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ABSTRACT This paper provides an overview of differential single-phase inverter topologies with active
power decoupling (APD) and their main control techniques. Owing to the advantage of achieving APD
without additional semiconductor devices, thus boosting inverter reliability at a minimum cost, these
topologies have gained increasing interest, especially for small-scale photovoltaic applications. Therefore,
in this study, we consider it essential to synthesize the main differential single-phase inverters, their operating
principles, and provide a unified mathematical description for each topology. The study identified and
analyzed three main structures: buck, boost, buck–boost, and derived topologies. First, a comparative
analysis, including a hardware assessment in terms of the DC-link voltage requirements, voltage and current
stresses on the switches, and losses, shows the performance of various inverter topologies under different
operating parameters (e.g., input voltage and decoupling capacitance). Second, this paper discusses the main
control strategies applied to this class of inverters to achieve both primary control (autonomous or grid-
connected operation) and APD functions, while highlighting the development of control algorithms that
are less dependent on parameter variations and more robust to external disturbances. Finally, the need for
further research on reliability improvement in single-phase differential inverters, particularly in the context
of emerging technologies, such as high-speed switches (e.g., wide-bandgap semiconductors) and advanced
control techniques, is emphasized.

INDEX TERMS Single-phase differential inverter, active power decoupling, wide-bandgap semiconductors,
photovoltaics.

NOMENCLATURE
APD Active power decoupling
CM Common mode
DBB Differential buck-boost
DBO Differential boost
DBU Differential buck
DBU-SC Differential buck with split capacitor
DM Differential mode
DSCHB DC split capacitor for H-bridge
GaN Gallium nitride
HB Half Bridge
HPF High pass filter
PCC Point of common coupling
PFC Power factor correction

The associate editor coordinating the review of this manuscript and

approving it for publication was Pinjia Zhang .

PI Proportional Integral
PR Proportional Resonant
PV Photovoltaic
RES Renewable energy sources
RS-DSCHB Reduced switch DC split capacitor for

H-bridge.
SiC Silicon carbide
WBG Wide bandgap

I. INTRODUCTION
As an important segment of power electronics, single-phase
inverters are widely used today in a variety of small-scale
applications (i.e. kW range), such as renewable energy
sources (RES), on-board chargers of electric vehicles, home
appliances, or uninterruptible power supplies [1], [2], [3].
Consequently, there has been increased research interest in
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both hardware topologies and control solutions for single-
phase inverters, with a focus on improving reliability, reduc-
ing costs, increasing efficiency, and enhancing power density
[4], [5], [6]. The adoption of wide-bandgap (WBG) semi-
conductors, such as silicon carbide (SiC) and gallium nitride
(GaN), which have been proven to outperform traditional
silicon-based transistors (at least in small-scale applications)
by higher voltage and temperature ratings, faster switching
speeds, and lower losses [7], [8], [9], [10], represents an
important path towards achieving the aforementioned goals.
The size and weight of magnetic components, such as induc-
tors, are reduced when the switches are operated at high
switching speeds, thereby lowering the cost and enhancing
the power density [11]. However, the switching losses are
a function of the switching frequency; hence, the optimum
switching frequency is a compromise between the power
loss and the reduction in the cost and size of the magnetic
components.

To achieve high efficiency and good system performance
of GaN converters at high switching frequencies (in the MHz
region), soft switching has been suggested as opposed to hard
switching, which has been shown to achieve high efficiency at
switching frequencies in the kHz region [4], [12], [13]. In this
regard, triangular current modulation was proposed in [14],
[15], and [16] to achieve soft switching, in [4], a 1kW GaN
based single phase inverter was implemented with 98% effi-
ciency and 120W/in3 power density. A 99% peak efficiency
and 220W/in3 power density were also demonstrated in [17]
for a 1.2kW GaN-based MHz totem-pole PFC rectifier with
triangular current modulation.

Another major challenge in single-phase inverters is the
processing of the inherent second-order power oscillation
component, which must be prevented from being trans-
ferred to a DC source [18], [19], [20]. The processing of
low-frequency ripples requires high energy storage. Con-
ventionally, passive decoupling techniques that utilize large
DC-link electrolytic capacitors have been used. However,
because of the relatively short lifetime of electrolytic capaci-
tors, also highly dependent on temperature [21], [22], [23],
other solutions have been investigated in literature which
are commonly referred to as active power decoupling (APD)
techniques [24], [25], [26], [27], [28]. The main idea behind
APD solutions is to direct the inherent power oscillation to
a more reliable short-term energy storage element such as
a thin-film capacitor, which is referred to as a decoupling
capacitor. It is important to note that the energy storage
element can be capacitive or inductive. However, despite
the reliability of inductors, capacitors are commonly used
owing to their lower power losses and costs [29], [30].
The decoupling capacitors can be placed on the DC or AC
sides of the inverter [27]. In [24], [26], and [31], a review
was conducted on active power decoupling topologies, and
a generic topology derivation method was provided. Two
different techniques are commonly used in active power
decoupling methods to transfer pulsating power to a buffering

FIGURE 1. Generic structure of single-phase differential inverters.

component. The first involves adding active switches to the
converter circuit, such as a third leg [32], [33], [34], and
the second does not add any additional active elements. The
use of extra semiconductor devices to achieve power decou-
pling affects the power density, cost, and efficiency of the
converter [35], [36]. Therefore, differential inverters are a
suitable option for achieving active power decouplingwithout
the need for additional semiconductor components. Because
of their small component count, they offer a cost-effective
solution for handling the second-order ripple component
in single-phase inverters. Unlike the conventional H-bridge
inverter, which suffers from leakage current [37], [38], [39],
the differential inverter mitigates the effects of leakage cur-
rent, as analyzed in [40], making it suitable for photovoltaic
(PV) applications. The two decoupling capacitors on the AC
side in the differential inverters provide a conducting path
to high-frequency common-mode currents, preventing the
leakage current from flowing through the parasitic capac-
itance. Leakage current reduces converter efficiency and
raises safety concerns [41], [42], [43]; therefore, it must
be controlled below the level that complies with standard
requirements.

Although several survey studies on APD solutions are
available in literature, no comprehensive investigation of the
differential inverter class has been conducted. Therefore, this
study seeks to fill this gap by providing the main features and
a comparative performance analysis in terms of the DC-link
voltage requirements, losses, and stresses on the inverter
components.

The general structure of a voltage source differential
single-phase inverter is illustrated in Fig. 1. It consists of two
half-bridge (HB) converters (A and B) that operate in either
differential mode or common mode. The differential mode
transfers power from the input port to the output port, and
the common mode is used to achieve power decoupling. Each
half-bridge is a DC-DC converter that can be configured as a
buck, boost, or buck-boost topology. Starting from these basic
topologies, different inverter topologies can be identified,
namely differential buck (DBU), differential boost (DBO),
differential buck-boost (DBB), and differential buck inverters
with split capacitors on the AC side (DBU-SC). In addition,
other topologies to achieve active power decoupling, such
as an H-bridge with a DC split capacitor (DSCHB) and its
reduced switch inverter (RS-DSCHB), are also considered.
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TABLE 1. A timeline of the active power decoupling topologies for differential inverters.

A timeline of the analyzed differential inverter topologies
with active power decoupling, with the main references that
provided a new approach that led to the development of the
considered topology, is shown in Table 1.

The vertical axis represents the topology as defined
in this study, whereas the horizontal axis represents the
year in which the reference was published, as well as the
types of decoupling controllers and loads (linear/nonlinear,
autonomous operation, or grid-connected). As shown in
Table 1, most of the contributions were made to the DBU
inverter, which was found to be the most practical, as also
revealed in this study. As detailed in Section IV, the devel-
oped decoupling controllers are mainly based on structures
that amplify the voltages or currents at frequencies associated
with the pulsating power.

The main emphasis in the controller design is the develop-
ment of autonomous control algorithms that are less sensitive
to parameter variations and more robust to external distur-
bances. Control methods for active power decoupling can
be broadly categorized into four types [69]: power balance-
based control, harmonic suppression-based control, virtual
impedance-based control, and volt-second/charge balance-
based control.

In addition to the second harmonic component generated
by the instantaneous power pulsating at twice the fundamen-
tal frequency, additional harmonics are introduced when the
inverter interfaces with nonlinear loads, such as rectifiers and
appliances, using switched-mode power supply conversion
technologies [70], [71], [72]. Nonlinear loads, drawing cur-
rent in pulses, introduce odd-order harmonics. When these
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harmonics flow to the DC side, they become additional even
harmonics, which degrade the inverter performance.

Althoughmore attention has been given to APDwith linear
loads, additional research still needs to be conducted for
nonlinear loads. The impact of nonlinear loads on differential
inverters was studied in [50], [53], [73], and [74], and a har-
monic compensation strategy was introduced to compensate
for the harmonics. Another application of single-phase invert-
ers is the integration of renewable energy into the grids. Power
grids are nonideal and hence present low-frequency harmon-
ics at the point of common coupling (PCC) [75], [76], [77].

To achieve precise power decoupling, a neural filter
was utilized in [66] to adaptively extract ripple voltage
for use in decoupling control. The impact of the capaci-
tance mismatch caused by age-related variations in storage
capacitance in differential single inverters requires further
research. When there is a capacitance mismatch, additional
first- and third-order current harmonics are introduced on
the DC side, which, if not mitigated, cause the second-
and fourth-order current harmonics to flow to the grid. This
requires the controller to compensate for the additional har-
monics. The effects of these harmonics can be a problem
for grid-connected inverters that are required to meet grid
standards such as IEEE 1547, which limits the second to tenth
even harmonics of the current to 1% [78]. In [79], a control
scheme was proposed to mitigate the effects of capacitor
mismatches in a differential buck inverter.

The remainder of this paper is structured as follows.
In Section II, we describe the analyzed APD differential
inverter. In Section III, we present an analysis of the voltage
and current stresses of the switches, as well as the correspond-
ing losses, along with experimental validation. Section IV
provides an overview of the main control solutions adopted
for APD differential inverters and the damping in single-
phase inverters. In Section V, we discuss some open research
challenges for single-phase inverters with APD. Finally,
Section VI presents the main conclusions of this study.

II. DIFFERENTIAL SINGLE-PHASE INVERTER TOPOLOGIES
As shown in Fig. 1, differential single-phase inverters can be
viewed as two synchronous half-bridges (HB-A and HB-B)
that are supplied by a common DC source. A synchronous
half-bridge inverter has two switches that operate in a com-
plementarymanner and a filter inductor connected to themid-
point. A filter capacitor is also added to the output to provide
low-pass filtering together with the inductor. HB-A andHB-B
are connected in parallel to the same DC input source, and
each half-bridge is modulated such that the differential output
voltage across the two half-bridges is sinusoidal. This generic
topology is configurable, and depending on the component
arrangement, it can be configured to implement one of three
fundamental topologies: buck, boost, or buck-boost. Fig. 2
to Fig. 4 show the schematics of the DBU inverter, DBO, and
DBB, respectively. Themidpoint between the two decoupling
capacitors C1 and C2 is connected to the negative terminal of
the DC source. A similar operation is obtained if the common

FIGURE 2. Differential buck single-phase inverter: (a) Topology;
(b)Voltage waveforms of vC1, vC2, vO; (c) Current waveforms of iL1 and iL2.

point of the decoupling capacitors is connected to the positive
rail. The two terminals, A2 and B2, on the AC side are then
connected differentially across the load or grid. Other topolo-
gies can be generated from these fundamental topologies,
as in [64], in which the initial decoupling capacitors on the
AC side of the differential buck inverter are divided into two
symmetrical forms. Fig. 5 shows the derived differential buck
inverter with an AC side-split capacitor (DBU-SC). In [80],
the midpoint of the two decoupling capacitors was connected
to the midpoint of the split DC-link capacitor. Thus, the
utilization of decoupling capacitors is improved.

The output voltage of the differential single-phase inverter,
as shown in Fig. 1, is generated as a differential component
between the two output ports of the two half-bridges (A2, B2).
Without power decoupling, the two HB output voltages are
controlled to follow the references shown in (1) with the same
magnitude and frequency but 180◦ out of phase.{

vA = Vd + 0.5Vmsin(ωt)
vB = Vd − 0.5Vmsin(ωt)

(1)
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TABLE 2. Inverter main parameters.

where Vd , Vm and ω are the DC voltage offset, maximum
amplitude of the output voltage, and angular frequency,
respectively.

The differential mode (DM) component, which is the out-
put voltage, is given by (2).

vo = vA − vB = Vmsin(ωt) (2)

A. ACTIVE POWER DECOUPLING IN DIFFERENTIAL BUCK
INVERTER
Suppose that the inverter topology DBU shown in Fig. 2(a)
supplies a linear load with a sinusoidal output voltage, given
by (2), the instantaneous output power po is given by (3).

po =
VmIm
2

[cosφ − cos(2ωt + φ)] (3)

where Im is the amplitude of the output current and φ is the
phase angle between vo and the output current io.
The inherent second-order power component in (3) must

be decoupled to prevent it from being transferred to the DC
source. As noted in the introduction, instead of using a large
aluminum capacitor on the DC side, power decoupling in the
analyzed topologies is achieved by diverting the power pulsa-
tion to a more reliable thin-film capacitor of lower capacity.

Neglecting the voltage drop on the output inductors, the
power absorbed by the decoupling capacitors must be equal to
the power of the oscillating component. This leads to the for-
mulation of the following first-order differential equation (4),

C1vc1
dvc1
dt

+ C2vc2
dvc2
dt

=
VmIm
2

cos(2ωt + φ) (4)

For symmetrical loading of the inverter, it was assumed
that (C1 = C2 = Cd ). Knowing the differential output voltage
(vC1−vC2) given in (2) and solving (4) and (2), the two output
voltages result in (5), where S is the apparent power, Vo is
the RMS of the output voltage, and K0 is an initialization
parameter, as explained below.

Based on the operating constraint of a half-bridge, the volt-
ages across the two decoupling capacitors must be positive,
as shown in (6), as shown at the bottom of the next page.
Moreover, the part under the square root of (5), as shown at
the bottom of the next page must also be positive. These two
constraints can be fulfilled by parameter K0, which can be
calculated as in (7), as shown at the bottom of the next page.

If the controller can reshape vC1 and vC2 to follow (5),
active power decoupling can be achieved. However, this
method is parameter-dependent; hence, precise power decou-
pling may not be achieved if parameters such as capacitance,
change, or disturbances exist in the output current. For the

FIGURE 3. Differential boost single-phase inverter: (a) Topology;
(b) Voltage waveforms of vC1, vC2, vO; (c) Current waveforms of iL1
and iL2.

main parameters provided in Table 2 and considering φ = 0
(which will be considered the same in the following analysis),
Fig. 2(b) shows the obtained voltage waveforms vC1 and vC2
across the decoupling capacitors and the differential output
voltage (vo) under nominal capacitance at rated power.
The results show that the maximum voltage of the decou-

pling capacitance is approximately 1.23 times the maximum
value of the output voltage. Hence, the minimum DC input
voltage required in this case is greater than that of the conven-
tional H-bridge. Fig. 2(c) shows the inverter output current
waveforms (iL1 and iL2).

B. ACTIVE POWER DECOUPLING IN DIFFERENTIAL BOOST
INVERTER
The general topology of a DBO inverter is shown in Fig. 3(a).
The general equation for vC1 and vC2 remains the same as that
of the DBU topology, as shown in (5), and only K0 is changed
to satisfy the new constraint (8) introduced for the differential
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boost inverter.

vc1,2 ≥ Vdc ∀ ∈ ωt[0, 2π ] (8)

where Vdc denotes the input DC voltage. In this case, Ko is
obtained by numerically solving (9).

K0 = max
0≤ωt≤2π

[
4V 2

dc − 4
√
2VdcVosin(ωt) + 4V 2

osin
2(ωt)

−
2S

ωCd
[sin(2ωt − φ) + sin(φ)]

]
(9)

The waveforms of the decoupling capacitances vC1 and
vC2, and the output differential voltage (vo), are shown in
Fig. 3(b). The capacitor voltages are shifted above the DC
input voltages. The advantage of this topology is that it can
operate with a lower DC input voltage. However, because
the voltage across the decoupling capacitors is shifted above
the DC input voltage, the decoupling capacitors experience
higher voltage stresses. Fig. 3(c) shows the inverter current
waveforms.

C. ACTIVE POWER DECOUPLING IN DIFFERENTIAL
BUCK-BOOST INVERTER
The basic structure of DBB is shown in Fig. 4(a). It consists
of two buck-boost converters (HB-A and HB-B) connected
to the same DC input source Vdc. The output voltage vo is
the differential voltage across the two decoupling capacitors
C1 and C2. The DBB can operate in either buck or boost
mode depending on the input DC voltage. Similarly, the
voltage equations, vC1 and vC2 remain the same as those of
the DBU, as shown in (5). In the buck mode, the value K0 is
given by (7), whereas in the boost mode, it is given by (9).
Although this topology has a wider operating range for the
DC input voltage, the voltage stress across the inverter leg
is the highest (sum of the DC input voltage and the voltage
across the decoupling capacitor). Fig. 4(b) and Fig. 4(c) show
the waveforms of the decoupling capacitances vC1 and vC2 for
the boost and buckmodes, respectively. Fig. 4(d) and Fig. 4(e)
show the output current waveforms for the boost and buck
modes, respectively. For practical reasons, a DC voltage of
250V was considered for boost mode [50].

D. ACTIVE POWER DECOUPLING IN DIFFERENTIAL BUCK
INVERTER WITH SPLIT CAPACITOR ON THE AC SIDE
This topology, shown in Fig. 5(a), is derived from DBU [64].
The decoupling capacitors are split into two symmetrical
forms. The filtering loop created by the DC source and
capacitors C1, C3 or C2, C4 provides a conducting path for

high-frequency switching ripples, which reduces the require-
ments of DC-link capacitors. The oscillating component is
processed using all four capacitors, as shown in (10), with
constraints (2) and (11).

C1vc1
dvc1
dt

+ C2vc2
dvc2
dt

+ C3vc3
dvc3
dt

+ C4vc4
dvc4
dt

= 0.5VmImcos(2ωt + φ) (10){
vc1,2,3,4 ≥ 0 ∀ ωt ∈ [0, 2π ]
vci = Vdc − vc(i−2) ∀ ωt ∈ [0, 2π ], {i = 3, 4}

(11)

Solving differential equation (10) with constraints (2) and
(11) yields (12), where Ko is obtained by numerically solving
the following expression (13).

The decoupling capacitor waveforms vC1, vC2, vC3, vC4 are
shown in Fig. 5(b), and Fig. 5(c) shows the inverter current
waveforms (12) and (13), as shown at the bottom of page 8.

E. ACTIVE POWER DECOUPLING FOR H-BRIDGE
INVERTER WITH DC SPLIT CAPACITOR AND REDUCED
SWITCH INVERTER
To provide a balanced analysis, the H-bridge topology with
an additional leg for APD, DSCHB [19], and its derived
reduced switch, RS-DSCHB [29], as shown in Fig. 6(a) and
Fig. 6(b), respectively, were also considered. In Fig. 6(a),
an additional synchronous buck leg is added to the H-bridge
inverter. The DC-link capacitor is also split into two iden-
tical capacitors connected in series. The advantage of these
topologies is that no additional capacitors are required for the
APD, as the same DC-link capacitors will perform the dual
functionalities of maintaining a stiff DC-link bus voltage and
performing active power decoupling. The decoupling circuit
is a synchronous buck circuit with DC split capacitor. To min-
imize the number of semiconductors used, a reduced switch
topology (Fig. 6(b)) is used, which offers the advantage of
reduced cost, similar to differential single-phase inverters.
Fig. 6(c) and Fig. 6(d) show the decoupling capacitor voltage
waveforms and inverter currents, respectively.

The midpoint of one leg is connected to the midpoint of the
split DC-link capacitor through a small filter inductor L1.
The ripple oscillations are absorbed by theDC-link capacitors
through modulation of this phase leg. For RS-DSCHB, the
second leg must also be modulated to ensure that the output
voltage and current are sinusoidal. The current loading of the
two inverter legs is different because the other leg performs
an additional role in achieving APD. The general equation (4)

vc1,2 = ±
Vm
2
sin(ωt) +

1
2

√
2S

ωCd
sin(2ωt − φ) − 2V 2

osin2(ωt) +
2S

ωCd
sin(φ) + K0 (5)

vc1,2 ≥ 0 ∀ ωt ∈ [0, 2π ] (6)

K0 = max
0≤ωt≤2π

[
4V 2

osin
2(ωt) −

2S
ωCd

[sin(2ωt − φ) + sin(φ)
]

(7)
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FIGURE 4. Differential buck-boost single-phase inverter: (a) Topology;
(b) Voltage waveforms of vC1, vC2, vO in boost mode; (c) Voltage
waveforms of vC1, vC2, vO in buck mode; (d) Current waveforms of iL1 and
iL2 in boost mode; (e) Current waveforms of iL1 and iL2 in buck mode.

holds for these two topologies with the following constraints:
vc1,2 ≥ 0 ∀ ωt ∈ [0, 2π ]
vo = Vmsin(ωt)
vc2 = Vdc − vc1

(14)

Solving equation (4) with the above-mentioned constraints
yields equation (15), whereKo is given by optimization of the
function (16).

vc1 =
Vdc
2

+
1
2

√
V 2
dc +

2S
ωCd

[sin(2ωt − φ)] + sin(φ) − Ko

(15)

K0 = min
0≤ωt≤2π

[
V 2
dc +

S
ωCd

[sin(2ωt − φ)] + sin(φ)
]

(16)

The voltage waveforms of vC1 and vC2 across the decou-
pling capacitors for the minimum Vdc under nominal capac-
itance and rated power are shown in Fig. 6(c), whereas
Fig. 6(d) shows the inverter current waveforms.

III. VOLTAGE STRESS, CURRENT STRESS, AND LOSSES OF
APD DIFFERENTIAL INVERTERS
Adding a compensation voltage to achieve active power
decoupling results in an increase in the voltage stress on
the decoupling capacitors and switches, or an increase in
the DC-link voltage requirement. The voltage stress on the
switch is considered as the voltage across the inverter leg.
From the considerations in Table 3, a voltage stress analysis
is performed, where Vcmax is the maximum voltage on the
decoupling capacitors.

The plot of the minimum voltage stresses on the switches
as a function of the decoupling capacitance for the buck
and boost topologies is shown in Fig. 7(a) and Fig. 7(b),
respectively. As can be seen, the overall voltage stress on
the inverter leg decreased as the capacitance increased. This
is because for the same capacitor energy, the voltage of the
capacitor is inversely proportional to the square root of the
capacitance. Fig. 7(a) shows that the differential buck topol-
ogy has the lowest switch voltage stress. This makes it pos-
sible to use switches with comparatively low voltage ratings,
which lowers their price. In addition, having a higher safety
margin on the switches is beneficial for improving reliability.
Moreover, the low-voltage stress on the switches translates to
low switching losses, which improves the inverter efficiency
and the requirements of the cooling system. In contrast,
DBB (in the buck mode) exhibited the highest voltage stress.
Among the boost topologies (Fig. 7(b)), DBO has a low
voltage stress on switches compared to DBB (in boost mode).
Above 60µF it can be noted in Fig. 7(a) that the switch
voltage stress on DSCHB is lower than that on RS-DSCHB
to maintain a voltage vM2 positive. The switch stresses of
the DBB inverter topology are a combination of the DC link
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FIGURE 5. Differential buck inverter with split capacitor on the AC side:
(a) Topology; (b) Voltage waveforms of vC1, vC2, vC3, vC4, vO; (c) Current
waveforms of iL1 and iL2.

voltage and the stress in the decoupling capacitor, which
makes it higher than those of the other topologies.

To analyze the inverter current stresses, the RMS cur-
rent through the filter inductor was considered, and the
plots are shown in Fig. 8(a) and Fig. 8(b) for the buck
and boost topologies, respectively. As shown, the current
stress increases as the decoupling capacitance increases. The
inverter current stress is important for determining the losses

TABLE 3. Voltage limits for switches and decoupling capacitors.

of the switches. Moreover, high current stress implies the
need to use filter inductors with a higher saturation current.
Therefore, the optimum value of the decoupling capacitance
should be a compromise between losses and component size.
Among the buck topologies, the differential buck topology
also has lower inverter currents, while for boost topologies,
the differential boost topology has a lower inverter current.

A. SWITCH UTILISATION
As mentioned previously, the minimum number of switches
is the main advantage of the analyzed inverter topologies.
However, the increase in voltage and current stress implies
that the semiconductors are oversized. Often used to analyze
converter performance, switch utilization (SU) indicates the
ratio between the output power delivered by the converter and
the total active switch stress, defined as [81]:

SU [%] =
VmIm∑n
k=1 Vsk Isk

· 100 (17)

where: Vm, Im are the inverter peak output voltage and cur-
rent; Vsk , Isk are the maximum voltage and current of the n
switches.

Table 4 shows the SU of the analyzed inverters, consid-
ering the operating conditions corresponding to Cd = 60µF,
as discussed previously.

B. LOSSES ANALYSIS
Along with minimum complexity, another important fea-
ture that must be considered in the analyzed topologies
is efficiency. As previously shown, ensuring power decou-
pling requires an increase in the voltage and current stress
on the transistors, which is expected to lead to increased
losses in semiconductors. Therefore, this section analyzes the
losses (switching and conduction) of the investigated topolo-
gies in comparison with the conventional H-bridge inverter.
As single-phase inverters are expected to use wide-bandgap

vc1,2 =
Vdc
2

±
Vm
2
sin(ωt) +

1
2

√
V 2
dc − 2V 2

osin2(ωt) +
S

ωCd
[sin(2ωt − φ)] + sin(φ)] − Ko (12)

K0 = min
0≤ωt≤2π

[
V 2
dc − 2V 2

o sin
2
(ωt) +

S
ωCd

[sin(2ωt − φ)] + sin(φ)
]

(13)
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FIGURE 6. H-Bridge inverter with DC-slit capacitor: (a) H-Bride inverter
with synchronous buck active power decoupling; (b) Reduced switch
topology; (c) Voltage waveforms of vC1, vC2, vC3, vC4; (d) Current
waveforms of iL1 and iL2.

MOSFETs (SiC and GaN) in the future, this analysis focuses
on the unique characteristics of these transistors in terms of
both conduction and switching losses. Additionally, for the
purpose of simplification and generalization, the conduction
and switching losses are analyzed separately and normal-
ized considering as base values the conduction and switch-
ing losses of a conventional H-bridge inverter that uses the
same MOSFET type and operates under similar conditions.
The voltages and currents previously determined for each

FIGURE 7. Voltage stress: (a) Buck topologies; (b) Boost topologies.

FIGURE 8. Current stress: (a) Buck topologies; (b) Boost topologies.

topology were considered in the calculation of conduction
and switching losses. Considering the same capacitance for
the decoupling capacitors (Cd = 60µF), Table 5 presents the
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TABLE 4. SU of the analysed inverter topologies.

TABLE 5. Optimum voltages (DC source and half bridge).

optimum (theoretical) voltage of the DC source (Vdc) of each
topology to produce the rated output AC voltage mentioned
in Table 2, and the DC-link voltage of the half-bridge (which
may be the same as Vdc or different, depending on topology),
both provided in per unit (p.u.) considering the magnitude of
the AC voltage (Vm) as the base value.
As previously mentioned, considering the implementation

with MOSFETs, the normalized conduction losses to the
conduction losses of the conventional inverter are estimated
using the following equation:

Pc
Pc−conv

=

(
Irms

Irms−conv

)2

(18)

where: Irms and Irms−conv are the RMS currents of the analyzed
topology and conventional inverter, respectively.

In the above equation, it was assumed that the MOSFET
on-state resistances in the 1st and 3rd quadrants (i.e., for the
direct and reverse current paths) are the same, while the
conduction losses occurring in the body diodes during dead
time are neglected (i.e., dead time was considered less than
1% of the switching time).

In the analysis of switching loss analysis, it was assumed
that the switching frequency is constant for all topologies,
whereas the total switching energy of the MOSFET was
considered directly proportional to the voltage and current
handled by the transistor at the switching instant [82]. More-
over, no switching losses occur in the SiC/GaN body diode.
Therefore, the normalized switching losses relative to the
switching losses of the conventional inverter are estimated as
follows:

Psw
Psw−conv

=
1
n

n∑
k=1

(
Vs(k)

Vs−conv(k)
·

Is(k)
Is−conv(k)

)
(19)

TABLE 6. Analysis of conduction and switching losses.

TABLE 7. Main inverter parameters used simulation and experimental
validations.

TABLE 8. Comparative analysis of inverter losses (simulation and
experiment).

TABLE 9. DBU inverter normalised losses (simulation and calculation).

where: Vs, Vs−conv, Is, Is−conv are the voltages and currents of
the analyzed topology and conventional inverter, respectively,
at switching instant k , and n is the total number of commuta-
tions during one period of the output voltage.

Based on the above calculation procedure, the conduction
and switching losses for the analyzed topologies are listed in
Table 6. Note that the two loss components are normalized to
different factors; therefore, their summation does not reflect
a value corresponding to the total losses. As shown, the DBU
has the smallest losses, whereas the RS-DSCHB topology
follows closely. As expected, DBB is the topology with the
highest losses as it is configured to accept a wider input
voltage variation at the expense of lower switch utilization.
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As the above analysis was based on a simplified calcula-
tion procedure, the conventional and DBU topologies were
further investigated using computer simulations and experi-
ments based on the procedure described in [55]. The main
parameters used in both the simulation and the experiment
are listed in Table 7. In the experiment, the total losses of the
SiC inverter were measured using a precise power analyzer
(Yokogawa WT-1806).

Table 8 provides a comparison of the simulation and
experimental results for losses in both topologies. It should
be noted that while in the simulation, the various loss
components (i.e., switching and conduction losses of semi-
conductors, snubbers, inductors, and capacitors) can be esti-
mated, in the experimental analysis, only the overall inverter
losses could be measured.

The results show that the total losses in the simulation are
close to the experimental ones, indicating that the simulation
model is accurate enough to be used as a reference and to
compare the conduction and switching losses from the simu-
lation with the previously calculated values. Table 9 displays
the switching and conduction losses of the DBU inverter,
normalized to the losses of the conventional inverter, obtained
from the simulations and calculations. The similar values
obtained by both methods suggest that the calculation accu-
racy is also maintained for the topologies listed in Table 6.

IV. APD CONTROL METHODS FOR DIFFERENTIAL
INVERTERS
The literature presents various control methods for the
analyzed differential inverters, which can operate either
autonomously with linear and nonlinear loads or grid-
connected, as shown in Table 1. Control techniques share
a common approach to combine output voltage/current con-
trol and decoupling control. Typically, there are two main
control loops: one that handles the differential-mode (DM)
component (conventional H-bridge inverter control) and
the other that handles the common-mode (CM) component
(decoupling control).

The power decoupling control loop relies on feeding rip-
ple information (which can be extracted from either the
DC-link voltage or DC-link current) to a decoupling con-
troller. Based on ripple information, the decoupling controller
must autonomously generate a compensation voltage vcomp.
Several methods have been used for ripple extraction. For
example, in [18], a multi-resonant controller tuned at the
2nd , 4th and 6th order was used to extract the low-frequency
ripple, as shown in Fig. 9(a). Another approach in [50] uses
a high-pass filter (HPF) to extract the ripple current idc_rip
from the dc link current Idc. The ripple current idc_rip is then
compared with the zero reference (desired ripple voltage),
from which the error is fed into the proportional resonant
(PR) controller to regulate the error to zero. The decoupling
controller transfer function is given by (20),

Gd (s) =

∑
j=2,4,6

2kjDωj

s2 + ω2
j

(20)

FIGURE 9. Approaches for power decoupling control: (a) PR controller
(b) HPF (c) Neural filter.

FIGURE 10. DBU inverter control with power decoupling loop [18].

where kjD is the gain of the corresponding jth component and
ωj is the pulsation frequency.

A neural filter was adopted in [66] for dc-link voltage
ripple extraction and was shown to have a better dynamic
response (faster settling time) than a low-pass filter. The
voltage ripple is then compared to a zero-reference voltage,
and the output is fed to a robust nonlinear total sliding mode
controller to generate the desired inductor reference current.
The advantages of the sliding mode controller are that it is
robust to external disturbances and insensitive to parameter
variations [83]. Ripple extraction using a high-pass filter
and neural network are shown in Fig. 9(b) and Fig. 9(c),
respectively.

One of the control systems first proposed in [18] for a DBU
inverter operating in autonomous mode is shown in Fig. 10.
The DM control loop consists of an outer voltage controller
that generates the inverter current reference i∗L to constrain
the output voltage to follow the sinusoidal reference v∗o. The
error signal between the output current of the inverter iL and
the reference current i∗L is fed to the inner current controller to
generate the reference voltage, which is subsequently used to
generate the duty cycles. Both controllers are implemented
using PR structures, which provide a high gain around the
natural resonant frequency and can be implemented in a
natural reference frame [84]. Power decoupling is achieved
by an additional controller composed of multi-resonant con-
trollers tuned to amplify unwanted even harmonics (2nd ,
4th and 6th mainly) [51]. As highlighted in Fig. 10, the
decoupling controller requires measuring the DC current
(Idc) or, in an improved version, the DC voltage (Vdc) [53].
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The reference voltages for the two inverter arms used to
generate the duty cycles are obtained by summing the dif-
ferential output voltage (vAB) with the CM output signal of
the decoupling controller (vcomp). Before applying the duty
cycles to the PWMgenerator, the signals are centered to avoid
asymmetric saturation caused by the even harmonics present
in these signals.

Another control approach for autonomous operation of
the DBU inverter is shown in Fig. 11, which consists of
two distinct parallel loops: the DM and CM loops. The DM
loop consists of a PR controller structure with resonances
tuned at ω and 3ω for output voltage regulation with mini-
mum distortion. On the other hand, the CM loop is used to
achieve active power decoupling. The HPF is used to extract
the DC current ripple idc_rip from the DC-link current. The
DC-link voltage ripple vdc_rip, is then computed from the
integration of idc_rip. The DC current ripple is regulated by
first comparing the generated DC link voltage ripple to a
zero reference before feeding the error to a PR controller.
The PR controller structure is tuned to have resonances at 2ω
and 4ω to remove the 2nd and 4th order harmonics in the
DC-link current. The same controller structure can be mod-
ified to operate in grid mode as in [35]. In grid mode,
the CM loop is changed to satisfy the control objective of
regulating the grid current. However, additional damping
may be required for both DM and CM loops, as discussed
in Section IV. As time progresses, differential inverters
may experience capacitor mismatches, which may degrade
inverter performance owing to the additional harmonics
introduced by the mismatch. To achieve good decoupling
performance in the case of capacitance mismatch, the control
scheme in Fig. 11 was modified in [79] for the grid-connected
mode to include harmonic compensation atω, 2ω, 3ω, and 4ω
in both the CM and DM loops.

To address the nonlinearity of the DBO and DBB inverters,
a feedback linearization approach is applied in [50] to a gen-
eralized half-bridge of the differential inverter. The control
algorithm developed using this method has the advantage of
being generalized, that is, it can be applied to all differential
inverters with minor changes. The control system shown in
Fig. 12 consists of a cascaded voltage and current control
loop. The outer loop voltage controller generates the inductor
reference current i∗L and the inner current controller generates
the duty cycle d1. A PI and a multi-resonant controller tuned
at ω, 3ω, 5ω is used to compensate for odd harmonics in
the decoupling capacitors. The duty cycles can be calculated
for the average model of differential single-phase inverters as
follows [50]:

dx =
LsiL1 + v′Lv1

vHB−A
Buck and buck-boost

dx =
v′Lv1 − LsiL1

vHB−A
Boost

(21)

where: vHB−A is the voltage across the leg of the half-bridge
and v′Lv1 is the voltage on the low-side switch.

FIGURE 11. Power decoupling control for autonomous operation [50].

FIGURE 12. Generalized power decoupling control [50].

FIGURE 13. Power decoupling control [85].

A recent study proposed a control scheme based on
a nonlinear power decoupling control scheme for a
single-phase differential grid-tied inverter [85]. A nonlinear
periodic time-varying system is transformed into a nonlinear
time-invariant system using input-output linearization (IOL)
coordinate transformation, which simplifies the controller
design. IOL has been extensively used in the literature [86],
[87], [88] and involves the use of an input-output relationship
of the nonlinear system to linearize the system by transform-
ing the inputs and outputs into a new coordinate system.
A block diagram of the power decoupling scheme is shown in
Fig. 13. IOL mapping transforms the system common-mode
state variables uCM and iCM into new variables z1 and z2
to characterize the system. The purpose of the extended
observer is to estimate the second-order ripple power that
must be decoupled from the DC-link current. It improves
the accuracy and reliability of state estimation by providing
robust performance, even in the presence of uncertainties in
the system parameters [89], [90]. The outputs ŷ1 and ŷ2 are
extended observer estimated state variables. The control law
is a function defined to ensure system stability and accurate
tracking of the reference. It maps the state of the system and
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the desired behavior to the control inputs, which are required
to drive the system towards the desired behavior [91], [92].
The outputs d1, d2 are the duty cycles of the upper switches,
S1 and S3 respectively.

A. DAMPING IN SINGLE-PHASE INVERTER
In single-phase grid-connected inverters, inductive-capacitive-
inductive (LCL) filters are widely used because of their better
filtering of PWM switching harmonics compared to simple
inductive filters [93]. However, from a control perspective,
LCL filters are more complex. They introduce a pair of
system poles on the stability boundary of the closed loop,
which create resonance between the filter elements [94], [95].
This resonance must be damped to achieve effective sta-
bility. Damping can be achieved either through a passive
solution (i.e., adding a resistive component in parallel or in
series with the filter components) or through active damping.
Digitally implemented control loops have inherent modula-
tion and computation delays that can affect the stability of
the active damping loop [96], [97], [98]. Although passive
damping is easy to implement, it introduces losses in the
inverter [99]. Therefore, active damping methods are prefer-
able. An overview of active damping methods is provided
in [100]. The voltage and current of the capacitor within the
filter can be used to achieve active damping. The decoupling
capacitors of the differential inverter, which are also part of
the output filter, are sufficiently large to provide ripple power
processing; however, this causes the resonance frequency to
be lower than that of a conventional H-bridge inverter. If the
grid current is fed back to the control loop and a time delay
of 1.5 Ts is considered, active damping is required if fr <

fs/6 [79], where Ts is the sampling period of the controller, fr
is the resonance frequency, and fs is the sampling frequency.
Active damping for differential single-phase inverters is typi-
cally implemented separately for HB-A and HB-B [35], [79].
A virtual resistor parallel to the filter capacitor was emulated
using the capacitor voltage feedback in [52] for a differential
buck inverter. A filter capacitor proportional current feedback
loop was implemented to emulate the virtual resistor in par-
allel to the filter capacitor in [35], [96], and [101]. However,
this method requires measurement of the filter current, which
increases the sensor count. To reduce the cost and sensor
count, control techniques that rely on observations rather
than measurements have been proposed. The filter capacitor
current is estimated in [102] using a discrete-time full-state
Luenberger observer. In [103], an extended state observer
is used, which does not require the capacitor current or grid
voltage to achieve active damping.

V. OPEN RESEARCH CHALLENGES
Over the last decade, research in the field of single-phase
inverters has gained significant attention, mainly driven by
the need to develop more efficient, reliable, and cost-effective
applications. However, despite recent advancements in both
control and hardware solutions, the adoption of high-speed

switches (i.e., SiC/GaN semiconductors) and the necessity
to implement advanced control techniques have introduced
new technical challenges. One significant issue related to
migration to new technologies is system lifespan extension.
Specifically, in PV applications, improving the reliability of
inverters is crucial for reducing the current disparity between
their lifespan (typically 10-15 years) and that of PV panels
(20-25 years). The goal is to extend the inverter lifespan to
match that of the PV panels. Consequently, the present study
focuses on the latest single-phase inverter topologies that pri-
oritize a minimalist hardware design for active power decou-
pling purposes, with the use of highly reliable components,
particularly film capacitors. Based on our analysis, some key
factors that should be given priority in future research on
highly reliable single-phase inverters are as follows:

� A deeper understanding of how single-phase inverter
topologies with APD schemes, which use a mini-
mum number of semiconductors and result in slightly
higher voltage and current stress (as documented in this
paper), can maintain or even enhance reliability com-
pared with traditional topologies. Combining reduced
switch count topologies and the use of wide-bandgap
semiconductors may prove to be an effective design
approach.

� Developing advanced control algorithms that can effec-
tively handle the high switching frequency of mod-
ern wide-bandgap transistors, which have now reached
MHz frequencies, is a crucial task. Under such circum-
stances, methods that do not rely on PWM modulators
while maintaining a constant frequency may prove to
be the optimal solution [104]. Moreover, as the switch-
ing frequency increases, the issue of leakage current
becomes increasingly significant, particularly in PV
applications.

� Continuing research on control solutions for grid
integration and islanded operation under nonlinear
operating conditions (e.g., distorted grid voltage and
nonlinear loads), with a focus on improving power
quality, ensuring compliance with grid codes, and facil-
itating seamless transitions between grid-connected
and islanded operations in microgrid systems.

� Analyzing how the APD circuit influences ancillary
services, such inverters must provide. For example,
one challenge is related to low-voltage ride-through
capability, which is imposed in many grid codes today
for grid-connected inverters.With a reduction in theDC
capacitance, the APD-based inverters have less energy
stored in the DC link to support riding through grid
voltage sags. Further research is required to provide
solutions to this issue.

VI. CONCLUSION
This survey paper presented single-phase differential topolo-
gies that have been implemented in the literature to achieve
active power decoupling (APD). Allowing the APD without
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increasing the hardware complexity of the inverter, that is,
no extra semiconductor devices are required, poses a consid-
erable practical interest in terms of lowering cost and improv-
ing reliability. Therefore, the current study analyzed various
differential inverters proposed in the literature (divided into
three main classes: buck, boost, and buck-boost) in terms of
switch voltage and current stresses, switch utilization, and
losses. A unified mathematical description of each topology
was also provided, allowing an easier evaluation of the invert-
ers’ operational limits under different parameters. Further-
more, the most common control strategies were discussed,
and the main idea was to autonomously generate the compen-
sation voltage for the effective decoupling of the oscillating
power component. This minimizes the dependency of the
control method on the system parameters. Based on these
factors, the main conclusions of this study can be summarized
as follows:
� From the point of view of switch utilization and

voltage/current stress, the differential buck (DBU)
inverter provides optimal performance in the class of
topologies operating in buck mode, while having only
a slight efficiency drop (0.5%) compared to the conven-
tional H-bridge inverter.

� By lowering the input voltage, boost inverter topolo-
gies are inherently subjected to a higher voltage/current
stress; thus, their efficiency is affected accordingly.
However, a differential boost inverter may have mer-
its in relatively low-power applications, where the
single-stage boost feature represents the weight factor.

� By affecting the voltage and current stresses of semicon-
ductor devices, decoupling capacitors are typically sized
to ensure minimum inverter losses while maintaining the
operational limits imposed by the application (e.g., input
voltage limits). As proven by the presented results and
reported in the literature, the optimal value of decoupling
capacitors was approximately 1 per unit, or 60µF for a
1kW/230V inverter.

� On the control side, the analyzed inverters require
an additional APD control loop, which only slightly
increases the control complexity and, in the most recent
developments (at least for DBU), can be implemented
without additional current or voltage sensors, as com-
pared to traditional inverters.

Overall, the choice of inverter topology depends on the
requirements of the application, and designers must therefore
find a balance between the cost, efficiency, and performance.
Finally, further research that can lead to the development of
cost-effective and more reliable single-phase inverter topolo-
gies that meet the application requirements of modern power
electronics has been emphasized through an open research
challenge.

REFERENCES
[1] Y. Yang, P. Enjeti, F. Blaabjerg, and H. Wang, ‘‘Wide-scale adoption of

photovoltaic energy: Grid code modifications are explored in the distri-
bution grid,’’ IEEE Ind. Appl. Mag., vol. 21, no. 5, pp. 21–31, Sep. 2015,
doi: 10.1109/MIAS.2014.2345837.

[2] S. Rivera, S. M. Goetz, S. Kouro, P. W. Lehn, M. Pathmanathan, P. Bauer,
and R. A. Mastromauro, ‘‘Charging infrastructure and grid integration for
electromobility,’’ Proc. IEEE, vol. 111, no. 4, pp. 371–396, Apr. 2023,
doi: 10.1109/JPROC.2022.3216362.

[3] E. Sunarno, I. Sudiharto, I. Ferdiansyah, S. D. Nugraha, O. A. Qudsi,
and M. G. Muhammad, ‘‘Design of single phase full bridge inverter
for uninterruptible power supply (UPS),’’ in Proc. 2nd Int. Conf.
Appl. Inf. Technol. Innov. (ICAITI), Sep. 2019, pp. 27–31, doi:
10.1109/ICAITI48442.2019.8982151.

[4] T. Liu, C. Chen, K. Xu, Y. Zhang, and Y. Kang, ‘‘GaN-based megahertz
single-phase inverter with a hybrid TCM control method for high effi-
ciency and high-power density,’’ IEEE Trans. Power Electron., vol. 36,
no. 6, pp. 6797–6813, Jun. 2021, doi: 10.1109/TPEL.2020.3039386.

[5] E. Persson, ‘‘How 600 V GaN transistors improve power supply effi-
ciency and density,’’ Power Electron. Eur., vol. 2, no. 2, pp. 22–24, 2015.

[6] M. Noroozi, F. Haghjoo, H. Javadi, and M. R. Zolghadri, ‘‘Power quality
improvement in single-phase transformerless semi-quasi-Z-source invert-
ers for off-grid photovoltaic systems,’’ Int. J. Electr. Power Energy Syst.,
vol. 145, Feb. 2023, Art. no. 108703, doi: 10.1016/j.ijepes.2022.108703.

[7] T. Boles, ‘‘GaN-on-Silicon—Present capabilities and future directions,’’
in Proc. AIP Conf., 2018, Art. no. 020001, doi: 10.1063/1.5024484.

[8] The Importance of SiC’s Wide Bandgap | Wolfspeed. Accessed: Feb. 13,
2023. [Online]. Available: https://www.wolfspeed.com/knowledge-
center/article/importance-of-silicon-carbide-wide-bandgap/

[9] IT AG. Wide Bandgap Semiconductors (SiC/GaN)—Infineon Technolo-
gies. Accessed: Feb. 13, 2023. [Online]. Available: https://www.infineon.
com/cms/en/product/technology/wide-bandgap-semiconductors-sic-gan/

[10] J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, and J. Rebollo,
‘‘A survey of wide bandgap power semiconductor devices,’’ IEEE
Trans. Power Electron., vol. 29, no. 5, pp. 2155–2163, May 2014, doi:
10.1109/TPEL.2013.2268900.

[11] B. Whitaker, A. Barkley, Z. Cole, B. Passmore, D. Martin, T. R. McNutt,
A. B. Lostetter, J. S. Lee, and K. Shiozaki, ‘‘A high-density, high-
efficiency, isolated on-board vehicle battery charger utilizing silicon
carbide power devices,’’ IEEE Trans. Power Electron., vol. 29, no. 5,
pp. 2606–2617, May 2014, doi: 10.1109/TPEL.2013.2279950.

[12] E. Gurpinar and A. Castellazzi, ‘‘Single-phase T-type inverter perfor-
mance benchmark using Si IGBTs, SiC MOSFETs, and GaN HEMTs,’’
IEEE Trans. Power Electron., vol. 31, no. 10, pp. 7148–7160, Oct. 2016,
doi: 10.1109/TPEL.2015.2506400.

[13] C. Lin, Y. Liu, J. Lai, and B. Chen, ‘‘High-voltage GaN HEMT
evaluation in micro-inverter applications,’’ in Proc. IEEE Appl. Power
Electron. Conf. Expo. (APEC), Mar. 2015, pp. 2474–2480, doi:
10.1109/APEC.2015.7104696.

[14] Y. Zhang, W. Xu, Y. Xie, T. Liu, Z. Wu, C. Chen, Y. Kang, and H. Peng,
‘‘Analysis of dead-time energy loss in GaN-based TCM converters with
an improved GaN HEMT model,’’ IEEE Trans. Power Electron., vol. 38,
no. 2, pp. 1806–1818, Feb. 2023, doi: 10.1109/TPEL.2022.3217456.

[15] Z. Liu, B. Li, F. C. Lee, and Q. Li, ‘‘Design of CRMAC/DC converter for
very high-frequency high-density WBG-based 6.6 kW bidirectional on-
board battery charger,’’ in Proc. IEEE Energy Convers. Congr. Exposit.
(ECCE), Sep. 2016, pp. 1–8, doi: 10.1109/ECCE.2016.7855024.

[16] T. Liu, Y. Zhang, Z. Wang, C. Chen, and Y. Kang, ‘‘Output DM EMI
noise prediction forMHz TCM-based single phase inverter,’’ IEEE Trans.
Power Electron., vol. 37, no. 12, pp. 14499–14513, Dec. 2022, doi:
10.1109/TPEL.2022.3187649.

[17] Z. Liu, F. C. Lee, Q. Li, and Y. Yang, ‘‘Design of GaN-based MHz totem-
pole PFC rectifier,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 4,
no. 3, pp. 799–807, Sep. 2016, doi: 10.1109/JESTPE.2016.2571299.

[18] I. Serban, ‘‘Power decoupling method for single-phase H-bridge inverters
with no additional power electronics,’’ IEEE Trans. Ind. Electron., vol. 62,
no. 8, pp. 4805–4813, Aug. 2015, doi: 10.1109/TIE.2015.2399274.

[19] W. Yao, P. C. Loh, Y. Tang, X. Wang, X. Zhang, and F. Blaabjerg,
‘‘A robust DC-split-capacitor power decoupling scheme for single-phase
converter,’’ IEEE Trans. Power Electron., vol. 32, no. 11, pp. 8419–8433,
Nov. 2017, doi: 10.1109/TPEL.2016.2645800.

[20] R. Rajamony, S. Wang, R. Navaratne, and W. Ming, ‘‘Multi-objective
design of single-phase differential buck inverters with active power
decoupling,’’ IEEE Open J. Power Electron., vol. 3, pp. 105–114, 2022,
doi: 10.1109/OJPEL.2022.3147769.

[21] Y. Liu, M. Huang, Y. Liu, and X. Zha, ‘‘Reliability-oriented optimization
of DC bank in single phase inverter,’’ in Proc. IEEE 18th Workshop Con-
trol Model. Power Electron. (COMPEL), Stanford, CA, USA, Jul. 2017,
pp. 1–4, doi: 10.1109/COMPEL.2017.8013402.

VOLUME 11, 2023 53667

http://dx.doi.org/10.1109/MIAS.2014.2345837
http://dx.doi.org/10.1109/JPROC.2022.3216362
http://dx.doi.org/10.1109/ICAITI48442.2019.8982151
http://dx.doi.org/10.1109/TPEL.2020.3039386
http://dx.doi.org/10.1016/j.ijepes.2022.108703
http://dx.doi.org/10.1063/1.5024484
http://dx.doi.org/10.1109/TPEL.2013.2268900
http://dx.doi.org/10.1109/TPEL.2013.2279950
http://dx.doi.org/10.1109/TPEL.2015.2506400
http://dx.doi.org/10.1109/APEC.2015.7104696
http://dx.doi.org/10.1109/TPEL.2022.3217456
http://dx.doi.org/10.1109/ECCE.2016.7855024
http://dx.doi.org/10.1109/TPEL.2022.3187649
http://dx.doi.org/10.1109/JESTPE.2016.2571299
http://dx.doi.org/10.1109/TIE.2015.2399274
http://dx.doi.org/10.1109/TPEL.2016.2645800
http://dx.doi.org/10.1109/OJPEL.2022.3147769
http://dx.doi.org/10.1109/COMPEL.2017.8013402


R. Musona, I. Serban: Differential Single-Phase Inverters With APD: A Survey

[22] A. G. Abo-Khalil, A.-R. Al-Qawasmi, A. M. Eltamaly, and B. G. Yu,
‘‘Condition monitoring of DC-link electrolytic capacitors in PWM power
converters using OBL method,’’ Sustainability, vol. 12, no. 9, p. 3719,
May 2020, doi: 10.3390/su12093719.

[23] D. K. B. Kulevome, H. Wang, and X. Wang, ‘‘A bidirectional LSTM-
based prognostication of electrolytic capacitor,’’ Prog. Electromagn. Res.
C, vol. 109, pp. 139–152, 2021, doi: 10.2528/PIERC20120201.

[24] H. Wang, H. Wang, G. Zhu, and F. Blaabjerg, ‘‘An overview of
capacitive DC-links-topology derivation and scalability analysis,’’ IEEE
Trans. Power Electron., vol. 35, no. 2, pp. 1805–1829, Feb. 2020, doi:
10.1109/TPEL.2019.2920257.

[25] A. R. Gautam, D. M. Fulwani, R. R. Makineni, A. K. Rathore,
and D. Singh, ‘‘Control strategies and power decoupling topologies
to mitigate 2ω-ripple in single-phase inverters: A review and open
challenges,’’ IEEE Access, vol. 8, pp. 147533–147559, 2020, doi:
10.1109/ACCESS.2020.3015315.

[26] Y. Sun, Y. Liu, M. Su, W. Xiong, and J. Yang, ‘‘Review of active
power decoupling topologies in single-phase systems,’’ IEEE Trans.
Power Electron., vol. 31, no. 7, pp. 4778–4794, Jul. 2016, doi:
10.1109/TPEL.2015.2477882.

[27] H. Hu, S. Harb, N. Kutkut, I. Batarseh, and Z. J. Shen, ‘‘A review of power
decoupling techniques for microinverters with three different decoupling
capacitor locations in PV systems,’’ IEEE Trans. Power Electron., vol. 28,
no. 6, pp. 2711–2726, Jun. 2013, doi: 10.1109/TPEL.2012.2221482.

[28] Y. Tang and F. Blaabjerg, ‘‘Power decoupling techniques for single-
phase power electronics systems—An overview,’’ in Proc. IEEE
Energy Convers. Congr. Expo. (ECCE), Sep. 2015, pp. 2541–2548, doi:
10.1109/ECCE.2015.7310017.

[29] Y. Tang and F. Blaabjerg, ‘‘A component-minimized single-phase active
power decoupling circuit with reduced current stress to semiconductor
switches,’’ IEEE Trans. Power Electron., vol. 30, no. 6, pp. 2905–2910,
Jun. 2015, doi: 10.1109/TPEL.2014.2369959.

[30] H. Wang and F. Blaabjerg, ‘‘Reliability of capacitors for DC-link
applications in power electronic converters—An overview,’’ IEEE
Trans. Ind. Appl., vol. 50, no. 5, pp. 3569–3578, Sep. 2014, doi:
10.1109/TIA.2014.2308357.

[31] H. Wang, H. Wang, G. Zhu, and F. Blaabjerg, ‘‘A generic topology
derivation method for single-phase converters with active capacitive DC-
links,’’ in Proc. IEEE Energy Convers. Congr. Expo. (ECCE), Sep. 2016,
pp. 1–8, doi: 10.1109/ECCE.2016.7854689.

[32] K. Geetha, ‘‘Full-bridge inverter with AC side decoupling for single-
phase grid-tied inverter,’’ in Proc. IEEE Int. Conf. Mobile Netw. Wire-
less Commun. (ICMNWC), Dec. 2021, pp. 1–6, doi: 10.1109/ICM-
NWC52512.2021.9688422.

[33] N. Deshmukh, S. Prabhakar, and S. Anand, ‘‘Power loss reduc-
tion in buck converter based active power decoupling circuit,’’ IEEE
Trans. Power Electron., vol. 36, no. 4, pp. 4316–4325, Apr. 2021, doi:
10.1109/TPEL.2020.3024721.

[34] Z. Lin, M. Su, Y. Liu, Y. Sun, Y. Liao, and X. Chen, ‘‘Single-phase
integrated power decoupling inverter based on boost converter,’’ in Proc.
IEEE 9th Int. Power Electron. Motion Control Conf. (IPEMC-ECCE
Asia), Nanjing, China, Nov. 2020, pp. 405–408, doi: 10.1109/IPEMC-
ECCEAsia48364.2020.9368232.

[35] W. Yao, X. Wang, X. Zhang, Y. Tang, P. C. Loh, and F. Blaabjerg,
‘‘A unified active damping control for single-phase differential mode
buck inverter with LCL-filter,’’ in Proc. IEEE 6th Int. Symp. Power
Electron. Distrib. Gener. Syst. (PEDG), Jun. 2015, pp. 1–8, doi:
10.1109/PEDG.2015.7223087.

[36] T. Sekiguchi and K. Wada, ‘‘Active power decoupling control for single-
phase power conditioning systems focusing on harmonic voltage,’’ IEEJ
J. Ind. Appl., to be published, doi: 10.1541/ieejjia.22009573.

[37] D. Dong, F. Luo, D. Boroyevich, and P. Mattavelli, ‘‘Leakage current
reduction in a single-phase bidirectional AC–DC full-bridge inverter,’’
IEEE Trans. Power Electron., vol. 27, no. 10, pp. 4281–4291, Oct. 2012,
doi: 10.1109/TPEL.2012.2190300.

[38] O. Lopez, R. Teodorescu, F. Freijedo, and J. DovalGandoy, ‘‘Leakage
current evaluation of a singlephase transformerless PV inverter connected
to the grid,’’ inProc. 22nd Annu. IEEEAppl. Power Electron. Conf. Expo.,
Feb. 2007, pp. 907–912, doi: 10.1109/APEX.2007.357623.

[39] L. Ma, F. Tang, F. Zhou, X. Jin, and Y. Tong, ‘‘Leakage current analysis
of a single-phase transformer-less PV inverter connected to the grid,’’ in
Proc. IEEE Int. Conf. Sustain. Energy Technol., Nov. 2008, pp. 285–289,
doi: 10.1109/ICSET.2008.4747018.

[40] Y. Tang, W. Yao, H. Wang, P. C. Loh, and F. Blaabjerg, ‘‘Trans-
formerless photovoltaic inverters with leakage current and pulsating
power elimination,’’ in Proc. 9th Int. Conf. Power Electron. ECCE Asia
(ICPE-ECCE Asia), Seoul, (South) Korea, Jun. 2015, pp. 115–122, doi:
10.1109/ICPE.2015.7167774.

[41] M. A. Gaafar, M. Orabi, A. Ibrahim, R. Kennel, and M. Abdelrahem,
‘‘Common-ground photovoltaic inverters for leakage current mitigation:
Comparative review,’’ Appl. Sci., vol. 11, no. 23, p. 11266, Nov. 2021,
doi: 10.3390/app112311266.

[42] T. Yu, W. Wan, and S. Duan, ‘‘A modulation method to eliminate leak-
age current and balance neutral-point voltage for three-level inverters
in photovoltaic systems,’’ IEEE Trans. Ind. Electron., vol. 70, no. 2,
pp. 1635–1645, Feb. 2023, doi: 10.1109/TIE.2022.3161809.

[43] S. M. Dabour, N. El-hendawy, A. A. Aboushady, M. E. Farrag, and
E. M. Rashad, ‘‘A comprehensive review on common-mode voltage of
three-phase Quasi-Z source inverters for photovoltaic applications,’’
Energies, vol. 16, no. 1, p. 269, Dec. 2022, doi: 10.3390/en16010269.

[44] I. Serban, ‘‘A novel transistor-less power decoupling solution for single-
phase inverters,’’ in Proc. 39th Annu. Conf. IEEE Ind. Electron. Soc.,
Nov. 2013, pp. 1496–1500, doi: 10.1109/IECON.2013.6699354.

[45] Y. Tang, W. Yao, P. C. Loh, and F. Blaabjerg, ‘‘Highly reliable
transformerless photovoltaic inverters with leakage current and pulsat-
ing power elimination,’’ IEEE Trans. Ind. Electron., vol. 63, no. 2,
pp. 1016–1026, Feb. 2016, doi: 10.1109/TIE.2015.2477802.

[46] W. Yao, Y. Tang, X. Zhang, X. Wang, P. C. Loh, and F. Blaabjerg,
‘‘Power decoupling method for single phase differential buck con-
verter,’’ in Proc. 9th Int. Conf. Power Electron. ECCE Asia (ICPE-
ECCE Asia), Seoul, (South) Korea, Jun. 2015, pp. 2395–2402, doi:
10.1109/ICPE.2015.7168106.

[47] I. Serban, C. Marinescu, and A. Busca-Forcos, ‘‘Single-phase volt-
age source converter with active power decoupling operating in both
grid-connected and island modes,’’ in Proc. IEEE 6th Int. Symp.
Power Electron. Distrib. Gener. Syst. (PEDG), Jun. 2015, pp. 1–6, doi:
10.1109/PEDG.2015.7223050.

[48] W. Yao, X. Zhang, X. Wang, Y. Tang, P. C. Loh, and F. Blaabjerg,
‘‘Power decoupling with autonomous reference generation for single-
phase differential inverters,’’ in Proc. 17th Eur. Conf. Power Electron.
Appl. (EPEECCE-Europe), Sep. 2015, pp. 1–10, doi: 10.1109/EPE.2015.
7311675.

[49] W. Yao, X. Wang, P. C. Loh, X. Zhang, and F. Blaabjerg, ‘‘Improved
power decoupling scheme for single-phase grid-connected differential
inverter with realistic mismatch in storage capacitances,’’ in Proc. PCIM
Eur., Int. Exhib. Conf. Power Electron., Intell. Motion, Renew. Energy
Energy Manag., Nuremberg, Germany, 2016, pp. 1–8.

[50] W. Yao, Y. Xu, Y. Tang, P. C. Loh, X. Zhang, and F. Blaabjerg, ‘‘Gen-
eralized power decoupling control for single-phase differential inverters
with nonlinear loads,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 7,
no. 2, pp. 1137–1151, Jun. 2019, doi: 10.1109/JESTPE.2018.2844098.

[51] I. Serban. (Dec. 30, 2020).Method for Decoupling the Oscillating Power
for Single-Phase Inverters. Accessed: Feb. 13, 2023. [Online]. Available:
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date
=20201230&DB=EPODOC&locale=en_EP&CC=RO&NR=130090B1
&KC=B1&ND=6

[52] N. Kumar and P. Sensarma, ‘‘Active power decoupling for differential
buck inverter using virtual resistor,’’ in Proc. IEEE Int. Conf. Power Elec-
tron., Drives Energy Syst. (PEDES), Jaipur, India, Dec. 2020, pp. 1–6,
doi: 10.1109/PEDES49360.2020.9379489.

[53] I. Serban, ‘‘Improved control method for single-phase inverters with
a minimalist power decoupling circuit,’’ in Proc. Int. Aegean Conf.
Electr. Mach. Power Electron. (ACEMP), Int. Conf. Optim. Electr. Elec-
tron. Equip. (OPTIM), Brasov, Romania, Sep. 2021, pp. 294–299, doi:
10.1109/OPTIM-ACEMP50812.2021.9590017.

[54] R. Musona and I. Serban, ‘‘Comparative efficiency analysis between a
conventional single-phase inverter and an inverter with aminimalist active
power decoupling circuit,’’ Bull. Transilvania Univ. Brasov. Ser. I, Eng.
Sci., vol. 15, no. 1, p. 8, 2022.

[55] R. Musona and I. Serban, ‘‘A comparative analysis on a single-
phase inverter with a reduced component count power decoupling
circuit,’’ in Proc. IEEE 20th Int. Power Electron. Motion Con-
trol Conf. (PEMC), Brasov, Romania, Sep. 2022, pp. 333–338, doi:
10.1109/PEMC51159.2022.9962863.

[56] R. Rajamony, S. Wang, G. Calderon-Lopez, I. Ludtke, and W. Ming,
‘‘Artificial neural networks-based multi-objective design methodology
for wide-bandgap power electronics converters,’’ IEEE Open J. Power
Electron., vol. 3, pp. 599–610, 2022, doi: 10.1109/OJPEL.2022.3204630.

53668 VOLUME 11, 2023

http://dx.doi.org/10.3390/su12093719
http://dx.doi.org/10.2528/PIERC20120201
http://dx.doi.org/10.1109/TPEL.2019.2920257
http://dx.doi.org/10.1109/ACCESS.2020.3015315
http://dx.doi.org/10.1109/TPEL.2015.2477882
http://dx.doi.org/10.1109/TPEL.2012.2221482
http://dx.doi.org/10.1109/ECCE.2015.7310017
http://dx.doi.org/10.1109/TPEL.2014.2369959
http://dx.doi.org/10.1109/TIA.2014.2308357
http://dx.doi.org/10.1109/ECCE.2016.7854689
http://dx.doi.org/10.1109/ICMNWC52512.2021.9688422
http://dx.doi.org/10.1109/ICMNWC52512.2021.9688422
http://dx.doi.org/10.1109/TPEL.2020.3024721
http://dx.doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9368232
http://dx.doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9368232
http://dx.doi.org/10.1109/PEDG.2015.7223087
http://dx.doi.org/10.1541/ieejjia.22009573
http://dx.doi.org/10.1109/TPEL.2012.2190300
http://dx.doi.org/10.1109/APEX.2007.357623
http://dx.doi.org/10.1109/ICSET.2008.4747018
http://dx.doi.org/10.1109/ICPE.2015.7167774
http://dx.doi.org/10.3390/app112311266
http://dx.doi.org/10.1109/TIE.2022.3161809
http://dx.doi.org/10.3390/en16010269
http://dx.doi.org/10.1109/IECON.2013.6699354
http://dx.doi.org/10.1109/TIE.2015.2477802
http://dx.doi.org/10.1109/ICPE.2015.7168106
http://dx.doi.org/10.1109/PEDG.2015.7223050
http://dx.doi.org/10.1109/EPE.2015.7311675
http://dx.doi.org/10.1109/EPE.2015.7311675
http://dx.doi.org/10.1109/JESTPE.2018.2844098
http://dx.doi.org/10.1109/PEDES49360.2020.9379489
http://dx.doi.org/10.1109/OPTIM-ACEMP50812.2021.9590017
http://dx.doi.org/10.1109/PEMC51159.2022.9962863
http://dx.doi.org/10.1109/OJPEL.2022.3204630


R. Musona, I. Serban: Differential Single-Phase Inverters With APD: A Survey

[57] D. B.W. Abeywardana, B. Hredzak, and V. G. Agelidis, ‘‘An input current
feedback method to mitigate the DC-side low-frequency ripple current
in a single-phase boost inverter,’’ IEEE Trans. Power Electron., vol. 31,
no. 6, pp. 4594–4603, Jun. 2016, doi: 10.1109/TPEL.2015.2473170.

[58] D. B. W. Abeywardana, B. Hredzak, and V. G. Agelidis, ‘‘A rule-based
controller to mitigate DC-side second-order harmonic current in a single-
phase boost inverter,’’ IEEE Trans. Power Electron., vol. 31, no. 2,
pp. 1665–1679, Feb. 2016, doi: 10.1109/TPEL.2015.2421494.

[59] G. Zhu, C. Xiao, H. Wang, and S. Tan, ‘‘Closed-loop waveform control
of boost inverter,’’ IET Power Electron., vol. 9, no. 9, pp. 1808–1818,
Jul. 2016, doi: 10.1049/iet-pel.2015.0603.

[60] H. Gholizade-Narm and V. Tahani, ‘‘Active power decoupling for dif-
ferential boost inverter with linear and nonlinear loads using inverse
model approach,’’ J. Eng., vol. 2022, no. 6, pp. 583–594, Jun. 2022, doi:
10.1049/tje2.12139.

[61] S. Xu, L. Chang, R. Shao, and A. R. H. Mohomad, ‘‘Power decoupling
method for single-phase buck-boost inverter with energy-based control,’’
in Proc. IEEE Appl. Power Electron. Conf. Expo. (APEC), Tampa, FL,
USA, Mar. 2017, pp. 3426–3431, doi: 10.1109/APEC.2017.7931188.

[62] S. Xu, R. Shao, L. Chang, and M. Mao, ‘‘Single-phase differential
buck-boost inverter with pulse energy modulation and power decoupling
control,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 4,
pp. 2060–2072, Dec. 2018, doi: 10.1109/JESTPE.2018.2832213.

[63] N. Lu and B. Hredzak, ‘‘Current ripple reduction for photovoltaic pow-
ered single-phase buck-boost differential inverter under nonlinear loads,’’
in Proc. 7th Int. Conf. Renew. Energy Res. Appl. (ICRERA), Oct. 2018,
pp. 544–548, doi: 10.1109/ICRERA.2018.8566746.

[64] P. Liu, Y. Fan, Y.-G. Zhang, and S.-Y. Ze, ‘‘An improved differential buck
circuit with power decoupling,’’ J. Electr. Eng. Technol., vol. 18, no. 2,
pp. 1173–1183, Sep. 2022, doi: 10.1007/s42835-022-01211-2.

[65] Y. Tang, Z. Qin, F. Blaabjerg, and P. C. Loh, ‘‘A dual voltage control strat-
egy for single-phase PWM converters with power decoupling function,’’
IEEE Trans. Power Electron., vol. 30, no. 12, pp. 7060–7071, Dec. 2015,
doi: 10.1109/TPEL.2014.2385032.

[66] Y. Wang and R. Wai, ‘‘Adaptive power decoupling strategy for single-
phase grid-connected converter,’’ IEEE Trans. Ind. Appl., vol. 55, no. 4,
pp. 4275–4285, Jul. 2019, doi: 10.1109/TIA.2019.2908945.

[67] S. Xie, Y. Sun, J. Lin, X. Li, M. Su, Y. Liu, and W. Xiong, ‘‘Adaptive
power decoupling control for single-phase converter with unbalanced
DC-split-capacitor circuit,’’ IEEE Trans. Power Electron., vol. 36, no. 10,
pp. 12127–12136, Oct. 2021, doi: 10.1109/TPEL.2021.3074020.

[68] S. Li, W. Qi, S. Tan, and S. Y. Hui, ‘‘Integration of an active filter and
a single-phase AC/DC converter with reduced capacitance requirement
and component count,’’ IEEE Trans. Power Electron., vol. 31, no. 6,
pp. 4121–4137, Jun. 2016, doi: 10.1109/TPEL.2015.2476361.

[69] Y. Liu, W. Zhang, Y. Sun, M. Su, G. Xu, and H. Dan, ‘‘Review and
comparison of control strategies in active power decoupling,’’ IEEE
Trans. Power Electron., vol. 36, no. 12, pp. 14436–14455, Dec. 2021, doi:
10.1109/TPEL.2021.3087170.

[70] A. Skamyin, A. Belsky, V. Dobush, and I. Gurevich, ‘‘Computation of
nonlinear load harmonic currents in the presence of external distortions,’’
Computation, vol. 10, no. 3, p. 41, Mar. 2022, doi: 10.3390/computa-
tion10030041.

[71] F. Beltran-Carbajal, R. Tapia-Olvera, A. Valderrabano-Gonzalez, and
H. Yanez-Badillo, ‘‘An asymptotic and algebraic estimation method
of harmonics,’’ Electric Power Syst. Res., vol. 206, May 2022,
Art. no. 107771, doi: 10.1016/j.epsr.2022.107771.

[72] M. Zhong and X. Tong, ‘‘Modelling and output voltage distortion with
capacitive current feedback control for single phase inverter powering
non-linear load,’’ IET Power Electron., vol. 16, no. 2, pp. 180–192,
Feb. 2023, doi: 10.1049/pel2.12373.

[73] N. Lu, S. Yang, and Y. Tang, ‘‘Ripple current reduction for fuel-
cell-powered single-phase uninterruptible power supplies,’’ IEEE Trans.
Ind. Electron., vol. 64, no. 8, pp. 6607–6617, Aug. 2017, doi:
10.1109/TIE.2017.2677329.

[74] H. Wang, G. Zhu, X. Fu, S. Ma, and H. Wang, ‘‘Waveform control
method for mitigating harmonics of inverter systems with nonlinear
load,’’ in Proc. 41st Annu. Conf. IEEE Ind. Electron. Soc., Nov. 2015,
pp. 002806–002811, doi: 10.1109/IECON.2015.7392527.

[75] J. Xu, Q. Qian, S. Xie, and B. Zhang, ‘‘Grid-voltage feedforward based
control for grid-connected LCL-filtered inverter with high robustness
and low grid current distortion in weak grid,’’ in Proc. IEEE Appl.
Power Electron. Conf. Expo. (APEC), Long Beach, CA, USA, Mar. 2016,
pp. 1919–1925, doi: 10.1109/APEC.2016.7468131.

[76] J. Xu, H. Qian, S. Bian, Y. Hu, and S. Xie, ‘‘Comparative study of single-
phase phase-locked loops for grid-connected inverters under non-ideal
grid conditions,’’ CSEE J. Power Energy Syst., vol. 8, no. 1, pp. 155–164,
Jan. 2022, doi: 10.17775/CSEEJPES.2019.02390.

[77] X. Liang and C. A.-B. Karim, ‘‘Harmonics and mitigation techniques
through advanced control in grid-connected renewable energy sources:
A review,’’ IEEE Trans. Ind. Appl., vol. 54, no. 4, pp. 3100–3111,
Jul. 2018, doi: 10.1109/TIA.2018.2823680.

[78] IEEE Standard for Interconnecting Distributed Resources with Electric
Power Systems, IEEE Standard 1547.2-2008, 2008.

[79] W. Yao, X. Wang, P. C. Loh, X. Zhang, and F. Blaabjerg, ‘‘Improved
power decoupling scheme for a single-phase grid-connected differen-
tial inverter with realistic mismatch in storage capacitances,’’ IEEE
Trans. Power Electron., vol. 32, no. 1, pp. 186–199, Jan. 2017, doi:
10.1109/TPEL.2016.2525789.

[80] P. Liu, Y. Fan, Y. Zhang, and S. Ze, ‘‘AC/DC side split capacitor
power decoupling circuit,’’ J. Electr. Eng. Technol., to be published, doi:
10.1007/s42835-022-01364-0.

[81] R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics.
Berlin, Germany: Springer, 2007.

[82] D. Graovac, M. Purschel, and A. Kiep, ‘‘MOSFET power losses cal-
culation using the data-sheet parameters,’’ Infineon Appl. Note, vol. 1,
pp. 1–23, Jul. 2006.

[83] J. M. Ahangarkolaei, M. Izadi, and T. Nouri, ‘‘Applying sliding mode
control to suppress double frequency voltage ripples in single-phase
Quasi-Z-source inverters,’’ CSEE J. Power Energy Syst., vol. 9, no. 2,
pp. 671–681, Mar. 2023, doi: 10.17775/CSEEJPES.2022.02860.

[84] M. Hojabri, A. Z. Ahmad, A. Toudeshki, and M. Soheilirad, ‘‘An
overview on current control techniques for grid connected renewable
energy systems,’’ Int. Proc. Comput. Sci. Inf. Technol., vol. 56, p. 119,
Jan. 2012.

[85] H. Li, Y. Sun, Y. Liu, S. Xie, and M. Su, ‘‘Coordinate transformation-
based nonlinear power decoupling control for differential buck grid-
tied inverter,’’ IEEE Trans. Ind. Electron., pp. 1–10, 2023, doi:
10.1109/TIE.2023.3236109.

[86] H. Yuan, S. Li, W. Qi, S. Tan, and S. Hui, ‘‘On nonlinear control of
single-phase converters with active power decoupling function,’’ IEEE
Trans. Power Electron., vol. 34, no. 6, pp. 5903–5915, Jun. 2019, doi:
10.1109/TPEL.2018.2868506.

[87] M. Mehrasa, M. Babaie, M. Sharifzadeh, and K. Al-Haddad, ‘‘An input–
output feedback linearization control method synthesized by artificial
neural network for grid-tied packed E-cell inverter,’’ IEEE Trans. Ind.
Appl., vol. 57, no. 3, pp. 3131–3142, May 2021, doi: 10.1109/TIA.2021.
3049456.

[88] D. Lalili, A. Mellit, N. Lourci, B. Medjahed, and E. M. Berkouk, ‘‘Input
output feedback linearization control and variable step size MPPT algo-
rithm of a grid-connected photovoltaic inverter,’’ Renew. Energy, vol. 36,
no. 12, pp. 3282–3291, Dec. 2011, doi: 10.1016/j.renene.2011.04.027.

[89] X. Zhang and Z. Li, ‘‘Sliding-mode observer-based mechanical parame-
ter estimation for permanent magnet synchronous motor,’’ IEEE Trans.
Power Electron., vol. 31, no. 8, pp. 5732–5745, Aug. 2016, doi:
10.1109/TPEL.2015.2495183.

[90] S. Zhu, W. Huang, Y. Zhao, X. Lin, D. Dong, W. Jiang, Y. Zhao, and
X. Wu, ‘‘Robust speed control of electrical drives with reduced rip-
ple using adaptive switching high-order extended state observer,’’ IEEE
Trans. Power Electron., vol. 37, no. 2, pp. 2009–2020, Feb. 2022, doi:
10.1109/TPEL.2021.3105263.

[91] A. Isidori, ‘‘Exact linearization methods,’’ in Nonlinear Control
Systems: An Introduction (Lecture Notes in Control and Informa-
tion Sciences). Berlin, Germany: Springer, 1985, pp. 178–253, doi:
10.1007/BFb0006373.

[92] H. K. Khalil, High-Gain Observers in Nonlinear Feedback Control.
Philadelphia, PA, USA: SIAM, 2017.

[93] C. Xie, Y. Wang, X. Zhong, and G. Chen, ‘‘A novel active damping
method for LCL-filter-based shunt active power filter,’’ in Proc. IEEE
Int. Symp. Ind. Electron., May 2012, pp. 64–69, doi: 10.1109/ISIE.2012.
6237060.

[94] J. Dannehl, F. W. Fuchs, S. Hansen, and P. B. Thøgersen, ‘‘Investi-
gation of active damping approaches for PI-based current control of
grid-connected pulse width modulation converters with LCL filters,’’
IEEE Trans. Ind. Appl., vol. 46, no. 4, pp. 1509–1517, Jul. 2010, doi:
10.1109/TIA.2010.2049974.

[95] J. Dannehl, C.Wessels, and F.W. Fuchs, ‘‘Limitations of voltage-oriented
pi current control of grid-connected PWM rectifiers with LCL filters,’’
IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 380–388, Feb. 2009, doi:
10.1109/TIE.2008.2008774.

VOLUME 11, 2023 53669

http://dx.doi.org/10.1109/TPEL.2015.2473170
http://dx.doi.org/10.1109/TPEL.2015.2421494
http://dx.doi.org/10.1049/iet-pel.2015.0603
http://dx.doi.org/10.1049/tje2.12139
http://dx.doi.org/10.1109/APEC.2017.7931188
http://dx.doi.org/10.1109/JESTPE.2018.2832213
http://dx.doi.org/10.1109/ICRERA.2018.8566746
http://dx.doi.org/10.1007/s42835-022-01211-2
http://dx.doi.org/10.1109/TPEL.2014.2385032
http://dx.doi.org/10.1109/TIA.2019.2908945
http://dx.doi.org/10.1109/TPEL.2021.3074020
http://dx.doi.org/10.1109/TPEL.2015.2476361
http://dx.doi.org/10.1109/TPEL.2021.3087170
http://dx.doi.org/10.3390/computation10030041
http://dx.doi.org/10.3390/computation10030041
http://dx.doi.org/10.1016/j.epsr.2022.107771
http://dx.doi.org/10.1049/pel2.12373
http://dx.doi.org/10.1109/TIE.2017.2677329
http://dx.doi.org/10.1109/IECON.2015.7392527
http://dx.doi.org/10.1109/APEC.2016.7468131
http://dx.doi.org/10.17775/CSEEJPES.2019.02390
http://dx.doi.org/10.1109/TIA.2018.2823680
http://dx.doi.org/10.1109/TPEL.2016.2525789
http://dx.doi.org/10.1007/s42835-022-01364-0
http://dx.doi.org/10.17775/CSEEJPES.2022.02860
http://dx.doi.org/10.1109/TIE.2023.3236109
http://dx.doi.org/10.1109/TPEL.2018.2868506
http://dx.doi.org/10.1109/TIA.2021.3049456
http://dx.doi.org/10.1109/TIA.2021.3049456
http://dx.doi.org/10.1016/j.renene.2011.04.027
http://dx.doi.org/10.1109/TPEL.2015.2495183
http://dx.doi.org/10.1109/TPEL.2021.3105263
http://dx.doi.org/10.1007/BFb0006373
http://dx.doi.org/10.1109/ISIE.2012.6237060
http://dx.doi.org/10.1109/ISIE.2012.6237060
http://dx.doi.org/10.1109/TIA.2010.2049974
http://dx.doi.org/10.1109/TIE.2008.2008774


R. Musona, I. Serban: Differential Single-Phase Inverters With APD: A Survey

[96] D. Pan, X. Ruan, C. Bao, W. Li, and X. Wang, ‘‘Capacitor-current-
feedback active damping with reduced computation delay for improv-
ing robustness of LCL-type grid-connected inverter,’’ IEEE Trans.
Power Electron., vol. 29, no. 7, pp. 3414–3427, Jul. 2014, doi:
10.1109/TPEL.2013.2279206.

[97] M. Orellana and R. Grino, ‘‘On the stability of discrete-time active
damping methods for VSI converters with a LCL input filter,’’ in Proc.
38th Annu. Conf. IEEE Ind. Electron. Soc., Oct. 2012, pp. 2378–2383,
doi: 10.1109/IECON.2012.6388871.

[98] C. Zou, B. Liu, S. Duan, and R. Li, ‘‘Influence of delay on system stability
and delay optimization of grid-connected inverters with LCLfilter,’’ IEEE
Trans. Ind. Informat., vol. 10, no. 3, pp. 1775–1784, Aug. 2014, doi:
10.1109/TII.2014.2324492.

[99] S. Elias and H. Gudimindla, ‘‘Performance analysis of robust
reference current tracking controllers for single phase LCL-type
grid connected converter through active damping approach,’’ in
Proc. Int. Conf. Commun., Comput. Ind., Dec. 2020, pp. 1–6, doi:
10.1109/C2I451079.2020.9368916.

[100] J. Dannehl, M. Liserre, and F. W. Fuchs, ‘‘Filter-based active damp-
ing of voltage source converters with LCL filter,’’ IEEE Trans.
Ind. Electron., vol. 58, no. 8, pp. 3623–3633, Aug. 2011, doi:
10.1109/TIE.2010.2081952.

[101] N. Zhang, H. Tang, and C. Yao, ‘‘A systematic method for designing
a PR controller and active damping of the LCL filter for single-phase
grid-connected PV inverters,’’ Energies, vol. 7, no. 6, pp. 3934–3954,
Jun. 2014, doi: 10.3390/en7063934.

[102] M. Alshiekh, A. Marouf, and M. Kubeitari, ‘‘Current control
and active damping for single phase LCL-filtered grid connected
inverter,’’ J. Control Sci. Eng., vol. 2020, pp. 1–12, Aug. 2020, doi:
10.1155/2020/3164601.

[103] B. Wang, Y. Xu, Z. Shen, J. Zou, C. Li, and H. Liu, ‘‘Current con-
trol of grid-connected inverter with LCL filter based on extended-state
observer estimations using single sensor and achieving improved robust
observation dynamics,’’ IEEE Trans. Ind. Electron., vol. 64, no. 7,
pp. 5428–5439, Jul. 2017, doi: 10.1109/TIE.2017.2674600.

[104] T. Dragicevic, S. Vazquez, and P. Wheeler, ‘‘Advanced control meth-
ods for power converters in DG systems and microgrids,’’ IEEE
Trans. Ind. Electron., vol. 68, no. 7, pp. 5847–5862, Jul. 2021, doi:
10.1109/TIE.2020.2994857.

RONALD MUSONA was born in Harare,
Zimbabwe. He received the B.Tech. degree
(Hons.) in electronic engineering from the Harare
Institute of Technology, Zimbabwe, in 2017, and
the master’s degree in advanced electrical sys-
tems from the Transilvania University of Brasov,
Romania, in 2022, where he is currently pursuing
the Ph.D. degree with the Department of Electrical
Engineering and Applied Physics. He was a recip-
ient of the Transilvania Academica Scholarship,

in 2020. His research interests include power semiconductor devices and the
control of power electronic converters for renewable energy sources.

IOAN SERBAN (Member, IEEE) was born in
Romania, in 1981. He received the B.Sc. and
Ph.D. degrees in electrical engineering from the
Transilvania University of Brasov, Romania, in
2004 and 2008, respectively. He is currently a
Full Professor with the Department of Electri-
cal Engineering and Applied Physics, Faculty of
Electrical Engineering and Computers Science,
Transilvania University of Brasov. His research
interests include power converters for interfacing

renewable energy sources and energy storage systems for grid and microgrid
applications. He was a recipient of the 2015 IET Renewable Power Genera-
tion Premium Award.

53670 VOLUME 11, 2023

http://dx.doi.org/10.1109/TPEL.2013.2279206
http://dx.doi.org/10.1109/IECON.2012.6388871
http://dx.doi.org/10.1109/TII.2014.2324492
http://dx.doi.org/10.1109/C2I451079.2020.9368916
http://dx.doi.org/10.1109/TIE.2010.2081952
http://dx.doi.org/10.3390/en7063934
http://dx.doi.org/10.1155/2020/3164601
http://dx.doi.org/10.1109/TIE.2017.2674600
http://dx.doi.org/10.1109/TIE.2020.2994857

