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1 | INTRODUCTION

In three-phase power grids, most of the loads are constituted by nonlinear devices, such as electronic variable speed
drives, computers, LED lamps, printers, battery chargers, etc. Due to the nonlinear characteristics, these loads are often
the cause of problems related to the power quality, which can result into high economic losses. In general, due to the
continuous technologic innovation, the use of these loads is progressively increasing, since the benefits of using them
are superior to the harmful effects caused. From this perspective, the harmonic currents generated by residential con-
sumers are added to those generated by industrial and commercial facilities.'® This fact significantly decreases the
power quality, resulting in serious consequences for all consumers and to the electric power distribution systems.

Under these conditions, power grids that supply loads with nonlinear characteristics usually have high currents
flowing through the neutral conductor.”'* Specific investigations reveal that the currents that circulate through the
neutral conductor are predominantly characterized by zero-sequence harmonic currents, also called triplen harmonics
(ie, 3rd, 9““, 15“’, ...). Sometimes, these harmonic currents reach values higher than the fundamental component.s'w In
this situation, some problems are frequently detected, especially the overload of the neutral conductor, overheating of
distribution transformers, reduction of the power factor in the power grid, and even interferences in communication
systems."*"”

In the last years, different techniques, active and passive, have been applied aiming at the elimination or reduction of
the zero-sequence harmonic currents in four-wire power systems.'®'® The use of electromagnetic devices has shown to
be a promising alternative for the reduction of harmonic components, namely the triplen harmonics, which have a
strong zero-sequence concentration.’®! Electromagnetic devices are robust and practically immune to resonance
problems®>*! and, when used in passive or even hybrid arrangements, represent an interesting alternative considering
the technical and economic perspectives.

The zero-sequence electromagnetic suppressor (ZSS) is a passive arrangement composed of two distinct devices, a
zero-sequence blocker (ZSB), and a zero-sequence filter (ZSF). These devices provide high and low impedance paths,
resulting in the blocking and deviation of the triplen harmonics currents circulation.'"® Connected in parallel between
a source and a load, the ZSF acts as a low-impedance for the zero-sequence components. Its operation is related to a
specific form of zig-zag connection between its six coils that compose the electromagnetic device.'**°

The ZSB acts as a high impedance for the zero-sequence components, connected in series with the power source.
It is designed using three magnetically coupled coils, implemented in the central column of an EI laminated magnetic
core.

This paper presents a complete study of a ZSS and is organized as follows: Section 2 presents the mathematical
models of the ZSF and ZSB; Section 3 discusses the physical concepts of the harmonic compensation performed by
the arrangement of the passive filters; Section 4 presents the ZSS prototype implementation details; in Section 5 the
experimental results of the ZSS operation in different operating conditions are presented; finally, Section 6 presents
the main conclusions of the study.

17,21

2 | MATHEMATICAL MODEL OF THE ELECTROMAGNETIC SUPPRESSOR

The following topics present the mathematical models and the functionalities of the ZSF and ZSB that constitutes the
ZSS, as well as, the benefits and effectiveness of the conjunct operation of these devices in the mitigation the zero-
sequence harmonic currents generated by nonlinear loads.

3 | ZERO-SEQUENCE FILTER (ZSF)

The ZSF is composed by six coils. In this electromagnetic arrangement, two windings are juxtaposed on the same
column to obtain a coupling with minimum dispersions, Figure 1A, providing a maximization of its functionality, which
is obtained with a unitary coupling coefficient, Figure 1B.

In Figure 2 are represented the self and mutual inductances resulting from the ZSF electromagnetic arrangement.
Assuming that: the self-inductances of superior (Lgp) and inferior (Ly) coils are identical (Lgs = Ly = L); the mutual
inductances between the coils of the same column (M) are identical; and that the mutual inductances between coils
of distinct columns (M) are identical; it can be obtained the equations of positive (1), negative (2), and zero-sequence
(3) voltage components.'*
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FIGURE 1 Representation of the ZSF electromagnetic arrangement: A, zig-Zag interconnection; B, details of the windings and
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FIGURE 2 Representation of the ZSF winding coils self and mutual inductances
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From Equation (3), it is observed that, as the value of the mutual inductance between the coils of the same column, M,
approaches to the self-inductance value of the coils, L, the zero-sequence equivalent inductance tends to a minimum
value. The relationship between these inductances is expressed in Equation (4).

My = Ap+/LiLy “4)

whereA ¢, is the coupling factor between the superior and inferior coils of the same column of the ZSF.
Considering the coupling factor between the coils of a same column of the three-phase magnetic core, the equation
system obtained in Equations (1), (2), and (3) can be represented by the decoupled sequential circuits shown in Figure 3.

4 | ZERO-SEQUENCE BLOCKER (ZSB)

The ZSB arrangement is formed by three coils arranged on the same column of a magnetic core as shown in Figure 4A.
The mathematical model for the ZSB is developed based on the voltage and current ratios of mutually coupled coils,
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FIGURE 3 Decoupled sequential circuits of the ZSF
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FIGURE 4 Representation of the ZSB electromagnetic arrangement: A, disposition of the coils; B, details of the windings
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supplied by a three-phase system.** The coils are juxtaposed (Figure 4B) in order to provide a coupling with minimum
dispersions, which ensures the maximization of its functionality, obtained by a unitary coupling coefficient.

Once the electromagnetic arrangement for the coils has been made, some considerations can be adopted, based on
the similarity of the windings and the geometric and constructive aspects of the magnetic core. These simplifications
ensure, from the analysis point of view, that the behavior of the zero-sequence components of the voltages and currents
be investigated in an isolated way.
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FIGURE 6 Installation of the ZSS composed by the ZSF and ZSB in a three-phase four-wire electrical power system
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Assuming the similarity between the self-inductances of each coil (L,) and between the mutual inductances of the
different phases coils (Mp), it can be obtained the equations of the sequential voltages (5), (6), and (7).

V= jwh|Ly— My I"

Vi = jwh[Ly— M) I

TABLE 1 Constructive and electrical characteristics of the ZSF prototype

Power

Frequency

Maximum voltage on windings
Equivalent voltage on the coil
Maximum current on windings
Connection of the windings
Lamination types

Lamination material

Flux density

Section and material conductor
Area product of magnetic core
Number of turns

Inductance of coils

Resistance of coils

Coupling factor between the coils

5 ch

25 om 15cm

5cm

25cm

9 cm

6.7 kVA

50 Hz
230 V
200V
10 A
Zig-Zag

EI three-phase series

5

(6)

Grain-oriented electrical steel

137 T

4.2 mm*—Enameled copper

5062.5 cm*
168

300 mH
0.193 Q
0.99

FIGURE 8 Developed prototype of the
ZSF: A, dimensions of the EI laminated

core; B, overview of the ZSF
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It can be observed in Equation (7) that the ZSB provides a high equivalent inductance for the zero-sequence compo-
nents and, simultaneously, offers low equivalent inductance for the positive and negative sequences. For this, it is
necessary to obtain a maximum coupling between the coils, in such a way that self-inductances, L;, and mutual
inductances, M, are very similar. Equation (8) expresses the relationship between the mutual and self-inductances

through a coupling factor.

Where:

My =2, Ly

Ap—coupling factor between the ZSB coils;

L,—self-inductance of the ZSB coils.

TABLE 2 Constructive and electrical characteristics of the ZSB prototype

Power

Frequency

Maximum voltage on windings
Maximum current on windings
Lamination types

Lamination material

Flux density

Section and material conductor
Area product of magnetic core

Number of turns

Inductance of coils

Resistance of coils

Coupling factor between the coils

FIGURE 9 Developed prototype of the
ZSB: A, dimensions of the used EI
laminated core; B, overview of the ZSB

2.5 ch

12.5cm
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15V
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FIGURE 10 Schematic of the test platform implemented for experimental studies

A) Fluke 434

B) Current sensors

C) Current probes

D) Non-linear load circuit breaker
E) ZSS circuit breakers

F)ZSB

FIGURE 11 General overview of the workbench used in the experimental tests

TABLE 3 Selected experimental test cases
Cases Load ZSB—k1 ZSF—Kk2
1 Balanced Off Off
2 Balanced On On
3 Unbalanced Off Off
4 Unbalanced On On
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In order to obtain an equality between the values of self and mutual inductances, it is necessary an ideal coupling, 4,
= 1. Thus, for zero-sequence, the self and mutual inductances add, resulting in an inductance three times greater. The
opposite happens for the positive and negative sequences, where the self and mutual inductances cancel each other,
forming a low impedance path for these components. Figure 5 shows the analysis from the point of view of the
equivalent sequential circuits for an ideal coupling between the coils.

These characteristics reveal the blocking of the zero-sequence components, whose effectiveness is proportional to the
coupling factor, and is ideally 4, = 1.
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FIGURE 12 Experimental results without ZSS and with balanced loads: A, source voltages; B, harmonic spectrum of the source voltages;

C, sequential spectrum of the source voltages; D, source currents; E, harmonic spectrum of the source currents; F, sequential spectrum of the
source currents
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5 | HARMONIC COMPENSATION

In order to reinforce the understanding related to the physical concepts of the harmonic compensation provided by the
proposed combined electromagnetic arrangement, a brief explanation of the performance of the ZSS is presented.

Figure 6 shows that there is a connection between the zero-sequence inductances of the ZSF (in parallel), Lzsr, and
the ZSB (series), Lzsp, as proposes the simplified equivalent zero-sequence circuit shown in Figure 7.

Equation (4) expresses the relationship between the mutual inductances to the coupling factor among the superior
and inferior coils of the same magnetic column of the ZSF. In this logic, Equation (9) shows the conformity factor of
the ZSF, &, denomination attributed in this paper to highlight the indispensable constructive similarities of the
windings of the superior and inferior coils of the same magnetic column (Lgs = Ly).

Ly
§ Iy ©)

Then, the zero-sequence inductance of the ZSF is given by

Lysr — Lf<1 ay gf). (10)

In the case of ZSB, Equation (6) expresses the relationship between the self and mutual inductances by means of a
coupling factor. Again, as in the case of the ZSF, and in order to emphasize the constructive similarity of the windings
between the coils of each of the three phases (R, S, and T) of the blocker, the compliance factor, &, is shown in
Equation (11).

&, = Lg/Ls/Ly 1)
Equation (11) shows the characteristic inductance of ZSB.
Ly=Lg=Ls=Lr (12)
Then, the zero-sequence inductance of the ZSB can be determined by Equation (13).

Lzsg = Ly <1 + 24 \/Eb) (13)

Considering, for simplicity, only the inductances and based on the principle of the current divider, the portion of zero-
sequence current produced by the load, Izs - nz, that flows through the ZSF, I sk, can be determined by Equation (14).
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FIGURE 13 Experimental test results without ZSS, with balanced loads: A, power source details; B, voltage and current in one of the
phases at source side
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Lysg

Izsp =

(Lzsg + Lzsg) + Lzsr

Izsn

where Lyg - 4 is the zero-sequence equivalent inductance of the electrical power grid.
Equation (13) shows that as lower is the zero-sequence inductance of the ZSF, in relation to the same inductance of

the electrical power grid and of the ZSB, greater is the effectiveness in draining zero-sequence harmonic currents.

On the other hand, the resulting current at source, I - 4, can be calculated by Equation (14).
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FIGURE 14 Experimental test results with ZSS and balanced loads: A, source voltages; B, harmonic spectrum of the source voltages; C,
sequential spectrum of the source voltages; D, source currents; E, harmonic spectrum of the source currents; F, sequential spectrum of the

source currents
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Equation (14) can still be rewritten as in Equation (16).

Iz _ Ly (1 —4 gf) (16)

Izsne Lf (1 - /lf é‘}) + Ly (1 + 2 §b + (VnZ/CUSCC)

Equation (15) reaffirms that the current flowing in the power grid will be so smaller the higher the system and
the ZSB zero-sequence inductances when compared with the ZSF zero-sequence inductance. Thus, the efficiency
of the system in zero-sequence compensation can be compromised by the power grid characteristics in which it is
installed.

6 | DESIGN AND IMPLEMENTATION

In order to conduct the experimental investigation of the ZSS, a prototype of a ZSF and a prototype of a ZSB were
developed, based on the reference of power transformers design.”* In addition to the aspects related to the power level
to be processed and the nominal voltage established, it is necessary to consider the other constructive aspects necessary
to achieve the desired functionality of the electromagnetic devices.

6.1 | ZSF prototype

For the ZSF dimensioning, based on the theoretical model presented in Section 2, it is verified that the equivalent
inductance of zero-sequence tends to a minimum value when the superior and inferior coils are similar, from the
point of view of their self-inductances, and that the magnetic coupling between them comes close to the ideal. It
is important to note that, in order to guarantee the maximum adopted flux density, the equivalent voltage composed
by the superior and inferior coils of each column of the magnetic core which are supplied by different phases must
be considered.

A ZSF prototype was constructed taking into account the constructive and electrical characteristics presented in
Table 1. These values consider a ZSB core and windings losses of about 10%.

As mentioned previously, on the mathematical models section, the optimization of the device functionality as ZSF
depends mainly on the maximization of the magnetic coupling between the superior and inferior coils of the same
magnetic column. In this context, in order to achieve the best coupling in the construction of the coils, in addition to
the adoption of concentric windings, a particular constructive technique was used, where each loop is composed of
the conductors of each of the windings juxtaposed. In contrast, for positive and negative sequence inductances, it
is desirable that they be maximized, so the interference of the ZSF in the system will be small as possible.
Figure 8 shows the geometric representation of the used EI laminated core and an overview of the ZSF developed

prototype.
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18711713 12:11:45 230U 50Hz38 WYE EN50160

\ I 1 i
[ e | e |

Cua N cun’s’on“'
L1 JE2RES) IN&Z00MN |

FIGURE 15 Experimental results with ZSS and balanced loads: A, power source details; B, voltage and current in one of the source phases
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6.2 | ZSB prototype

For the ZSB dimensioning, based on the theoretical model presented in Section 2, it is verified that the coupling
between the windings of the coils approach in such a way that the self and their mutual inductances are equal and, con-
sequently, the device will provide a high zero-sequence impedance, thus blocking these components. For the equality
between self and mutual inductances, an ideal coupling is needed, which increases the blocking efficiency of zero-

(A)
" 2597 .
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0 +=0.—-0O. .Hrﬂ.ﬂ.n.n,ﬂ.ﬂ,ﬂ.ﬂ,ﬂ.ﬂ.n
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FIGURE 16 Experimental test results with ZSS and balanced loads: A, currents in the ZSF; B, harmonic spectrum of the currents in the
ZSF; C, sequential spectrum of the currents in the ZSF



14 of 20 Wl LEY FREITAS ET AL.

sequence components and, for the other components, positive and negative sequence, the opposite happens, because a
very low impedance is obtained.

Aiming the experimental investigation of the ZSB performance, a prototype has been constructed. The constructive
and electrical characteristics considered in the ZSB construction are shown in Table 2. As in the ZSB prototype, these
values consider a ZSB core and windings losses of about 10%.

The procedure for coil and core design follow the same methodology used in the construction of the ZSF. As men-
tioned above, the device is designed from three magnetically coupled coils and arranged on the same core column.
For this configuration, when connected in series with the grid, the ZSB present high impedance for the zero-sequence
components and can minimize the circulation of triplen harmonics. Figure 9 shows the geometric representation of the
used EI laminated core and an overview of the ZSB developed prototype.

7 | EXPERIMENTAL RESULTS

In order to analyze the performance of the proposed system, the schematic shown in Figure 10 was implemented as a
platform for experimental tests. This platform is composed by a nonlinear load and the ZSS (composed by the ZSF and
the ZSB).

As shown in Figure 10 for the composition of the three-phase nonlinear load, an arrangement with expressive con-
centration of zero sequence harmonics was chosen, but it also generates considerable amounts of positive and negative
sequence harmonic currents. For this, a three-phase nonlinear load composed of three single-phase rectifiers based in
the full-bridge topology was used, feeding variable resistive loads with capacitive filter.

The filtering devices and the loads were connected to a power grid with nominal voltage of 230 V, 50 Hz. The
acquisition and the processing of the captured signals was performed using the Fluke 434 Power Quality Analyzer
and the FlukeView Power Quality Analyzer Version 3.34, respectively.

Figure 11 shows the overall view of the workbench for experimental tests.

The experiments contemplated in this paper were carried out for different arrangements of the system in
steady state, having as main objective the investigation of the ZSS functionality. Looking for a synthetic and clear
presentation, there are presented below the more representative results for the selected test cases, in which the focus
is the ZSS behavior and performance. The operational conditions imposed for experimental tests are summarized in
Table 3.

The results shown below are presented by means of the voltage and current waveforms, including their respective
harmonic spectrum of phase and sequential components. The calculations of the sequential components and the
respective DFTs (Discrete Fourier Transform) were performed using a spreadsheet developed in Microsoft Excel. For
this purpose, 150 samples per grid cycle were extracted from the FlukeView Power Quality Analyzer for each period
of interest. The power grid and load data are also displayed.

TABLE 4 Comparison between test cases 1 and 2

Case 1: Without ZSS Case 2: With ZSS
THD(%) 4.2 2.7
THD(%) 63.1 33.7
In (A) 22.93 0.59
PF 0.8 0.91
TABLE 5 Nonlinear load data
Rectifier—Phase R Rg = 52 Q; Cr = 2820 pF
Rectifier—Phase S Rs =26 Q; Cs = 2820 uF

Rectifier—Phase T Ry =26 Q; Cy = 2820 uF
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CASE 1. WITHOUT ZSS AND WITH BALANCED LOADS

The purpose of this test case is to observe the harmonics produced by the loads, without the ZSS devices (ZSF and
ZSB) connected. The load was fed directly from the power grid. These results are taken as reference for the comparative
study of the filtering performance presented in test case 2, highlighting the waveforms and the harmonic spectrum of
three-phase currents and voltages. Figure 12 illustrates the waveforms and the harmonic distortion levels of voltages
and currents of the system.

The results obtained with the experiment indicate a total harmonic distortion of the voltage (THDy) of 4.2%, calcu-
lated by the average of the THDy in each phase. The total current distortion (THDy) is 63.1% (average of the THD; in
each phase). As expected, the third harmonic, with a strong concentration in zero sequence, presents the most relevant
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FIGURE 17 Experimental test results without ZSS and with unbalanced loads: A, source voltages; B, harmonic spectrum of the source

voltages; C, sequential spectrum of the source voltages; D, source currents; E, harmonic spectrum of the source currents; F, sequential
spectrum of the source currents
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amplitude. However, the fifth, seventh, and ninth harmonic orders have important contributions to the THD. It is also
important to note that the value of the current in the neutral conductor (Iy = 22.93 A) exceeds the value of the currents
in the phase conductors (I = 14.69 A).

As in this case, there is no ZSS connected between the source and the load, the active, reactive, and
apparent powers, as well as the power factor are the same, regardless of the measuring point. The values of the
active, reactive, and apparent power in the source, as well as the power factor, are presented in Figure 13. The
power factor (PF) obtained in this case is 0.80 and is fundamentally due to the harmonic distortion generated by
the load.

CASE 2. —WITH ZSS AND WITH BALANCED LOADS

Figure 14 shows the values of the voltages and currents measured after the connection of the ZSS proposed in this
paper.

By analyzing the results of the three-phase currents, the good performance of the ZSS is clear. The neutral current is
reduced dramatically, and the zero-sequence current harmonics measured in the source side have very low value.
Figure 15 shows the power measured in source considering the operation of the ZSS.

Figure 16 shows the waveforms of the currents that flow through the ZSF, where their homopolar characteristic is
verified, with a predominating frequency in the third-order harmonic.

As predicted, the ZSF provides a path of low impedance for the zero-sequence harmonics. Thus, from the point of
view of harmonics mitigation, this means that, under balanced operating conditions, all triplen harmonic currents
are filtered by the ZSF. On the other hand, a high positive sequence impedance is provided in the design of the device,
whereby a residual positive and/or negative sequence component flows through the ZSF.

To facilitate the visualization of the improvement provided by the ZSS, Table 4 presents a summary of the compar-
ison between the test cases 1 and 2.

CASE 3. —NO ZSS, WITH UNBALANCED LOADS

The purpose of this test case is to investigate the in a situation of load unbalance.

In this experiment, the configuration of the unbalance is caused by the change of the components in one of the
single-phase loads; that is, in one of the single-phase rectifiers, the resistance was changed to 52 Q instead of the
26 Q used in the other two rectifiers. The new load configuration is shown in Table 5.

Figure 17 illustrates the waveforms of the three-phase source voltages and currents without the action of the ZSS.
This case is taken as reference for the analysis of the test case 4.

Analyzing the voltages in the supply system, Figure 17, without the ZSS, it is possible to perceive a slight unbalance
in the voltages caused by the imbalance imposed on the load. Observing the three-phase currents, shown in Figure 17D,
it is possible to verify the unbalanced load characteristic. The same can be observed in the sequential spectrum of the
harmonic currents, which also are not ideally distributed, Figure 17E,F.

The values of the power factor and the active, reactive, and apparent powers measured in the source are shown in
Figure 18.
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FIGURE 18 Experimental test results without ZSS and with unbalanced loads: A, power source details; B, voltage and current in one of
the source phases
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FIGURE 19 Experimental test results with ZSS and with unbalanced loads: A, source voltages; B, harmonic spectrum of the source
voltages; C, sequential spectrum of the source voltages; D, source currents; E, harmonic spectrum of the source currents; F, sequential
spectrum of the source currents
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CASE 4. —WITH ZSS AND WITH UNBALANCED LOADS

Figure 19 shows the three-phase voltages and current measured in the source side with the ZSS connected to the
power system, considering load unbalance.
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FIGURE 21 Experimental results with ZSS and with unbalanced loads: A, currents in the ZSF; B, harmonic spectrum of the currents in
the ZSF; C, sequential spectrum of the currents in the ZSF
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TABLE 6 Comparison between test cases 3 and 4

Case 3: Without ZSS Case 4: With ZSS
THDv(%) 3.6% 2.9%
THD(%) 69.8% 48.4%
In (A) 20.27 0.52
PF 0.8 0.89

Figure 20 shows the power measured in the source considering the operation of the ZSS and the voltage and current
signals in one phase of the three-phase system.

Figure 21 shows the waveforms of the currents in the ZSF, with a strong zero-sequence concentration.

It is found that the ZSF provides a low impedance path for the circulation of zero-sequence harmonic currents,
even under unbalanced load operating conditions. It is verified that the triplen harmonic currents are filtered by
the ZSF.

The summary of the comparison between the test cases 3 and 4 is presented in Table 6.

8 | CONCLUSIONS

The investigations and findings presented in this paper were particularly directed to the experimental investigation of
the integrated operation of the electromagnetic devices that compose a proposed zero-sequence current suppressor
(ZSS). This electromagnetic arrangement, composed by a zero sequence filter (ZSF) and a zero-sequence blocker
(ZSB), was designed with the purpose of minimizing the flow of zero-sequence components in three-phase four-wire
distribution systems.

During the experiments, the ZSS and the loads were connected directly to the power grid, in a 230-V phase-to-
neutral, 50-Hz system (low voltage distribution system in Europe). There were investigated situations considering
balanced (ideal) and unbalanced (nonideal) operating conditions, using nonlinear loads with high content of zero-
sequence components. In these conditions, the experimental results showed a very good performance of the ZSS, which
reduced substantially the circulation of the zero-sequence current harmonics towards the source, especially for
operation with balanced load.

The modification in the nonlinear loads parameters to obtain an unbalanced system generated severe imbalances in
the currents, which increased the total harmonic distortions of the source currents and voltages. With the inclusion of
the ZSS, the problems were significantly reduced, revealing a satisfactory performance of the ZSS, even in unfavorable
operating conditions.

The connection of the ZSS produced good results in all tests performed, thus being presented as an effective
solution to mitigate power quality problems in electrical installations with high neutral currents and zero-sequence
harmonics.
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