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Abstract: With a view to reducing harmonic content in electrical power systems, and, consequently,
improving power quality level, filters and other harmonic compensation devices are widely used.
In the category of filters, they can be distinguished into two classes that are related to the operat-
ing mode, active or passive, both widely known and applied in electrical power grids and in the
most diverse industry sectors. In this sense, taking into account the use of compensating devices in
four-wire electrical systems feeding single-phase, non-linear loads, this paper presents a new hybrid
arrangement of harmonic compensation that incorporates both active and passive filtering, which
performs all functions concerning the harmonic compensation of a four-leg shunt active power filter.
In this hybrid arrangement, the harmonic filtering of positive and negative sequence components is
performed by a three-leg shunt active power filter, while the filtering of zero-sequence harmonics is
attributed to the electromagnetic zero-sequence suppressor. The results, which confirm the effective-
ness of the proposed hybrid arrangement, are proven through simulations and experimental tests in
different operating scenarios, revealing a substantial improvement in the system’s power factor, as
well as a reduction in harmonic distortions.

Keywords: electromagnetic suppressor; harmonics; power factor; shunt active power filter

1. Introduction

In the search for competitiveness in the global markets, many industrial and power-
generation segments are using state-of-the-art equipment and control systems in their
production lines [1-4]. In this context, most of the electrical loads are non-linear devices.
These devices are associated with the more efficient use of electrical energy and control
process optimization [5-8]. From these perspectives, the harmonic currents generated by
predominantly industrial consumers are increasingly being added to those emitted by
residential consumers and those in the service sector, systematically contributing to the loss
of power quality of the electrical energy available [9-15].

Aiming to mitigate harmonic distortion, and, consequently, improve the power factor
in systems, whenever possible, operational measures normally related to the suitability
of loads are adopted, making use of fewer grid-polluting technologies, multiplying the
number of switching pulses in large converters, and changing the topology of electrical
networks, among other things. It happens, however, that, on several occasions, such
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The most common shunt active power filters (ShAPF) are equipment based on the use
of a voltage source inverter with current control with a capacitor on the DC side to act as a
current source, and the topologies used can have three or four arms composed of six or
eight electronic switches, respectively.

The three-phase systems that supply balanced loads and that do not present harmonic
current multiples of three do not require compensation of zero-sequence power. In these
conditions, a simple inverter with only three arms [34-36] is sufficient to provide the
compensation currents and guarantee the correction of harmonic distortions of the supply
currents, unbalances, and power factor. This solution requires only four current sensors
and has a simpler control system.

The topology of a four-arm shunt active filter (ShAPF-4) is applied in three-phase
systems with a neutral wire and can be used to compensate harmonics and correct the
power factor, in addition to balancing the load currents, even with single-phase loads.
However, this solution requires the use of eight power switches and needs six current
sensors and four voltage sensors to supply the necessary data for the control system, which
is also more complex than in the previous case.

Considering, therefore, the expectation of application of compensating structures in
four-wire electrical systems with single-phase loads, it is intended to use in this work
a ShAPF with a lower cost, i.e., a topology with three arms (ShAPF-3) containing only
six power switches. This topological simplification leads to the use of a smaller num-
ber of current and voltage sensors, as well as simplifying the control. However, when
faced with single-phase, linear or non-linear loads, the compensation of the zero-sequence
components cannot be performed. Under these conditions, it is intended to perform the
compensation of the homopolar components by means of a zero-sequence electromagnetic
suppressor (ZSS) [20] composed of a zero-sequence filter (ZSF) [27] and a zero-sequence
blocker (ZSB) [28], which are simple, robust, and reliable passive structures, with mastered
technological knowledge and well-defined costs.

Particularly, as a specific objective of this work, it is intended, therefore, to continue the
preliminary studies carried out in previous works [20,34], investigating through theoretical
considerations, simulations, and experimental tests the performance of this new hybrid
structure of harmonic filtering.

This paper presents a complete study of this hybrid filter and is organized as follows:
Section 2 presents the theoretical and mathematical considerations of the ZSS and ShAPF;
Section 3 presents simulation results of the hybrid arrangement; in Section 4, the experi-
mental results of the hybrid filter operation in different operating conditions are presented;
finally, Section 5 presents the main conclusions of this study.

2. Hybrid Filter

The following sections present the functionalities of the ZSS and the ShAPF that
constitute the hybrid, three-phase, four-wire shunt active power filter (HyShAPF), as well
as the operation of these devices in the mitigation of harmonic currents generated by
non-linear loads.

2.1. Electromagnetic Zero-Sequence Supressor (ZSS)

The so-called ZSS, investigated in detail in [20], is formed by the composition of a ZSF
connected in parallel to the distribution system and a ZSB connected in series, as shown
in Figure 1. The electromagnetic arrangement of the ZSB is formed by three windings
juxtaposed in the central column of the magnetic core. The filter arrangement is composed
of two recognized coils called main and auxiliary, arranged on the same column of the
magnetic core, connected in a zigzag pattern. This denomination of the coils, main and
auxiliary, does not imply their importance level, since it is used only to identify each set
of coils.
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Figure 1. Zero-sequence suppressor (ZSS) composed by the zero-sequence filter (ZSF) and the
zero-sequence blocker (ZSB).

The purpose of the ZSF connected in parallel to a harmonic-generating load is to offer
a means for the homopolar harmonic components to be restricted to the circuit composed
of the load and the filter, with no change in the harmonic content produced by the load
but rather a detour in the circulation path. Thus, the operating efficiency of the ZSF
depends on the proportion between its zero-sequence impedance and the respective system
impedance at the point of common coupling (PCC) [27]. In this sense, the ZSB, which is a
zero-sequence, high-impedance device, works as an impedance adapter, cooperating to
maximize the operation of the ZSF and blocking the passage of zero-sequence harmonic
currents from the load to the source. Therefore, the effectiveness of the ZSF is greater
the smaller its zero-sequence impedance against the respective system impedance at the
PCC. In this context, the main function of the ZSB is to adapt the total impedance in the
PCC seen by the filter, aiming for a performance of the ZSF in line with the mandatory
standards [20-27].

In terms of the physical constitution of the ZSF and the ZSB, it is essentially a coupling
with the minimum number of dispersions, which maximizes their functionalities.

In this sense, for the ZSB to block the zero-sequence by providing a high equivalent
inductance, and, simultaneously, a low equivalent inductance for positive and negative
sequences, it is necessary to obtain a maximum unitary coupling between the coil windings
(Ap =1) in such a way that the self-inductances, L;, and mutual inductances, Mj, are very
similar. Equation (1) relates the self- and mutual inductances through a coupling factor,
Ap. Then:

My = Ay Ly 1

where:

Ay—coupling factor between electromagnetic blocker coils;

L,—self-inductance of blocker coils.

Thus, for the zero-sequence, the self- and mutual inductances are summed, causing an
inductance that is three times greater. The opposite happens for the positive and negative
sequences, and the self- and mutual inductances cancel each other out, forming a free
path for these components. Assuming, therefore, equality between the inductances of each
coil, Ly, and between the mutual inductances of different phases coils, Mj, the following
expressions of the sequential voltages are obtained (Equations (2) and (3)).

Vi) = jwh[Ly — My]I{, 2)

V) = jewh[Ly +2My] I ®)
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Figure 2 illustrates the equivalent sequential circuit analysis for an ideal coupling
between the coils.
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Figure 2. Blocker decoupled sequential circuits.

These characteristics reveal the blocking action to zero-sequence components, the ef-
fectiveness of which is proportional to the coupling factor, which is ideally of unitary value.
In the ZSF, as the mutual inductance value between the main and auxiliary coils of the
same column, M iz approaches the value of the coils’ self-inductance, L r the zero-sequence
equivalent inductance tends to be the minimum value. Ideally, these inductances are

related, as shown in Equation (4).
Mg = Ag\/Lpr Lay 4)
where:

A ¢ —coupling factor between the coils of the same column of the ZSF;

Lpy —self-inductance of the main winding;

L 4 j—self-inductance of auxiliary winding.

Therefore, considering the self-inductances of the identical coils, L r and the mutual
inductances between coils of the same identical column, M £, we then obtain the equations
of the positive and negative sequential voltages (Equation (5)), which are similar since it is
a static piece of equipment for zero-sequence voltage (Equation (6)).

VI, = jwh|2Ls + My +3M] I, 5)

vy = jeoh Ly — M| 1§ ©)

Considering the coupling factor between the coils of the same column of the three-
phase filter core, the system can be represented through the decoupled sequential circuits
illustrated in Figure 3.

For a perfect coupling (A; = 1), the inductance for the zero-sequence is null, that is,
My = Ly. It can be said, then, that the proposed device represents a short circuit for all
zero-sequence currents and is, therefore, an ideal filter for this sequence.



Energies 2023, 16, 1384

50f 28

—
2jwhL,(1-4,)

]
J@hL,(2+ A, =34,)

*.l\‘

L
J@hL ,(2+ A4, =32,)

Figure 3. Decoupled sequential circuits.

2.2. Shunt Active Power Filter

The connection of the ShAPF in the electrical power grid is determined by the possible
configurations of the power systems. Based on the standards adopted since the beginning
of the 20th century, the most common distribution system is the three-phase system, and
the inverters can be powered either by a current source or by energy storage elements.

A possible topology for three-phase, four-wire systems is known as a four-leg inverter.
For this configuration, the fourth leg is used exclusively for neutral current circulation
through the ShAPFE. The advantages compared to the topology of another parallel ShAPF,
such as the split capacitor, are the lower current effort on the DC bus capacitor and the
control system that enables a dynamic performance of the voltage and current control of
the filter. The main one is the use of a greater number of semiconductor switches, a fact that
increases material costs and makes the control system more complex. Figure 4 illustrates
the topology with the four-leg inverter. The equations and development of the ShAPF used
for tests in this work can be seen in [34].

- Ls |
R H/VV\ |
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) s : YN : THREE-
T | Y PHASE
N -——= LOAD
POWER
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i ShAPF-4
| |
3333
T s 1 .
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Figure 4. Four-leg ShAPF connected to a three-phase, four-wire system.
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The p-g theory, proposed by Akagi et al. [37,38], allows the implementation of the
ShAPF control system in a simple and effective mode, since the calculations only consist of
algebraic operations that can be performed with integer arithmetic [34].

Figure 5 presents the electrical schematic of the ShAPF of this work. It basically
consists of an inverter and the control system (controller). From the measurement of the
instantaneous values of the phase voltages (Vg, Vs, and Vr) and the load currents (Iyg, Iys,
and Iyr), the controller calculates the reference compensation currents (Icg, Ics, and IcT) for
the inverter. Finally, the inverter produces the power factor compensation and harmonic
compensation currents (Igr* Iys® and IyT*) as the same mode and in phase opposition as
the load harmonic currents.

R Isr > Iur -
Iss )
\e > S g NON LINEAR
[T, T It g, LOAD
N
o smapra
GRID
/IR /Is /IT
ﬁ for > L
VS. I Ins™
CONTROLLER s » INVERTER
Vr > let | Tur*
Voel - + ‘_{ }_‘ -
Vee

Figure 5. ShAPF block diagram.

2.3. Hybrid Arrangement

Considering the expectation of compensating structure application in four-wire elec-
trical systems with single-phase loads, the possibility of a new arrangement of harmonic
compensation which simultaneously incorporates active and passive filtering and which
presents all the functionalities in terms of harmonic compensation of a four-leg ShAPF was
aspired. From this perspective, a three-leg ShAPF, responsible for filtering the positive and
negative sequence components, and a ZSS, which is assigned the function of draining zero-
sequence components, are jointly used. In light of the p-g theory power components [39,40],
the new power flow, provided by the HyShAPF in question in this work, is performed as il-
lustrated in Figure 6. The components py and py, related to the instantaneous zero-sequence
power, are drained by the action of the electromagnetic suppressor. The components of
power related to the oscillating part of the instantaneous real power, p, as well as the
total components of the instantaneous reactive power, g, are compensated by the three-leg
ShAPF, even with a single-phase load. It is observed that, ideally, under the joint action
of the two devices, only the mean value of the instantaneous real power, p, and the mean
value of the instantaneous zero-sequence power, pg, come from the power supply. For
this configuration, the harmonic compensation of the ShAPF occurs as in a three-phase,
three-wire system, since the responsibility of the fourth wire is transferred to the ZSS.

As previously highlighted, electromagnetic devices are simple and robust structures,
for which the knowledge of projects and applications is already mastered with well-defined
costs. Considering the same power level to be processed, it is assumed that the costs of
electromagnetic devices are lower than those of electronic switches. This relationship can
be even more favorable when taking into account the costs related to signal processing and
electronic switch control.

Thus, from a topological and operational point of view, all the functionalities of a
four-leg ShAPF are achieved using the HyShAPE, composed of a three-leg ShAPF and a ZSS,
as shown in Figure 7. Therefore, the proposed new harmonic filtering hybrid arrangement
is connected to an electrical system as suggested in Figure 8.
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3. Simulation Results

In order to validate the performance of the electromagnetic devices, the ShAPF and
the HyShAPF, digital simulation studies were initially performed in PSIM® software. The
electromagnetic devices ZSF and ZSB were modeled based on the methodologies proposed
in [32] and described in detail in [20]. Basic elements containing mutually coupled inductors
from the PSIM® library were used. The construction of the ShAPF also used basic elements
from the digital simulation software library, such as diodes, DC source, and inductors. The
ShAPF control technique in question was based on the p-g theory and can be seen in detail
in [34,35].

The procedures for the non-linear load composition followed the same methodology.
From the basic elements of PSIM®, two types of loads were configured, three-phase and
single-phase. The three-phase load consisted of a six-pulse diode rectifier feeding an RL
load. To compose the total load, three diode bridge rectifiers with a capacitive filter feeding
a resistive load were chosen. The three-phase load was, therefore, composed of three single-
phase loads. To observe the behavior of the compensation system against load imbalance, a
timed switch was introduced in the model.

Table 1 presents the data used in the configuration of the elements of the simulated system.

Table 1. Simulated system data.

Parameter Value

Power grid voltages 230V

Frequency 50 Hz

Electromagnetic filter (ZSF) Lf =300 mH; Rf =020, )\f =0.998
Electromagnetic blocker (ZSB) L, =5mH; R, =0.03 O; A, =0.998
Single-phase rectifiers with capacitive filter R =420; C=500uF

Three-phase rectifier with inductive filter R=420;L=5mH

ShAPF DC voltage 750V

Results in Steady State

The presented simulations were performed for different steady-state intervals, which
included topological variations of the filtering system and the non-linear load. The central
objective of this analysis was to investigate the sequential distribution of the harmonic
components, as well as the unbalance indices before and after the operation of the filtering
devices and their combinations. The calculations of the sequential components and the re-
spective discrete Fourier transformer (DFT) were performed using spreadsheets developed
in Excel®. For this, 200 samples per cycle for each period of interest were extracted from
the simulation results obtained in PSIM®.

A.  Balanced, non-linear loads without filters

Figure 9a illustrates the steady-state waveforms of the three-phase currents on source
side. On the graph scale, the neutral current was divided five times. This case was taken
as a reference for the subsequent analyses of cases B and C. The set of loads, composed
of a three-phase rectifier with inductive filter and identical single-phase loads consisting
of bridge rectifiers with capacitive filter, presented characteristic harmonic components
according to phase and sequential spectrum, as illustrated in Figure 9b,c.

Figure 10 shows, for the same phase, the voltage and the respective current on the
source side. To facilitate the visualization of the results, in the graphic scale, the phase
current was multiplied five times. The power factor obtained in this case was 0.92 and
was fundamentally due to the harmonic distortion of the current, since the fundamental
component was practically in phase with the voltage.
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Figure 9. Case A—(a) phase current (phases R, S, and T and neutral); (b) harmonic spectrum of phase
components; (c) harmonic spectrum of symmetric components.
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Figure 10. Case A—voltage and current on phase R.

B.  Balanced, non-linear loads with ShAPF in operation

Figure 11 illustrates the steady-state currents’ waveforms on the source side with
a three-leg ShAPF connected. On the graph scale, the neutral current was divided five
times. The results presented in Figure 11b,c clearly show the performance of the ShAPF,
which substantially reduced the harmonic components of the fifth and seventh orders
with predominantly sequential distribution in the negative and positive phase sequences,
respectively. However, the presence of the third harmonic order was observed, with a
strong concentration in the zero-sequence. As expected, in the configuration adopted for
the ShAPF with only three legs, the third component could not be compensated. Thus, the
residual harmonic distortion was practically due to the presence of this component with an
amplitude of 9.7A.

A 35

30 mPhase R

i mPhase S
;\N%/M\ iz | Phase T

\‘\ 15

\J \ 10 1

o =

L L e e e e B 0
1234567 8 9101112131415 h 12345678 9101112131415 h

(b) ()

Figure 11. Case B—(a) supply currents (phases R, S, and T and neutral); (b) harmonic spectrum of
phase components; (¢) harmonic spectrum of the symmetric components.
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Figure 12 shows, for the same phase, the voltage and the respective current on the
source side. To facilitate the visualization of the results, in the graphic scale, the phase
current was multiplied five times. The power factor obtained in this case was 0.94. This
significant improvement in the power factor was due to the reduction of the fifth and
seventh harmonic components, compensated by the action of the ShAPF.

vr is5

400

026 027 028 0.29 03
Time (s)

Figure 12. Case B—voltage and current on phase R.

C.  Balanced, non-linear loads with ShAPF and ZSF in operation

Figure 13a illustrates the steady-state currents’” waveforms on the source side with
ShAPF and ZSF connected. On the graph scale, the neutral current was divided five
times. With the joint action of the ZSF, it was possible to observe a small improvement in
the performance of the compensation system. As can be observed in Figure 13c, a small
reduction in third-order components was noticed. This fact was due to the confinement,
albeit in a precarious way, of a small portion of the zero-sequence components.

A 35 A35

30 m Phase R 30

/’W\\ 25 mPhase S 25

@(L W}(ﬂ /“&i 20 | Phase T 20

“7?( 15 15

/ ARV 10 1 10

5 1 5

0 B

TS T 0
u 12345678 9101112131415 h 12345678 9101112131415 h

(b) (c)

Figure 13. Case C—(a) supply currents (phases R, S, T, and neutral). (b) Harmonic spectrum of phase
components. (c¢) Harmonic spectrum of the symmetric components.

Figure 14 shows, for the same phase, the voltage and the respective current at the
source side. To facilitate the visualization of the results, in the graphic scale, the phase
current was multiplied five times. The reflection of the harmonic distortion reduction was
seen, once again, with the small increase in the power factor to 0.95.

D.  Balanced, non-linear loads with ShAPF and ZSS in operation

Figure 15a illustrates the steady-state currents” waveforms on the transformer sec-
ondary terminal when considering the HyShAPF, in other words, the complete hybrid
compensation system. On the graph scale, the neutral current was divided five times.
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Figure 14. Case C—voltage and current in phase R.
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Figure 15. Case D—(a) supply currents (phases R, S, T, and neutral); (b) harmonic spectrum of phase
components; (¢) harmonic spectrum of the symmetric components.

As seen, the electromagnetic filter acted as a current divider. Under these conditions,
in order for its performance to be maximized, the presented zero-sequence impedance had
to have a value substantially lower than the respective impedance of the upstream system
in relation to the PCC. Thus, in electrical grids where the ZSS PCC presents high levels of
short circuit (similar to in the case of the simulation), it is possible that there will be some
difficulty in the design of this device from a constructive point of view.

Under these conditions, the use of an auxiliary device, the ZSB, is recommended [20,27].
This equipment, as previously highlighted, in contrast to the ZSF, is designed in such a
way as to present a high zero-sequence impedance and low positive and negative sequence
impedance. Therefore, in joint operation, the ZSB (connected in series to the system) can
function as an impedance adapter and, thus, maximize the functionality of the ZSF (connected
in parallel to the system). Figure 15b,c presents the results for the sequential harmonic
components for the operational conditions described. In this case, an expressive reduction
of the zero-sequence components was observed, thus, favoring the best performance of the
compensation system composed of the ShAPF and the ZSS.

Figure 16 illustrates, for the same phase, the voltage and the respective current at the
source side. To facilitate the visualization of the results, in the graphic scale, the phase
current was multiplied five times. The power factor obtained in this case was practically
unitary since the current harmonic distortion was substantially reduced.

E.  Unbalanced, non-linear loads without the action of filters

In order to investigate the capacity of the HyShAPF in operational situations with large
load imbalances, some illustrative results are presented below. The unbalanced, non-linear
load configuration was defined in one phase, specifically, in one of the single-phase rectifiers
with capacitive filter. Figure 17a illustrates the steady-state currents’ waveforms on the
source side, without the action of filters, which were taken as a reference for subsequent
analyses. On the graph scale, the neutral current was divided five times. By analyzing
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Figure 17b,c it is possible to verify the unbalanced characteristic of the resulting total load.
As expected, the fundamental component presented non-zero values in the three phase
sequences. The same was observed for the other sequential components, although the
concentration in the respective typical phase sequences was still detected.

vr i

0.48
Time (s)

Figure 16. Caso D—voltage and current in phase R.
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Figure 17. Case E—(a) supply currents (phases R, S, and T and neutral); (b) harmonic spectrum of
phase components; (¢) harmonic spectrum of the symmetric components.

F. Unbalanced, non-linear loads only with ShAPF in operation

Figure 18a illustrates the steady-state currents” waveforms on the source side for
unbalanced loading under the action of only the three-leg ShAPFE. On the graph scale,
the neutral current was divided five times. The results indicate the expected action of
the ShAPF, which reduced, for example, the levels of the fifth and seventh harmonic
components concentrated in negative and positive sequences, respectively, as seen in
Figure 18b,c. It is noteworthy that, in this case, due to the imbalance imposed by the
asymmetry of the loads, the entire harmonic spectrum concentrated in the zero-sequence
remained unchanged in relation to the previous case, including for the fifth and seventh
harmonic orders. Naturally, such behavior was predictable as the topology adopted for the
ShAPF does not support the compensation of zero-sequence powers. Thus, the imbalance
and residual distortions were directly related to the presence of homopolar components in
the different harmonic frequencies as well as in the fundamental component.

Figure 18. Case F—(a) supply currents (phases R, S, and T, and neutral); (b) harmonic spectrum of
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phase components; (¢) harmonic spectrum of the symmetric components.




Energies 2023, 16, 1384

13 of 28

G.  Unbalanced, non-linear loads with HyShAPF in operation

Figure 19a illustrates the steady-state currents” waveforms on the source side consid-
ering the performance of the complete hybrid filter arrangement, the HyShAPEF. On the
graph scale, the neutral current was divided five times. The performance of the hybrid com-
pensation system was, once again, satisfactorily verified. The combined electromagnetic
devices confined the zero-sequence components only between their PCC and the loads,
thus, inhibiting their flow through the other paths of the grid, as shown in Figure 19b,c. In
this case, there was a significant reduction of all zero-sequence components in the currents
coming from the power supply, with a direct benefit to the residual levels of unbalances
and harmonic distortions.

A 30

M«,\ 25 ®mPhase R

W” mPhase S

20 A

Phase T

15

M 10

s 2

0

B 1234567 8 9101112131415 h 12345678 9101112131415 h

(b) (c)

Figure 19. Case G—(a) supply currents (phases R, S, and T and neutral); (b) harmonic spectrum of
phase components; (¢) harmonic spectrum of the symmetric components.

H.  Comparing Results

The overall results presented in Table 2 briefly demonstrate some characteristics of
the currents on source side for different arrangements of the compensation system and
for the different loading conditions analyzed above (balanced load—BL—and unbalanced
load—UL). The effective values of the currents in the three phases, the effective values of
the sequential components, the current total harmonic distortions (THD¢), and the residual
unbalance factors in the negative (UF-) and zero (UF;) sequence are presented. For the
residual unbalance factors, two versions are particularly presented. The first refers to the
unbalance factor classically known as the relation between the rms values of the negative
and positive sequence currents. The second, less usual, but particularly important in this
evaluation, represents the relationship between the effective values of the zero- and positive
sequence components. Considering, therefore, a four-wire system, where, eventually the
zero-sequence components may be present, the perfect symmetry between the currents in
the lines is guaranteed when the two unbalance factors mentioned are simultaneously zero.

Table 2. Results for different combinations of the hybrid filter arrangement.

Arrangements

Currents (A_rms) Sequencies (rms) THDc (%) UF (%)

R S T +) “) (0) R S T +) 0

BL/without filters

21.2 211 21.2 19.7 3.1 7.1 39.9 40 40 0.1 0.1

BL/ShAPF

219 219 22.0 20.1 0.5 7.1 344 34.6 33.6 0.5 0.0

BL/ShAPF + ZSF

21.6 22 21.6 20.8 0.4 6.4 31.7 30.4 31.0 0.6 1.9

BL/ShAPF + ZSF + ZSB

20.6 20.6 20.6 20.6 0.4 0.1 2.7 2.7 2.7 0.1 0.1

UL/without filters

10.4 21.1 21.1 16.7 4.7 5.8 28.8 39.9 40.0 19.7 19.8

UL/ShAPF

15.0 194 20.4 17.5 0.5 5.8 33.8 26.1 25.1 0.5 18.6

UL/ShAPF + ZSF + ZSB

17.4 17.3 17.5 17.4 0.4 0.2 3.0 3.7 3.1 0.1 0.7
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The comparative results illustrated in Figure 20, generated from the data presented
in Table 2, clearly show the importance of electromagnetic devices in reducing the THDc
of supply currents. In the first investigated cases where the single-phase loads operated
symmetrically, the harmonic multiples of three, with a strong concentration in the zero-
sequence, could not be compensated by the three-leg ShAPF. So, with only the ShAPF
acting, the harmonic distortions, although they were significantly reduced, remained, on
average, with residual values of around 86% of the original distortion (from 40% to 34.2%).
With the introduction of the ZSF, there was an ineffective reduction in residual harmonic
distortions of about 8%. However, with the input of the ZSB, which makes up the so-called
ZSS, the reduction of harmonic distortion in the supply currents was greater than 90% on
average. For load imbalance conditions, the results obtained were also encouraging and
clearly show the efficiency of ZSS in confining zero-sequence components, as shown in
Figure 21.
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Figure 20. Total harmonic distortions and current unbalance factor with the variation of the filter
arrangement with balanced load.
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Figure 21. Total harmonic distortions and current unbalance factor with the variation of the filter
arrangement with unbalanced load.

The joint action of the ShAPF and the ZSS ensured residual zero-sequence unbalance
indices lower than 0.7%, thus, providing a reduction of approximately 96% (from 19.8%
to 0.7%) compared to the value obtained only with the ShAPF actuation. In addition, the
reduction in the negative sequence unbalance provided by ShAPF was even more effective
when it was operated in conjunction with ZSS, and, under these conditions, there was a
reduction of about 99.5% (from 19.7% to 0.1%).
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4. Experimental Results

In this section, experimental results of the proposed HyShAPEF, described in Section 2,
consisting of a ZSS and ShAPF, are presented. Initially, a brief explanation of the experimen-
tal procedures is presented, including a brief description of the materials and equipment
used. Then, with a view to a more enlightening presentation, some tests are described in
which the focus was to illustrate the behavior of the system under different operating con-
ditions. With regard to the results obtained from the experiments, only a few specific cases
are chosen, the most representative to show the effectiveness of the proposed HyShAPFE.

4.1. Experimental Procedures, Materials, and Equipment

The active and passive filtering systems were set up as a platform for the development
of the experimental analyses, as illustrated in Figures 22 and 23. The system in Figure 22
was composed of a non-linear load, a ZSS (ZSF and ZSB), a three-wire ShAPF, and three
VARIACS. The system in Figure 23 consisted of a four-wire ShAPF, the same non-linear
load as illustrated in Figure 23 and the three VARIACS. The new HyShAPF arrangement
was evaluated through a comparison between its performance and the performance of the
four-wire ShAPE.

HyShAPF
: ZSs :
POWER VOLTAGE r e -~ 1 :
GRID VARIATORS _ _ShAPF-3 _ : ZilE : E Non linear Load
- | | L I‘_ _______________ a0
| o
. | — RS |
= g — L |
I '
B MEASURING POINTS | : | I l TIH’ZI*‘ ?Il"'zlh TI1+ZIh:
| I I 1 T
H | ' I |
I Iy | l I
; — ! e emai| R B N | R |
|| Lo L] |
P P A |
; vee| | : : : : |
f e —————— ! | | | :
' | [ P
. ' N L

Figure 22. Schematic diagram for experimental studies of the proposed HyShAPF arrangement.
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Figure 23. Schematic diagram for experimental studies of the four-wire ShAPFE.
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The frequency and the lags between the test voltages were determined by the power
supply network since the filtering devices and loads were connected directly to the power
grid. The data acquisition control and the processing of captured signals were carried out
through the Fluke 434 Power Quality Analyzer® and FlukeView® Power Quality Analyzer.

Figure 24 illustrates the general view of the laboratorial set up for the experimental
analyses with all the components of the HyShAPF arrangement.

(E) ELETROMAGNETIC FILTER (ZSF)
(F) ELECTROMAGNETIC BLOCKER (ZSB)
(G) SCHUNT ACTIVE FILTER (ShAPF)

Figure 24. General overview of the workbench used in the experimental tests.

For the composition of the three-phase, non-linear load, an arrangement with a signifi-
cant concentration of zero-sequence harmonics was chosen but which also generated posi-
tive and negative sequence harmonic currents. For this purpose, a non-linear, three-phase
load composed of three single-phase rectifiers with capacitive filtering was adopted, feeding
variable resistive loads. Figure 25 illustrates the arrangement used for these rectifiers.

VR VS VT
N
4 = = 4 4 S
4 = 4 = 4 =
2820 pF 2820 |F 2820 yF
/| Il Il
i I I

26 Q 26 Q 26 Q

Figure 25. Three-phase, balanced, non-linear load.

For the experimental tests, the prototypes of the ZSF and ZSB, designed according
to the criteria established in [20,41], were used. Table 3 contains the nominal data of the
prototypes built. The ShAPF used in the experimental tests of this work was the same one
presented in [42]. Table 4 presents some of the main parameters of the ShAPE.
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Table 3. ZSS main parameters.

Parameter Value
ZSF nominal power 6.7 kVA
ZSF nominal voltage 230V
ZSF coil self-inductance 300 mH
ZSF mutual inductance between coils in the same column 0.99
ZSB nominal power 1.1 kVA
ZSB maximum voltage drop 15V
ZSB coil self-inductance 5mH
ZSB mutual inductance between coils in the same column 0.99

Table 4. ShAPF parameters [42].

Parameter Value
Sampling frequency 32 kHz
DC-link capacitor 740 uF
Output inductors 5mH
Maximum switching frequency 16 kHz

4.2. Functionalities of the Hybrid Filter Arrangement

The analyses presented here were carried out for different arrangements of the system
in a steady state, with the main objective of investigating the functionality of the HyShAPF,
verifying, through a performance comparison with the four-wire ShAPF, whether the filter
arrangement proposed in this thesis presents all the functionalities of a four-wire ShAPF.
The operational conditions imposed for the experimental tests are presented in Table 5. To
facilitate the descriptions in the figures and tables, abbreviations are used to refer to the
three-wire ShAPF (ShAPF-3) and the four-wire ShAPF (ShAPF-4).

Table 5. Selected test cases.

Case Loads ZSS ShAPEF-3 ShAPF-4
1 Balanced OFF OFF OFF
2 Balanced ON ON OFF
3 Balanced OFF OFF ON
4 Unbalanced OFF OFF OFF
5 Unbalanced ON ON OFF
6 Unbalanced OFF OFF ON

The results illustrated below are presented by means of waveforms of voltages and cur-
rents, including the respective harmonic spectra of phase components and
sequential components.

I Case 1—System without filters with balanced loads

The objective of this case was to observe the harmonics injected by the set of loads in
the system without any filtering device.

This topology refers to the operation of the system without any filtering device. To
compose the load, three single-phase rectifiers built in a bridge topology were adopted.
The load was supplied directly from the power grid. These results were taken as a reference
for the comparative effect of the performance of the filtering systems presented in cases 2
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and 3, highlighting the waveforms and the harmonic spectrum of the three-phase currents
and voltages. Figures 26 and 27 illustrate the waveforms and harmonic distortion levels of
voltages and currents in the three-phase system.

T T T Harmonics 350
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Figure 26. Case 1—system without filters: (a) three-phase voltages; (b) harmonic spectrum of the
voltages; (c) harmonic spectrum of the voltage sequence components (maximum values).
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Figure 27. Case 1—system without filters: (a) three-phase currents; (b) harmonic spectrum of the
currents; (c) harmonic spectrum of the current sequence components (maximum values).

The results obtained in the experiment indicated a voltage total harmonic distortion
(THD), obtained by the average of the THD in each of the phases, of 4.2%, as shown in
Figure 26b,c. The current THD was 63.1% (average of the THD in each of the phases), as
shown in Figure 27b,c. As expected, the third harmonic, with strong concentration in the
zero-sequence, presented the most relevant amplitude. However, the fifth-, seventh-, and
ninth-order harmonics also contributed to the THD. It is noteworthy that the value of the
current in the neutral conductor, 22.93 A, exceeded the value of the phase currents. As,
in this case, there was no filtering device connected between the source and the load, the
active, reactive, and apparent power, as well as the power factor, were identical, whatever
the measurement point. The values of active, reactive, and apparent power in the load, as
well as the power factor, are shown in Figure 28. The power factor obtained in this case
was 0.8 and was fundamentally due to the harmonic distortion generated by the load.

Pouer &Energy *Pe35u 15738
FUND @ 0:00:03 o m-E 50,00 Hz T 0:1521 o -2x <
1 L2 L

Kl 2735 2962 2703 8400
kUA 2817 3058 2793 BEG?
KUAR :067S 40739 <0.701 2135
PF 0.80 081 080 080
Cosd 0.97 0.97 097
Arms 1464 1568 1456

L1 L2 L3
Urms 022845 20924 o282V
18/11/13 16:43:23 230U 50Hz36 WVE  EN50160 1611713 16:42:37 230U 50Hz 38 UYE _ EH50160
UnH CURSDRN| -ooM =
EHERGY  TREHD Li|Le L3 | BACK S o FF
(@) (b)

Figure 28. Case 1—system without filters: (a) source power; (b) voltage and current waveforms in
phase S.
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II.  Case 2—ZSS and three-wire ShAPF with balanced loads

In this case, the hybrid arrangement of active and passive filters was connected to the
system. The schematic diagram for the analysis of case 2 is illustrated in Figure 22. The
experimental results obtained for the supply voltages and currents with the ZSS and the
three-wire ShAPF are illustrated in Figures 29 and 30.
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Figure 29. Case 2—ZSS and three-wire ShAPF operating with balanced loads: (a) three-phase
voltages; (b) harmonic spectrum of the voltages; (c) harmonic spectrum of the voltage sequence
components (maximum values).
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Figure 30. Case 2—ZSS and three-wire ShAPF operating with balanced loads: (a) three-phase currents;
(b) harmonic spectrum of the currents; (c¢) harmonic spectrum of the current sequence components
(maximum values).

The results presented in Figure 30 show a drastic reduction of the third-order cur-
rent components. This fact was due to the good relationship between the zero-sequence
impedance of the system in the PCC and the impedance of the ZSS, favoring the deviation
of the zero-sequence current component. As expected, this behavior was provided by the
presence of the ZSB in series with the power grid. Another outstanding factor in the joint
operation of the ZSS was the significant reduction in the neutral conductor current, going
from 22.93 A (case 1) to 1.43 A. It was effective and satisfactory since the operation of the
ZSS, together with the three-wire ShAPF, implemented the functionalities of a four-wire
ShAPF, which filters all harmonic orders.

The power factor obtained in this case was 0.99, as presented in Figure 31a. This
improvement was due to the filtering system in question, which left the voltage and current
practically in phase, as seen in Figure 31b.

Figure 32 illustrates the waveforms of the currents that passed through the ZSS and
their respective harmonic spectra, where its homopolar characteristic was verified and had
predominant frequency in the third harmonic.
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Figure 31. Case 2—ZSS and three-wire ShAPF operating with balanced loads: (a) source power;
(b) voltage and current waveforms in phase S..

A6 At
F] L]
388 2537 o [ N
50.00Hz D 00451 A -Px =T u Phase § s
.................................................... ase 00 -
: : : 12 — 12 q
: : Phase T 0s
. eq o
10 10
8 8
€ 6
4 4
A 2
18511713 13:57:38 2300 S0Hz 36 WYE  EHS0160 I 2
W naH CURSOR e - o H
BACK 0+
LiL2 L3 ORIOFF 12 03 4 5 B 7 & 9 10 11 12 13 14 15y 0 ool 5" E" =—a—l-o—o—a—a—o 1:
h
(b) (c)

Figure 32. Measurements in the ZSF: (a) three-phase currents; (b) harmonic spectrum of the currents;
(c) harmonic spectrum of the current sequence components (maximum values).

As expected, the ZSS provided a low-impedance path for the zero-sequence harmonics
to flow along. Thus, from the point of view of harmonic mitigation, this meant that, under
balanced operating conditions, all triplen harmonics were filtered by this device. On
the other hand, a high positive sequence impedance was foreseen in the design of the
7SS, which also imposed some positive and/or negative sequence residual component
circulating by the device.

III.  Case 3—Four-wire ShAPF operating with balanced loads

Aiming to carry out a comparative analysis between the performances of the HyShAPF
and a four-wire ShAPF, the system in Figure 23 was assembled. In this case, the harmonic
filtering was solely in charge of the four-wire ShAPF. Figures 33 and 34 illustrate the results
for three-phase voltages and currents.
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Figure 33. Case 3—Four-wire ShAPF operating with balanced loads: (a) three-phase voltages;
(b) harmonic spectrum of the voltages; (c) harmonic spectrum of the voltage sequence components
(maximum values).
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Figure 34. Case 3—four-wire ShAPF operating with balanced loads: (a) three-phase currents;
(b) harmonic spectrum of the currents; (c) harmonic spectrum of the current sequence components
(maximum values).

Observing Figure 33b,c, one can see a decrease in voltage distortion, which was 4.2%
in case 1, and, after harmonic compensation, it became 2.9%. As expected, the performance
of the four-wire ShAPF showed a substantial reduction in the THD distortion in the system,
acting in the compensation of all current harmonic orders previously observed in case 1.
Another important point of analysis where the effectiveness of the four-wire ShAPF was
noted was the value of the current in the neutral conductor, which was minimized from
2293 A (case 1) to 2.04 A.

The source power data, as well as the voltage and current waveforms in the phase S,
for case 3 are presented in Figure 35.
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Figure 35. Case 3—four-wire ShAPF operating with balanced voltages and balanced loads: (a) source
power; (b) voltage and current waveforms in phase S.

The power factor obtained in this case was also 0.99. It was observed that, in situations
of balanced voltages and balanced loads, the performance of the HyShAPF proposed in
this work was very similar to that of the four-wire ShAPF. This fact reveals that, under
the tested conditions, the ZSS operating in conjunction with the three-wire ShAPF had
the same functionalities as a four-wire ShAPF. Table 6 presents a summary of the results
presented in cases 1, 2, and 3.

Table 6. Comparison of results for cases 1, 2, and 3.

Case 1: Case 2: Case 3:
Without Filters With ZSS and ShAPF-3 With ShAPF-4
Voltages THD (%) 4.2 3.0 29
Current THD (%) 63.1 3.6 4.2
Neutral Current (A) 22.93 1.43 2.04
PF 0.8 0.99 0.99
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IV.  Case 4—System without filters with unbalanced loads

The objective of this case was to investigate the performance and capacity of the
HyShAPF in a situation of load imbalance. For this case, the unbalanced, non-linear load
configuration was defined by changing the parameters of one of the single-phase rectifiers.
The new load configuration is shown in Figure 36.
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Figure 36. Three-phase, unbalanced, non-linear load.

Figures 37 and 38 illustrate the waveforms of the three-phase supply voltages and
currents without the action of the filters. This case was taken as a reference for the analyses
of cases 5 and 6.
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Figure 37. Without filters with unbalanced loads: (a) three-phase voltages; (b) harmonic spectrum of

the voltages; (c) harmonic spectrum of the voltage sequence components (maximum values).
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Figure 38. Case 4—without filters with unbalanced loads: (a) three-phase currents; (b) harmonic spec-

trum of the currents; (c) harmonic spectrum of the current sequence components (maximum values).

Analyzing the voltages in the power grid in Figure 37, without the filters acting,
one can see an imbalance in the voltages caused by the imbalance imposed on the load.
The average voltage THD was 4.1%. By analyzing the three-phase currents, illustrated in
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Figure 38a, it is possible to verify the unbalanced characteristic of the load. The same can be
observed in the harmonic spectrum of the currents and harmonic spectrum of the current
sequence components, which were also not ideally distributed, as seen in Figure 38b,c.

The values of the power factor and the active, reactive, and apparent power in the
load are shown in Figure 39a. In this case, the power factor was 0.8 and was mainly due to
the harmonic distortion caused by the load. Figure 39b illustrates the voltage and current
in phase S.
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Figure 39. Case 4—without filters with unbalanced loads: (a) source power; (b) voltage and current
waveforms in phase S.

V. Case 5—ZSS and three-wire ShAPF operating with unbalanced loads

This case proposed the analysis of the system with unbalanced, non-linear loads
under the action of the ZSS operating in conjunction with the three-wire ShAPF. The
experimental set up was similar to the one illustrated in Figure 24, in which all the system
components were connected directly to the power grid. The results obtained are shown in

Figures 40 and 41.
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Figure 40. Case 5—ZSS and three-wire ShAPF operating with unbalanced loads: (a) three-phase
voltages; (b) harmonic spectrum of the voltages; (c) harmonic spectrum of the voltage sequence
components (maximum values).

The HyShAPF again presented a good performance. Observing Figure 40a, it can
be seen that the imbalances previously noticed in the system voltages were reduced.
Figure 40b,c shows a minimization of the voltage THD. The three-wire ShAPF acted
directly on the compensation of the positive and negative sequence harmonic currents, and
the ZSS promoted the considerable confinement of the zero-sequence harmonics between
the installation and the non-linear load.

There was, therefore, a relevant reduction of the third and ninth harmonics, shown
in Figure 41, with direct benefit to the values of imbalance and THD. Another important
factor observed was that, under the action of the filtering devices, the current imbalances
seen in the load were practically eliminated in the measurements made at the source.
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Figure 41. Case 5—ZSS and three-wire ShAPF operating with unbalanced loads: (a) three-phase
currents; (b) harmonic spectrum of the currents; (c) harmonic spectrum of the current sequence
components (maximum values).
The values of the active, reactive, and apparent power, as well as the power factor
in the source, are shown in Figure 42a. The voltage and current waveforms in phase
S are shown in Figure 42b. In this situation, the power factor obtained was 0.98. The
improvement presented in the power factor was due to the performance of the harmonic
filtering. As observed in case 2, the voltage and current were practically in phase.
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Figure 42. Case 5—ZSS and three-wire ShAPF operating with unbalanced loads: (a) source power;
(b) voltage and current waveforms in phase S.
The waveforms of the currents through the ZSF and the harmonic spectra are shown
in Figure 43, where its typical and homopolar characteristic is once again verified.
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Figure 43. Measurements in the ZSF: (a) three-phase currents; (b) harmonic spectrum of the currents;
(c) harmonic spectrum of the current sequence components (maximum values).

The harmonic spectra in Figure 43 confirm the current imbalances imposed in this
case, where it can be seen that there were zero-sequence components not only in triplen
harmonics, but also in the fundamental, fifth, and seventh orders. This fact recalls that,
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in the sizing process of electromagnetic devices, a possible overload on them due to
the fundamental component and other harmonics with homopolar components must be
considered. It is worth mentioning, therefore, that the ZSS works as a zero-sequence
filter and blocker, and, therefore, regardless of the considered harmonic order, most of the
zero-sequence current is conducted by the ZSF.

VI.  Case 6—Four-wire ShAPF operating with unbalanced loads

With the aim of carrying out a comparative analysis between the performances of the
HyShAPF and the four-wire ShAPF, a system with load imbalance similar to that shown in
Figure 36 was implemented. Figures 44 and 45 show the results for the three-phase voltages
and currents measured at the source.
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Figure 44. Case 6—four-wire ShAPF operating with unbalanced loads: (a) three-phase voltages;
(b) harmonic spectrum of the voltages; (c) harmonic spectrum of the voltage sequence components
(maximum values).
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Figure 45. Case 6—four-wire ShAPF operating with unbalanced loads: (a) three-phase currents;
(b) harmonic spectrum of the currents; (c) harmonic spectrum of the current sequence components
(maximum values).

With the operation of the four-wire ShAPEF, the three-phase voltages at the source were
completely balanced, as seen in Figure 44a. There was also a reduction in voltage harmonic
levels, with the average voltage THD being 2.9%. Figure 44 shows that, after the operation
of the four-wire ShAPF, the total current THD in the system was expressively reduced,
falling from 66.3% (case 4) to 5.4%. Another favorable point in the performance of this
device was the reduction of the current flowing through the neutral conductor, which was
minimized from 20.93 A (case 4) to 1.95 A.

The power at the source, as well as the voltage and current at the phase S, is shown in
Figure 46.

The power factor measured in this case was unitary. In this situation, with unbalanced
loads, the HyShAPF proposed in this work had a very similar performance to the four-
wire ShAPFE. This fact reveals that, in a situation of load imbalance, the ZSS, operating
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in conjunction with the three-wire ShAPF, has practically the same functionalities as a
four-wire ShAPFE. Table 7 presents a summary of the results presented in cases 4, 5, and 6.
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Figure 46. Case 6—four-wire ShAPF operating with unbalanced loads: (a) source power; (b) voltage
and current waveforms in phase S.
Table 7. Comparison of results for cases 4, 5, and 6.
Case 4: Case 5: Case 6:
Without Filters With ZSS and ShAPF-3 With ShAPF-4
Voltages THD (%) 41 29 3.0
Current THD (%) 66.3 3.7 54
Neutral Current (A) 20.27 1.32 1.95
PF 0.8 0.98 1

5. Conclusions

From a technical point of view, the expectations of this research were directed towards
results that implement all the functionalities of a four-leg ShAPF through a proposed hybrid
arrangement. In this sense, the use of a three-leg ShAPF was proposed, combined with
electromagnetic arrangements destined for the confinement of homopolar components,
whether these are caused by unbalances in the fundamental frequency or by concentration
of harmonic components.

Section 3 of this paper approached the simulation validation, in steady state and
transient regimes, of the combined operation of the three-leg ShAPF and the ZSS (parallel
filter and series blocker) and confirmed that they perfectly met the assumptions.

As a result, Section 4, the experimental results, presented tests from comparative
scenarios, contemplating different arrangements for the filtering system. In addition,
experiments that occurred in the form of changes of non-linear loads were analyzed.
Among the cases analyzed, only the most enlightening with regard to the understanding
of the main phenomena involved in the filtering process and the central objective of this
research were exposed. Regarding the performance of the three-leg ShAPF operating
in combination with the ZSS, the results indicated the desired performance, since the
HyShAPF presented the same functionalities as a four-leg ShAPF, improving effectively
the harmonic distortions of currents and voltages and, clearly, the power factor of the
system. The performance of the models can, therefore, be considered effective in view
of the reliability of the tangible results within the accuracy class of the measurement,
data acquisition, and signal-processing equipment. The proposed filter topology has a
very high potential for upgrading existing three-leg ShAPFs, the standard topology from
manufacturers, to four-wire installations. For new installations, the four-leg ShAPFE, a more
expensive solution than the standard one, could be a solution to consider.
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