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Abstract—This paper presents a complete comparative study
about the five most common configurations of shunt active power
filter applied to four-wire distribution systems. In order to eval-
uate the applicability of the studied topologies, two scenarios of
four-wire loads are investigated differing by level of zero-sequence
harmonic contents. The analysis of simulation steady-state results
comprise dc-link capacitor voltage and current stresses, harmonic
distortion in grid currents, and semiconductor losses. The results
show that structures with fourth inductor generate higher number
of levels at output converter voltage. However, when they operate
by compensating high levels of zero-sequence harmonics, they can
present higher dc-link voltage and lower efficiency. Furthermore,
system models, control strategy, and experimental results are pre-
sented as well.

Index Terms—Power conversion harmonics, power converter,
power filters, power quality.

I. INTRODUCTION

URRENT harmonics and unbalances may cause huge fi-
C nancial damage in distribution systems. It is well known
that the main cause of harmonics is nonlinear loads, such as elec-
tronic loads, air-conditioning systems, computer power systems,
and drive systems [adjustable speed drive (ASD)]. Among neg-
ative effects related with current harmonics, the following can
be highlighted: transformer and power cable overheating, pre-
mature motor burnouts, and malfunctioning of circuit breakers
[11, [2]. In four-wire systems, the most common power quality
problem is excessive neutral current, which causes overheating
in neutral conductor or even equipment damage. Neutral current
is caused by unbalance between single-phase loads (which leads
to negative-sequence currents) and single-phase nonlinear loads
(which leads to zero-sequence currents) [3].
The most prominent solution for eliminating such effects
(caused by nonlinear loads) is the use of shunt active power
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filters (SAPF) connected at point of common coupling (PCC),
located between grid and load [4]-[6]. This device is able to pro-
vide all harmonic, reactive and unbalanced contents required by
electric loads. In the literature, there are studies about different
topologies based on SAPF operating in four-wire systems. The
most studied topologies are shown in Fig. 1. They are named
here based on their number of converter legs (L) and filter in-
ductors (1), i.e., Fig. 1(a) shows the topology 3L-3/, that is
composed of three legs and three inductors, Fig. 1(b) shows
3L-4l, Fig. 1(c) shows 41.-3[, and Fig. 1(d) shows 41.—4]. Fi-
nally, Fig. 1(e) shows topology 6L, that is composed of six legs
and three isolation transformers.

The topology 3L—3[ has been widely studied in the literature
[7]1-[14]. Most papers discuss about dc-link voltage and cur-
rent control of three-leg split capacitor converter. Analysis of
dc-link voltage control strategies and a proposed method suit-
able to a startup process of capacitor charging are carried out in
[12]. A current control technique based on a modified dg frame
was proposed in [14], in which comparisons with other tech-
niques in terms of harmonic current mitigation under different
conditions of grid voltages and load currents were presented.
Hybrid solutions adding LC filters to structure 3L—3[ were stud-
ied in [12] and [14]. These filters can be connected in series
[12] or in parallel [14] to reduce ratings of switching devices.
The topology 3L—4] was presented and implemented in [15] and
[16]. The latter proposes a fault diagnosis algorithm for 3L—41,
in order to locate open-circuit faults. It is worth noting that
3L-4! differs from 3L-3/ by an additional inductor in fourth
converter conductor. These two topologies require an additional
voltage controller in order to balance the dc-link voltages of
two capacitors, due to connection of fourth wire conductor at
dc-link midpoint [17]. Indeed, this feature can be considered a
drawback.

The topology 4L.—4l was first presented as solution of SAPF
in [18] and [19]. Since then, papers proposing new modulation
or control strategies have been presented [20]-[24]. The gen-
eralized instantaneous reactive power theory (p-q theory) for
four-wire systems was presented in [25], in which the topol-
ogy 4L-3! was used for implementation. In [26], p-g theory
was also applied to 4L—4[ under different field applications (dif-
ferent types of loads, from textile industry to medical drugs
distribution warehouse). Same topology was applied with mul-
tiple converter modules connected in parallel operation in [27]
and [28]. Recently, 41.—-4! was applied to microgrids as a mul-
tifunction topology [23], in which solar panels were connected
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Fig. 1.
41.-41. (e) Topology 6L.

to dc-link allowing that active energy, reactive and harmonic
contents be supplied to grid, simultaneously. Also for microgrid
applications, a conservative power theory implemented in 4L.—4[
compensating different loads under fixed or variable frequency
at PCC was proposed in [24].

Finally, the topology 6L appears as a solution for higher
power application [29]. This topology is composed of three
isolation transformers, 1 six-leg converter (12 switches), and
1 de-link capacitor. Its high number of semiconductor devices
and the presence of transformers can be considered drawbacks.

Main topologies based shunt active filters applied to four-wire systems. (a) Topology 3L-3!. (b) Topology 3L—4!. (c) Topology 4L-3[. (d) Topology

Alternatively, a 6L structure built from three independent h-
bridge converters and three individual dc-link capacitors was
studied in [30] and [31]. In this case, isolation transformer are
not required, in contrast the topology demands three dc-links
and three voltage sensors, increasing control complexity.

Some papers bring approaches involving a group of SAPF
topologies [32]-[38]. Comparison between 3L-3! and 3L—4]
was carried out in [33], exploring the influence of the fourth
inductor in terms of harmonic distortion. LC hybrids 3L.-3[ and
3L—-4l were described in [36], in which the minimum dc-link
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Fig. 3. Characteristics of load 2. (a) 3-D power diagram. (b) Harmonic characteristics.

voltage was investigated. The one-cycle control technique was
applied to topologies 3L—3/ and 414/ in [34]. The topologies
3L-3l, 41.-3l, and 6L were studied with focus on the artificial
neural network technique presented in [32]. On the other hand,
the topologies 3L—41, 4.—4[, and 6L were evaluated in terms of
harmonic distortion, and general aspects such as dc-link voltage
and number of semiconductor devices in [35]. However, litera-
ture presents neither an investigation about the impact of the use
of a fourth inductor nor a wide comparison of all of topologies
under different load conditions.

This paper investigates the five most studied structures of
SAPF applied to four-wire systems (see Fig. 1). Analysis will
be performed considering two different scenarios of load. Note
that some structures have an additional inductor, which can
be helpful to reduce the harmonic distortion, but can increase
the dc-link voltage, as will be explained here. The topologies
are compared taking into account those two load types. These
loads present currents with either low or high zero-sequence
harmonic contents. The comparisons are carried out in terms
of harmonic distortion of grid currents, semiconductor losses,
and capacitor dc-link stress (current and voltage). In this way,
it is possible to choose the most suitable structure for each
type of load, as well as to manage the SAPF to have a good
performance. All theoretical analyses are performed in a steady-
state simulation. Besides, dynamic modeling, control strategy,
definition of minimum dc-link voltage value, and experimental
results are presented for all studied topologies.

II. SYSTEM CONFIGURATION

A. Load Specification

The characteristics of first and second load types are shown in
Figs. 2 and 3, respectively. These figures show in detail a three-
dimensional (3-D) power diagram based on [39] and harmonic

Fig. 4. Load circuit used in simulation analysis.

TABLE I
PARAMETERS USED TO OBTAIN THE PATTERNS OF LOAD

Load 1 Load 2
Uiy 15 mH 15 mH
Cu. 1100 uF 1100 uF
R 20Q 50

contents of each load. These patterns of harmonic contents (per-
centage relation between the amplitudes of fundamental and
harmonic components) have been obtained from a typical single-
phase full-bridge rectifier, shown in Fig. 4, supplied by V1 ms)
of 110 V, whose parameters are detailed in Table I. After that,
the power of both loads was adjusted (modifying the fundamen-
tal current) in order to increase them, keeping the same active
and reactive power for both loads. Note that they differ by the
quantity of zero-sequence harmonics only.

From simulation, it is noticed that the larger load power
is (lower R;;), the higher the difference between fundamen-
tal and zero-sequence harmonics becomes, i.e., lower values
of harmonic components. Therefore, a single-phase input ASD
system under full-load operation has lower zero-sequence har-
monic contents than the same ASD under half-load operation.



FABRICIO et al.: ANALYSIS OF MAIN TOPOLOGIES OF SHUNT ACTIVE POWER FILTERS APPLIED TO FOUR-WIRE SYSTEMS

However, for an industrial plant, this relation between funda-
mental and zero-sequence harmonics contents can be changed
by the number of linear, three-phase ASD and single-phase ASD
loads in operation.

B. System Model

The studied topologies, shown in Fig. 1, are constituted of
two-level voltage-source converters associated with filter in-
ductors L (inductance [y and resistance r ) connected at PCC.
For the topology 6L, the leakage inductance of transformer and
external interfacing shunt inductance represented by [ as well
as the loss of transformer denoted by 7; have been taken into
consideration. For the studied topologies, the following model
can be written:

Vgp = —Zfifk + Vs (D
where k = a,b,c, zp =1y + 1y d/dt, and output converter volt-
ages vy, for topologies 3L-31, 3L—4l, 4L-3[, and 4L—4[ are
given by

Vg = Vko — Uno (2)

where the voltage v, is different for each studied topology, i.e.,
1) for 3L-3I

Uno = 0 (3)

2) for 3L-4]

Va0 + Upo + Ve

Upo = % (4)

3) for 4L-3I
Uno = V40 (5)

4) for 41.-4l
o = Va0 + Vb0 jl-vco + Vdo . ©6)

For topology 6L, vy}, are given by
Uik = Uk, 0 — Vky0- (N

The pole voltages of the converters (v, Vg, 0, and vy, ) depend
on the conduction state of power switches, which generically is
given by

e

2

where v is de-link voltage and s, are conduction state of the
switches, in which s; = 1 indicates a closed switch, whereas
s, = 0 indicates a blocked one. The states of switches are de-
fined by comparison between high-frequency triangular and pole
reference voltages, which are obtained from model equations
and controllers output.

vro = (251 — 1) ®)

III. CONTROL STRATEGY

Fig. 5 shows a possible control strategy diagram to ensure
sinusoidal currents at grid side, with total compensation of re-
active and harmonic contents. From the diagram, vc is con-
trolled by means of proportional-integral (PI) controller (R¢
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Converter

Fig. 5. Overall block diagram control of SAPF.

block), providing I}, (amplitude of active current). The block
Sync represents the synchronization with grid voltages from
angle 6, which is acquired from phase-locked loop (PLL). The
power-based PLL is implemented in this paper and has been
demonstrated in [40]. Reactive and harmonic contents of load
currents are found by RH detec. block from synchronous funda-
mental dg frame, which is detailed in [41]. After determination
of filter currents ity (ifq, 475, and if.), they are controlled by
means of cascaded resonant controllers (R;;.,, block) [42], [43],
ensuring null error at different frequencies. At last, R;x, de-
fines reference converter voltages v}, v}, and v} . required by
a pulse width modulation (PWM) strategy.

A. DC-Link Voltage Control
As detailed in [29], the transfer function of dc-link plant has

the following form:

o 3’[)(1

204 Ves ot

where v, is the direct input voltage and V- is the value of v¢o
at the operation point. The R¢ block is used in order to control
the dc-link voltage, which is given by

Ve (s) (s) ©)

K;
Re = Kyo + —<. (10)
The state-space PI control law for R is described as
dl‘c
=K, 11
o cée (1D
Ii = zc + Kycée (12)

where z¢ is the state variable and {¢ = v, — v is the error of
dc-link voltage. The discrete-time equivalent using a zero-order
hold method is given by

xc(h) :xc(h— 1)+

Kicge(h=1)  (13)

samp

Lt (h) = o (h) + Kpoée (h) (14)
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inwhich h =0, 1, 2, ..., represents discrete time // fsamp and
fsamp 1s the sample frequency.

B. Current Control

From (1) and considering the grid input voltage v, as a per-
turbation, the first-order model is given by

Ij(s) = ——V;(s).

_— 15
T+ sly / as)

The block R;,; is responsible to control filter currents, this
block represents resonant controllers for each harmonic fre-
quency, which individually is defined as

Ky, $2 4+ K s

Rin k= 2
i $2 4+ (nw, )?

(16)

accordingly the steady-space control law is given by

d wan

ZT = Zipn + 2Kin & (17)

dzipy, - 9 29K 18
dr _(nwe) Lian — (TLU)E) pnfi (18)
’U;kn = Tign + 2Kpn§i (19)

where &; = l’; — iy is error of filter current. From [44] and [45],
discrete equations of this controller are obtained, as shown in
(20)—(22).

) Tign (h —1) + w$il)71,(h -1

NWe

nw,
Lian (h) = COS ( -

f samp

2K, sin (%>

Jsamp
+ nw,
N (1 — cos (”w )) 2Kpn} &(h—1)  (20)
fsamp
Zipn (h) = —nw, sin (nwe > Zian (b — 1)
fsamp
+ cos (;wa, > Tipn(h — 1)
samp
+ [ (cos (nwe ) - 1) 2K;, — nw,
fsamp
X sin (;}“;p) 2Kpn]§i(h ~1) 1)
’U;:kn (h) = Tian (h) + 2Kpn&i(h). (22)

IV. ANALYSIS OF SIMULATION RESULTS

The simulation results are obtained in steady-state open-loop
control, in which the used parameters are given in Table II. The
topologies are evaluated under two different load operations,
shown in Figs. 2 and 3. They are analyzed taking the follow-
ing figures of merit: definition of minimum dc-link capacitor
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TABLE II
PARAMETERS USED FOR SIMULATION RESULTS

Supply voltage Vg krMS 110V
Fundamental frequency 1 60 Hz
Filter inductance Iy 2 mH
Filter resistance Ty 0.1 Q
DC-link capacitance Cye 2200 uF
Switching frequency fsw 10 kHz

voltage; dc-link capacitor current stress; harmonic distortion of
grid current; and semiconductor losses.

A. DC-Link Capacitor

1) DC-Link Capacitor Voltage Definition: The definition of
minimum dc-link voltage (v{. ;,) of a converter depends on
maximum voltage defined by their circuit meshes in order to
be able to provide adequate currents. For a converter operating
as SAPF, this definition becomes a tough task, due to harmonic
contents of filter currents. Additionally, in four-wire systems,
the converter should be able to provide unbalanced currents and
zero-sequence harmonics. Indeed, the major part of v ;. is
due to fundamental voltage (i.e., grid voltage) but components
related to filter impedance voltage (zfiy) must be taken into
account. Note that v, ;,, depends on reference output converter
voltage (v} ;) that is defined from (1). These converter voltages
are given by the sum of voltages with different frequencies.
Then, the maximum value (the worst case) of vj, .  occurs
in the alignment of the vectors Vi1, Vics, Vics (see Fig. 6),
where v, is the parcel of converter voltage in fundamental
frequency, v, 4 is the parcel in third harmonic frequency, vp, .
is the parcel in fifth harmonic frequency. v, . .. is the voltage
in fourth filter conductor, comprised of v, ; (z¢if,;) and v§, 5
(zg31f, ), which exists in topologies with fourth inductor, i.e.,
3L-4[ and 4L-41.

Fig. 6 shows voltage diagrams that define v;. ;, for the
two aforementioned scenarios of load. The first scenario (case
1), shown in Fig. 6(a), presents the converter voltage for a
load with low third harmonic content and the second scenario
(case 2), shown in Fig. 6(b), for a load with high third har-
monic content. In this figure, three variables are defined in
order to obtain v}, ;.. that are ¥c1 min = |Viamax — Vibmax|
VC2min = |Vfa max |, and VO3 min — |Vfa max — Vfn3 max|- Then,
for each topology, v¢. i, 1s defined by one of these three vari-
ables (UC’I mins VO2mins and ve3 min)~

Table III shows v(, ;, in per unit (p.u.), with base value of
110 V in both scenarios of load. v{. ;, of 3L-3[ is defined as
twice the maximum phase voltage, that is, in both cases of load,
equal to 2vcomin. While, v, ;, of 3L-4l is higher because
Vi, max Must be taken into account for defining v¢, ;.- Then, its
V¢ min 18 €qual to 2003 min, for both load cases. For 4L-3/, in
both load cases, v ,;, is defined by maximum difference be-
tween two phases of converter voltages, that is equal to V¢ min -
On the other hand, the definition of vf. ;. for 4L—4l depends
on load case, i.e., for case 1, v, ;, is equal t0 V¢ min, and for
case 2, U5 i, 18 equal t0 Vo3 min- At last, topology 6L requires
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Fig. 6.

TABLE III
DC-LINK CAPACITOR VOLTAGE COMPARISON

Load Type  Topology =~ Minimum DC-Link Voltage
Case | 3L-31 20¢2min 3.67 pu.
3L-41 200 3 min 5.28 p.u.
4L-31 VC1min 293 p.u.
4141 VC1min 2.93 p.u.
6L VC2min 1.83 p-u.
Case 2 3L-31 2009 min 4.03 p.u.
3L-41 2003 min 7.69 p.u.
41-31 VC 1 min 2.99 p.u.
4L-41 VO3 min 3.84pu.
6L VC2min 2.01 p.u.

lower v(, ,;, among all presented topologies, i.e., v5 ., is de-
fined by maximum phase voltage vc9 min -

From Table 111, it is noticed that topologies with inductor in
fourth conductor (connected to neutral wire), when compared
with topologies without it, may require higher dc-link voltage
for compensating loads with high zero-sequence components.
In this way, these topologies tend to be less efficient. On the
other hand, the fourth inductor has an important role in total
harmonic distortion (THD) reduction, as will be shown in this
paper.

2) DC-Link Capacitor Current: Stress in dc-link capacitor
depends on temperature, RMS capacitor current (IEMS) and
equivalent series resistance (ESR) [46]. ESR depends on fre-
quency, i.e., ESR reduces with the increase of frequency but
becomes constant for frequencies above 3 kHz [47]. The analy-
sis related to dc-link capacitor current is performed concerning
the load type 1. Fig. 7 shows dc-link capacitor currents Ic and
their spectra for all studied topologies. The amplitudes of har-
monic current are represented in p.u value with base value of
37.5 A (fundamental grid current). It is noticed that all topolo-
gies present capacitor currents with oscillation at second har-
monic (120 Hz) due to compensation of single-phase power.

(b)

Minimum dc-link voltage definition. (a) For pattern of load with low third harmonic. (b) For pattern of load with high third harmonic.

Particularly, topologies 3L—3! and 3L—4! present capacitor cur-
rents [see Fig. 7(a) and (b), respectively] with fundamental fre-
quency (f; = 60 Hz) and triplen frequency (f3 = 180 Hz), due
to connection between fourth conductor and center of dc-link
capacitor. These components are originated from negative and
zero sequence of filter currents, and they are located at frequen-
cies with high values of ESR (low frequencies). In this way, these
topologies have the highest stress in dc-link capacitors among
all studied topologies. On the other hand, the other topologies
do not present f; and f3; components. Capacitor currents of
41-31 and 4L-4[ are shown in Fig. 7(c) and (d), respectively.
These topologies present currents with higher amplitude at high
frequencies in comparison to the others. The lowest level of
capacitor currents is presented by topology 6L due to its lowest
level of capacitor voltage.

B. Harmonic Distortion

In this paper, THD is adopted to evaluate grid currents dis-
tortion [48]. THD is defined by

(23)

where Y) is the amplitude of the fundamental component, Y,
is the amplitude of nth component harmonic, and p is the num-
ber of harmonics taken in consideration. This study was per-
formed considering the same filter impedance (zy) in all studied
topologies, same modulation index (unitary), same switching
frequency (10 kHz), and the converters operating in open-loop
control, compensating only reactive power in order to be able
to distinguish the levels at output converter voltages. Then,
for this analysis, the load type 1 without harmonic contents
is used.

Table IV shows the THD of grid currents and the number of
levels of output converter voltage (vy;,) for all studied topolo-
gies. It is noticed that topology 6L presents the lowest THD
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Fig. 7. DC-link capacitor currents and their harmonic spectra. (a) For 3L-3[. (b) For 3L—41. (c) For 4L-3!. (d) For 4L—41. (e) For 6L.

TABLE IV
THD OF GRID CURRENTS

Topology ~ THD (%)  Number of Levels
3L-31 3.21 2
3L-41 2.48 6
4L-31 2.13 3
4141 1.55 7
6L 0.80 3

value among all topologies since the lowest dc-link voltage
value is required by this topology. Topology 6L is followed by
topologies 4L (4L—41 and 41.-31, successively). The worst THD
results are obtained by topologies 3L (3L-3! and 3L—4[). These
THD results are justified from the voltage vy;. In (1), it can be
noticed that filter currents depend on vy;. Then, the waveform
of these voltages as well as the number of levels are determinant
factors. It is worth noting that the topologies with additional
inductor (X-4[) have v,,( as a combination of pole voltages [see
(4) and (6)] allowing to obtain more levels at v;. The voltages
vy, and its average value v are shown in Fig. 8. These voltages
are presented for a scenario in which the converter compensates
only reactive content, in order to distinguish the generated lev-
els. They are presented in p.u. value with base value of 110 V. It
is important to know that the advantage obtained for a topology
in terms of THD can be turned into switching frequency reduc-
tion, i.e., topologies with lower THD can operate with lower
switching frequency, as will be shown in the next section.

C. Semiconductor Losses

Semiconductor loss estimation is obtained through PSIM
software simulation, using thermal module based on datasheet
curves. The semiconductor module used here is Semikron
CM100DY-24NE. Semiconductor losses model includes:

1) conduction losses of transistor and antiparallel diode

(Peadiode))s
2) transistor  turn-on  (Psu,-ON(trans))
(Psu-OFf(trans)) losses; and
3) turn-off losses of anti-parallel diode (Ps.,-0FF(diode))-
For the diode

and  turn-off

Pa(diode) = Vdropld (24)

U,
Ps”w-OFF(diOde) = Enf;L (25)

where Vgrop, %, Fir, f, vy, and v; are the diode voltage drop,
diode forward current, reverse recovery energy losses, losses
calculation frequency, reverse blocking voltage, and reverse
blocking voltage in the test conditions, respectively.

For the transistor

Pcd(lrans) = Uce(sat)i(:oll (26)
vc

Ps”w-ON(trans) = Eonfj (27)
el
el

Psu:—OFF(trans) - EofffT (28)
el
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(e) For topology 6L.
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approximation based on datasheet curves; however it is suitable

for comparisons among topologies.
In this paper, the losses are divided into conduction (FP.y),

switching (Ps,,) and total (), and are given by

where Ve (sat)s Teotis Eons Vo, VG, and o are transistor satu-
ration voltage, the collector current, the turn-on energy losses,
the actual dc-link voltage, dc-link voltage in the test condi-
tions, and turn-off energy losses, respectively. This model is an
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TABLE V
SEMICONDUCTOR LOSSES ANALYSIS

Load Type  Topology Semiconductor Losses
Same fq, (10 kHz) Same THD
Pcd (%) Psw (%) PI W) Pcd (%) Psw (%) Pt W)
Case 1 3L-31 23.35 76.65 442.63 23.35 76.65 442.63
3L-41 17.26 82.74 592.71 18.95 81.05 542.00
4L-31 28.00 72.00 520.27 33.12 66.88 441.60
4L-41 27.78 72.22 525.06 47.04 52.96 310.15
6L 36.70 63.30 552.94 72.42 27.57 280.37
Case 2 3L-31 23.37 76.62 497.52 23.37 76.62 497.52
3L-41 13.68 86.32 838.97 14.69 85.31 783.91
4L-31 31.35 68.65 620.88 42.12 57.87 462.70
4L-41 26.10 73.90 743.06 43.53 56.47 445.84
6L 36.83 63.17 622.12 73.40 26.60 312.34

Fig. 11.

Experimental platform.

TABLE VI
SETUP USED FOR EXPERIMENTAL RESULTS

Microprocessor DSP TMS320F28335
Power switches Dual module SKMS50GB123D
Driver SKHI-23
Supply voltage Vek (rMS) 63 V(rums)
Fundamental frequency f1 60 Hz
Filter inductance Lrk 2 mH
Filter resistance Tk 0.5Q
DC-link capacitance Cle 2200 uF
Switching frequency fsw 10 kHz
Sampling frequency fsamp 10 kHz
Phase a load lj, and 7y, 18 mH and 8.5 Q
Phase b load Iy, and 7y 21 mH and 9.5 Q
Phase ¢ load ;. and 7. 21 mH and 9.5 Q

Pcd - Pcd(diode) + Pcd(trans) (29)
Psyy = Pyuw-0FFdiode) T Psw-oNrans) + Psw-0FF(rans)  (30)
B:Pcd+Psw~ (31)

The semiconductor losses analysis is implemented for the two
aforementioned types of load (two cases). In case 1, the SAPF
compensates a load with lower zero-sequence components (see
Fig. 2), and in case 2, SAPF compensates higher zero-sequence
components (see Fig. 3). Figs. 9 and 10 show losses of all studied

VAW,
U Tsasdiv
AL

” i , 10ms/divi/|
AR MY

Fig. 12.

phase
k

Experimental load setup, with detailed load circuit and currents.

TABLE VII
EXPERIMENTAL THD AND DC-LINK VOLTAGE

Topology ~ THD (%)  DC-Link voltage
3L-31 7 200V (3.17 p.u.)
3L-41 6 286 V (4.54 p.u.)
4L-31 6 170 V (2.70 p.u.)
4L-41 5.5 170 V (2.70 p.u.)
6L 4.3 100 V (1.59 p.u.)

topologies for each case, respectively. Furthermore, two scenar-
ios of comparison have been considered. In the first scenario, all
topologies operate with same switching frequency (10 kHz) [see
Figs. 9(a) and 10(a)] and, in the second scenario, all topologies
operate with different frequencies in order to achieve same THD
in grid currents [see Figs. 9(b) and 10(b)]. In other words, the
switching frequency of topologies with lower THD is reduced
to achieve the THD of 2.7% and 3.14% for case 1 and case 2,
respectively.

Figs. 9 and 10 show losses as percentage of topology 3L—3/
losses, i.e., 442.63 W (case 1) and 497.52 W (case 2). Table V
presents in detail the losses results shown by Figs. 9 and 10.
This table presents the values of P, in watts (W) and, P.; and
P;,, are detailed in percentage of P;.

From Figs. 9(a) and 10(a), i.e., scenario with same switch-
ing frequency, it is noticeable that losses are directly propor-
tional to number of switching devices and dc-link voltage. It
can be seen that losses of 3L—4[ and 4L.—4[ (X-4l) are higher
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topology 6L. (a), (d), (g), (j), (m) Grid side currents. (b), (e), (h), (k), (n) Filter currents. (c), (), (i), (1), (0) dc-link voltages.
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than 3L-3! and 4L-3] (X-3[), respectively, due to higher dc-
link voltage of topologies X—4l. On the other hand, topol-
ogy 6L even operating with the lowest dc-link voltage due
to its high number of switches presents higher power losses
than 3L-3/ and X-4I, for case 1, and higher than 3L-3I, for
case 2.

For Figs. 9(b) and 10(b), all topologies operate with same
THD, i.e., different switching frequencies. The topologies X—4[
become more efficient due to switching frequency reduction.
However, in both cases the 6L is the most efficient topology. It is
worth noting that, in load case 2 [see Fig. 10(b)], the topologies
X-4l become less efficient comparing with case 1. This fact
occurs due to increase of dc-link voltage caused by higher level
of zero-sequence components at filter currents. For instance, in
the first case [see Fig. 9(b)], the 3L—4[ is 22% less efficient than
3L-3I[, while 4L.-3! has the same losses as 3L—3[, and 4L—4/ is
30% more efficient than 3L—3[. On the other hand, in the case
2 [see Fig. 10(b)], the topologies X—4/ become less attractive
even with reduction of switching frequency. This fact can be
noticed from comparison between Figs. 9(b) and 10(b).

V. EXPERIMENTAL RESULTS

All studied topologies were tested through experimental plat-
form shown in Fig. 11. The experimental setup parameters are
presented in Table VI. For these results, the topologies operate
compensating harmonic, reactive and unbalance contents from
nonlinear loads, whose THD, current waveforms (¢;,, %15, %ic,
and ¢;,,) and detailed circuit are shown in Fig. 12. These three
single-phase nonlinear loads have pattern of low zero-sequence
harmonics, i.e., load type 1, with THD of 25% approximately.

Experimental results of grid side currents i,,, gy, ¢4c, and
1gn [see Figs. 13(a), (d), (g), (j), and (m)], of filter currents i,
iy, tfe, and ip, [see Figs. 13(b), (e), (h), (k), and (n)] and of
dc-link capacitor voltage ve [see Figs. 13(c), (f), (i), (1), and
(o)] are presented in Fig. 13. Additionally, THD of grid currents
and dc-link capacitor voltage are given for each topology in its
respective figure, and all experimental setup details are given in
Table VII. In which dc-link voltages are normalized in p.u. with
base value equal to 63 V.

The results of topology 3L—3! are presented in Fig. 13(a)—(c),
whereas topology 3L—41 are presented in Fig. 13(d)—(f). For both
topologies, the dc-link midpoint connection of both topologies
produces unbalance in dc-link voltages [see Fig. 13(c) and (f)].
The grid current THD of 3L-3/ is 7% and of 3L-41 is 6%, and to-
tal dc-link capacitor voltages are 200 V and 286 V, respectively.
The results of topology 4L—3[ are presented in Fig. 13(g)-(i),
while the same curves for 4L.—41 are presented in Fig. 13(j)—(1).
The THD of 413! and 4141 are, respectively, 6% and 5.5%,
and both operate with dc-link voltage of 170 V. It is noticed
that topologies X—4[ produce less ripple in grid current (lower
THD) than X-3!. Finally, results of topology 6L are presented in
Fig. 13(m)—(0). This topology requires the lowest dc-link volt-
age of 100 V, and its grid currents present lowest ripple (lowest
THD), among all topologies presented in this paper.

These results are presented in order to show the feasibility
and controllability of all topologies. Additionally, it is possible
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to evaluate the impact of converter in ripple of grid currents and
specification of dc-link voltage.

VI. CONCLUSION

The five most popular topologies based SAPF applied to
four-wire systems has been studied in this paper. These topolo-
gies were analyzed in terms of ratings of dc-link voltage and
current, quality of output waveforms and efficiency, in which
the converters have operated under two different scenarios,
i.e., compensating two types of loads, differing by the level of
zero-sequence harmonics. In this way, it is possible to make the
right decision about which topology should be chosen for any
industrial plant. Therefore, system modeling, control strategy
(including mathematical modeling of controllers), analysis of
simulating results and experimental results has been presented
as well. First, dc-link behavior was analyzed including detailed
voltage specification and stress of current (verifying the current
spectra). Once defined the minimum dc-link for the topologies,
they were also analyzed and compared to each other in terms of
grid currents THD and semiconductor losses. This last figure
of merit has been evaluated for two scenarios: 1) all topologies
operating with same switching frequency, and 2) all topologies
operating with different frequencies in order to achieve the
same THD, this last seems to be the fairer way of comparison.

From analysis, it is possible to conclude that the choice of
better topology depends on the type of load to be compensated.
Therefore, topologies 3L—4[ and 4L.—4! (structures with inductor
in fourth conductor) present better THD performance than 3L—3/
and 413! (structures without inductor in fourth conductor), re-
spectively, but X4l are less efficient in scenarios with high
level of zero-sequence current or high unbalance. Then, they
become the best solution for scenarios with low zero-sequence
compensation. Topologies 3L—3! and 3L—4[ require additional
voltage sensor at dc-link capacitor and present low frequency
components in dc-link current capacitor, which implies in high
capacitor losses. These features appear as important drawbacks
to be evaluated. The topology 6L is the most efficient topol-
ogy among all studied structures, mainly due to lowest level
of dc-link voltage. However, this topology requires three isola-
tion transformers and higher number of power switches, which
means higher weight, size, and cost. At last, by comparing the
experimental THD and dc-link voltages, presented in Table VII,
with simulation results, presented in Tables IV and I11, this paper
has shown results in total accordance.
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