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Abstract

The broad usage of nonlinear loads in 3-phase 4-wire distribution systems defines
significant 3rd-harmonic currents that accumulate in the neutral conductor and diminish quality
of power. The present study examines a hybrid model of mitigation integrating Zigzag
transformer connected in shunt with the load and a series passive filter installed on the utility
side in the neutral conductor. The novelty of the proposed approach lies in controlling the neutral
current path by shaping the frequency-dependent impedance, such that third-harmonic
components are blocked from propagating toward the utility and are instead forced to circulate
through the Zigzag transformer. The filter is tuned to show high impedance at the 3™-harmonic
frequency, so restricting triplen harmonic propagation to the load and directing such harmonics
again via Zigzag transformer. Simulations in MATLAB/Simulink under unbalanced as well as
balanced nonlinear loading validate the substantial reduction in neutral current distortion and
utility-side 3rd-harmonic currents. Specifically, the proposed method achieves a reduction of
more than 97-99% in third-harmonic current on the utility side under balanced conditions, while
under unbalanced loading the neutral current total harmonic distortion (THD) is reduced from
438.4% to approximately 49.95%, showing the efficiency of the proposed configuration.

Keyword:- Zigzag transformer, Neutral current, 3rd harmonic, Passive filter, 3-phase 4-wire
distribution power system.

l. Introduction

The rapid development of nonlinear loads, basically based on power-electronic devices
like adjustable-speed motor drives and silicon-controlled rectifiers, has considerably intensified
harmonic distortion in electrical distribution systems [1],[2]. Triplen harmonics (3rd, 9th, 15th,
and higher-order elements) are of particular concern in 3-phase 4-wire networks, because they
are in phase in all three conductors and instead of canceling, they accumulate in the neutral
line[3]. The waveform relation among basic elements and the 3rd-harmonic component they
shown in Figure 1, highlighting the characteristic distortion defined by nonlinear loads. Because
triplen harmonics are in phase in all three conductors, they accumulate in the neutral line instead
of canceling, leading to high neutral current levels, as illustrated in Fig. 2. The harmonic order
relationship is given in Eqg. (1), which indicates that harmonic components occur at integer
multiples of the fundamental frequency. As a result, excessive neutral currents, voltage
distortion, overheating of conductors and transformers, and degradation of overall power quality
may occur, particularly in low-voltage distribution systems supplying sensitive loads[4], [5].
Studies published in the last few years confirm that neutral current accumulation remains a
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critical power-quality concern in modern low-voltage distribution networks supplying nonlinear
and single-phase loads[6], [7].

fo=hxf &

Where: f;,, h, and f represent the harmonic frequency, the harmonic order, and the frequency,
respectively.

=

,,/()\/\
7\ INIVA \v
RVA \/ U

| \
| ” ML
\
| |

> VU
neuntral current
/\ l \ /\ c A A\ K\; ¢ contains 300% of
J \/ / \_/ U 3rd harmenic current

20 40 60 80 100 120 140 160 180 200
Time

SO
—_

——
-
I

Amplitude

|

R e - T

e
—_—
——

=

o

Figure 1. The fundamental frequency signal and 3rd-harmonic order[8].  Figure 2. High 3rd harmonics neutral current under nonlinear loads

Various mitigation techniques have been proposed in the literature to address neutral
current harmonics. Active power filters can generate compensating currents that effectively
cancel harmonic components and can provide excellent performance under dynamic load
conditions[8], [9]. Recent investigations have demonstrated that three-phase four-wire shunt
active power filters can significantly reduce neutral current distortion at the point of common
coupling; however, their implementation is still associated with increased system complexity and
cost[10]. However, their application in medium- and high-voltage systems is sometimes
restricted by high price, complex control requirements, and reduced economic feasibility[9],
[10]. In other words, passive filters show the more economical as well as simpler response for
harmonic mitigation and are broadly applied in practice[11], [12], [13]. Such filters are normally
composed of inductive and capacitive components tuned to particular harmonic frequencies and
offer advantages such as low implementation complexity and high reliability[8], [13]. Current
studies on passive-filter model investigates report effective reduction of THD when filters are
appropriately tuned, however, system impedance sensitivity as well as resonance concerns are
still an issue[14], [15]. Therefore, passive filters might define undesirable resonance with the
supply network, their performance also could be sensitive to variations in system impedance
[16], [17].

Also, Zigzag transformers have been broadly used in 3-phase 4-wire distribution systems
for decreasing neutral current as well as suppressing zero-sequence harmonic elements[17], [18].
Zigzag transformers present a low-impedance path for triplen harmonics due to their winding
configuration, letting such elements circulate locally instead of propagating to the side of
utility[19]. Present strategy is attractive due to its relatively low cost, simplicity as well as ease
of integration into existing distribution systems[16]. Recent modeling and application-oriented
studies reaffirm the effectiveness of Zigzag transformers in reducing neutral current distortion
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under practical nonlinear loading conditions, while also highlighting their limited mitigation
capability when used as a standalone solution[20], [21]. However, previous studies have shown
that the harmonic mitigation capability of Zigzag transformers alone is limited, and in practical
applications, only a partial reduction of third-harmonic currents typically not exceeding 42 -46%
can be achieved, particularly under unbalanced load conditions[22], [23]. In addition, passive
filters, although widely used, are often affected by resonance issues and sensitivity to system
impedance variations, which may limit their performance in practical distribution systems.
Furthermore, existing studies do not adequately address the controlled distribution of harmonic
currents between the load and the utility. To overcome these limitations, the proposed
configuration shown in Fig. 3 integrates a Zigzag transformer with a series passive filter placed
in the neutral conductor on the utility side, aiming to suppress triplen harmonics more effectively
while avoiding resonance with the upstream network. The main novel contribution of this work
lies in an impedance-based strategy for controlling the flow of triplen harmonic currents. Unlike
conventional hybrid approaches that primarily focus on direct harmonic filtering, the proposed
method introduces a coordinated impedance based strategy to control the flow of triplen
harmonic currents. Specifically, the series passive filter is strategically placed in the neutral
conductor on the utility side to present high impedance at the third-harmonic frequency, thereby
preventing harmonic propagation toward the source and forcing these components to circulate
through the Zigzag transformer. This operational principle distinguishes the proposed
configuration from existing hybrid solutions and enhances its effectiveness, particularly under
unbalanced load conditions. The primary objective of this paper is to develop an effective and
low-complexity method for mitigating third-harmonic currents in three-phase four-wire
distribution systems by controlling the flow of zero-sequence harmonic components.
Specifically, this work aims to limit the propagation of triplen harmonics toward the utility side
while forcing their circulation through the Zigzag transformer using a series passive filter
installed in the neutral conductor. The main contributions of this work can be summarized as
follows:

1. A hybrid Zigzag transformer—series passive filter configuration with the filter installed in the
neutral conductor at the utility side.

2. An impedance-based strategy for controlling the path of triplen harmonic currents, preventing
their propagation toward the utility and forcing their circulation through the Zigzag
transformer.

3. Comprehensive simulation analysis under balanced and unbalanced conditions demonstrating
significant reduction in third-harmonic currents and neutral current THD.
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Figure 3. High 3rd-harmonics neutral current under nonlinear loads

I1. Basic Analysis
A. Zigzag Transformer Analysis

Zigzag transformer can be single-phase or three-phase transformer with three windings
and unique construction as shown in Figure 4(a). Zero-sequence currents for the three-phase (i,
, ipo @nd i ) in the three-phase four-wire distribution power system have the same amplitude
and phase. They can be given as[17], [18].

Lao(t) = ipo(t) = Lco(t) 2)

The current of neutral i,,(t) is given by the equation below which represents the sum of
harmonic currents of the zero sequence for all phases a, b, and ¢ [14], [17], [18].

In(t) = 3igo(t) = 3ip(t) = 3ico(t) (3)
The output current flowing out from the connection dot of the secondary coil will be

equal to the input current passing into the connection dot of the primary coil because the
transformer coil turn ratio is 1:1 as shown in Fig.4. Therefore, we have

izq(t) = i,p(t) 4
ip(t) = izc(E) 5)
I7c(8) = izq(t) (6)

Equations (4)—(6) indicate that the currents flowing in the three phases into the three
transformers must be equal. This indicates that the Zigzag transformer can provide a path for the
zero-sequence current. The phase diagram for Fig. 4(a) is shown in Fig. 4(b), and it can be
observed that the voltage across the transformer winding is in phase with the phase voltage of the
three-phase distribution power system[24], [25], [26], [27].



ARTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR
ENGINEERING SCIENCES (JUBES)

Z\_’ww\ as Iall 3 " daal a a PN
Yol. 34, No. 2. \ 2026 ISSN: 2616 - 9916

Ta % n Phase B Fhase &

B : Neutral
Ty g b S e W \ S . S— Phase C

T
e % 1 — Phase A Phase B

% €2 —— Neutral ’ Phase C

a

Fig.4. Zigzag transformer. (a) Circuit connection and (b) phase diagram[27].

11-B. Mathematical Model of the Series Passive Filter

The series passive filter employed in this work consists of an inductor Lgs and a capacitor
Cgr connected in parallel and installed in series with the neutral conductor on the utility side, as
illustrated in Fig. 3. The purpose of this configuration is to provide a frequency-dependent
impedance that restricts the flow of third-harmonic currents toward the utility while allowing
fundamental-frequency components to pass with minimal attenuation.

The equivalent impedance of the parallel LC filter can be expressed as:

1
jWLSf

ZigGw) = (et sy ) 7

Where ® = 2xf is the angular frequency. At the tuning frequency, the inductive and
capacitive susceptances cancel each other, resulting in a high impedance characteristic.
The tuning frequency of the filter is defined by:
1

fe = 2m [LsfCsr

In this study, the filter is tuned to the third-harmonic frequency f; = 3f;, where f; is the
fundamental system frequency. At this frequency, the high impedance of the filter prevents third-
harmonic currents from flowing toward the utility side and forces them to circulate through the
Zigzag transformer, which provides a low-impedance path for zero-sequence components. At the
basic frequency, although, the filter impedance stays sufficiently low, ensuring a usual system
function with no definition of considerable voltage drop.

L

je—

Fig. 5 Series harmonic filter
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C. Mathematical Model of the Proposed System

The proposed harmonic mitigation system includes a nonlinear load supplied by a 3-
phase 4-wire distribution network, a Zigzag transformer connected in shunt with the load as well
as a series passive filter installed in the neutral conductor on the side of utility. The interaction
between these components determines the flow of fundamental and harmonic currents within the
system. Let the phase currents drawn by the nonlinear load be expressed as:

g(t) =i (D) + Zh=3,9,... iah(t) 9)
ip(8) = ip1(t) + Xn=39,..0pn(t) (10)
ic(t) =i (t) + Zh=3,9,... icn(t) 11)

where iy, (t) represents the fundamental component and iy (t) denotes the harmonic
components of order. For triplen harmonics, the harmonic components are in phase and form
zero-sequence currents.

The neutral current can therefore be written as:

() = ia(t) = i (t) = ic(t) (12)
For triplen harmonic components, this reduces to:
in,h(t) =3ign ®) (13)

At the neutral node, the zero-sequence harmonic current is divided between the Zigzag
transformer branch and the utility side through the series passive filter. This relationship can be
expressed as:

in,h(t) = iz,h(t) + iu,h(t) (14)

Where iz,h(t) is the harmonic current circulating through the Zigzag transformer and
iu,h(t) is the harmonic current flowing toward the utility.

The current division is governed by the frequency-dependent impedances of the Zigzag
transformer Z,(h) and the series passive filter Zs¢(h), such as:

. . Z,(h)
lu,h(t) = ln,h(t) Zy(h)+Zs () (15)
. : Zsg(h)

(on(®) = (O 522 (16)

At the third-harmonic frequency, the impedance of the series passive filter becomes
significantly larger than that of the Zigzag transformer, i.e., Zs(3) > Z,(3) . Consequently:

I,3(t) = 0 and i,3(t) = ip3(t) (17)

This condition ensures that third-harmonic currents are effectively prevented from
flowing toward the utility and are instead forced to circulate through the Zigzag transformer. At
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the fundamental frequency, the impedance of the series passive filter remains low, allowing
normal current flow without disturbing system operation.

While Fig. 3 presents the theoretical schematic of the system, Fig.6 shows the
corresponding MATLAB/Simulink implementation used for simulation studies, showing the
implementation of the three-phase source, nonlinear load, Zigzag transformer, and the series
passive filter in the neutral conductor. The model is used to evaluate harmonic mitigation under
different loading conditions.
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Fig. 6 illustrates the MATLAB/Simulink model
IV. Simulation Results and Discussion

MATLAB/Simulink simulations were performed to assess the performance of the
proposed harmonic mitigation under balanced and unbalanced nonlinear load situations. The
model of simulation was enhanced applying the parameters of filter, system, load briefed in
Table 1. Zigzag transformer as well as Hybrid Zigzag transformer—series passive filter
configuration efficiency

separately is evaluated via phase and neutral present waveforms as well as their related
harmonic spectra, with specific focus on total harmonic distortion (THD) and 3rd-harmonic
magnitude on the utility side.

Table 1
S. No Parameter Value
1 Source Transformer 380/220V, 250kVA, 50HZ
2 Balanced Load (R, C) 40Q, 1500uF
3 Unbalanced Load (R, C) (40, 30, 20) Q, 1500uF
4 Z, (Rs, Ls) 0.02Q, 0.2mH
5 Z.n (RLN, LLN) 0.005Q, 0.05mH
6 Zsn (RSN, LSN) 0.015Q, 0.15mH
7 Series Filter (Cg, Lg) 22540 pf, 0.05 mH
8 Z Zig-Zag (RZ,L.Z) 0.521 Q, 0.276mH,
9 Zm Zig-Zag (RM , LM ) 4444 Q, 4.408H
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The parameters listed in Table 1 are selected based on representative values commonly
used in low-voltage three-phase four-wire distribution systems. These parameters are chosen to
ensure realistic operating conditions and to facilitate a fair evaluation of the harmonic mitigation
performance of the proposed configuration.

A. Case 1: Zigzag Transformer Only
1) Balanced Load Condition

Zigzag transformer presents partial triplen harmonic suppression under balanced
nonlinear loading, where providing a low-impedance way for zero-sequence currents. As Figure
7 shows, the peak 3rd-harmonic current at the phase of load obtains nearly 10.95 A, as the load-
side neutral current gets 32.84 A. On the utility side of the related phase and neutral 3rd-
harmonic currents are in turn decreased to 7.01 A and 21.04 A, showing the reduction of nearly
36%. The harmonic spectra shown in Figure 8 validates that; however, the Zigzag transformer
attenuates the 3rd-harmonic element, a considerable harmonic distortion level stays injected into
the network of utility.

40 T i i i =

200 7
A g | s | 1 i

ool | | | |
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40F T T T T 3
20k 1 1 1 1 -
B 0
=20
40 1 1 1 1
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Fig. 7. Result of simulation with the balanced nonlinear load: (A) load current-phase a, (B)
current on the utility side (C) the side of utility neutral current, (D) load neutral current
side



RPRTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR
ENGINEERING SCIENCES (JUBES)

- - -
Aﬂ“w‘ e; ‘n““ :\ :AQA ?A ‘? A
Vol. 34, No. 2. \ 2026 ISSN: 2616 - 9916
Fundamental (50Hz) = 2.549e-05 , THD= 134028371.56% Fundamental (50Hz) = 2.281e-05 , THD= 93846283.09%
35 1 I I I I I I [
30 20
25
15
= &
15 U
10
5l
1 | |
(o] * * : ; * : * (o] + - . t : : +
o 2 4 6 8 10 12 14 o 2 4 6 8 10 12 14
Harmonic order Harmonic order
(a) (b)

Figure 8 illustrates the current spectrum under balanced load, (a) on load neutral side, (b)
on the neutral side of utility

2) Unbalanced Load Condition

The zero-sequence currents’ accumulation causes the substantial increment in neutral
current magnitude as the load does not become balanced. Figure 9 shows the peak 3rd-harmonic
current at the load-side neutral develops to 45.82 A, while the load current around 10.93 A. On
the utility side, the Zigzag transformer decreases the phase and neutral 3rd-harmonic currents in
turn to 6.64 A and 29.35 A, related to reductions of nearly 39% and 36%. The harmonic spectra
in Figure 10 illustrate that the neutral current THD is decreased from 449.37% on the side of
load to 324.2% on the utility side, showing restricted ability of mitigation under unbalanced
operating situations.
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Fig. 9. Result of simulation with the unbalanced nonlinear load: (A) load current-phase a,
(B) current on the utility side (C) utility neutral current side, and (D) load neutral current
side



ARTINIE JOURNAL'S UNIVERSITY OF BABYLON FOR
ENGINEERING SCIENCES (JUBES)
Z\_HM\ as Iall 3 :2.41 ?2 PN
Yol. 34, No. 2. \ 2026 ISSN: 2616 - 9916
i~ Fuqdament?l (50Hz‘) = 10.52." 0 THD=‘449'37“‘@ Funldament‘al (50Hz‘) =91 !!2I 9 THD=.324'20“}‘6
30 -
45
40 25
a5 -
30 20
20
15 | 10 -
10 - 1
5L
B 4
OI. III-.- ol i III
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Harmonic order Harmonic order
(a) (b)

Fig.10 illustrates the current spectrum under unbalanced load, (a) on load neutral side, (b)

on neutral side of utility

B. Case 2: Zigzag Transformer with Series Passive Filter
1) Balanced Load Condition

The series passive filter addition considerably improves the performance of harmonic
mitigation. Figure 1 1shows that as the load-side 3rd-harmonic phase and neutral currents stay
high at nearly 10.61 A and 31.84 A, the phase of utility-side as well as neutral third-harmonic
currents are in turn decreased to around 0.1 A and 0.031 A. It relates to a reduction exceeding
97-99% in comparison to the Zigzag-only configuration. The harmonic spectra in Figure 12
validate that the series passive filter efficiently limits triplen harmonic propagation to the utility
and forces them to circulate in the Zigzag transformer.
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Fig. 11. Result of simulation with the balanced nonlinear load: (A) load current-phase a,
(B) current on the utility side (C) neutral current side of utility, (D) load neutral current

side
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Fig.12 shows the current spectrum under balanced load, (a) on the load neutral side and (b)
on the utility neutral side

2) Unbalanced Load Condition

Under unbalanced nonlinear load conditions, the proposed hybrid configuration maintains
strong harmonic suppression capability. As illustrated in Fig. 13, despite the high load-side third-
harmonic neutral current, the utility-side neutral current magnitude is significantly reduced. The
corresponding harmonic spectra in Fig. 14 reveal that the neutral current THD at the utility side
is reduced from 438.4% at the load side to approximately 49.95%, demonstrating the robustness
of the proposed method under severe unbalanced operating conditions.

100 ! i i i =
o 0.05 01 015 0.2 0.25

Fig. 13. Simulation result with the unbalanced nonlinear load:
(A) load current-phase a, (B) current at utility side, (C) utility
neutral current side, and (D) load neutral current side

11
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Fig.14 shows the current spectrum under unbalanced load, (a) on load neutral side and (b)
on utility neutral side

C. Comparative Performance Analysis

The comparative assessment of the two configurations clearly shows the hybrid Zigzag
transformer—series passive filter strategy superiority. When the Zigzag transformer alone
achieves the moderate reduction in 3rd-harmonic current and neutral current THD, especially
under balanced loading, its performance deteriorates under unbalanced situations. In contrast, the
series passive filter inclusion leads to a drastic reduction in 3rd-harmonic current magnitude and
neutral current distortion on the side of utility, as evidenced by Figures 11-14. Such quantitative
outcomes validate that the offered configuration presents the highly efficient response to mitigate
triplen harmonics in 3-phase 4-wire distribution systems.

It should be noted that under balanced loading conditions, the fundamental component of
the neutral current is inherently close to zero. As a result, the calculated THD values may appear
excessively high, since THD is defined relative to the fundamental component. Therefore, in
this case, the THD index does not accurately reflect the actual level of harmonic distortion, and
the absolute magnitude of the neutral current provides a more meaningful indicator of
performance. Under unbalanced conditions, the THD reaches 449.37% at the load side, is
reduced to 324.2% on the utility side with the Zigzag transformer, and significantly lowered to
49.95%, using the proposed method. According to IEEE 519 recommendations, current THD
limits at the point of common coupling are typically below 5% for low-voltage systems.
Although the Zigzag transformer alone does not satisfy these limits, the proposed configuration
demonstrates a consistent and substantial improvement in THD reduction across all operating
conditions.

It should also be noted that under unbalanced nonlinear loading conditions, the neutral
current contains a significant contribution from triplen harmonics (particularly the third
harmonic), which are zero-sequence components. These harmonics from each phase are in phase
and therefore add arithmetically in the neutral conductor, resulting in a neutral harmonic current
that can reach approximately three times the corresponding phase harmonic component.

12
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Consequently, the neutral current may exhibit relatively high harmonic content compared to
individual phase currents. When combined with a relatively small fundamental component in the
neutral conductor, this leads to very high THD values, which reflect the accumulation of
harmonic currents rather than any inaccuracy in the simulation model.

V. Discussion

The simulation results show that harmonic mitigation efficiency in 3-phase 4-wire
distribution systems significantly relies on the characteristic of the neutral current impedance
path. When only a Zigzag transformer is used, 3rd-harmonic and other triplen elements are
partially suppressed because of the low-impedance path accessibility for zero-sequence currents.
This mechanism accounts for the observed reduction in 3rd-harmonic current magnitude and
neutral current THD on the utility side under balanced loading situations. However, the
mitigation capability of the Zigzag transformer alone becomes limited under unbalanced
nonlinear loads, as evidenced by the relatively high residual neutral current distortion.

The series passive filter introduction basically alters the harmonic current distribution in
the system. Through providing a high impedance at the 3rd-harmonic frequency in the neutral
conductor on the utility side, the filter efficiently limits triplen harmonic currents from
propagating to the source. Therefore, such harmonic components are diverted through the Zigzag
transformer which provides a low-impedance circulation path. This coordinated function defines
the substantial reduction in third-harmonic current magnitude and neutral current THD observed
under both balanced and unbalanced operating situations.

The quantitative outcomes validate that the proposed hybrid configuration not only
develops harmonic suppression under nominal operating situations but also keeps strong
performance under strict load imbalance. The drastic reduction in utility-side neutral current
distortion shows that the offered strategy addresses the inherent limitation of conventional
Zigzag transformer-based mitigation approves, specifically in systems with high nonlinear and
asymmetrical loads’ penetration.

In order to further evaluate the effectiveness of the proposed method, a comparison with
existing harmonic mitigation techniques is considered. Active power filters (APFS) are widely
recognized for their high harmonic compensation capability and excellent dynamic performance;
however, they require complex control strategies and involve higher implementation costs.
Passive filters, although simple and economical, are sensitive to system impedance variations
and may introduce resonance issues. Zigzag transformers alone provide only partial mitigation of
triplen harmonics, particularly under unbalanced load conditions. In contrast, the proposed
hybrid Zigzag transformer—series passive filter configuration combines the advantages of
simplicity and improved harmonic suppression by controlling the path of harmonic currents
through impedance shaping. This results in enhanced mitigation performance without the
complexity associated with active filtering solutions.

13
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Table 2
S. | Method Harmonic Reduction Compl | Cost Performance
No exity under
Unbalance

1 Zigzag Moderate Low Low Weak
Transformer

2 Passive Filter | Moderate- High Low Low Sensitive

3 | Active Power | Very High High High Strong
Filter

4 | Proposed High (Targeted Very High for | Mediu | Medium | Strong
Method triplen harmonics) m

V1. Conclusions

The Present study examined a hybrid harmonic mitigation strategy for 3-phase 4-wire
distribution systems through the integrated use of a Zigzag transformer and a series passive filter.
The Zigzag transformer was connected in parallel with the load, while the passive filter was
installed in series with the neutral conductor on the utility side of to selectively limit third-
harmonic currents.

Simulation results obtained using MATLAB/Simulink under balanced and unbalanced
nonlinear load conditions show that the Zigzag transformer alone offers limited harmonic
mitigation, especially under load imbalance. In contrast, the proposed hybrid configuration
achieves a significant reduction in 3rd-harmonic current magnitude and neutral current total
harmonic distortion on the utility side. The results confirm that forcing triplen harmonics to
circulate via the Zigzag transformer while preventing their propagation to the utility is the
efficient approach to improve power quality.

The proposed approach offers a practical, low-complexity solution for neutral current
harmonic mitigation without introducing resonance issues or adversely affecting fundamental-
frequency operation. These features make the proposed configuration well suited for application
in modern distribution networks with a high penetration of nonlinear loads.
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