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ABSTRACT This paper investigates a three-phase transformerless series active power filter based on
open-end connections. The studied system was designed to mitigate power quality issues, including
voltage harmonics, as well as balanced and unbalanced voltage sags and swells. The topology operates
with the fourth wire connected through an additional leg. The developed control strategy eliminates the
need for phase jumps in the load voltage, operates independently of the load power factor, and does not
require fixed DC sources at the DC-link, making it a simpler and more efficient solution when compared
with conventional approaches. The system model, the pulse-width modulation (PWM) scheme, and the
design of the controllers and passive components are presented, while the overall control methodology is
discussed in detail. In addition, a comparative analysis among the considered topologies is carried out.
Finally, simulation and experimental results are presented to validate the feasibility and effectiveness of
the proposed system.
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I. INTRODUCTION
In recent years, the expansion of nonlinear loads has intensi-
fied Power Quality (PQ) problems, making them a significant
concern in modern electrical systems [1]–[3]. Among the
main disturbances that affect PQ are harmonics, voltage sags,
and voltage swells, which can compromise the operation of
sensitive equipment [4]. Voltage harmonics consist of distor-
tions in the sinusoidal waveform and may cause malfunction
of protection devices as well as transformer overheating
[5]. Voltage sags and swells, in turn, are short-duration
disturbances characterized, respectively, by the reduction of
the RMS voltage to values between 0.1 and 0.9 p.u. and
by the increase to values between 1.1 and 1.8 p.u. [6].
These disturbances may lead to failures in automated and
communication systems, resulting in significant economic
losses [7].

In this context, several solutions based on power electron-
ics have been developed to mitigate power quality problems.
Dynamic Voltage Restorers (DVRs) and Series Active Power
Filters (SAPFs) are devices capable of protecting sensitive
loads from disturbances originating from the electrical grid
[14], [15]. The DVR is connected in series between the
grid and the load and operates by injecting a controlled
compensating voltage which, when added to the grid voltage,
restores the load voltage to a sinusoidal waveform at its
nominal value and fundamental frequency, thereby protecting

FIGURE 1. Existing series compensator topologies reported in the
literature: (a) Conventional structure with line-frequency transformers
(LFT) [8]. (b) Structure with high-frequency transformers (HFTs) [9]. (c)
Transformerless SAPF with one H-bridge per phase (2L-SAPF) [10]. (d)
Transformerless topology based on a three-phase converter [11]. (e)
Transformerless five-level T-type DVR with independent DC sources [12].
(f) Transformerless SAPF with shunt and series converters (6L-SAPF) [13].
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the load from grid disturbances [16]. Its typical topology
consists of a Voltage Source Inverter (VSI), filter inductors,
DC-link capacitors, a control system, low-frequency trans-
formers for voltage injection, and an isolated DC source [6].
For this reason, the SAPF is generally a solution that does not
require dedicated circuits to supply the DC-link, providing
better cost-effectiveness while ensuring the supply of a
regulated fundamental voltage to the load [17], [18]. In [8],
the conventional SAPF topology (see Fig. 1(a)), is employed
for power quality improvement. These devices are employed
in several applications related to power quality improvement
[19], [20]. The main drawback associated with their use is the
presence of transformers operating at grid frequency, since
they exhibit high manufacturing costs, which limits large-
scale applications. In addition, these transformers are bulky
and occupy considerable physical space, while also being
susceptible to magnetic saturation, which may impair the
compensation performance [7].

To address these issues, several topologies employing
high-frequency transformers (HFTs) have been proposed
in the literature [21]–[23]. In [9], a structure employing
an isolated DC–DC converter with a high-frequency trans-
former, illustrated in Fig. 1(b), is proposed to provide
galvanic isolation between the series converters without
using bulky line-frequency injection transformers. However,
the overall structure is relatively complex, comprising a
three-phase shunt converter, an isolated DC–DC stage, three
single-phase H-bridge series converters, multiple DC-link
capacitors, and an HFT with one primary and three sec-
ondary windings. Considering the semiconductor devices
employed in the complete structure, a total of 34 IGBTs
is required. Furthermore, the compensation strategy adopted
is based on in-phase compensation, which may result in
a phase jump in the load voltage, making it undesirable
for certain types of loads [24]. These topologies replace
the injection transformer operating at line frequency with
one operating at high frequency, resulting in a significant
reduction in weight, volume, and costs [22], [25]. However,
high-frequency transformers introduce challenges such as
increased losses and design complexity due to parasitic
effects and high-frequency phenomena [26], [27]. Motivated
by this, transformerless topologies have been discussed in
the literature [28], [29]. To reduce size, weight and costs,
[10] proposed a transformerless SAPF using an H-bridge
module per phase (2L-SAPF, see Fig. 1(c)). However, it does
not compensate for unbalanced disturbances and requires a
quadrature between voltage and current, causing phase jumps
in the load voltage and making the voltage requirement
and the possibility of compensation dependent on the load
power factor. In [30], a control strategy applied to a DVR
is developed to mitigate voltage sags and phase jumps;
however, injection transformers are still used. In [11], a
transformerless topology (see Fig. 1(d)) based on an open-
end configuration and employing a three-phase series inverter
compensates for unbalanced voltage sags with fewer com-

ponents compared with the topology shown in Fig. 1(c), but
requires a higher DC-link voltage while still operating under
quadrature control. In [12], a transformerless structure based
on a T-type converter, illustrated in Fig. 1(e), is employed
to increase the power density of the system. However, the
topology requires multiple DC voltage sources, which are
considered ideal in the study.

In this context, [13] proposed an open-end-based three-
phase transformerless series active filter (6L-SAPF, see
Fig. 1(f)), which was first introduced in [31] for applications
as uninterruptible power supply. The investigated system is
designed to compensate for harmonics, voltage sags, and
swells, whether balanced or unbalanced, without relying
on low-frequency transformers or additional isolated DC
sources. Also, compared with the conventional counterpart,
the control system proposed here operates independently of
the load power factor and does not require phase jumps in
the load voltage for proper operation. However, since the
employed load is unbalanced, the neutral current is nonzero,
requiring the system to operate in a four-wire configuration
by using split capacitors in the DC-link to provide the fourth-
wire connection. In this configuration, the neutral current
may circulate through the DC-link capacitors and, depending
on its magnitude, can lead to unbalanced capacitor voltages,
increased voltage ripple, and the need for capacitors with
higher capacitance and larger volume, consequently increas-
ing the overall system cost [32], [33]. Furthermore, the
topology presents three bidirectional switches connected in
series with the interface inductors, which are responsible for
disconnecting the shunt unit from the circuit during voltage
swell conditions. As a consequence, the implementation cost
may increase. In addition, since these switches are connected
in series with the inductors, the abrupt interruption of the
inductor currents during the switching process may generate
high voltage spikes across the switches, potentially causing
device failure. In such cases, an additional protection circuit
would be required, increasing both the system cost and
complexity.

This article presents a three-phase transformerless series
active power filter based on an open-end connection, capable
of operating independently of the load power factor and
without requiring an isolated DC source at the DC-link (7L-
SAPF, see Fig. 2). In addition, the proposed system avoids
phase jumps in the load voltages. This work introduces
several improvements over the system previously presented
in [13]. In addition to the proposed topology, the PWM strat-
egy, system modeling, controller design, passive component
design, and control system are discussed in detail. A more
comprehensive comparative analysis of the topologies is also
included. Furthermore, simulation and experimental results
are presented to validate the performance and feasibility of
the proposed system. The main contributions and extensions
of this work are summarized as follows:

1) A modified control strategy is proposed, eliminating
the need for bidirectional switches.
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TABLE 1. Comparison of the main features of series voltage compensators.

Article [7] [8] [10] [11] [13] [12] [9] Proposed

Number LFTs 0 3 0 0 0 0 0 0

Number HFTs 0 0 0 0 0 0 1 0

DC-link capacitors 2 1 3 2 2 0† 4 1

Number of IGBTs 24 6 12 6 12 18 34 14

Balanced voltage sag ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Unbalanced voltage sag ✓ ✓ ∗ ✓ ∗∗ ✓ ✓ ✓

Balanced voltage swell ✓ ✓ ∗∗ ∗ ✓ ✓ ✓ ✓

Unbalanced voltage swell ∗ ∗∗ ∗ ∗ ∗∗ ✓ ✓ ✓

∗∗Capability reported in the work, although no results were presented. ∗Not reported in the work. †Six ideal DC voltage sources are considered instead
of DC-link capacitors.

FIGURE 2. Proposed converter.

2) The fourth wire of the system is implemented through
an additional converter leg, avoiding the issues as-
sociated with a split DC-link capacitor configuration.
This arrangement reduces the DC-link voltage ripple,
enables the use of a single DC-link capacitor, and
provides an additional degree of freedom for voltage
synthesis.

3) The comparative analysis is extended to include the
2L-SAPF and 6L-SAPF topologies. The comparison
considers the total harmonic distortion (THD) of the
load voltages, number of components, minimum DC-
link voltage, DC-link stored energy and voltage ripple,
and semiconductor power losses under different grid
conditions.

4) Additional experimental results are presented to vali-
date the proposed converter under different grid con-
ditions.

5) A steady-state analysis is included, addressing the
DC-link power flow and the design of the passive
components.

6) The design procedure of the control system is pre-
sented in detail.

Table 1 presents a comparison between the proposed
topology and selected structures reported in the literature.

The topology in [8] employs low-frequency transformers,
whereas the solutions in [7], [10]–[13] are transformer-
less, and the topology in [9] employs a high-frequency
transformer. Although some of these topologies reduce the
number of semiconductor devices, their reported compen-
sation capabilities are limited to a narrower range of grid
disturbances. In this context, the proposed topology provides
a favorable trade-off between the number of semiconductor
devices and compensation capability. It is able to compensate
for balanced and unbalanced voltage sags and swells without
requiring transformers, while employing a single DC-link
capacitor.

II. SYSTEM MODEL
Fig. 2 illustrates the proposed series active power filter,
which operates with the fourth wire connected to an ad-
ditional leg (qs4). This configuration eliminates the need to
connect the fourth wire to the DC-link, thereby avoiding
issues associated with the circulation of zero-sequence com-
ponents through the DC-link capacitors.

The load is linear and inductive, with an open-end con-
nection, and is represented by Zj per phase, consisting of
a resistor Rj and an inductor Lj , where j = {1, 2, 3}. Its
connection is implemented as illustrated in Fig. 2. Further-
more, the topology consists of a series unit, whose objective
is to maintain the load voltage at its reference value, and a
shunt unit, which is responsible for regulating the DC-link
voltage. The system is supplied by a three-phase grid with
voltages egj , while the load voltages are denoted by elj . The
DC-link consists of a capacitor (C) with a total voltage E. In
addition, the topology includes the coupling inductor of the
shunt unit (La), which filters the high-frequency components
generated by the converter switching, as well as the LC
low-pass filters on the load side, consisting of the inductors
Lf and capacitors Cf . The topology employs the switches
qsj − qsj and qlj − qlj .

Fig. 3 illustrates the equivalent circuit of the proposed
topology. Based on this representation, the variables vlj0,
vsj0, and vs40 represent the pole voltages of the series
unit, the shunt unit, and the fourth leg, respectively. The
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voltages generated by the shunt unit (vshj) and the series
unit (vsej), as well as the corresponding pole voltages, can
be defined. The currents igj , ilj , and isj correspond to the

FIGURE 3. Equivalent circuit

currents flowing through the grid, the load, and the shunt
unit, respectively. The current ig4 corresponds to the current
flowing through the fourth wire. The DC-link current ic
is determined by the switching states of qsj and qlj , and
depends on the shunt-unit currents (isj) and the load currents
(ilj), in addition to depending on the current ig4 and the
switching state of qs4. Thus:

ic =

3∑︂
j=1

(qljilj − qsjisj)− qs4ig4 = C
dE

dt
. (1)

where C is the DC-link capacitance and E corresponds to
the instantaneous voltage across the DC-link. The equivalent
circuit of the proposed system is analyzed in order to
derive the equations that describe the converter behavior,
as well as to determine the voltages vshj and vsej and
the relationships among the currents. Applying Kirchhoff’s
Laws to the equivalent circuit shown in Fig. 3, the following
equations are obtained:

egj + La
disj
dt

+Raisj = vsj0 − vs40. (2)

where Ra is the intrinsic resistance of the inductor La. The
shunt-unit voltage is defined by (3).

egj + La
disj
dt

+Raisj = vshj . (3)

The voltages egj are defined at the grid connection terminals
of the proposed system. Therefore, the upstream feeder
impedance is not explicitly included in the local shunt-branch
equation, which relates the converter voltage to the terminal
voltage through La and Ra. For the controller design and
simulation analysis, these terminal voltages are treated as
prescribed external disturbances. This assumption neglects
the dynamic interaction between the feeder impedance and
the converter currents. Consequently, the results establish
the compensation performance under the evaluated terminal-
voltage disturbances, while operation over a range of feeder

impedances is outside the scope of the present analysis.
Therefore (2) can be rewritten as

vshj = vsj0 − vs40. (4)

The voltages vsej and the relationship between the currents
are defined as follows:

vsej = egj − vlj0 + vs40. (5)

igj = ilj − isj . (6)

ig4 = ig1 + ig2 + ig3. (7)

III. PULSE WIDTH MODULATION
The switching signals of the investigated converter were
generated using a scalar pulse-width modulation (PWM)
technique. For the investigated topology, the adopted PWM
method includes third-harmonic injection. Considering the
symbol ∗ denotes that the variables represent the desired
reference values, from (4) and (5), the desired reference poles
voltages are given by:

v∗sj0 = v∗shj + v∗s40. (8)

v∗lj0 = egj − v∗sej + v∗s40. (9)

Equations (8) and (9) form a linear system composed of six
equations and seven variables. Therefore, the voltage v∗s40
can be freely defined, provided that it respects the voltage
limits imposed by the converter. Hence, it is necessary to
determine its maximum and minimum values according to
the voltages generated by the converter and the maximum
DC-link voltage. The maximum (v∗s4M ) and minimum (v∗s4m)
values that v∗s40 can assume are defined as (10) and (11),
respectively.

v∗s4M =
E∗

2
−max(v∗sh1, v

∗
sh2, v

∗
sh3, u

∗
l1, u

∗
l2, u

∗
l3). (10)

v∗s4m = −E∗

2
−min(v∗sh1, v

∗
sh2, v

∗
sh3, u

∗
l1, u

∗
l2, u

∗
l3). (11)

u∗
lj = egj − v∗sej . (12)

With these equations, the voltage v∗s40 can be determined
using (13).

v∗s40 = µ∗v∗s4M + (1− µ∗)v∗s4m. (13)

Once v∗s40 is calculated, the pole voltages are obtained
from (8) and (9). The resulting reference voltages are then
compared with a high-frequency carrier signal to generate
the switching commands for the semiconductor devices.

A. Influence of the µ∗ parameter on PWM
To determine the pole voltage v∗s40 in (13), the variable µ∗

must first be defined. This variable can be freely selected
within the range 0 ≤ µ∗ ≤ 1 and directly affects the
reference pole voltages in (8) and (9). Although different
values of µ∗ are possible, its selection influences the har-
monic distortion of the generated voltage. Fig. 4 illustrates
the normalized pole voltage of phase 1 of the series unit
and its reference for µ∗ = 0, µ∗ = 1, and µ∗ = 0.5 in
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Fig. 4(a), (b), and (c), respectively. The same behavior can
be observed for the other phases and for the shunt unit pole
voltages. For µ∗ = 0 and µ∗ = 1, the pole voltage waveforms
are asymmetric and exhibit intervals in which no switching
occurs. Although this behavior may contribute to reducing
switching losses, it results in higher harmonic distortion.

In addition, the total harmonic distortion (THD) of the
load voltages was evaluated for the three considered values
of µ∗. The obtained THD values were 1.015%, 1.021%, and
0.38% for µ∗ = 0, µ∗ = 1, and µ∗ = 0.5, respectively.
Therefore, µ∗ = 0.5 provides a symmetrical pole-voltage
waveform and reduces the THD of the load voltage. Based
on these results, µ∗ = 0.5 is adopted throughout this work.

FIGURE 4. Pole voltage waveforms of the series unit for different values
of µ∗. (a) µ∗ = 0. (b) µ∗ = 1. (c) µ∗ = 0.5.

IV. DC-LINK VOLTAGE SPECIFICATIONS
This section determines the minimum DC-link voltage re-
quired for the steady-state operation of the 7L-SAPF. From
(8) and (9), considering that the pole voltages are limited
to the interval [−E∗

2 , E∗

2 ], the following conditions must be
satisfied:

E∗ ≥
⃓⃓
v∗shj

⃓⃓
, (14)

E∗ ≥
⃓⃓
egj − v∗sej

⃓⃓
. (15)

The condition in (15) shows that the phase angle ϕ
between the grid voltage and the series unit reference voltage
directly affects the minimum DC-link voltage. For the sinu-
soidal steady-state analysis, the grid voltage and the series-
unit reference voltage can be represented by the phasors Eg

and V∗
se, whose magnitudes are Eg and V ∗

se, respectively.
Denoting by ϕ the angular displacement between these two
phasors, the phasor diagram (see Fig. 5) can be constructed
directly from the voltage difference appearing in (15). Thus,

FIGURE 5. Phasor diagram under rated steady-state conditions.

Applying the law of cosines to the phasor diagram in
Fig. 5 yields

|Eg −V∗
se| =

√︂
E2

g + (V ∗
se)

2 − 2EgV ∗
se cos(ϕ). (16)

Substituting (16) into (15) gives

E∗ ≥
√︂

E2
g + (V ∗

se)
2 − 2EgV ∗

se cos(ϕ). (17)

In addition, according to (10) and (11), a valid value of
v∗s40 must simultaneously satisfy the constraints imposed by
all three phases and both converter units. Therefore, the
upper and lower limits must satisfy v∗s4M ≥ v∗s4m, resulting
in

E∗ ≥ max (V ∗)−min (V ∗) , (18)

where
V ∗ = {v∗sh1, v∗sh2, v∗sh3, u∗

l1, u
∗
l2, u

∗
l3} . (19)

Therefore, the DC-link voltage must simultaneously satisfy
(14), (17), and (18). Under rated balanced conditions, using
the approximations in (24) and (25) and considering egj =
elj , the maximum voltage excursion in (19) corresponds
to the line-voltage amplitude. Thus, the minimum DC-link
voltage is given by

E∗ ≥
√
3Egrated , (20)

where Egrated is the amplitude of the rated phase-to-neutral
grid voltage. During voltage sags, the grid-voltage amplitude
decreases, and therefore the DC-link voltage defined by (20)
remains sufficient. In contrast, voltage swells increase the
voltage excursion in (18) and may require a higher DC-link
voltage to ensure proper voltage synthesis.

V. OPERATION CONSTRAINTS
Fig. 6(a) presents the series-side behavior of the investigated
7L-SAPF. It can be inferred that the series converter voltage
remains constant and equal to 1 p.u., which means that it
does not depend on the load power factor.

The conventional 2L-SAPF configuration, operating with-
out a fixed source in the DC-link, i.e., using minimum energy
injection or quadrature control, presents some limitations,
especially regarding voltage sag compensation. Equation
(21) defines the DC-link voltage of the series module for any
load power factor θl. From (21), it is possible to obtain the
graph that describes the behavior of the voltage generated
by the series unit for different power factor values while
maintaining El equal to 1 p.u. (see Fig. 6(b)). During voltage
sag disturbances, the topology depends on the load power
factor to operate properly and loses its series compensation
capability when the power factor is unity. During voltage
swell disturbances, the topology presents fewer restrictions
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for power factor values closer to zero. There is also a
boundary region that defines the proper operating condition
of the topology; below this region, the system is unable to
compensate for any disturbance. Thus, the proposed system
is more suitable for practical applications due to its wide
applicability and load power factor independence.

Vse = El sin(θl)−
√︂

E2
g − [El cos(θl)]

2. (21)

FIGURE 6. Series converter voltage required. (a) Proposed configuration,
(b) Conventional 2L-SAPF.

VI. DESIGN OF PASSIVE DEVICES
This section presents the design of the converter passive
components, including the filter inductors and capacitors, as
well as the DC-link capacitor.

A. DC-link Capacitor
The minimum DC-link capacitance is determined based on
the maximum allowable steady-state voltage ripple. The grid
voltages are assumed to be balanced, while the shunt-unit
currents are defined with equal amplitudes and in phase
with the corresponding grid voltages. The load currents may

contain positive-, negative-, and zero-sequence components
due to load unbalance and the presence of the fourth wire.
In addition, converter losses are neglected. Under these
assumptions, the instantaneous power at the DC-link, pc(t),
can be expressed as

pc(t) =

3∑︂
j=1

vlj0ilj − vs40ig4 − vsj0isj . (22)

Substituting (6), (7), (8), and (9) into (22), yields

pc(t) =

3∑︂
j=1

[︁
(egj − v∗sej)ilj − v∗shjisj

]︁
. (23)

Under steady-state conditions, the series-unit voltages can
be approximated by the load voltages, whereas the shunt-
unit voltages can be approximated by the grid voltages, as
given by (24) and (25).

v∗shj ≈ egj , (24)

v∗sej ≈ elj . (25)

Therefore, (23) can be rewritten in the form given by (26):

pc(t) =

3∑︂
j=1

[(egj − elj)ilj − egjisj ] . (26)

Two important conclusions can be drawn from (26).
First, under rated operating conditions, for which the grid
and load voltages are approximately equal, the contribution
associated with the load currents vanishes. Consequently,
the low-frequency DC-link voltage oscillation is minimized,
while the remaining ripple is mainly associated with high-
frequency switching effects. Second, for a balanced load, the
load currents do not contain a negative-sequence component.
Therefore, regardless of the grid-voltage magnitude, the load-
current-related term does not produce an oscillating power
at twice the fundamental frequency, which is the power
considered in the design of the DC-link capacitor.

As previously discussed, the load currents may contain
positive, negative, and zero-sequence components and can
be expressed as

ilj = i+lj + i−lj + i0lj . (27)

By substituting these components into the instantaneous
power expression and considering the aforementioned as-
sumptions, (28) is obtained, which represents the instanta-
neous power at the DC-link:

pc(t) =
3

2
(Eg − El)I

+
l cos δ+ − 3

2
EgIs

− 3

2
(Eg − El)I

−
l cos(2ω0t+ δ−).

(28)

here, Eg and El denote the amplitudes of the grid and load
voltages, respectively. The quantities I+l and I−l denote the
amplitudes of the positive and negative-sequence compo-
nents of the load currents, respectively, while δ+ and δ−
denote their corresponding phase angles. Although a closed
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path exists through the neutral conductor, the zero-sequence
contribution cancels in the three-phase summation of the
instantaneous power. Therefore, it contributes neither to the
average power nor to the 2ω0 oscillating component of the
total DC-link power pc(t). The power given by (28) consists
of an average component and an oscillating component at
twice the fundamental frequency. Under steady-state con-
ditions, the average powers exchanged by the series and
shunt units are balanced through the DC-link. Hence, the
net power handled by the DC-link capacitor is the oscillating
component. As expressed in (29), this oscillating power is
absorbed and released by the DC-link capacitor and can be
written as

pc(t) = −3

2
(Eg − El)I

−
l cos(2ω0t+ δ−). (29)

The DC-link voltage can be decomposed into its average
value and an instantaneous ripple component ˜︁e(t). Assuming
a small voltage ripple, i.e., ˜︁e(t) ≪ E, the instantaneous DC-
link voltage can be approximated by e(t) ≈ E. Therefore,
the instantaneous capacitor power can be approximated as

pC(t) ≈ CE
d˜︁e(t)
dt

. (30)

Equating (29) and (30) and isolating the derivative of the
voltage ripple yields

d˜︁e(t)
dt

= −
3(Eg − El)I

−
l

2CE
cos(2ω0t+ δ−). (31)

Integrating both sides with respect to time, the instantaneous
DC-link voltage ripple is obtained as

˜︁e(t) = −
3(Eg − El)I

−
l

4ω0CE
sin(2ω0t+ δ−). (32)

Consequently, the peak amplitude of the DC-link voltage
ripple, ∆Ep, is given by

∆Ep =
3 |Eg − El| I−l

4ω0CE
. (33)

Considering the peak-to-peak voltage ripple, ∆Epp, as twice
the peak ripple amplitude, (33) can be rewritten as

∆Epp =
3 |Eg − El| I−l

2ω0CE
. (34)

Finally, for a specified maximum allowable peak-to-peak
DC-link voltage ripple, the minimum required capacitance
is determined by (35):

Cmin ≥
3 |Eg − El| I−l
2ω0E∗∆Epp

. (35)

B. Filter Design
The minimum filter inductance can be determined based on
the maximum allowable current ripple. During a switching
period, the voltage across the inductor assumes two levels,
corresponding to its maximum and minimum values. Con-
sidering that the average voltage across the inductor must be
zero under steady-state conditions, it follows that∫︂ dTs

0

VLmax dt+

∫︂ Ts

dTs

VLmin dt = 0. (36)

In addition, the inductor voltage variation, ∆V , is defined
as

∆V = VLmax
− VLmin

. (37)

Solving (36) and (37), the maximum and minimum inductor
voltages can be expressed as functions of the duty cycle as

VLmax
= ∆V (1− d), (38)

VLmin
= −∆V d. (39)

Figure 7 illustrates the voltage and current waveforms of
the inductor. Considering that the inductor current ripple is

FIGURE 7. Inductor voltage and current waveforms.

defined as
∆IL = IL1

− IL2
, (40)

the following expression is obtained:

∆IL =
1

L

∫︂ dTs

0

∆V (1− d) dt =
∆V (1− d)dTs

L
. (41)

Differentiating (41) with respect to the duty cycle d and
setting the resulting expression equal to zero yields the
condition for the maximum current ripple:

d(∆IL)

dd
=

∆V Ts

L
(1− 2d), (42)

∆V Ts

L
(1− 2d) = 0, (43)

which results in
d =

1

2
. (44)

Substituting this value into (41), the minimum inductance
required to satisfy the maximum allowable current ripple is
obtained as

Lmin ≥ ∆V

4fsw∆ILmax

. (45)

The filter capacitor, denoted by Cf , is designed based on
the desired resonant frequency of the LC filter. Considering
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that the filter inductance Lf has already been determined,
the angular resonant frequency is given by

ωr =
1√︁
LfCf

. (46)

In terms of the resonant frequency in hertz, it follows that

fr =
1

2π
√︁

LfCf

. (47)

Solving for the filter capacitance Cf yields

Cf =
1

(2πfr)
2
Lf

. (48)

VII. CONTROL STRATEGY
In this section, the control strategy of the proposed topology
is analyzed. The control diagram is presented in Fig. 8 and
is divided into five parts, denoted I, II, III, IV, V.

Before detailing the control diagram, it is important to
emphasize that, as previously presented, the 6L-SAPF topol-
ogy includes bidirectional switches in its structure, which
are responsible for disconnecting the shunt unit during grid
swell conditions. This operation allows the DC-link voltage
to increase until it reaches a value higher than the grid
peak voltage during the disturbance. After this condition
is achieved, the switches are closed again, allowing the
current control strategy to be reestablished. However, the
implementation cost and the complexity associated with the
operation of these bidirectional switches may increase the
overall system complexity and reduce its practical attractive-
ness. Therefore, for the investigated topology, the removal of
these bidirectional switches is proposed in order to simplify
the structure and reduce the implementation complexity of
the system. The removal of these switches becomes feasible
due to the adoption of a specific control strategy capable of
increasing the DC-link voltage during grid swell conditions,
ensuring values higher than the grid peak voltage.

The new control strategy developed is located in Part I of
the control diagram. The DC-link voltage (E) is controlled
by means of a conventional PI controller (block RE), in
which a constant reference value is defined for the DC-
link voltage (E∗ = Enom = 320V), under rated operating
conditions and during voltage sag events. The PI controller
processes the DC-link voltage error (E∗−E) and, based on
this value, provides the reference amplitude for the currents
flowing through the shunt path (I∗S). The transfer function
of the PI controller in block RE , in the frequency domain,
is given by:

RE(s) = kpC +
kiC
s

. (49)

Under voltage swell conditions, the proposed strategy
modifies the DC-link voltage reference whenever the dis-
turbance is detected. Thus, instead of remaining constant, as
defined under rated operating conditions (i.e., E∗ = Enom,
where Enom is the previously defined constant voltage),
the reference assumes the form of an increasing ramp,

Eramp, initiated at the instant the disturbance is identified,
that is, when the RMS grid voltage Eg becomes greater
than or equal to 10% above the rated voltage, i.e., when
Eg ≥ 1.1Egrated. The ramp is maintained until the instanta-
neous DC-link voltage reaches twice the final amplitude of
the disturbance, 2Ag. This procedure ensures that the DC-
link voltage becomes sufficiently high for the series unit
to properly compensate the load voltage during the swell
event. Subsequently, when the grid voltage starts returning to
its nominal value, the control system detects this condition
and generates a decreasing ramp for the DC-link voltage
reference, allowing the system to gradually return to the
previously established operating point. The flowchart shown
in Fig. 9 illustrates the behavior of the reference voltage for
these different operating conditions.

Considering the nominal grid voltage Egrated = 110 V, the
nominal peak value is given by (50). The instantaneous peak
voltage is estimated from the RMS value Eg, as calculated
in (51). Based on these equations, the voltage swell level in
p.u. can be determined from (52).

Anom = 110
√
2. (50)

Ag = Eg

√
2. (51)

∆vswell = max

(︃
0,

Ag −Anom

Anom

)︃
. (52)

The ramp increment is then defined as

kramp = Kstep∆vswell. (53)

where Kstep is a tuning gain expressed in volts per control
step, which was set to 1 in this work. Therefore, kramp

represents the voltage increment or decrement applied to the
ramp at each control iteration. In this case, the increment
or decrement rate depends on the voltage swell level, such
that under more severe swell conditions the ramp becomes
faster, whereas under less severe swell conditions the ramp
becomes slower. This enables a dynamic ramp adjustment
according to the voltage swell level. The ramp is updated
according to (54).

E∗
ramp[k + 1] = min

(︁
E∗

ramp[k]± kramp, 2Ag

)︁
. (54)

In II, grid synchronization is performed using single-phase
power-based Phase-Locked Loops (pPLLs) based on the
structure presented in [34], with one pPLL independently
implemented for each grid phase. Each pPLL estimates the
phase angle of the fundamental component of its correspond-
ing grid voltage, which is used to generate the synchronized
shunt-unit current isj . As reported in [34], the pPLL can
exhibit low sensitivity to voltage harmonic distortion when
properly tuned. This behavior is evaluated in Fig. 10, where
5th- and 7th-order harmonics are introduced into the grid
voltage at t = 1s. The resulting phase-angle error ∆θ
remains below 0.5◦ during the transient and returns close
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FIGURE 8. Control diagram of the proposed topology.

(a)

(b)
FIGURE 9. Flowchart of the DC-link voltage reference operation.

to zero within approximately 0.13s, while the estimated
frequency remains close to 60 Hz. These results indicate that
the adopted pPLL maintains synchronization with the funda-
mental component under the considered harmonic distortion.
The synchronized shunt currents provide the active power
required for DC-link voltage regulation and converter-loss
compensation and, during voltage sags and swells, contribute
to maintaining the converter input power. Their references
are defined as

i∗sj = I∗sj sin

[︃
θ + (1− j)

2π

3

]︃
. (55)

In III, the Proportional-Resonant (PR) controllers, denoted
by blocks Ri, receive the current error (isj−i∗sj) and generate
the reference voltage v∗shj . The transfer function of the Ri

and Rel blocks is :

Ri(s) = kpi +
2kiiωbs

s2 + 2ωbs+ ω2
0

, (56)

where ω0 = 2πf , f = 60 Hz, that is, the fundamental
frequency of the electrical grid. The parameter ωb defines the
bandwidth around the resonant frequency ω0. Its inclusion
reduces the controller’s sensitivity to small variations in ω0

and limits the resonant gain to a high but finite value [35].

FIGURE 10. Response of the pPLL to harmonic component injection into
the input voltage. (a) pPLL input voltage. (b) Phase error. (c) Estimated
frequency.

In block IV, from the grid voltage angle θ and a refer-
ence amplitude for the load voltage (E∗

l ), the instantaneous
reference voltages for the load (e∗l ) are determined.

Finally, in block V, the Proportional-Resonant, denoted as
Rel, receives the load voltage error (e∗l − el) and processes
it to determine the voltage that the series unit must generate.
Based on this voltage and according to (12), the grid voltage
of the corresponding phase is subtracted, resulting in the
reference pole voltages of the series converter, denoted
as vlj0. The transfer function of this controller is given
equivalently as shown in (56).

VIII. CONTROL SYSTEM DESIGN
This section presents the frequency-response-based design
of the controllers employed in the converter. The crossover
frequency of the current loop is selected approximately
one decade below the converter switching frequency to
ensure a fast transient response. In contrast, the voltage-loop
crossover frequency is chosen significantly lower than that of
the current loop, ensuring adequate decoupling between the
control loops and a slower voltage-control dynamics [36].
Furthermore, a phase margin of 60◦ is adopted for both
control loops to ensure stability and satisfactory dynamic
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performance [37]. The controller design is performed by
imposing a crossover frequency ωc and a desired phase
margin (PM). At the crossover frequency, the magnitude
condition is given by

|R(jωc)G(jωc)| = 1, (57)

whereas the open-loop phase condition is

∠R(jωc) + ∠G(jωc) = −π + PM. (58)

A. Shunt Current Control
The plant used for the shunt current control can be obtained
from (3). Considering the grid voltage as a disturbance
and Ra as the intrinsic resistance of the filter inductor, the
application of the Laplace transform yields

Gi(s) =
Is(s)

Vsh(s)
=

1

Ra + sLa
. (59)

The controller gains can then be determined from

A = ω2
0 − ω2

c , (60)

B = 2ωbωc, (61)

M =
√︁

R2
a + (ωcLa)2, (62)

θ = PM − π + tan−1

(︃
ωcLa

Ra

)︃
, (63)

kii =
M sin(θ)(A2 +B2)

AB
, (64)

kpi = M cos(θ)−M sin(θ)
B

A
. (65)

B. DC-link Voltage Control
To determine the gains of the PI controller responsible for
DC-link voltage regulation, a small-signal transfer function
relating the DC-link voltage to the shunt-unit current must
first be obtained. As previously discussed, the DC-link
power consists of an average component and an oscillating
component at twice the fundamental frequency. For the
voltage-control plant, only the average power component is
considered, since the voltage controller is not designed to
compensate for the double-frequency power oscillation. In
addition, a resistance Rp connected in parallel with the DC-
link capacitor is considered to represent the converter losses.
By linearizing the power balance around the operating point,
separating the steady-state and small-signal components, and
treating the series-unit power as an external disturbance, the
DC-link voltage plant is obtained as

Gv(s) =
˜︁E(s)˜︁Is(s) = −

3
2Eg

CEs+ 2E
Rp

. (66)

Applying the previously defined magnitude and phase con-
ditions, the PI controller gains are obtained from

M =
E

√︃(︂
2
Rp

)︂2

+ (ωcC)
2

1.5Eg
, (67)

θ = PM − π + tan−1

(︃
ωcCRp

2

)︃
, (68)

kpC = M cos(θ), (69)

kiC = −ωcM sin(θ). (70)

It should be noted that the negative sign of the plant in
(66) is omitted during the controller-gain calculation. In the
complete control system, this sign is accounted for by the
polarity of the control action.

C. Load Voltage Control
For the control of the load voltages, a proportional-resonant
controller was employed and implemented similarly to the
current control scheme.

IX. RESULTS
This section presents closed-loop simulation and experi-
mental results validating the proposed 7L-SAPF converter.
The experimental tests employed SEMIKRON power de-
vices (SKM50GB123D IGBTs and SKH23 drivers) and a
TMS320F28335 DSP. Table 2 lists the parameters adopted
in both simulation and experiments. Fig. 11 illustrates the
setup used to obtain the simulation and experimental results.

FIGURE 11. Setup for simulation and experimental results.

A. Simulation Results
Fig. 12 illustrates the converter operation when the grid
voltage is subjected to significant harmonic distortion. In
this test, 5th- and 7th-order harmonic components are added
to the grid voltage, resulting in a THD of 35.50%, as
shown in Fig. 12(a). Such voltage distortions, if not properly
compensated, may adversely affect the connected loads. As
shown in Fig. 12(b), the load voltages remain sinusoidal at
the nominal amplitude and frequency, with the THD reduced
to 0.83%, demonstrating the effectiveness of the proposed
compensation.
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TABLE 2. Parameters considered for simulation and experimental results.

Parameter Description Value
Egrated Grid voltage (rms) 110 V
El Load voltage (rms) 110 V
fsw Switching frequency 10 kHz
f0 Grid and load frequency 60/60 Hz
E∗ DC-link voltage reference 320 V
C DC-link capacitance 2.2 mF
Lf Filter inductance 2 mH
Cf Filter capacitance 46 µF
La Filter inductance 7 mH
R1 Load resistance 15 Ω

R2 Load resistance 22.5 Ω

R3 Load resistance 45 Ω

L1 Load inductance 21 mH
L2 Load inductance 21 mH
L3 Load inductance 21 mH
pf Power factor 0.93 lagging

Controller Gains
kpC Proportional gain of RE=Rel 0.8
kiC Integral gain of RE=Rel 22.0
kpi Proportional gain of Ri 5.0
kii Integral gain of Ri 1000.0

FIGURE 12. Simulation results of the system operating under grid voltage
harmonic distortion conditions. (a) Grid voltages with 35.50% THD and
DC-link voltage. (b) Load voltages with 0.83% THD.

Fig. 13 illustrates the grid and DC-link voltages, as well
as the load currents, under rated operating conditions.

Fig. 14(a) illustrates the converter operating under rated
conditions (t < 0.6 s) and during a 50% voltage sag
(t > 0.6 s). It can be observed that the converter exhibits
the expected performance, since even during and after the
disturbance, the load voltages (elj , see Fig. 14(b)) remain
close to their respective reference values. This demonstrates

FIGURE 13. Simulation results with the system operating under rated. (a)
Grid and DC-link voltages. (b) Load currents.

the effectiveness of the system in mitigating disturbances.
Furthermore, it is possible to observe that the DC-link
voltage control system operates properly, since even during
the voltage sag, the DC-link voltage remains regulated at
its respective reference value. This indicates that the control
strategy is also capable of rejecting possible disturbances in
the system. Fig. 14(c) illustrates the waveform of the phase-
1 shunt unit current (is1). It can be observed that, under
rated operating conditions, its RMS value is low. However,
during voltage sag conditions, this current increases in order
to maintain the input power, as previously discussed.

FIGURE 14. Simulation results with the system operating under rated and
voltage sag conditions. (a) Grid and DC-link voltages. (b) Load voltages.
(c) Phase-1 shunt unit current.

The behavior of the proposed topology operating under a
70% voltage swell condition is illustrated in Fig. 15(a) for

Eletrônica de Potência, Rio de Janeiro, v. 31, e202635, 2026. 11

https://creativecommons.org/licenses/by/4.0/


Santos et al.: Self-Supported Transformerless Series Active Power Filter for Wide-Range Load Voltage Compensation

FIGURE 15. Simulation results with the system operating under voltage
swell conditions. (a) Grid and DC-link voltages. (b) Load voltages.

t > 0.6 s. As previously explained, during the voltage swell
condition, the control system changes the DC-link voltage
reference to a ramp profile until it reaches twice the peak
amplitude of the grid voltage at the instant of the disturbance.
According to the presented results, it can be confirmed
that the control strategy operates properly, since the DC-
link voltage begins to increase following a ramp profile at
the initial instant of the voltage swell and stops when the
final reference condition is achieved. Furthermore, it can be
observed that the system fulfills its purpose, since during the
voltage swell, the load voltages (elj , see Fig. 15(b)) remain
close to their defined reference values.

Fig. 16(a) illustrates the grid voltage waveforms under
unbalanced disturbance conditions, in which phase 1 under-
goes a 70% voltage swell, phase 2 is subjected to a 30%
voltage sag, and phase 3 presents a 50% voltage sag. It can be
observed in Fig. 16(b) that the load voltages remain properly
regulated, indicating that the proposed topology is effective
in compensating unbalanced disturbances.

As demonstrated by these results, the proposed topology is
feasible, since it is capable of compensating both balanced
and unbalanced voltage disturbances, as well as harmonic
distortions, thereby ensuring the proper operation of the
equipment connected to the grid.

B. Experimental Results
The experimental results are presented in Figs. 17(a)-(f).
Fig. 17(a) highlights the waveforms of the grid voltage in
phase 1 (eg1), the load voltage in phase 1 (el1), the load
voltage in phase 3 (el3), and the current of phase 1 of
the shunt unit (is1) under rated operating conditions. As
observed in the simulation results, under rated conditions,
the current of the shunt unit (is1) presents a low RMS value,
which can be verified in this figure.

FIGURE 16. Simulation results of the topology operating under
unbalanced disturbance conditions. (a) Grid voltages and DC-link voltage.
(b) Load voltages.

Figs. 17(b) and (c) show the system behavior during
the transient caused by a 50% grid voltage sag. It can
be observed that the amplitude of the shunt unit current
increases in order to maintain the input power, as previously
explained. It can also be observed that the DC-link voltage
remains regulated throughout the disturbance.

Fig. 17(d) illustrates the waveforms of the grid voltage in
phase 1, the DC-link voltage, and the load voltages when
the proposed topology operates under a 70% grid voltage
swell condition. It can be observed that, upon detecting
the voltage swell, the control system acts on the DC-link
voltage by increasing its value, as previously discussed.
Fig. 17(e) illustrates the system operating under the steady-
state condition of a 70% grid voltage swell.

Finally, Fig. 17(f) illustrates the phase-1 grid voltage, the
load voltages in phases 1 and 3, and the DC-link voltage
when the grid voltages return to nominal conditions. It can be
observed that the DC-link voltage also decreases, returning
to the value defined prior to the disturbance.

In all cases, it is evident that the load voltages were not
affected by the disturbances, thus ensuring the proper supply
of electrical energy to the consumer units or connected
equipment.

X. TOPOLOGY COMPARISONS
This section presents a comparative analysis of the 2L-SAPF,
6L-SAPF, and the proposed topology in terms of the number
of components, minimum DC-link voltage, semiconductor
device losses, and total harmonic distortion (THD) of the
load voltage. The comparisons regarding THD and semi-
conductor losses were carried out through simulations in
PSIM using the parameters listed in Table 3. Different load
parameters were adopted because the 2L-SAPF is unable to
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FIGURE 17. Experimental results for the proposed topology under different conditions. (a) Rated operating conditions. (b)-(c) Grid voltage sag. (d)-(e)
Grid voltage swell. (f) Grid and DC-link voltages returning to nominal operating conditions.

compensate the disturbances under the load power factor of
the previously defined load. All other system parameters are
identical to those presented in Table 2.

TABLE 3. Load parameters used in the comparison among the topologies.

Parameter Description Value
R1 Load resistance 8.5 Ω

R2 Load resistance 10 Ω

R3 Load resistance 12 Ω

L1 Load inductance 30 mH
L2 Load inductance 35 mH
L3 Load inductance 42 mH
pf Power factor 0.6 lagging

A. Number of Components and Minimum DC-link Voltage
Table 4 compares the proposed topology with the 6L-SAPF
and the conventional 2L-SAPF in terms of the number of
power components and the minimum DC-link voltage re-
quired by the series converter to synthesize the compensation
voltage under the evaluated grid disturbances.

As can be observed, the proposed 7L-SAPF requires 14
IGBTs, whereas the 6L-SAPF and the conventional 2L-
SAPF require 12 IGBTs. This increase is a consequence of
the additional converter leg introduced in the proposed struc-
ture. However, this additional leg provides an extra degree
of freedom for voltage synthesis, allowing the converter to
achieve the required compensation voltage with a reduced
DC-link voltage when compared with the conventional 2L-
SAPF.

Another relevant feature of the proposed topology is the
reduced number of DC-link capacitors. While the 6L-SAPF

and the 2L-SAPF require two and three DC-link capacitors,
respectively, the proposed 7L-SAPF uses only one DC-link
capacitor. This simplifies the DC-link structure and avoids
the use of multiple split DC-link capacitor groups.

Regarding the minimum DC-link voltage, the proposed
7L-SAPF requires only 1.0 p.u., the same value required by
the 6L-SAPF. In contrast, the conventional 2L-SAPF requires
1.25 p.u. to generate the necessary compensation voltage.

TABLE 4. Comparison of component count and minimum DC-link voltage.

1 p.u. = E∗ = 320 V.

Topology 7L-SAPF 6L-SAPF 2L-SAPF
No. of IGBTs 14 12 12

No. of DC-link Capacitors 1 2 3
DC-link Voltage (p.u.) 1.0 1.0 1.25

B. DC-link Capacitance and Stored Energy Comparison
The topologies were evaluated in terms of the required DC-
link capacitance and stored energy to limit the peak-to-peak
voltage ripple to 5% of the average DC-link voltage under a
30% voltage sag condition, considering the DC-link voltages
defined in Table 4. The comparison results are summarized in
Table 5. The proposed 7L-SAPF requires the lowest DC-link
capacitance, with 60 µF, compared with 105 µF and 300 µF
for the 6L-SAPF and 2L-SAPF, respectively. A similar trend
is observed for the stored energy: the proposed topology
requires only 3.072 J, whereas the 6L-SAPF and 2L-SAPF
require 5.38 J and 24 J, respectively. Therefore, for the same
voltage-ripple criterion and operating condition, the pro-
posed 7L-SAPF presents the lowest DC-link energy-storage
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requirement. This characteristic can potentially reduce the
capacitor volume and passive-component requirements while
maintaining the same DC-link voltage-ripple performance.

TABLE 5. DC-link capacitance and stored energy for the evaluated topolo-

gies.

Topology C (µF) Energy (J)
7L-SAPF 60 3.072
6L-SAPF 105 5.38
2L-SAPF 300 24.00

C. Harmonic Distortion Analysis
The total harmonic distortion (THD) of the load voltage
is defined as the ratio between the RMS value of the
harmonic components and the RMS value of the fundamental
component, as follows:

THD(%) =

√︁∑︁∞
n=2 V

2
n

V1
× 100, (71)

where Vn denotes the RMS value of the n-th harmonic
component, and V1 is the RMS value of the fundamental
voltage component.

The harmonic performance of the evaluated topologies
was analyzed under rated grid-voltage operation, as well as
under 30% voltage sag and 30% voltage swell conditions.
The obtained load-voltage THD values are presented in
Table 6. It can be observed that the proposed 7L-SAPF
provides the lowest THD among the evaluated topologies
for all operating conditions.

Compared with the conventional 2L-SAPF, the proposed
topology reduces the load-voltage THD from 4.39% to
0.38% under rated operation, from 4.20% to 0.78% under
voltage sag, and from 4.13% to 1.10% under voltage swell.
These results demonstrate that the proposed structure im-
proves the quality of the compensated load voltage, espe-
cially under rated operation, where the THD reduction is
more pronounced.

This improved harmonic performance can be attributed
to two main factors. First, the proposed topology reduces
the DC-link voltage ripple, which directly improves the
quality of the voltage synthesized by the series unit. Second,
according to (5), the voltage component vs40 contributes
to the series compensation voltage, increasing the voltage
synthesis capability of the converter and improving the
resulting waveform quality.

D. Semiconductor Power Losses
The semiconductor losses of the evaluated converters were
estimated using the thermal module of PSIM, consider-
ing the same IGBT module for all topologies in order
to ensure a fair comparison. The selected device was the
SEMIKRON SKM200GB125D, a 1200-V, 150-A half-bridge
IGBT module. The loss calculation includes both conduction
and switching losses of the IGBTs and their antiparallel
diodes.

TABLE 6. Load voltage THD (%) under different operating conditions.

Topology Condition el THD (%)

7L-SAPF Swell 1.10
Rated 0.38
Sag 0.78

6L-SAPF Swell 3.65
Rated 2.88
Sag 2.44

2L-SAPF Swell 4.13
Rated 4.39
Sag 4.20

For each converter, the total semiconductor loss is ob-
tained by summing the conduction and switching losses of
all semiconductor devices, as follows:

PT =

N∑︂
k=1

(Pcond,k + Psw,k) , (72)

where N is the total number of semiconductor switches,
while Pcond,k and Psw,k denote, respectively, the conduction
and switching losses associated with the k-th device.

The proposed 7L-SAPF, the conventional 2L-SAPF, and
the 6L-SAPF were evaluated under rated grid-voltage op-
eration, as well as under 30% voltage sag and 30% voltage
swell conditions. The switching frequency was set to 10 kHz
for all cases. The obtained results are summarized in Table 7.

As expected, the proposed 7L-SAPF presents higher losses
than the 6L-SAPF due to the additional converter leg.
However, this increase is associated with the extra degree of
freedom provided by the proposed structure, which extends
the operating range of the series active power filter.

The most relevant comparison, however, is with the con-
ventional 2L-SAPF, since it represents the baseline structure.
In this regard, the proposed topology demonstrates an ad-
vantageous loss behavior. Under rated operation, the total
semiconductor losses are reduced from 149.28 W in the
2L-SAPF to 118.98 W in the proposed 7L-SAPF. Under
voltage sag, the losses are also reduced, from 159.22 W to
142.72 W. Under voltage swell, the losses of the proposed
topology remain in the same range as those of the 2L-
SAPF. Therefore, although the proposed structure employs
an additional converter leg, it achieves lower losses than
the conventional topology in rated and sag conditions, while
preserving a comparable loss level under swell operation and
extending the voltage compensation capability of the series
active power filter.

It is worth noting that all topologies were compared using
the same switching frequency. As shown in the harmonic
distortion analysis, the proposed 7L-SAPF provides lower
load-voltage THD than the benchmark topologies at 10 kHz.
Therefore, in a practical design, this improved waveform
quality could be exploited to reduce the switching frequency
of the proposed converter while still meeting a THD target
comparable to that of the 2L-SAPF or 6L-SAPF. Since
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the switching losses represent the dominant portion of the
total semiconductor losses in Table 7, such an optimization
would further improve the loss performance of the proposed
topology.

TABLE 7. Semiconductor power losses at 10 kHz switching frequency.

Topology Condition Pcond (W) Psw (W) PT (W)

7L-SAPF Swell 17.34 152.21 169.55
Rated 15.74 103.24 118.98
Sag 19.44 123.28 142.72

6L-SAPF Swell 16.11 127.06 143.17
Rated 14.50 78.01 92.51
Sag 18.16 102.10 120.26

2L-SAPF Swell 14.98 126.41 141.39
Rated 18.44 130.84 149.28
Sag 22.93 136.29 159.22

XI. CONCLUSION
This work proposed a transformerless open-end series active
power filter for the compensation of balanced and unbal-
anced voltage disturbances. The converter model, PWM
strategy, control scheme, operating constraints, controller and
passive component design, simulation and experimental re-
sults, and a comparative analysis with benchmark topologies
were presented.

The proposed topology does not require low-frequency
series transformers, which contributes to reducing the size,
weight, and cost of the compensation system. In addition, the
converter operates independently of the load power factor,
does not require a fixed dc source at the DC-link, and avoids
phase jumps in the load voltages during compensation.

Compared with the conventional 2L-SAPF, the proposed
topology reduces the minimum required DC-link voltage
while also requiring fewer DC-link capacitors. These features
improve the DC-link voltage utilization and simplify the
energy storage structure of the converter. Compared with the
6L-SAPF, the proposed structure uses an additional converter
leg, which increases the number of semiconductor devices.
However, this additional degree of freedom eliminates the
need for split DC-link capacitors and contributes to reducing
the DC-link capacitor voltage ripple.

The comparative analysis also showed that, although the
proposed topology may present higher semiconductor losses
than the 6L-SAPF due to the additional converter leg, its loss
performance remains competitive with respect to the conven-
tional 2L-SAPF. Moreover, the proposed 7L-SAPF achieved
the lowest load-voltage THD among the evaluated topologies
under rated, voltage sag, and voltage swell conditions.

The comparative analysis in terms of DC-link capacitance
and stored energy showed that the proposed topology re-
quires the lowest capacitance and stored energy to satisfy the
same DC-link voltage-ripple constraint, resulting in a more
compact DC-link energy-storage structure, with potential
reductions in capacitor size, volume, and cost.

Therefore, the proposed topology provides an effective
solution for series voltage compensation, combining trans-
formerless operation, reduced DC-link capacitor require-
ments, improved DC-link voltage utilization, and enhanced
load-voltage quality.
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