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ABSTRACT PV systems are penetrating the energy generation market rapidly and their output strongly
depends on environmental conditions. To maximize the energy yield, the utilization of power electronic
converters with maximum power tracking function is mandatory. Typically, the dc voltage generated by
PV is fed into the ac grid using an dc-ac inverter. On the other hand, most modern loads, from small to
large ones, are based on dc. Hence, wide adoption of residential dc microgrids (RDCµGs) based on PV
energy generation becomes a trend that is following the developments in modern energy-efficient buildings.
This paper targets power converters for the integration of PV systems into RDCµGs. It considers two
main classes: high step-up converters for PV module-level (parallel optimizer) applications and non-isolated
buck-boost converters for the PV string (series optimizer) applications. Due to the importance of the PV
topic, a significant number of topologies have been introduced in the literature. However, only selected
solutions attracted the interest of the industry. This review paper considers PV converters used in the
industry or demonstrated in academic publications at a high technology readiness level with comprehensive
experimental justification. This allows us to focus this review on the most valuable solutions and to provide a
guide for both industry and academic readers. In the end, future trends in industrial PV systems and associated
power converters are discussed.

INDEX TERMS Residential dc microgrid, photovoltaic systems, dc–dc converters, topologies.

I. INTRODUCTION
The world is actively deploying sustainable energy sources
to slow down the climatic changes and keep the environment
clean. A considerable share of power consumption is com-
ing from buildings. Therefore, improving building energy
efficiency would reduce pollution contributing to global
warming. Aiming for energy efficiency improvement and
economy decarbonization in the European Union (EU), the
Energy Performance of Buildings Directive targets the reduc-
tion of energy consumption and CO2 emissions of buildings
constituting 40% and 36%, correspondingly [1], [2]. As a
result, all new buildings in the EU from 2021 must be nearly
zero-energy, which typically requires on-site energy genera-
tion [3], [4]. It also stimulates electromobility infrastructure
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deployment, including possibilities of smart charging and
vehicle-to-grid services. Hence, power electronics will play
a critical role in the future of energy-efficient buildings,
backing the EU Energy roadmap 2050 [5]. In order to
cope with the new requirements, the number of+ residential
photovoltaic (PV) installations are increasing year by year.
PV generation is among the most cost-optimal renewable
energy systems and is considered widely and easily obtain-
able on-site [6].

Photovoltaics represents a core energy source in the
construction of microgrids. PV panels could be deployed
everywhere, virtually in every house. Global annual solar PV
additions are expected to accelerate during 2023-25, owing
to faster recovery of distributed PV installations as the global
economy improves, see Fig. 1 [7]. The main underlying
technology is the production of PV cells that are later pack-
aged into PV modules. For many years, M0 wafers with
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cell side length of 156 mm were used. However, in recent
years high demand for cheaper and easier in production PV
technologies has resulted in new standards: M2 wafer with
156.75 mm side, M3 wafer with 158.75 mm side, M4 wafer
with 161.7 mm side, M5 wafer with 165 mm side, M6 wafer
with 166 mm side, M10 wafer with 182 mm side, and M12
wafer with 210 mm side [8]. The recent trend of larger PV
modules with higher power ratings advertised by big Asian
manufacturers resulted in the popularization of larger PV
cells. Before 2018, most of the market was represented by
M0 and M2 wafer technologies. By the end of 2020, M2
technology was rapidly replaced by M3. Already in 2021,
we can see a high market share of M6 wafer technology. M10
cells are expected to be popular in the next three to five years
while being gradually replaced by M12 technology [9].

Current market-leading PV modules based on monocrys-
talline Silicon already feature the short-circuit current of
over 11 A, which results from their efficiency already exceed-
ing 20%. In the residential market, the PV modules with
60 and 66 PV cells and rated power up to 385 W and 425 W,
respectively, are the most popular. Typically, they are rated
for 1000VPV systems, and this ranking is not likely to switch
to 1500 V popular in utility applications, as the power of a
typical string of up to 20 modules has already reached more
than sufficient level of 8 kW [10]. Residential microgrids
provide several advantages, which have given them signif-
icant attention in recent years, such as reduced emission,
better power quality profile and improved energy efficiency.
Unlike conventional power system generators, microgrid sys-
tems utilize numerous power converters (dc-ac, dc-dc, and
ac-dc) to integrate sources like PV, wind turbines, fuel cells,
microturbines and energy storage devices [11]–[13]. Resi-
dential microgrids can supply power to remote loads without
reconstructing or installing new generation and transmission
systems. Moreover, they can improve the power system relia-
bility and power supply security due to their ability to provide
power in an islanded mode [14]–[17]. Residential microgrids
could be categorized into three categories; ac, dc, and hybrid.

In contrast to ac, the dc distribution avoids frequency sta-
bility and reactive power issues and reduces system cost [18].
The dc distribution simplifies the integration of PV panels and
battery energy storage with fewer power conversion stages;
consequently, the system will be more efficient [19]. Many
modern A-class home appliances and HVAC (heating, ven-
tilation, and air conditioning) systems are easily adaptable
to residential dc microgrids (RDCµGs), a schematic of an
example of RDCµGs is illustrated in Fig. 2. The low-voltage
(LV) electronics such as laptops, TVs, LED lighting, and
others can be efficiently supplied from RDCµG by USB-C
compliant wall sockets [20]. The study [21] demonstrates that
dc distribution can increase building energy efficiency by up
to 18.5%. RDCµG is typically coupled with a distribution
grid via a bidirectional converter and is seen by the utility as
a prosumer performing economic dispatch [22]. Therefore,
the RDCµG can significantly improve the resilience [23],

FIGURE 1. Average global annual capacity additions in main and
accelerated cases, 2023–2025 [7].

demand-side flexibility, and facilitate energy arbitrage of the
residential buildings, thus, making them future-proof and
compatible with the energy transition targets.

The main challenges still limiting the wide adoption of
RDCµGs are the lack of awareness, matured technology, and
market-ready Power Electronics (PE) systems for integration
of PV and Battery Energy Storage (BES) system [24]. The
existing technology mainly relies on the ac distribution, and
due to different characteristics of ac and dc systems, exist-
ing systems are in need to be modified to be adopted in
RDCµGs [25], see Fig. 2. Some time ago, the dc distribution
was commercialized for the utility-scale power transmission
systems or coupling grids with different line frequencies.
Nowadays, the fast paradigm shift to dc is happening in
the aerospace and marine industry (i.e., more electric air-
crafts [26] and ships [27]). Therefore, the immediate research
and innovation actions are crucial for paradigm shift also in
the building sector. Another specific challenge is the expec-
tation of low cost and maintenance expenses to facilitate the
mass adoption of RDCµGs. At the same time, the lifetime
expectations are also very high and reaching the 25y. and
10y. of trouble-free operation for the residential PV and
BES, correspondingly [28], [29]. In practice, meeting con-
tradictory requirements of low cost and high reliability is
very challenging. Hence, advanced knowledge-based design
and engineering approaches are needed to develop high-
performance cost-competitive PE systems, accelerating the
industrial uptake of the RDCµGs.

The motivation of this review paper is to encourage the
realization of RDCµGs. For this purpose, this paper presents
a comprehensive review of PV dc-dc converters, with the
industrial point of view considerations. Both parallel and
series PV optimizers are considered in this paper. The aim
is to keep the balance between the vast number of published
solutions and the ones that have really been implemented in
the industry. This survey considers topologies that have been
either used in industry or demonstrated by academia at a high
technology readiness level supported by strong experimental
verification.
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FIGURE 2. Typical DC Microgrid system.

II. INTEGRATION OF PV SYSTEMS IN RESIDENTIAL DC
MICROGRID: ASPECTS AND REQUIREMENTS
A. RESIDENTIAL DC MICROGRID STANDARDS
RDCµG is an emerging technology, and the lack of stan-
dards and guidelines is the fundamental challenge that limits
its wider adoption. Standardization is essential in terms of
safety, functionality, and cost. There is also a relative lack
of practical experience in the dc buildings and maintenance
of RDCµGs. At present, several dc standards and recommen-
dations are proposed by various entities, such as European
standard ETSI EN 300 132-3-1.

It is mainly developed for telecommunication systems with
voltage levels up to 400V, where the equipment voltage is
allowed to fluctuate between 365 ± 15V [30]. Dutch enter-
prise Direct Current BV proposed its system of DCmicrogrid
voltage levels for various applications with the number of
cables and power handling capacity [31]. It was recently
adopted in the practical guideline NPR 9090 for low-voltage
dc systems using the voltage of 350 V and multiples of it.
ReBus is another standard for dc microgrids, which is an
open standard for commercial and residential dc microgrids.
According to ReBus, the nominal voltage of the dc bus
is 380 V. EMerge Alliance association is working on devel-
oping dc microgrid standards and their work is promoting dc
microgrids for energy-efficient buildings. They also selected
the dcmicrogrid voltage at the level of 380V to be compatible

with data communication systems [32]. All emerging stan-
dards target the voltage range of 350 V to 400 V as their main
operating range.

Power quality is an important factor during the power
delivery process. Better power quality means lower sys-
tem maintenance costs and losses, longer lifetime of the
equipment, and robust system operation [33]. Harmonics are
defined differently in RDCµG than in ac systems. The term
harmonics in dc microgrids means the oscillatory voltage
or current caused by the operating frequency of the device.
The impedance of the dc bus and the impedance of various
capacitors will cause multiple resonance frequencies. If any
of the resonant frequencies match particular harmonics, the
effect of these harmonics can cause serious stability issues in
RDCµGs [34].

B. CHALLENGES OF PV CONVERTER INTEGRATION
INTO RDCµGs
A PV system is defined as a grounded system when one of
the DC conductors (either positive or negative) is connected
to the grounding system, which in turn is connected to the
earth. The conductor that is grounded usually depends on
the PV module technology. Most modules can be used with
a negative grounded conductor or even in an ungrounded
system. However, a few PV module technologies require the
positive conductor to be connected to the earth [35].

66976 VOLUME 10, 2022



O. Abdel-Rahim et al.: DC Integration of Residential Photovoltaic Systems: A Survey

FIGURE 3. Circulating current of parallel-connected converters.

FIGURE 4. PV droop control operation.

A protection system is necessary for residential PV
converters with features of simplicity, reliability, reaction
speed, selectivity, and performance. Solid-state circuit break-
ers (SSCBs) become a popular solution employing semi-
conductor devices, such as gate turn-off (GTO) thyristors,
insulated gate bipolar transistors (IGBTs), insulated gate
commutated thyristors (IGCTs), metal-oxide-semiconductor
field-effect transistors (MOSFETs), etc. They are the most
promising protective devices for residential PV converters
because of the ultra-high-speed reaction to the faults and very
short fault clearing time [36]–[38].

Due to differences in distribution cables impedance and
variable characteristics of PV converters, the load voltage is
different from the converter voltage, which causes circulating
current, see Fig. 3. In order to avoid such circulating currents,
a current sharing control strategy is required. One solution is
to use droop control in the closed-loop control system of a PV
converter. Droop control architecture is based on the droop
characteristic of the converter. Essentially this method makes
use of the feedback current signal or series resistor directly
to change the output resistance of the converter, which con-
tributes to a current-sharing, see Fig. 4 [39]. Typically, the
power is curtailed in the PV voltage range between the
maximum power point voltage and the open-circuit volt-
age. Moreover, communication with PV converters could
be implemented for monitoring its operating conditions via
Ethernet, Wi-Fi, RS-485, or another industrially approved
communication interface, increasing cost of the converter as
a downside.

III. PV STRING INTEGRATION
Series connection of PVmodules enables higher voltage to be
utilized, with single converter being used per string. Series
PV optimizers are categorized based on processed power
into full-power series optimizers and partial power series

FIGURE 5. Different classification of PV converter.

optimizers. Full-power series power optimizers could be a
boost or a buck-boost converter. However, in this review
paper, only buck-boost series power optimizers are consid-
ered, as they provide a wider range for operation by being
able to regulate the PV voltage below and above the RDCµG
voltage. In partial power configuration, the dc-dc converter
cell processes a fraction of the total power, which results
in improved overall system efficiency and decreases system
cost.

A. CONVERTER TYPES AND FEATURES
The dc-dc converters are an essential tool for integrating
PV strings in both ac and dc microgrids. They can extract
the maximum power from the PV strings or regulate the
output voltage if needed. In the literature, there is a wide
variety of dc-dc converter topologies proposed for PV string
integration [40]–[42]. The dc-dc converters could be divided
into many different categories, see Fig. 5. They could be cat-
egorized as transformer or transformerless topologies based
on the existence of transformer. Another classification for
dc-dc converter is performed based on the function obtained
from the converter as buck, boost or buck-boost converters.
Buck converter is always generating output voltage which
is lower than the input voltage, while boost converter gen-
erates output voltage higher than the input voltage. In case
of buck-boost configuration, the converter is able to generate
output voltage higher or lower than the input voltage. Another
classification for the dc-dc converter could be performed
based on the amount processed by the converter; full power
converter and partial power converter. In full power converter,
it process the whole power of the system, while it only
processes a fraction of the total power in the partial power
configuration.
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While looking for commercial product specifications, there
are different important factors to select the suitable converter,
such as:

Cost: the converter cost depends on the number of compo-
nents, warranty terms, manufacturer, available features, and
voltage and current stresses.

Wide regulation range is an important feature, especially
when there are no established standards for RDCµGs voltage.

Galvanic isolation is a possible but not compulsory feature
that can improve system safety. However, it would increase
the cost of the converter. Typically, it is avoided as separate
protection devices could be used to satisfy the safety stan-
dards with minimized effect on the converter cost.

In the literature, there aremany converter topologies for PV
applications; however, the following section considers non-
isolated buck-boost converters that may fit for residential PV
applications.

Even though, conventional boost or buck converters were
actively used in early PV systems, they cannot address the
needs of the modern PV industry due to their limited regula-
tion range and thus are excluded from this review.

In the full-power configuration, the dc-dc converter is pro-
cessing the entire power of the PV string. Contrary to that, the
partial power converters are processing only a fraction of the
PV string power [43], [44]. As most of the PV installations
nowadays are based on the series connection of PV modules
into a string, only converters suitable for such purposes will
be considered in the following section.

B. FULL-POWER BUCK-BOOST DC–DC CONVERTERS
String configurations are dominating in residential areas,
where most landlords prefer to cover the building roof with
PV modules. The number of modules connected in series
depends on the surface area of the roof and cost constraints.
Hence, it is difficult to standardize residential PV installa-
tions, where the possible number of modules varies in a wide
range. As there is no possibility to predict the number of
modules connected in series or how their cumulative voltage
is related to the RDCµGs voltage, PV series power opti-
mizers should preferably have both voltage buck and boost
capabilities. Even though many buck-boost converters have
been reported in the literature, this section describes only
buck-boost converters used in industry or demonstrated by
academia at a high technology readiness level.

Importance of PV systems attracted many research groups
to contribute to the additional knowledge of PV converters.
In [45], a switched inductor buck-boost converter is pre-
sented for PV applications and provide wides voltage range
However, the converter has big ripple at the input side and
presented efficiency was less than 92%. Buck-boost topol-
ogy presented in [46], allows different voltage levels to be
achieved due to its modularity. On the other hand, it is invert-
ing and it was tested for a single PV module, not the string
configuration.

An improved buck-boost converter with enhanced capabil-
ities has been presented in [47], however there is no reported

data related to targeted PV ranges and converter efficiency.
Many other topologies could be found in the literature, how-
ever in the following paragraphs, the focus will be given to
topologies with comprehensive experiments assigned to PV
string applications.

The inverting buck-boost converter presented in Fig. 6 is
the classical buck-boost topology dating back to early
attempts of using these converters in PV applications. It has
been presented for string PV application in [49]. Its structure
is simple and the number of components is minimal. How-
ever, it does not provide common ground between the input
and output ports. The inverted output represents a big chal-
lenge for safety and leakage currents, limiting the widespread
adoption of this topology.

The modified version of the inverting buck-boost is the
non-inverting buck-boost converter presented in Fig. 7. This
topology is being utilized in industrial products [50]. In any
mode, only one switch and one diode (could be a switch body
diode or synchronous MOSFET-based rectifier) are being
switched. Another version has been reported, which utilizes
two switches and two diodes. Compared to the classical one,
it suits better the PV applications, as they are inherently
uni-directional. This configuration is widely used in the PV
industry due to low realization cost, almost zero leakage
current, common ground between the input and output, non-
inverting output, and high efficiency demonstrated at full load
at the level of 95.7% in [50]. However, its input current is
not smooth as there is no inductor at the input side. A larger
capacitor is required at the input to minimize the effect on the
lifetime and energy yield of the PV module.

Another version of the non-inverting buck-boost topology
has been proposed to provide smooth current at the input,
see Fig. 8 [51]. In this topology, the inductor is split into
two parts: one at the input and one at the output. Hence,
it resembles cascaded boost and buck converters. The main
merits of this configuration are the continuity and reduced
ripple of the input and output currents and non-inverting
output. In contrast to the previously mentioned, more inte-
grated topology, this converter does not share the inductor
between the input and output sides. Consequently, it provides
a low-cost and simple implementation of the multiple inputs
or outputs by simply adding one inductor and two semicon-
ductors per channel.

In order to widen the input voltage range, which defines the
MPPT performance of a PV string optimizer and allows the
converter to accept a wide range of possible PV string config-
urations (number of PV modules in series), a dual buck-boost
converter was introduced [52]. Its topology is shown in Fig. 9.
Despite being a non-inverting converter, having a wide input
voltage range and continuous input current, it can experience
issues with leakage current due to the absence of the common
ground connection.

The single-ended primary-inductor converter (SEPIC)
shown in Fig. 10 is the most commonly used buck-boost
topology among the higher-order converters. Its use in
PV-string applications was reported in [53]. Despite lower
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FIGURE 6. Inverting buck-boost dc-dc converter.

FIGURE 7. Non-inverting buck-boost dc-dc converter.

FIGURE 8. Non-inverting buck-boost dc-dc converter with continuous
input and output currents.

FIGURE 9. Dual buck-boost dc-dc converter.

circuit complexity, its reported efficiency is low compared to
the non-inverting buck-boost converter.

The authors of [54] have developed a new PV string con-
verter configuration based on the integration of the SEPIC
and Cuk converters, see Fig. 11. This topology features a
relatively high number of components. On the other hand,
it could be used in bipolar dc microgrids, but its operation
with unbalanced dc poles could be asymmetrical. In addition,
a single power switch has to process all the converter power,
which limits topology scalability in power and may result in
high thermal stresses of the switch, threatening the converter
reliability.

Table 1 presents a comparison between different buck-
boost converters that have been experimentally studied for PV
string applications. It is worth mentioning that literature pro-
vides a minimal number of studies where realistic conditions
of PV string variable operating parameters are considered
and tested in a relevant voltage range. Those scarce sources

FIGURE 10. SEPIC topology.

FIGURE 11. Combined Cuk-SEPIC converter.

considering PV voltage variations ignore the fact that the
RDCµG voltage could vary in the range needed to implement
the droop control. Among the available examples, the non-
inverting buck-boost topology shows the best overall perfor-
mance, regardless of whether it utilizes Si or SiC devices.
The converter input voltage range typically falls between
100V and 550V, while the output voltage is between 320V
and 380V. At the same time, industrial products could have
the input voltage range from 100V to 1000V for the output
voltage varying in the range of 740V to 780V, like FerroAmp
SSO Single 8 kW. Their internal construction or operation
parameters are unknown, but an educated guess based on
their parameters could be that they utilize non-inverting buck-
boost topology inside.

C. PARTIAL-POWER CONVERTERS
In order to improve the efficiency of energy conversion, the
new solution of Partial Power Converter (PPCs) has been
introduced [57]–[59].

PPC is an emerging technology that enables PV connection
to a dc microgrid or inverter dc-link, where only a portion
of the total power is required to stabilize the input voltage.
The first known application of PPC was in PV system of a
satellite with the onboard dc microgrid. Compared to the full-
power converters, PPCs can significantly reduce the size and
power loss of the power electronic system. Therefore, PPCs
have turned into an attractive solution resulting in power
converter downsizing and efficiency improvement. When
implemented, their main goal is to control the power flow,
current, and voltage level between a source and a load. PPCs
could be classified based on the dc-dc converter type within
PPC: isolated and non-isolated [57].

Isolated topology-based PPCs (Iso-PPCs) dominate in
the field of partial power conversion. These PPCs are defined
according to input and output connection into the series
input parallel output (SIPO), which is more suitable for
voltage step-down applications, and the parallel input series
output (PISO), which is more suitable for voltage step-up
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TABLE 1. Examples of practical implementation of the PV string buck-boost dc-dc converters.

applications, as shown in Fig. 12 [60]–[63]. These PPCs
could also be broadly categorized into those providing volt-
age step-up, step-down, and step-up/down between the input
and output ports. The latter type of PPCs requires either an
unfolded H-bridge that follows the series-connected port or
two-quadrant semiconductor switches, since this port must
be able to handle both voltage polarities for the same current
direction. Below, a short overview of typical iso-PPCs is
given. Table 2 provides a concise overview of parameters of
the iso-PPCs verified experimentally in a relevant PV string
environment.

Fig. 13a presents PISO PPC based on the full-bridge topol-
ogy. This PPC steps up the input voltage to the minimum
allowed dc-link voltage of 650 V when the maximum power
point (MPP) of a PV string is between 450 V and 650 V [60].
In rare cases when MPP is above 650 V, the PPC is bypassed
via the rectifier diodes and dc-link varies above 650 V in
an allowed range. The authors implemented four bridges in
series at the input to use low-voltage (LV) Si MOSFETs with
superior characteristics, which resulted in flat PPC efficiency
reaching 99.1%. Another embodiment of this topology can be
derived by connecting the dc-dc input in parallel to the PPC
output port (dc microgrid/bus), as shown in Fig. 13b [61].

Themodified step-up PISOPPC fromFig. 13b is compared
to the step-down SIPO PPC from Fig. 13c in [61]. The authors
used the same dc-dc converter cell with the same MOSFETs
operating at 75kHz and changed only some passive compo-
nents to match the design requirements. On one side, these
PPCs have shown different performance regardless of reusing
the dc-dc converter hardware. On the other hand, dc-dc hard-
ware was not optimized as it provides an efficiency of below
82% only. Nevertheless, the step-up PISO PPC has shown
much better performance as it needed to process twice less
power. As a result, the peak efficiency of 98.5%was achieved
despite the poor efficiency of the dc-dc cell of 82% at the
maximum partiality of 6.4%.

Half-bridge PPCs are less common, but they could be also
a viable and low-cost solution compared to the full-bridge
based PPCs. One example is shown in Fig. 13d, where a
step-up PPC based on the half-bridge resonant dc-dc con-
verter with a center-tapped rectifier is shown. Even though
it was not verified experimentally, it was comprehensively
studied theoretically for PV string application by General

FIGURE 12. Isolated topology-based PPC architectures (a) PISO, (b) SIPO.

Electric researchers [62]. It was asserted that this step-up
PISO PPC can potentially operate for the input voltage range
from 200V to 600V and the output voltage of 600V with effi-
ciency from 97.4% to 99.2%. Considering that the half-bridge
topology features the lowest number of components in this
section, it could provide a low-cost design relevant to the
industry.

Study in [63] has also been analyzing topologies employ-
ing center-tapped rectifier applied to phase-shifted full-bridge
dc-dc converter. It shows two implementations. First, the clas-
sical step-up PISO PPC shown in Fig. 13e was designed to
cover the 30% voltage regulation range, which consequently
results in partiality of 30%. The second, step-up/down imple-
mentation of this topology shown in Fig. 13f can achieve
the same input voltage regulation range of 66 V, but with a
partiality of 15%. It means that the second topology can be
rated for twice lower maximum power. This can be achieved
due to modifications of the topology. The center-tapped rec-
tifier has two additional switches in series with diodes, i.e.,
the two-quadrant switches are implemented. Their use allows
the series port to operate with both voltage polarities. The
rectifier operates as the single-inductor current-fed push-pull
converter when the power direction and voltage polarity are
reversed. Being well-designed for the PV string application,
these topologies show the best performance in Table 2. It is
worth mentioning that the comparison in [63] is not entirely
fair, as different input voltage range typically means a dif-
ferent number of PV modules in a string and, consequently,
the total power should be higher. It could be summarized
that the iso-PPCs include numerous topologies, among which
PISO topologies typically show higher performance. Step-
up and step-up/down PPCs are the most promising solutions.
Full-bridge topologies dominate due to higher efficiency, but
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FIGURE 13. Isolated topology-based PPCs: (a) PISO PPC based on the full-bridge topology [60], (b) modified PISO PPC based on the full-bridge topology
connected in parallel to the output [61], (c) SIPO PPC based on the full-bridge topology [61], (d) PISO PPC based on the resonant half-bridge converter
[62], (e) PISO PPC based on the phase-shifted full-bridge topology with a center-tapped rectifier [63], and (f) PISO PPC based on the phase-shifted
full-bridge topology with a center-tapped rectifier that can operate in reverse as a current fed push-pull [63].

their cost could be less attractive than half-bridge topologies.
Considering that the series port of a PPC typically operates
at a high voltage, topologies with the center-tapped recti-
fier show good performance. The highest average efficiency
could be attained using step-up/down PPCs, but their com-
plexity could penalize their cost [64]. On the other hand, PPCs
show faster dynamic performance than full-power converters,
which could be explained by lower energy stored in passive
components of iso-PPCs [64].

Non-isolated topology-based PPCs (Noniso-PPCs), also
called fractional charging converter (FCC), is a class of
transformer-less PPCs. Their experimental verification in PV
string applications is still pending.

Nevertheless, two topologies are included in this review
for completeness. The main advantage of this architecture
is that it allows non-isolated topologies inside the power
converter, which could simplify the design and cost of
noniso-PPCs.

Noniso-PPC topologies could be broadly categorized into
flying inductor- and capacitor-based topologies. The first
topology (Fig. 13a) employs the inductor L1 as the energy
transfer component.

The processes of its charging (via SC1 and SC3)
and discharging (via SC2 and SC4) are separated in
time to avoid connection between the PPC input and
output.

FIGURE 14. Non-isolated topology-based PPCs: (a) based on flying
inductor [65], (b) based on flying capacitors [66].

The energy stored in the charged inductance is released in
the capacitor C3 that defines the output voltage of the series
port.
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TABLE 2. Examples of practical implementation of the PPCs.

Moreover, the unfolding H-bridge (S1. . .S4) allows for
inverting the output voltage of the series port, i.e., widening
the voltage regulation range of the converter. This topology
could be regarded as the form of flyback converter, but with
transformer-less implementation. Unfortunately, it was stud-
ied only for PV module voltage regulation, and the feasibility
of its extension to PV string is not clear. A limiting factor
could be the size of the flying inductor L1, which could get
too bulky unless a very high switching frequency is employed
with wide bandgap semiconductors.

The second topology shown in Fig. 14b is based on the
flying capacitor concept. The output voltage regulation is
defined by the duty cycles of three possible states:

- C2 is connected in series with the inductor L1 and
increases the output voltage;

- C2 is connected in series with the inductor L1 and
reduces the output voltage;

- The H-bridge bypasses the capacitor, connecting the
inductor L1 directly to the output.

The flying capacitor voltage is less than the input voltage,
allowing for the reduced voltage rating of the MOSFETs.
The input and output voltages are typically close, and the PV
current is regulated by the control system.

IV. SINGLE PV MODULE INTEGRATION
In the case of parallel power optimizers, there are two
different configurations: module-level and submodule-level
optimizer. In the module-level optimizer, there is one con-
verter connected in parallel with a PV module. Meanwhile,
in submodule-level configuration, the module is divided
into three substrings, and each substring has its own dc-dc
converter and independent maximum power point tracking
(MPPT) controller. Parallel optimizers are boost converters,
owing to the input voltage is much less than the output

voltage. They could be implemented as isolated or non-
isolated dc-dc converters.

A. MODULE-LEVEL MICROCONVERTERS
Similar to the traditional ac grids, the single PV modules
can be integrated into dc microgrids using the module-level
power electronic systems, which are mostly referred to as
microconverters or parallel power optimizers.

The main tasks of the PV microconverter (PVMIC) are to
provide the voltage level matching between the PV module
and dc microgrid, perform the MPPT and ensure the pro-
tection and communication functions employing the single
piece of hardware. The PVMIC typically is a step-up dc-dc
converter with dc voltage gain range of 10-20, which is suffi-
cient for coupling the majority of commercial 60- and 72-cell
silicon PV modules to the unipolar 350 or 400 V dc grids.
Topology-wise the PVMICs can be broadly categorized as
galvanically non-isolated and isolated, with the second group
dominating due to the safety and leakage current cancellation
features enabled by the presence of the isolation transformer.

As the simplicity and low realization cost are the main
design constraints of the MLPE systems, the simple boost
converter-derived topologies are the most popular among the
non-isolated PVMICs. The classical boost converter Fig. 15a
features a fairly small number of components, however, its
practical dc voltage gain range is limited by the losses,
especially at the large duty cycle values. Although the effi-
ciency of a boost converter can be enhanced by applying
advanced modulation techniques (for. ex., combined fre-
quency and pulse-width modulation) the hardware-related
performance enhancement methods are more preferred in
practice. Fig. 15b shows the derivations of the boost dc-dc
converter where the step-up performance was enhanced by
the modifications in the primary or secondary sides of the
converter. Thus, in Fig. 15b, the boost inductor is replaced
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by the split-coil transformer arrangement which enabled a
remarkable efficiency rise of over 15% at high dc gain val-
ues [67]. The alternative approach includes the replacement
of a boost inductor with a step-up transformer, where the
second winding is connected to the voltage-doubler recti-
fier (Fig. 15c, [68]). The outputs of the boost converter
and voltage-doubler rectifier are connected in series, thus
enhancing the boost performance of the PVMIC. The turns
ratio of the transformer can adjust the optimal trade-off
between the gain and component stresses. Further perfor-
mance enhancement can be achieved by implementing dif-
ferent soft-switching techniques [69] or by interleaving the
converter cells [70]. However, the increased complexity of
the device finally negates the initial simplicity advantage of
the boost converters. As for the drawbacks of the non-isolated
topologies, the high component stresses and the limited
dc gain range still limit their wide adoption in PVMIC
applications.

The galvanically isolated topologies are the preferable
choice for the PVMICs as they could ensure a straightforward
voltage gain in all three power conversion stages, i.e., in the
input inverter, transformer and output rectifier. This approach
helps to optimize the component stresses, thus enhancing
the performance and reliability of the PVMIC. One of the
simplest galvanically isolated PVMICs is the boost half-
bridge (BHB) converter Fig. 16a. Having only two compli-
mentary controlled switches, the BHB converter could be
regarded as one of the simplest approaches to the step-up
galvanically isolated dc-dc converters, which can effectively
regulate up to the four-fold input voltage variations [71].
For better system integrity, the leakage inductance Llk of the
isolation transformer is often used as a resonant inductor of
the integrated series resonant tank formed with the capacitors
of the voltage doubler rectifier. Alternatively, to a current-
source inverter, the voltage-source [72] or impedance-source
[73] inverters can also be used in the input side of the isolated
PVMIC. The secondary side is dominantly realized using the
voltage doubler rectifier (VDR), which has demonstrated the
best performance-complexity trade-off in many PV MLPE
applications.

The performance of the low-cost isolated PVMICs can be
further enhanced by the application of the combined energy
transfer principle or by using the reconfigurable multimode
rectifiers. In the first case, the energy from the primary side
is transferred to the secondary using the step-up isolation
transformer and two-winding coupled inductor (CI). The sec-
ondary windings of the coupled inductor and transformer can
be connected in series before the common VDR [74], how-
ever, a series connection of the half-wave rectifier (HWR)
and VDR (Fig. 16b, [72]) is preferred as it features a better
dc gain control flexibility of the PVMIC. As it was recently
demonstrated in [76], applying the adaptive mode change in
the PVMICswith combined energy transfer (CET) could help
enhance the efficiency near the lower boundary of the input
voltage range while keeping unchanged the performance at
the nominal operating point.

Another emerging PVMIC performance enhancement
technique is the application of the reconfigurable (or topology
morphing) rectifiers (RRs), which can adaptively change the
topology from the full-bridge to a VDR thus doubling the
dc gain of the converter [77]. The most advanced 3-mode
reconfigurable rectifier (((Fig. 16c) recently proposed in
[78] can even quadruple the practical gain range of the
low-cost PVMIC without significant efficiency penalties.
It was recently demonstrated in [79] and [80] that using
the reconfigurable rectifiers the lower boundary of the input
voltage of the PVMIC could be shifted from the typical 20 V
down to 8 V, which enables a unique possibility of shade-
tolerant operation with the implementation of a global MPPT.

The constantly rising power of the PV modules, which
already overpassed the 400 W barrier for the residen-
tial 60-cell silicone PV modules in 2021 has stimulated
researchers to look into the bridge-type dc-dc converter
topologies. Owing to better control flexibility and improved
utilization of the components, the bridge-type PVMIC
can benefit in better weighted average efficiency than its
half-bridge or single-switch counterparts. One of the latest
trends in the design of high-performance PVMICs is related
to applying the isolated buck-boost converters (IBBCs). The
IBBCs can regulate the input voltage and power in an ultra-
wide range using the independently controlled buck and boost
switching cells. Fig. 17a shows one of the possible embod-
iments of the IBBC for PV applications. This converter is
essentially a series resonant converter that performs the volt-
age buck function by changing the phase-shift angle between
the two legs of the input inverter at the resonant frequency.
The boost switching cell is embedded in the secondary side
of the IBBC and formed by the leakage inductance of the sec-
ondary winding and a four-quadrant switch, which is added
across the secondary winding of the isolation transformer
[81]. This switch shorts out the secondary winding, allowing
the leakage inductance to act as an ac boost inductor, thus
stepping up the secondary winding voltage of the isolation
transformer to some desired amplitude voltage value. The
turns ratio of the transformer is designed for the nominal oper-
ating point where the IBBC operates in the pass-through (dc
transformer) mode with a fixed dc gain value. The voltages
below and above the nominal value are regulated by activating
the boost or buck modes, correspondingly.

An impedance-source series resonant converter shown in
Fig. 17a and proposed in [82] could be considered as an alter-
native approach to the IBBC. It realizes the buck and boost
functions in a single full-bridge switching stage coupled with
the impedance-source network. In the boost mode, the IBBC
is controlled by the shoot-through PWM, while the buck
mode could be realized either with the bypassed or enabled
impedance-source network. In the first case, the full-bridge
switching stage could be controlled using the phase-shift
modulation or asymmetrical PWM [83]. In the second case,
the full-bridge topology is morphed into a single switch
topology by applying a special modulation pattern presented
in [84].
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FIGURE 15. Non-isolated boost PVMIC (a) and its derivatives: with
split-coil transformer arrangement (b) and with magnetically coupled
voltage lifting cell (c).

The topology morphing control (TMC) is continuously
gaining popularity in PVMICs as it can help unveil the true
potential of the inherent control flexibility of the full-bridge
switching stage. In the TMC, the PWM control of the
inverter switches is combined with a static (on-off) control.
Depending on the desired performance of a PVMIC, sev-
eral switches in a bridge could be continuously turned on
or off, reconfiguring it to a half-bridge [84] or even to an
equivalent single-switch converter [85]. Such an approach
could be applied for the light-load efficiency enhancement
[85], improvement of the post-fault availability [86], and
voltage gain extension [83] of the PVMIC. The voltage gain
extension technique could even be realized at the input and
output sides of the PVMIC simultaneously [87] thus leading
to the ultra-wide input voltage regulation capability at the
relatively flat efficiency curve [88]. For example, the input
and output transistor bridges for the topology Fig. 18 can be
reconfigured on-the-fly into a half-bridge. The buck-boost
functionality results in 8 different operating modes to be
utilized for efficient voltage and power regulation in a wide
range [87].

Table 3 summarizes the main specifications of different
module-level PVMICs. It is clearly indicated that the technol-
ogy develops towards increased operating power and wider
input voltage range. The implementation of GMPPT enabled
by the increased dc gain range significantly improves the
power extraction capability of the PVMIC from the partially
shaded PV modules. This is especially topical for residential
rooftop installations where many different shading scenarios
could be observed Starting from the dust accumulation up
to opaque shading caused by the fallen tree leaves, bird

FIGURE 16. Boost half-bridge based galvanically isolated PVMIC (a) and
its derivatives: with combined energy transfer (b) and with multimode
reconfigurable rectifier (c).

FIGURE 17. Full-bridge based galvanically isolated PVMIC with topology
morphing control: based on series resonant topology with buck and
boost switching cells (a), and quasi-Z-source topology with buck-bust
switching cell (b).

droppings or even the deposition of snow on the surface
of the PV module. The GMPPT in PVMICs is typically
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TABLE 3. Main specifications of state-of-the-art PVMICs for integration of individual PV modules in DC microgrids.

FIGURE 18. Series resonant converter with two active bridges.

realized using the regular rescan (sweep) of the I-V curve of
the PV module, which obviously requires an enhanced input
voltage regulation capability from the PVMIC hardware.
It was recently demonstrated that the input voltage range of
10. . . 60 V could be sufficient for GMPPT realization and
covering of most of the shading scenarios for the 60- and
72-cell silicone PV modules.

B. SUBMODULAR MICROCONVERTERS
Another approach for enhancing the shade-tolerant operation
capability of the PVMIC is the application of the MPPT at
the substring level of the PV module. In this case, the bypass
diodes are avoided and the input terminals of the PVMIC

are connected directly to the output leads of the substrings.
Although this approach leads to significant increase in com-
ponent count and complexity of a PVMIC, it could poten-
tially ensure the best PV system integrity by avoiding the
junction box and low-voltage high-current MC4 connection
terminals, which are the major points of failures in many PV
installations.

Fig. 19 shows the most straightforward ways to design
a submodular PVMIC where each of the substrings is con-
nected to a common dc-link using dedicated flyback con-
verters [89] rated for one third of the total power of the PV
module. At the dc-link side, the converters can be connected
either in series or in parallel. However, the series connec-
tion (Fig. 19a) requires a much wider voltage step-up range
and more complex control, making the parallel connection
(Fig. 19b) preferable for a practical application [89]. The
issue with the high number of components could be alleviated
partially by applying a multiport transformer with a common
rectifier stage instead of three two-port transformers with
dedicated rectifiers.

The sub-modular PPC processes only a fraction of the
total power, performing the regulation of the system while
the rest of the power is directly bypassed to the load
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FIGURE 19. Concepts of the submodular PVMIC [89]: parallel (a) and
series (b) connection of flyback converters [83], and step-up converter
with embedded submodular power optimizer based on the voltage
multiplying rectifier (c).

throughout a series path between the input and output
sides.

As a result, the power rating of the sub-modular PPC
could be decreased by up to 70 % of as compared to full-
power approach, thus minimizing considerably the final cost
of the PVMIC.

Fig. 19c shows another realization possibility of a sub-
modular PVMIC, where the passive voltage multiplier net-
work is magnetically integrated into the galvanically isolated
step-up dc-dc converter [90]. The passive voltage multiplier
network, which is also referred to as the integrated power
optimizer (IPO), is composed of energy transfer capacitors
and diodes connected to the corresponding output leads of
the PV module substrings. Under normal conditions without
shading, the voltage at the outputs of the IPO is equal and

FIGURE 20. Power electronics technology evolutions [102].

IPO does not supply the power to the PV substrings. In partial
shading conditions, when the power of the shaded substring
drops, the IPO starts to supply power to a shaded substring.

In other words, the IPO draws the power from the PV
module and redistributes this power between substrings to
diminish the influence of shaded substrings on the operation
point of the unshaded substrings.

As a result, this approach could increase the energy yield
from the shaded PV module up to 30% compared to a tradi-
tional PVMIC. This type of substring converters is derived
from similar concepts used for cell balancing in various bat-
tery energy storage applications.

V. CURRENT AND FUTURE TRENDS
Current and future trends of the PV industry directly influ-
ence the associated power electronic solutions. For designers
of PV power electronics, existing market trends result in
higher short-circuit currents of PV modules. Another tech-
nology trend is in increased operating voltage of PVmodules.
This increase comes primarily from reduced losses in newer
generation of PV modules. The most prominent technologies
gaining significant traction on the residential PV market are
half-cut cells and shingle designs. These technologies require
PV cells to be cut into smaller units that can be arranged in
several parallel substrings or shingles to reduce conduction
losses inside a PV module [91], [92].

As a result, future-proof PV power converters shall be
rated for up to 400-500 W for operation with individual PV
modules and up to 8-10 kW for PV string power optimizers
to stay relevant for the near future. This increase in power
could result in larger converters, if they are designed using
conventional technology. On the other hand, the recent uptake
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TABLE 4. Possible architectures for PV systems integration into residential DC microgrids.

of wide bandgap semiconductors suggests that they will be
more commonly used in PV applications to keep converter
size more suitable for residential applications, especially for
PV module-level solutions [93].

The ongoing shift to energy-efficient and even energy-
neutral buildings is associated with the proliferation of
building-integrated PV (BIPV) technologies such as solar
roofs, solar facades, solar windows, etc. All these technolo-
gies have one thing in common – PV elements are used
as construction elements. Moreover, there is a current trend
related to better utilization of the roof surface, driven by the
much-reduced cost of PV technologies [94]. In the Northern
Hemisphere, typically, a South-facing roof side is used. How-
ever, East- and West-facing sides are used more and more
often, whereas the PV strings can be connected in parallel as
a single PV string, as both of them are never facing the Sun
at the same time. In the future, one can expect that a North-
facing roof side will be utilized too. This will most likely
require PVmulti-string optimizers for their dc integration; for
example, topology in [96] was proposed by ABB based on
the continuous input current non-inverting buck-boost con-
verter. In general, all research and recent technology adoption
early examples prove that the dc distribution can significantly
improve the building energy efficiency and thus will be in
high demand.

Another technology trend that will significantly influ-
ence future PV power electronics is thin-film PV. These
PV modules feature high flexibility, possibility to bend,
low mechanical loading, simple tailoring to custom shapes,

low material use allowing meager cost in mass production.
All these features make them ideal for numerous residential
applications, including BIPV. However, their main drawback
is the lack of standardization.

Different manufacturers produce thin-film PV modules
with an open-circuit voltage of up to 120 V and power of up
to 300 W [77].

Their wider adoption will require either new niche power
electronic solutions or the development of a new generation
of power electronic converters equally applicable to conven-
tional Silicon and emerging thin-film PV products.

Current industry trends show the emergence of power
electronic converters for dc integration of PV modules and
strings. However, these solutions are still in short supply
despite the rapidly growing market. Factors limiting their
development are long testing and certification processes and
a drastic shortage of critical components [95].

Several industrial products also deserve to be mentioned.
Ampt LLC provides PV string optimizers applicable for
larger installations by offering solutions of up to 40 kW
and 32 A. A similar product with galvanic isolation can be
found from Alencon Systems LLC. It is worth mentioning
that the residential dc microgrids do not require galvanic
isolation for PV string integration. In the residential market,
Swedish enterprise FerroAmp provides a set of products for
dc-based PV energy production and storage, which include
1-and-string PV optimizers rated for 8 kW and 16 kW, respec-
tively, for operation at 760 V. A similar product, but rated
at 2.5 kW for smaller residential systems based on 380 V
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RE-BUS standard is provided by Pika Energy. Among the
PV module-level products, Femtogrid non-isolated parallel
power optimizers can be mentioned even though they are not
produced anymore. Also, Estonian enterprise Ubik Solutions
is providing Ubik S400 OptiVerter a galvanically isolated
parallel PV optimizer that is currently being deployed in the
Netherlands.

Reliability is an important parameters in all PV converter
configurations. Electrolytic capacitors and power semicon-
ductors are the main concern for reliability as they are the
main causes for converter failures [97].

Due to the cost consideration and for more competence
in the market, most of the commercial converters are not
equipped with redundancy [97]. Power electronics reliabil-
ity have attracted attention and various metrics for system
reliability evaluation have been presented in the literature
[98], [99]. Extended fault-tolerant operation by control strat-
egy reconfiguration, active online monitoring and manage-
ment of faults are different strategies for improving the
reliabilities of power PV converters [100], [101]. A graph
for power electronic converters development associated with
development in power semiconductor devices are illustrated
in Fig. 20 [102]. The summary of the discussed technology
are illustrated in Table 4.

PV converters are mainly controlled by the maximum
power point tracking to extract the maximum power, however
modulation methodology used may affect the performance of
the converter itself. The most used techniques for switching
control of a switch-mode converter are such as Pulse-width
modulation (PWM) and Phase-shift modulation (PSM).
PWM control demonstrates good performance in the case of
less components count and high reliability demands [103].
Zero voltage switching (ZVS) and zero current switch-
ing (ZCS) are important features formost of the future topolo-
gies, as they typically lead to improved the performance of the
system. For low power systems based on MOSFET devices,
ZVS is typically important than ZCS, while IGBT based
circuits are preferred to operate with ZCS [104].

VI. CONCLUSION
RDCµGs are the future trend for power delivery. Like any
new technology, RDCµGs are facing lack of awareness and
standards. PV power generation is a core element in the
construction of RDCµGs. In the literature, there are many
topologies where they are designed for PV applications. The
target of this review paper is to be a guide for both academy
and industry, and in order to achieve such target, the paper
considered topologies that are recognized by both sides.

PV converters were classified based on the PV modules
connection into series and parallel optimizers. In turn, the
series optimizers were classified into full-power and par-
tial power PV converters. In a full-power series optimizer,
the converter is processing the full power of the system.
This results in low complexity, high stress of components
and moderate price. In this paper, only buck-boost full-
power series optimizers were considered as only this type

of converters can match application requirements. Partial
power converters are found to be a promising alternative,
where the converter process a fraction of the full power, which
improves the overall system performance by increasing effi-
ciency and power density at the cost of complexity. The
partial power converters cannot provide a wide input voltage
range and thus would most likely remain a niche solution
for strictly standardized use-cases in PV string applications.
Moreover, their regulation range typically targets the MPPT
range, which means they may not be able to provide power
curtailment needed in some RDCµGs with droop control.

Parallel PV power optimizers were considered in this
paper, where each PV module has a dedicated converter.
In this configuration, the converters perform high voltage
step-up. Isolated dc-dc converter topologies dominate the
market thanks to their high performance and safety compared
to non-isolated topologies. The current trend is towards build-
ing parallel optimizers with a wide input voltage range to
make them compatible with different residential PV module
types and enable global MPPT. The best-in-class parallel PV
optimizers provide over 1:20 input voltage range, while 1:6 is
typically sufficient for most residential silicon PV modules.
The submodular solutions are yet to find wider adoption in
RDCµGs. They can provide superior global MPPT perfor-
mance, but their complexity and price limit market uptake.
They are likely to remain niche solutions in applications
where shading is a severe problem, and the cost of submodu-
lar solutions is less than the economic benefit from their use.
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