current waves in Experiment 3

Figure 12 shows that the current waveform has also approached a sinusoidal shape, although
it is not perfect. The amplitude of the current wave in Experiment 3 decreased slightly compared
to the current wave in Experiment 1. The wave characteristics were not much different from the

wave in Experiment 2. The results of the Fast Fourier Transform analysis after Experiment 3 are

shown in Figure 13.
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In Experiment 3, the 5th order voltage harmonics were 0.64%, the 7th order was 0.39%, and

the 11th order was 0.44%. Voltage harmonics in the 13th, 17th, and 19th orders are 0.30%,

0.28%, and 0.18%, respectively. Meanwhile, the value of THDy fell to 1.04%. For current waves,

harmonics are found in the 5th order, namely 2.82%, the 7th order is 1.19%, and the 11th order is

0.90%. Harmonics also appear in the 13th, 17th, and 19th orders, namely 0.48%, 0.37%, and

0.21% respectively. Meanwhile, the THD; value was 3.26%.

E. Experiment 4 after installing the zigzag transformer

In Experiment 4, a zigzag transformer with parametas Pn=100 kVA,Rg = 0.025 pu, Xo=0.75

pu, Rm = 1 pu, X = 1 pu is installed in the circuit. The voltage and current waveforms after

Experiment 4 are shown in Figure 14.
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Figure 14. Voltage and current waves in Experiment 4

Figure 14 shows that the current waveform has also approached a sinusoidal shape, although

it is not perfect. The amplitude of the current wave in Experiment 4 also decreased slightly

compared to the current wave in Experiment 1. The wave characteristics were not much different

from the waves in Experiments 2 and 3. The results of the Fast Fourier Transform analysis after

Experiment 3 are shown in Figure 15.
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Figure 15. Results of analysis of IHD and THD values in Experiment 4
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In Experiment 4, the 5th order voltage harmonics changed to 0.61%, the 7th order to 0.37%,
and the 11th order to 0.42%. Voltage harmonics in the 13th, 17th, and 19th orders are 0.29%,
0.27%, and 0.18%, respectively. Meanwhile, the THDvy value fell to 1.01%. For current waves,
harmonics are found in the 5th order, namely 2.72%, the 7th order is 1.15%, and the 11th order is
0.87%. Harmonics also appear in the 13th, 17th, and 19th orders, namely 0.48%, 0.37%, and
0.21% respectively. Meanwhile, the THD; value is 3.15%.

F. Comparison of THD values in each experiment

A comparison of current THD; values before and after zigzag transformer installation is
presented in Figure 16. The changes in vgltage THDy values before and after zigzag transformer
installation are presented in Figure 17. Based on the results of this comparison, Experiment 1
gave the best results compared to all other experiments. Experiment 1 was able to reduce the
THD; and THDv values to the smallest among the other experiments, reaching values of 2.48%

for THD; and 0.94% for THDv.
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Figure 16. Comparison of THD; Values in Each Experiment
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Figure 17. Comparison of THDv Values in Each Experiment

Based on previous research [21] using a passive shunt harmonic filter and detuned reactor can
only reduce voltage harmonics up to 3.07%. Meanwhile, in previous research [22] which used a
combination of a C-type harmonic filter with a detuned reactor, it could only reduce THD;
current harmonics by 4.07% and voltage harmonics by 2.71%. This research has better results
than previous studies. This research was able to reduce THDv voltage harmonics by up to 0.94%
and THD current harmonics by 2.48% in experiment 1. Besides that, previous research was only
able to reduce harmonic distorsion in certain areas. Meanwhile, this research can reduce
harmonic distortion in the entire distribution network by placing a zigzag transformer on the

PCC in the distribution system.

IV. Conclusion

This study has conducted extensive research and experimentation to substantiate that the
zigzag transformer is highly efficient at reducing harmonic currents. This efficiency is evident
from the transformation of the current waveform, which initially displayed significant distortion-
related deformation, but transitioned to an almost sinusoidal shape following the implementation
of the zigzag transformer. This study's findings underscore the zigzag transformer's efficiency in
reducing harmonic currents, an efficiency that is further supported by the significant reductions
observed in both THDv and THD; values. Prior to the installation of the zigzag transformer, the
THDv value stood at 1.60%, which subsequently decreased to 0.94% following experiment 1,
1.04% in experiment 2, remained at 1.04% in experiment 3, and slightly reduced to 1.01% in

experiment 4. Similarly, the THD; value, which was initially 25.26% before the installation,
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notably decreased to 2.48% after trial 1, 3.23% after trial 2, 3.26% after trial 3, and finally 3.15%
following trial 4. The extent of reduction in current THD achieved through the deployment of a
zigzag transformer is contingent upon several critical parameters including the transformer rating
or capacith zero sequence resistance and reactance, as well as magnetizing resistance and
reactance. Based on the results of this comparison, experiment 1 gave the best results compared to
all other experiments. Experiment 1 was able to reduce the THD; and THDv values to the smallest
among the other experiments. The impactful findings of this study, demonstrating the zigzag
transformer's significant reduction of THD; and THDy values, mark a substantial advancement in
improving power quality and system reliability in electrical distribution networks. For future work,
investigating the long-term operational effects and cost-efficiency of the zigzag transformer

across diverse electrical systems would be highly beneficial.

References

[1]  R.Khomarudin, K. M. Banjar-Nahor, and N. Hariyanto, “Quasi-dynamic hosting capacity
in radial distribution feeder,” Journal of Mechatronics, Electrical Power, and Vehicular
Technology, vol. 14, no. 1, pp. 62-71, 2023, doi: 10.14203/j.mev 2023 .v14.62-71.

[2]  H.Luthfiyah ef al., “An optimized stator and rotor design of squirrel cage induction motor
for EMU train,” Journal of Mechatronics, Electrical Power, and Vehicular Technology,
vol. 14, no. 1, pp. 3546, 2023, doi: 10.14203/j.mev.2023 .v14 35-46.

[3] K. Dawood, G. Komurgoz, and F. Isik, “Evaluation of the Electromagnetic Forces in the
Zigzag Transformer using a Computational Method,” in 2022 2nd International
Conference on Digital Futures and Transformative Technologies, ICoDT2 2022, 2022.
doi: 10.1109/1CoDT255437.2022.9787448.

(4] K. Karthi, R. Radhakrishnan, J. M. Baskaran, and L. S. Titus, “Role of ZigZag
transformer on neutral current reduction in three phase four wire power distribution
system,” in 2017 International Conference on Intelligent Computing, Instrumentation and
Control Technologies, ICICICT 2017, 2018. doi: 10.1109/ICICICT1.2017.8342548.

[S]  C. Sankaran, “The basics of zigzag transformers,” EC and M: Electrical Construction and
Maintenance, vol. 99, no. 7. 2000.

[6] A. Ahmad, R. Omar, and M. Sulaiman, “Application of ZigZag transformers to mitigate
triplen harmonics in 3 phase 4 wire electrical distribution system,” in SCOReD 2006 -
Proceedings of 2006 4th Student Conference on Research and Development “Towards
Enhancing Research Excellence in the Region,” 2006 4th Student Conference on
Research and Development, Malaysia, pp- 266-269, 2006.  doi:
10.1109/SCORED 2006 4339351.

Page 21 of 24




Ko e o R = Y L

L S T o T T L e T o R T e S N
B oW oo o= © L e - 3 Rk W = D o e - N R W = D

(7]

8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

R. Omar, A. Ahmad, and M. Sulaiman, “Triplen Harmonics Mitigation 3 Phase Four-Wire
Electrical Distribution System Using Wye- Zig-Zag Transformers,” Journal of Emerging
Trends in Engineering and Applied Sciences (JETEAS), vol. 1, no. 1, pp. 72-78, 2010.
https://hdl.handle.net/10520/EJC156738.

S. K. Shaikh, A. M. Mulla, S. U. Bagwan, and Y. A. Makandar, *Analysis and application
of zigzag transformer in distribution system for mitigation of triplen harmonics,” in
Proceedings of the 5th International Conference on Conununication and Electronics
Systems, ICCES 2020, 2020. doi: 10.1109/ICCES48766.2020.9137857.

B. Fan et al., “Principle of Flexible Ground-Fault Arc Suppression Device Based on Zero-
Sequence Voltage Regulation,” IFEE  Access, vol. 9, 2021, doi:
10.1109/ACCESS 2020.3047188.

H. Karimi, M. Simab, and M. Nafar, “Enhancement of power quality utilizing
photovoltaic fed D-STATCOM based on zig-zag transformer and fuzzy controller,”
Scientia Iranica, vol.29,no.5 D, 2022, doi: 10.24200/s¢i.2020.54952.3998.

Y. I. Hanin, O. V. Rodionova, A. P. Panchishkin, M. A. Zaichkina, and Y. E.
Shakhbazova, “On the efficiency of power transformers with «star-zig-zag with zero»
winding connection scheme in rural electricity networks supplying household consumers,”
in Journal of Physics: Conference Series, vol. 2060, p. 012004, 2021. doi: 10.1088/1742-
6596/2060/1/012004.

B. Liu, X. Shi, Y. Li, F. F. Wang, and L. M. Tolbert, “A Line Impedance Conditioner for
Saturation Mitigation of Zigzag Transtformer in Hybrid AC/DC Transmission System
Considering Line Unbalances,” IEEE Trans Power Electron, vol. 32, no. 7, pp. 5070-5086,
2017, doi: 10.1109/TPEL.2016.2608864.

Abdelhafiz Zeiada, Ngu Eng Eng, and Moataz Saad Balla, “Multiple three-phase
induction motors connected to a zigzag transformer,” Maejo International Journal of
Energy and Environmental Communication, vol. 3, mno. 1, 2021, doi:
10.54279/mijeec.v3il 245075.

G. J. Cho, J. Y. Park, H. Jung, M. Han, H. Lee, and H. Kim, “Development of Zigzag
Transformer for Unbalance Compensation in Railway Power System,” Transactions of the
Korean Institute of Electrical Engineers, vol. 71, no. 10, 2022, doi:
10.5370/KIEE.2022.71.10.1474.

M. L. Wu, “Impedance matching and mathematical model of wye-zigzag delta connected
balance transformer,” Tiedao Xuebao/Journal of the China Railway Society, vol. 30, no. 1,

pp. 26-31,2008.

Page 22 of 24




e =1 v b s W e —

LS T S T T L S e T s s T e T o T o R o o o e e T e e T e T S S = =
Y R = - < B B = R S O = =T - - B B = L ¥ B S R . =

(16]

[17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

H. Heidalen and R. Sporild, “Using Zigzag Transformers with Phase-shift to reduce
Harmonics in AC-DC Systems,” International Conference on Power Systems Transients
(IPST’05), Canada..., 2005.
https://www.ipstconf.org/papers/Proc_IPST2005/051PST044 pdf.

M. Badoni, A. Singh, and B. Singh, “Power Quality Enhancement Using Euclidean
Direction Search Based Control Technique,” IEEE Transactions on Industrial Electronics,
vol. 67, no. 3, 2020, doi: 10.1109/TIE.2019.2905835.

K. P. Basu and N. M. Hanoon, “Zigzag transformer - some new applications with a note to
energy efficiency,” International Journal of Power and Energy Conversion, vol. 6, no. 3,
2015, doi: 10.1504/JPEC.2015.070473.

V. Sheelvant, R. Kalpana, B. Singh, and P. P. Saravana, “Improvement in Harmonic
Reduction of a Zigzag Autoconnected Transformer Based 12-Pulse Diode Bridge
Rectifier by Current Injection at DC Side,” IEEE Trans Ind Appl, vol. 53, no. 6, 2017, doi:
10.1109/T1IA.2017.2734892.

P. P. Saravana, R. Kalpana, K. S. Chethana, and B. Singh, “A 36-Pulse AC-DC Converter
with DC-Side Tapped Interphase Bridge Rectifier for Power Quality Improvement,” I[EEE
Trans Ind Appl,vol. 57,no. 1,2021, doi: 10.1109/T1A.2020.3028341.

L. Gumilar, A. Kusumawardana, W. S. Nugroho, and M. Sholeh, “Power Quality
Enhancement on Hybrid Power Plants Using Shunt Passive Power Filter and Detuned
Reactor,” in Proceeding - ICoSTA 2020: 2020 International Conference on Smart
Technology and Applications: Empowering Industrial loT by Implementing Green
Technology for Sustainable Development, 2020. doi:
10.1109/ICoSTA48221.2020.1570599090.

L. Gumilar, D. E. Cahyani, and M. Sholeh, “Combination Detuned Reactor and C-Type
Filter for Electrical Power System under Harmonic Condition,” in 7th International
Conference on Information Technology, Computer, and Electrical Engineering,
ICITACEE 2020 - Proceedings, 2020. doi: 10.1109/ICITACEES0144.2020.9239123.

M. Faifer, C. Laurano, R. Ottoboni, and S. Toscani, “Adaptive Polynomial Harmonic
Distortion Compensation in Current and Voltage Transformers Through Iteratively
Updated QR Factorization,” [EEE Trans Instrum Meas, vol. 72, 2023, doi:
10.1109/TIM.2023.3265097.

L. Chen, W. Zhao, X. Xie, D. Zhao, and S. Huang, “Harmonic Phasor Estimation Based
on Frequency-Domain Sampling Theorem,” IEEE Trans Instrum Meas, vol. 70, 2021, doi:
10.1109/TIM.2020.3039618.

Page 23 of 24




R e R = Y L

[ T N T G T S T N B N S N R R el e e e e e = R
-~ 3 Bk W = D o e~ N B W = D

[25]

[26]

[27]

(28]

[29]

[30]

(31]

M. S. Reza and M. M. Hossain, “A Simple Structure for Accurate Estimation of Single-
Phase Grid Frequency Under DC Offset and Both Odd and Even Harmonics,” IEEE
Transactions on  Industrial  Electronics, vol. 69, no. 10, 2022, doi:
10.1109/TIE.2021.3131851.

Y. Yang, “Precise Modeling of Nonlinear Rectifier Loads in Wireless Power Transfer
Systems,” IEEE J Emerg Sel Top Power Electron, vol. 11, no. 3, 2023, doi:
10.1109/JESTPE.2023.3253068.

Z. Yang et al., “Optimal Siting, Sizing and Outputting of Multiple SAPFs Under
Intelligent Nonlinear Loads Partitioning for System-Level Harmonic Mitigation,” IEEE J
Emerg Sel Top Power Electron, vol. 11, no. 3, 2023, doi: 10.1109/JESTPE.2022.3231723.
B. M. Gianesini, I. N. Santos, and P. F. Ribeiro, “Comparison of Methods for Determining
Harmonic Distortion Contributions Using the IEEE Benchmark Test System,” IEEE
Transactions on Power Delivery, vol. 38, no. 4, 2023, doi:
10.1109/TPWRD.2023.3242942.

J. Feng, J. G. Cao, and Z. H. Wu, “Analysis and Research on Electromagnetic
Compatibility of High Speed Railway Traction Current Harmonics to Track Circuit,”
IEEE Transactions on Applied Superconductivity, vol. 31, no. 8, 2021, doi:
10.1109/TASC.2021.3090347.

H. Hussain, G. Yang, R. Deng, and J. Yang, “Harmonic Injection Strategy Considering
Multiplane Iron Loss Impact with Optimal Magnetizing Flux Distribution for Multiphase
Induction Machines,” IEEE Transactions on Industrial Electronics, vol. 70, no. 7, 2023,
doi: 10.1109/TIE.2022.3203683.

A. Sadeghi, S. Seyyedbarzegar, and M. Yazdani-Asrami, “AC Loss Analysis in
Superconducting Cables Carrying Characteristic and Noncharacteristic Harmonic
Currents,” IEEE Transactions on Applied Superconductivity, vol. 33, no. 6, 2023, doi:
10.1109/TASC.2023.3263930.

Page 24 of 24




MEV Des 2023 Cek Sim/818 CSIM.pdf

ORIGINALITY REPORT

1 2%

SIMILARITY INDEX

PRIMARY SOURCES

0)
Ilitl;cr::(‘j\ttalogue.oup.com 26 words — 1 )0

0
ﬂt‘jr‘,f;ﬂme”'p“b 45 words — 1 /0

mn . . . n . 0
H.andbook of Dl'strlbuted Qeneratlon , Springer 44 words — 1 /0
Science and Business Media LLC, 2017

Crossref

I\/Iuharnlr'nad Mumf, Langlang Gumilar, Arif Nur 44 words — 1 %
Afandi. "Analysis of the Performance of the Electric

Power System at Sentani Jayapura Airport", 2023 8th

International Conference on Electrical, Electronics and

Information Engineering (ICEEIE), 2023

Crossref

Rudi Darussalam, Ahmad Rajani, Tinton Dwi Atmaja, 1 %
. . . 40 words —

Agus Junaedi, M. Kuncoro. "Study of Harmonic

Mitigation Techniques Based on Ranges Level Voltage Refer to

IEEE 519-2014", 2020 International Conference on Sustainable

Energy Engineering and Application (ICSEEA), 2020

Crossref

Zhe Hu, Yang Han, Amr S. %alhaf, Siyu Zhou, -8 words — < 1 0%
Ensheng Zhao, Ping Yang. "Harmonic Sources
Modeling and Characterization in Modern Power Systems: A



Comprehensive Overview", Electric Power Systems Research,
2023

Crossref

doi.org 23 words — < 1 %

Internet

A. Ol’tIZ., C. Gherasim, M. I\/Ia"nana, C.J. Rengdo, 21 words — < 1 /0
L.I. Equiluz, R.J.M. Belmans. "Total Harmonic

Distortion Decomposition Depending on Distortion Origin",

IEEE Transactions on Power Delivery, 2005

Crossref

Rlversg, Stefano”, Fabio Sarzo, and Giancarlo 21 words — < 1 %
Ferrari-Trecate. "Voltage and frequency control of

islanded microgrids: A plug-and-play approach”, 2014 IEEE

International Conference on Smart Grid Communications
(SmartGridComm), 2014.

Crossref

Musa Mohamed Zahidi, Mohamad Hafiz Mamat, o~ < 1 0%
A Shamsul Rahimi A Subki, Mohd Hanapiah

Abdullah et al. "Formation of a Nanorod-Assembled TiO2
Actinomorphic-Flower-like Microsphere Film via Ta Doping

Using a Facile Solution Immersion Method for Humidity

Sensing", Nanomaterials, 2023

Crossref

0
hdl.handle.net 18words — < 1%

Internet

- 0
www.diva-portal.se 18 words — < 1 /O

Internet

www.semanticscholar.org 17 words — < 1 0%

Internet



—
IS

N RN — — — —
o O (¢} ~N o Ul

21

22

Kiran Kumar N K. sivakumar. "A Quad Two'-LeveI 16 words — < 1 %
Inverter Configuration for Four-Pole Induction-

Motor Drive with Single DC Link", IEEE Transactions on

Industrial Electronics, 2015

Crossref

mxg.researchgate.net 16 words — < 1 0%
Jl'gelfnre?alz.um.ac.id 14 words — < 1 0%
Xﬂ'ﬁ’gﬁ”fo 14 words — < 1 %
gzigfies in Computational Intelligence, 2014. 12 words — < 1 %
ntnuopen.ntnu.no 12 words — < 1 0%

Internet

Langlang Gumilar, Arya Kusumawardana, Wahyu 11 words — < 1 %
Sapto Nugroho, Mokhammad Sholeh. "Power

Quality Enhancement on Hybrid Power Plants Using Shunt

Passive Power Filter and Detuned Reactor", 2020 International
Conference on Smart Technology and Applications (ICoSTA),

2020

Crossref

i 0

;cn$e>r<r:c8t|d.123dok.com 11 words — < 1 /O
0

waset.org 11 words — < 1 %
: 0

P.P. Saravana, R. Kalpana, B. Singh, G. 10 words — < '] /()

Bhuvaneswari. "Application of voltage multiplier



29

in 12-pulse rectifier for sinusoidal input current”, Electronics
Letters, 2018

Crossref

: : 0
www.hindawi.com 10 words — < 1 /0

Internet

Aakanksha Girolkar, G. Bhuvaneswari. "Control of < 1 %
) ) : 9 words —

PMBLDC motor using third harmonic back emf

sensing with zigzag transformer", 2014 IEEE 2nd International

Conference on Electrical Energy Systems (ICEES), 2014

Crossref

Lge, Sei-Jung, J|n.Le.e, Sooyeon Song, angl KyejTaek 9 words — < 1 %
Lim. "Glycoprotein isolated from Styrax japonica

Siebold etal. Zuccarini inhibits oxidative and pro-inflammatory
responses in HCT116 colonic epithelial cells and dextran sulfate
sodium-treated ICR mice", Food and Chemical Toxicology, 2016.

Crossref

Zur.layatl Zalnal': S.P. Ang, M. A. Salam, Pg Jamra 9 words — < 1 /0
Weira, R. Goh. "Impacts of nonlinear loads on a 11

kV distribution network", 2014 IEEE PES Asia-Pacific Power and

Energy Engineering Conference (APPEEC), 2014

Crossref

L 0
Ir::j:;llpl.go.ld 9 words — < 1 /0
0
Isnzrrnrer:.snu.ac.kr 9words — < 1 %
: 0
www.mdpi.com 9words — < 1] %o

Internet

] ] i 0)
0-www-mdpi-com.brum.beds.ac.uk 8 words — < 1 )0

Internet



33

B

4

(OF) (OF) w
~ (o)) Ul

38

Bo Liu, X|ao'J'|e S.hl, Yalong Li, Fei Freq 'Wang, Leon 3 words — < 1 %
M. Tolbert. "A Line Impedance Conditioner for

Saturation Mitigation of Zigzag Transformer in Hybrid AC/DC
Transmission System Considering Line Unbalances", IEEE

Transactions on Power Electronics, 2017

Crossref

!}/Imwu Chen, Qunz.har.1 Li, angar? Ma, Wei Liu. 8 words — < 1 )0
Study on the application to traction power supply

system of YNvd transformer", 2009 International Conference

on Sustainable Power Generation and Supply, 2009

Crossref

L 0
ljece.iaescore.com s words — < 1 o

. 0
x\{xg.graflatl.com s words — < 1 0

. 0
Www.ijera.com swords — < 1 Yo

Internet

A!oamshxvar Chakrabartl,.Arc?hendu Saha, Sujit K. 7 words — < 1 /0
Biswas. "Winding open-circuit fault-tolerant

operation of single DC-link dual-inverter fed three-phase open-

end induction motor drive", IET Power Electronics, 2021

Crossref

n 0
Byung Y. Bae, Byung M. Han. Noyel structure of 7 words — < 1 /0
three-phase phase-locked loop with robustness
against disturbances", European Transactions on Electrical
Power, 2008

Crossref

i 0
V). Kruse, DJ. Nickel, E.R. Taylor, L. Bonk, PR. 0. < 1 )0
Barnes. "Impacts of a nominal nuclear
electromagnetic pulse on electric power systems: a



probabilistic approach”, IEEE Transactions on Power Delivery,
1991

Crossref

XU, Zhliwei, LUO, Longfu,.ZHANG, Zhiyven and LI, 7 words — < 1 %
Yong. "A novel asymmetrical connection balance
transformer for traction power supply", TUBITAK, 2015.

Publications

ON OFF
ON OFF



