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ABSTRACT Residential dc microgrids and nanogrids are the emerging technology that is aimed to promote
the transition to energy-efficient buildings and provide simple, highly flexible integration of renewables,
storages, and loads. At the same time, the mass acceptance of dc buildings is slowed down by the relative
immaturity of the dc technology, lack of standardization and general awareness about its potential. Additional
efforts from multiple directions are necessary to promote this technology and increase its market attractive-
ness. In the near-term, it is highly likely that the dc buildings will be connected to the conventional ac
distribution grid by a front-end ac-dc converter that provides all the necessary protection and desired func-
tionality. At the same time, the corresponding requirements for this converter have not been yet consolidated.
To address this, present paper focuses on various aspects of the integration of dc buildings and includes
analysis of related standards, directives, operational and compatibility requirements as well as classification
of voltage levels. In addition, power converter configurations and modulation methods are analyzed and
compared. A classification of topologies that can provide the required functionality for the application is
proposed. Finally, future trends and remaining challenges pointed out to motivate new contributions to this
topic.

INDEX TERMS Ac-dc power conversion, energy-efficient buildings, dc distribution systems, microgrids,

standardization.
NOMENCLATURE ELVDC  Extra-low voltage direct current.
1F Single-phase. EPSM Extended phase-shift modulation.
3F Three-phase. EV Electrical vehicles.
2L Two-level. FM Frequency modulation.
3L Three-level. i-AFE Isolated active front-end.
ANPC Active neutral point clamped. LVD Low voltage directive.
CF-DAB Current-fed dual-active bridge. LVDC Low voltage direct current.
DAB Dual-active bridge. NPC Neutral point clamped.
DERs Distributed energy resources. nZEB Net-zero energy building.
DPSM Dual phase-shift modulation. OVRT Overvoltage ride-through.
EEMS Electrical energy management system. PEIs Prosumer electrical installations.
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PELV Protective extra low-voltage.
PFC Power factor correction.

PSM Phase-shift modulation.

PSUs Power supply units.

PV Photovoltaic.

PWM Pulse width modulation.

g-SS Quasi-single-stage.

SELV Separated extra low voltage.
SPSM Single phase-shift modulation.

SS Single-stage.

Solid-state transformer.

Triple phase-shift modulation.
TS Two-stage.

UPS Uninterruptible power supply.
UVRT Undervoltage ride-through.
VC Voltage control.

VR Voltage regulation.

VSC Voltage source converter.
ZVS Zero voltage switching.

I. INTRODUCTION

The development of new standards for prosumer dc electrical
installations, such as the IEC 60364 series and NPR 9090,
has put spotlight on the dc microgrids and nanogrids [1], [2],
[3]. These developments are motivated by the advances in
power electronics and the growing interest to develop green,
smart, and highly efficient power distribution systems [4], [5],
[6], [7], [8], [9]. Prosumer electrical installations (PEIs) [7]
are applied in homes, offices, and other buildings, where dc
distribution is attractive because renewable power sources and
many loads operate at dc, but have to be adapted to ac using
ac-dc converters [2], [8], [9], [10], [11], [12].

For instance, dc loads require a three-phase PFC rectifier
to supply a dc bus from the ac utility grid [8], [9]. In addition,
galvanic isolation can be obligatory due to grounding schemes
and safety requirements [3], [9]. These ac-dc converters in-
crease the number of power processing stages, reducing the
overall system efficiency [3], [4], [5]. In addition, they are
required to provide synchronization, power factor correction
(PFC), active and reactive power control, as well as other
services related to ac systems [12], [13], [14].

Considering these reasons, dc distribution could be a key
solution for future PEIs [4], [S]. Many recent projects have
been initiated to develop near-zero and net-zero energy build-
ings (nZEBs) based on dc distribution [2]. The findings have
shown that it saves costs, improves the system reliability, and
increases the power density of PEIs [6], [15], [16], [17]. Even
though the dc integration of power generation and loads is
still an underdeveloped topic, in the last few years, significant
steps have been made in the development of power electronics
solutions and standardization [2].

Main efforts to standardize dc distribution systems are
demonstrated in the directive LVD (2014/35/EU) [18], IEC
6034 series [19], [20], [21], [22], [23], [24], [25], and NPR
9090 [26]. These standards cover a range of aspects, from
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power electronic devices to safety requirements [6], [19], [20],
[21], [22], [23], [24], [25]. NPR 9090 was the first national
practice guideline for residential LVDC systems, defining
the protection zones and the isolation requirements [1], [26].
Fig. 1 shows the main safety zones and the risks classification
interpreted from NPR 9090 in [1]. A critical requirement of
the NPR 9090 is the galvanic isolation between the ac and
dc sides [26]. Even though no specific standard is available
for ac-dc active front-end converters, new developments target
mostly isolated converters.

Two-stage (TS) isolated ac-dc converters [see Fig. 2(a)] are
presently the standard solution in industrial applications. In
the two-stage system, an ac-dc active front-end converter is
used to control the power factor on the ac side and to regulate
the intermediate dc bus voltage. On the dc side, a dc-dc stage
provides high-frequency isolation [27], [28], [29], [30], [31],
[32]. The use of two-stage solutions has some advantages,
including the capability to handle high power levels [33], [34],
[35]. On the other hand, all input power is processed twice
[35], [36], adding sensors and control loops to implement the
control of two stages [37]. Quasi-single-stage (q-SS) convert-
ers feature no decoupling dc-bus capacitor [see Fig. 2(b)].
This allows an increase in the converter power density and
saves costs in some applications because the decoupling ca-
pacitors are usually bulky [38].

Additionally, several papers have proposed single-stage
(SS) converters to replace two-stage and q-SS solutions.
Therefore, a series of new topologies, which integrate the
PFC (ac-dc conversion) and isolation in the same stage, has
been proposed [39], replacing single semiconductors with
anti-series switches [see Fig. 2(c)]. This reduces the number
of power processing stages and control requirements because
only the input current (i, ), and the output voltage (v4.) need
to be controlled [37], [38], [39]. The potential benefits of g-SS
and single-stage converters significantly increase the num-
ber of possible isolated ac-dc converter topologies, including
matrix-based DAB [39], [40], [41], [42], [42], [44], [45], T-
type based [46], [47], [48], [49], [50], interleaved converters
[51].

Emerging topologies such as single-stage have not yet
reached maturity and good industrial awareness. There is
still lack of practical experience regarding evaluation of the
feasibility of different solutions for specific applications. In
addition, no specific standards are available for active front-
end converters in residential dc systems. As result, it is
challenging to define design requirements and fair criteria to
compare different solutions.

To address this knowledge gap, this paper reviews the
topologies, design requirements, and functionalities for iso-
lated active front-end (i-AFE) converters. The review high-
lights further developments in the overviewing single-stage
i-AFE solutions [38]. A classification of topologies is pre-
sented, and current standards are discussed to prospect future
directives for i-AFE converters. The objective is to present the
latest developments of i-AFE for the ac grid and dc building
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FIGURE 1. Interpretation of safety zones in the dc distribution system according to NPR 9090 [1].
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FIGURE 2. i-AFE converter solutions: (a) a two-stage (TS) isolated ac-dc
converter; (b) no intermediate dc bus required in a quasi-single-stage
(q-SS) converter; (c) fully controlled switches used to integrate the PFC
stage in the isolated converter for single-stage (SS) converters [39].

integration, highlighting open problems and opportunities for
new research. Considering all these aspects, the main contri-
butions of this paper are the following:

1) Review of current standards and directives for dc elec-
trical installations and correlated power electronic de-
vices. This discussion is essential to define the main
design requirements for i-AFE converters in dc build-
ings. In addition, this is important for prospective
specific standards for i-AFE converters. The support
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of standards is mandatory for new solutions that must
perform adequately in real systems.

2) Overview of dc loads and standard voltage levels for dc
electrical installations, which helps to define the main
design parameters for i-AFE converters. In addition, this
is essential for contextualizing their application.

3) Proposal of classification for dc bus voltages. The clas-
sification is based on an overview of dc loads and
current-voltage levels used in dc systems projects. This
helps not only to define design parameters for i-AFE
converters but can also be used as design guidelines for
dc electrical installations.

4) A classification of i-AFE converter topologies. This
analysis presents the topologies that could enhance the
benefits of dc systems. In addition, this enables unbiased
comparison of different solutions.

This paper is organized as follows: Section II discusses
the design requirements for i-AFE converters according to
the standardization and directives for dc systems and pro-
vides a classification of dc bus voltage levels according to
their applications. Section III introduces a classification for
i-AFE converters, presenting an overview of different i-AFE
topologies. Current developments and their applications are
presented. Section IV presents a summary and discusses fu-
ture trends and challenges for i-AFE converters. In addition,
suggestions for future works are proposed. Section V presents
general conclusions of this study.

1l. OPERATIONAL REQUIREMENTS AND
STANDARDIZATION FOR FUTURE ISOLATED ACTIVE
FRONT-END CONVERTERS

To distinguish the most feasible power electronics solutions
for i-AFE converters, it is required to discuss the standard-
ization of dc microgrids and electronic devices for distributed
energy resources (DERs). This study evaluates different con-
verter topologies and defines their functionalities and design
requirements. Even though no specific standards are ready for
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i-AFE converters, new directives and standardization should
be investigated for further developments. Therefore, this sec-
tion focuses on the analysis of current standards and works in
correlated areas.

Table 1 lists the current standards and possible applications
that may be related to i-AFE converters. The main require-
ments are brought out since they could be used as a reference
and guideline for future i-AFE developments. These require-
ments are divided according to their applicability between: i)
protection and safety requirements; ii) compatibility with dc
microgrids; iii) compatibility with ac grid and power quality;
iv) functionalities, such as power management and communi-
cation.

A. PROTECTION AND SAFETY REQUIREMENTS FOR AFE
CONVERTERS
The main requirements for protection are related to end-user
safety. However, internal protections are also important to
avoid explosions and fire risks. The following requirements
related to equipment protection are highlighted:
i) Overvoltage protection: IEC 62109-1, IEC 62109-2
i) Short-circuit and overload protection: IEC 62109-1,
IEC 62109-2
iii) Protection against internal failures and bad connec-
tions: IEC 62109-1 and IEC 62109-2.

Two additional requirements related to user safety should
also be mentioned [26]:

1) Protection against electric shock: LVD (2014/35/EU),

IEC 62040-1
ii) Overtemperature, fire safety, and other cases: LVD
(2014/35/EU), IEC 62040-1.

In addition, i-AFE converters must meet requirements for
dc electrical installations. The NPR 9090 divides dc installa-
tions into four protection zones according to the voltage and
current levels:

Zone 0: unprotected sources, where very high overcurrent is
possible (1 kV < vg. < 1.5kV, ize > 500 A), including PV
and energy storage at utility scale

Zone 1: protected sources with high short-circuit current,
where it is possible to include passive protection.

Zone 2: protected sources with limited overcurrent and multi-
ple sources

Zone 3: prosumer dc buses with very limited overcurrent;
could be installed inside buildings

Zone 4: ELVDC dc buses without significant overcurrent; in
this zone, there are only users of electrical energy.

According to the protection zones and requirements of NPR
9090, the ac and dc parts of dc microgrids must be isolated.
The main motivation to provide galvanic isolation between the
ac grid and the dc microgrid is related to the grounding sys-
tem. With isolated i-AFE converters, it is possible to provide
TNS-type groundings, which simplifies the electronic protec-
tion, reduces common-mode voltage, and increases the safety
of the end-users [65]. The grounding and other requirements
for safety are standardized by the IEC 60364-4-41 and IEC
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60479. In addition, IEC 60364-5-53 and IEC 60364-7-710 can
be applied in a complementary way to cover critical installa-
tions, such as hospitals, surgery rooms, and other units.

B. REQUIREMENTS FOR THE COMPATIBILITY WITH DC
MICROGRIDS

The requirements to meet the i-AFE converter design with dc
microgrids are related to the dc bus capacitance dimension-
ing, electromagnetic compatibility, voltage ripple, and holdup
time:

i) EMC requirements: according to IEC 62040-2, IEC
61000-6-3, and IEC 61000-6-4.

ii) Compatibility with dc loads: necessary to meet the
holdup time, voltage ripple, and voltage regulation
range, according to IEC 61000-4-11 and IEC 62040-
5-3.

iii) Holdup time: time interval when the output voltage
stays within pre-defined limits in the case the input
power is lost. IEC 61000-4-11 provides the minimum
holdup time of 10 ms (one half-cycle of 50 Hz line
frequency).

C. COMPATIBILITY WITH AC GRID AND POWER QUALITY
The AFE converters must operate synchronized with the ac
grid, handling a sinusoidal current. It is important to ensure
high power-factor and high power-quality at the point of com-
mon coupling in either rectifier or inverter operation modes.
In addition, it is essential to provide basic functions to ensure
support to the grid when necessary. The main requirements
for the ac side are defined by IEC 61000-3-15 [61] and IEC
TS 62786 [64], including:

i) Total harmonic distortion (THD): defined by IEC
61000-3-15

il) Individual harmonics requirements: where the har-
monic limits are defined by IEC 61000-3-15

iii) DC current injection: not allowed by the IEC 61000-3-
15

iv) Power factor: defines the minimum power factor con-
sidering the AFE converter operation in a normal
condition (without active/reactive power control). The
power factor can be reduced to assist the grid stability
under voltage variations conditions — when required by
external command [64].

v) Voltage fluctuations: range of voltage variation near the
nominal condition, where it is possible to maintain the
i-AFE converter connected to the grid

vi) Flicker: defines the limits of flicker emission

vii) Active and reactive power control: to reduce the active
power to assist the grid stability during frequency vari-
ations
Overvoltage and undervoltage ride-through: the i-AFE
converters must withstand instantaneous voltage vari-
ations of the ac grid. The voltage limits and time to
disconnect under OVRT and UVRT are provided in
IEC TS 62786 and IEC TR 61850-90-7.

viii)
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TABLE 1. Related Standards and Their Possible Application in AFE Converters

Standard reference

Scopes

Application

Directives for AFE converters design

IEC 62109-1 [52]

IEC 62109-2 [53]

Safety requirements of power
electronics converters, including
protection against simple failures

PV converters, including stand-alone
and hybrid systems

Safety requirements and protection,
during failures in AFE converter
components

IEC 62040-1 [54]

Safety requirements for UPSs installed
in accessible areas

UPSs at low voltage ac, not exceeding
1000 V ac or 1500 V dc

Safety requirements for AFE, which can
be installed inside of a house or office.

NPR 9090:2018 [26]

DC installations for low voltage
(up to 1500 V dc). Defines the safety
areas of dc microgrids according to the
voltage levels.

Dc microgrids at the distribution level
(between 350 V and 1500 V dc)

Necessary to match the AFE converter
design with dc microgrids requirements.
Galvanic isolation must be applied
between the ac and dc parts.

LVD (2014/35/EU) [18]

Directive for low voltage dc equipment
(between 75 V and 1500 V dc)

Electrical equipment, such as home
appliances, power supply units, lases,
fuses, and others

Requirements for the user protection
against electrical shocks

IEC 60364-4-41 [20]

TEC 60479 [55]

Protection against electric shock,
protection devices for safety and
isolation requirements

Low voltage electrical installations at
small buildings

Complementary to the NPR 9090 and
LVD (2014/35/EU), including
classification and grounding requirements

IEC 60364-5-53 [21]

IEC 60364-7-710 [22]

Safety for electrical installations in
medical locations

Electrical installations in clinics,
hospitals, and equivalents (homes for
senior citizens, etc.)

Safety requirements in critical electrical
installations, such as hospitals and similar

TEC 62040-2 [56]

Electromagnetic compatibility (EMC)
requirements

UPSs at low voltage ac, not exceeding
1000 V ac or 1500 V dc

Compatibility of AFE converter with
loads in distribution systems (residential,
commercial, or industrial)

IEC 61000-4-11 [57]

Voltage dips, short interruptions, and
voltage variations immunity tests

Generation systems up to 75 A, per
phase (power converters connected to
low voltage networks)

Defines the voltage variation and holdup
time, required to design dc bus
capacitances

IEC 61000-6-3 [58]

IEC 61000-6-4 [59]

Emission requirements applied to
electrical and electronic equipment

Equipment for residential and
industrial environments

EMC requirements for PCBs and EMC
filters design

IEC 62040-5-3 [60]

Tests requirements and performance of
UPS:s to supply dc loads.

UPSs at low voltage ac, not exceeding
1000 V ac or 1500 V dc

Defines requirements for AFE converters
to supply dc loads

IEC 61000-3-15 [61]

Limits of EMC, and power quality

Generation systems up to 75 A, per
phase (power converters connected to
low voltage networks)

Defines limits and tests for ac current
harmonics, voltage fluctuation, flicker, dc
current injection, and others

IEC 62116 [62]

Test procedures of islanding prevention
for grid-connected PV inverters

Grid-connected PV inverters

Anti-island protection, requirements, and
test procedures

IEC 60364-8-1 [23]

TEC 60364-8-2 [24]

IEC 60364-8-3 [25]

Additional requirements, including the
power management for low voltage
prosumer electrical installations

Low voltage prosumer electrical
installations (PEIs)

Meets the AFE functionalities with the
power management requirements,
including droop control, or similar, when
necessary to ensure the power balance at
de side

IEC TR 61850-90-7 [63]

Describe the main functions of power
converters in distributed energy
resources (DERs) systems

PV converters, battery energy storage
systems, EVs, and others

Defines the main functionalities of AFE
converters to allow managing the volt,
var, and watt capabilities

IEC TS 62786 [64]

Specifications and requirements for
distributed energy resources connected
to the distribution network

Distribution generation connected to
the distribution network, including
generating plants at medium and low
voltage ac

General capabilities of AFE converter
as smart inverter:
e Anti-islanding protection
e Under / Overvoltage
(UVRT and OVRT)
e Dynamic Volt/Var operation
e Ramp rates
e Power factor control
e Monitoring, communication,
management, and others.

ride-through

energy
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ix) Disconnection in abnormal voltage conditions: the
AFE converter must be disconnected under abnormal
voltage conditions in a time less than the limits defined
by the IEC TS 62786.

X) Anti-islanding protection: it is necessary to identify and
avoid unintentional islanding operations, following the
criteria of IEC 62116, IEC 61000-3-15 and IEC TS
62786.

xi) Reconnection requirements: defines the reconnection
time according to the requirement of IEC 61000-3-15
and IEC TS 62786

Regarding the functionalities and control methods for ac-dc

converters under voltage variations, in [66] and [67], pos-
sible solutions, including OVRT and UVRT operation and
anti-island protection, are presented. As for voltage variations,
the current standards mainly cover converter operation as an
inverter, for example, in PV systems. On the other hand, the
i-AFE converters also operate as a rectifier, which should be
considered in future directives.

D. ADDITIONAL REQUIREMENTS

Besides the requirements addressed in the previous sections,
it is necessary to allow the i-AFE converters to operate
with external commands to optimize energy management.
The additional features related to power management rely
on networks and communication protocols. Commonly used
communication protocols for power converters include DNP3
or Modbus [68]. Even though the communication systems are
out of the paper’s scope, the IEC TR 61850-90-7 describes
the communication networks, security requirements, and the
additional functions for power converters. For that reason, it
can be used as a complementary reference. The main features
covered by IEC TR 61850-90-7 include:

i) Communication networks: communication links and
compatible protocols are required to allow the AFE
converter to respond to external control signals.

ii) Ramp rates: standard rates of ac current to allow soft-
connection or reconnection.

iii) Temperature derating: power processing reduction to

avoid undesirable internal temperatures.
iv) Volt and VAR control: possible to be controlled accord-
ing to external signals.

v) Power factor management: possible to be controlled
according to external signals.

vi) Request active power: necessary to ensure the power

balance according to the energy management system.

vii) Energy management: previewed in the IEC 60364-8 to

ensure the system’s smart operation.

These capabilities can be used to exchange information be-
tween i-AFE converters and the electrical energy management
system (EEMS). The IEC 60364-8 series provide the main
requirements to manage prosumer electrical installations [6],
[66]. This is necessary to provide power balance and save
energy in nZEB.
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FIGURE 3. Common dc bus voltage in existing applications [14].

E. CLASSIFICATION OF DC BUS VOLTAGES AND
PROTECTION ZONES

In addition to the standards, operational, and safety require-
ments, the voltage levels for dc microgrid/nanogrids are
another important topic to be discussed. The compatible volt-
age levels are required for matching the i-AFE converter
design with current standards for dc loads. Related to the ac
side, nominal voltages of 110-240 V,,,,s for single-phase and
380-400 V,,,s for three-phase systems are common. On the
other hand, for dc loads, the supply voltage levels range from
extra-low voltages (ELVDC) to hundreds of volts at LVDC.

The IEC report [14] presents an overview to identify the
main rated voltages used in dc applications [see Fig. 3]. A
high number of dc loads are found in homes and offices, such
as LED lighting, computers, and home appliances. In these
applications, it is mandatory to ensure safety against electric
shocks, which makes the adoption of ELVDC levels interest-
ing. In addition, some industrial systems are also based on
ELVDC to simplify service and maintenance. For example, in
telecommunication, many critical dc loads are supplied with
12V,24 V,or48 V.

On the other hand, extra-low voltage buses are naturally
limited in terms of power processing and distances since high
currents and long distances result in high power losses. Ac-
cording to the reference [14], ELVDC buses must be applied
only at short distances and at low power levels (less than 1
kW).

LVDC levels between 350 and 450 V are commonly used in
data centers, racks, servers, and other industrial applications.
For example, 380 V dc is a common voltage in power supply
units (PSUs) and UPSs [9], [14], [69], [70]. These LVDC
levels allow an increase in the power processed inside homes,
offices, and light industrial installations (such as nanogrids)
(6], [26].

For the highest voltage level bands (600-900 V and 1-1.5
kV), the main difficulty is related to the safety and protection
requirements. Therefore, these voltage ranges are not typical
for residential-scale microgrids [26], where end-user could be
harmed.

To define the possible voltage ranges at the dc side, the IEC
report [14] and project report [65] were analyzed. A classi-
fication for dc buses is proposed in Table 2. It can be used
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TABLE 2. Proposed Classification of the Main DC Buses for DC Microgrids

Voltage level Safety and protection Standardization dc bus classification

Power levels Application

0-48 V dc Non-protected SELV IEC 60364 ELVDC auxiliary dc buses Up to 1 kW, according to Electronic devices with limited output
and PELV, including (Zone 4) the IEC report [13] current, including home appliances, TV
bipolar systems sets, and lighting. Critical loads at data
centers, medical equipment, emergency
lighting, and others.
60-120 V.dc  Non-protected only in IEC 60364 Auxiliary dc buses Less than 6 kW [13]  Typical household and office load, higher than
3-wire systems (Zones 3, 2 or 1 according to 1 kW. Can be applied in dc microgrids in
the protection requirements) remote areas as well in residential and
190-230 V dc Fuse protected commercial buildings
350-450 V.dc  Semiconductors and IEC 60364  Main dc bus for building-scale ~ Up to 20 kW [65] Distribution dc bus inside of homes,
fuse protection NPR 9090 microgrids (nanogrids) offices, hospitals, and other prosumer
(Zone 1) electrical installations (PEIs).
600-900 V dc High risk IEC 60364  Main dc bus for industry-scale Less than 0.5 MW [65]  Industry, transportation, and other highest
NPR 9090 microgrids power applications, less than 0.5 MW.
(Zone 1)
1-1.5kV dc High risk IEC 60364 Utility-scale dc bus Higher than 0.5 MW [65]  Utility-scale PV plants and microgrids at
NPR 9090 (Zone 0) the power distribution level.

“Could kill in case of direct contact, according to the IEC 60479.

as a design guideline for further work. The safety zones are
indicated for each dc bus according to their voltage levels and
functionalities, following NPR9090 [ see Fig. 4]. In addition,
reference [65] indicates acceptable voltage deviations for the
main dc buses for industry and building-scale microgrids [see
Fig. 5].

The voltage deviations must be defined to avoid unintended
disconnections during transients. Voltage deviations could oc-
cur according to the power management strategy based on
droop control with dc-bus signaling [6].

Reference [6] compares different power management meth-
ods in terms of dc bus voltage deviations. For centralized
controllers, the dc voltage deviation can be reduced by apply-
ing a proper communication link. However, for decentralized
controllers, such as droop-based, the deviation increases and
must be handled by the i-AFE converter. In this way, [65] can
be used as a design guideline for the droop-based controllers.

F. GENERAL REMARKS ON THE CURRENT STANDARDS
AND REQUIREMENTS FOR I-AFE CONVERTERS

The standardization of dc microgrids, ac grids, and electronic
devices is important to define the main requirements for the
AFE converters. The main goal of this section was to analyze
and prospect these requirements.

Even though no specific standards are ready for i-AFE
converters, analysis of the existing standards gives guidance
to the research of power converter topologies and the most
feasible future solutions can be identified. The following sec-
tion focuses on the analysis and characterization of different
power converters, which could be candidates to cope with
the main requirements for i-AFE converters, including bidi-
rectional operation capability, control over the power factor,
high-frequency isolation, required voltage regulation range,
and other parameters.
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1il. ISOLATED AC-DC POWER CONVERSION: OVERVIEW
OF TOPOLOGIES AND CLASSIFICATION

Conventional ac-dc converters are intended to act as rectifiers
with a unity power factor. For example, boost-type converters
that follow the passive diode bridge rectifiers are used for
the power factor correction for lighting loads [66], [67], [68],
[69], [70], [71], [72], home appliances [73], [74], and other
devices [75], [76]. However, additional features are necessary
in dc microgrids, as was discussed in Section II. i-AFE con-
verters for dc microgrids and nanogrids need to go beyond
basic functions, providing grid support through voltage and
frequency regulation, active and reactive power control, and
being able to handle bidirectional power flow — due to the
insertion of renewables at the user side (prosumer dc buses)
[26], [77], [78]. These functionalities allow i-AFE converters
to act as smart (multifunctional) inverters providing support
for the ac grid, while continuously managing the dc microgrid
[79].

A few different topologies can be capable of meeting these
requirements. In addition, different power converters can be
connected when more than one power processing stage is
used. This results in many possible topology configurations,
whereas no classification and benchmarking was found for
i-AFE converters in the existing literature. In this paper is
proposed the following classification for i-AFE converter
topologies:

i) Firstly, each group of topologies must be divided
according to their power processing stages, namely
two-stage (TS), quasi-single-stage (q-SS), and single-
stage (SS) topologies [see Fig. 2].
i-AFE converters can be divided according to the num-
ber of voltage levels at the ac side, e.g., two-level (2L)
or multilevel (e.g., three-level (3L) topologies).

iii) Finally, the i-AFE converters are divided according to
the topology at the dc side, where several classes of

i)
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FIGURE 4. Safety zones and protection requirements for dc distribution
according to NPR 9090 [26].

power converters can be found. This division must be
in accordance with the number of power processing
stages and modulation strategy.

It should be noted that criteria (i) and (iii) are independent
once the ac-dc and dc-dc stages can be separated. In this sense,
there are no hierarchical levels between the ac and the dc side
to classify the i-AFE converters. In this paper, the ac side was
chosen to start the classification arbitrarily. The main classes
of i-AFE converter topologies are presented in Fig. 6. From
this classification, each group of i-AFE converters is revised in
the following subsections according to their power processing
stages.

A. TWO-STAGE I-AFE CONVERTERS: AC-DC TOPOLOGIES
Considering the requirements previously described, several
topologies can be applied to the PFC stage. In telecommu-
nication systems, for example, the totem-pole PFC is the most
widespread solution [79], [80], [81]. The totem-pole rectifiers
are connected with the dual-active bridge converter for battery
chargers and PSUs up to 6 kW [70]. On the other hand, this
kind of solution cannot be directly applied to three-phase
systems, which limits its application to i-AFE converters.

For the three-phase systems, the leading industrial solu-
tions generally narrow down the two-level voltage source
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FIGURE 5. Voltage levels and limits for LVDC electrical installations [65].

converter (2L-VSC) and the multilevel topologies, where the
three-level neutral point clamped (3L-NPC) is the most used
topology. Despite many other topologies proposed and tested
as ac-dc converters, the two abovementioned alternatives are
typically employed in the industry due to their maturity, cost-
effectiveness, efficiency, and reliability [1]. In addition, the
T-type NPC was gaining attention in the last years due to the
new developments of integrated power modules. These alter-
natives will be analyzed in detail in the following sections.

1) TWO-LEVEL VOLTAGE SOURCE CONVERTER (2L-VSC)

The two-level voltage source converters (2L-VSC) are found
in many industrial applications for ac-dc power conversion.
Their common usage includes drives for electric motors,
UPSs, battery chargers, and power factor correction for elec-
tronic devices [69], [82], [83], [84], [85]. The power circuit
in Fig. 7 includes six semiconductor devices and a dc bus on
the dc side. For four-wire systems, an extra leg (S7-Sg) can
be used. On the ac side, first-order (L) and third-order (LCL)
filters can be options for the ac grid connection. The ac filters
must be designed to avoid high-frequency harmonics and to
shape a sinusoidal current.

As for the semiconductor technology used, the MOSFETSs
or IGBTs are the typical options depending on the power
level being processed and the switching frequency. In terms of
power-module developments, many semiconductor manufac-
turers offer integrated solutions between 600 V and 1200 V.
Additionally, silicon carbide (SiC) MOSFETs have been
widely adopted in recent years, including either integrated or
discrete devices [86], [87].

One advantage in this topology is that it is possible to en-
sure zero-voltage switching (ZVS) if an appropriate dead-time
is introduced between series semiconductors [35], [69]. The
conduction of series semiconductors is prohibited, which is a
restriction of this topology.
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FIGURE 6. General classification of i-AFE converters according to the power processing stages and possible topologies for ac and dc sides.
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FIGURE 7. Three-phase 2L-VSC PFC. Three-legs are used to connect to the
ac grid with three-wire systems. In four-wire systems, an additional leg
(S7-Ss) is necessary to connect to the neutral point. For the ac side, LCL
and L filters are possible.
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However, several modulation strategies are possible, in-
cluding carrier-based and space-vector modulations [88]. For
i-AFE converters, the 2L-VSC is commonly connected with
the dual-active bridge or resonant topologies at the dc side
[69]. Current developments for two-stage solutions range
from 3 kW to 20 kW at LVDC. Additionally, many single-
stage and quasi-single-stage topologies are derived from the
2L-VSC.

2) THREE-LEVEL NPC (3L-NPC)

Although other multilevel topologies could be implemented in
the PFC stage, the three-level neutral point clamped (3L-NPC)
is the most widespread topology in industrial applications.
The main motivations for the NPC adoption include low har-
monics compared to two-level 2L-VSC and high reliability
because the NPC is based on a diode clamp, which is an
advantage over other three-level converters based on flying
capacitors [79], [87], [88].

The conventional 3L-NPC is presented in Fig. 8(a), includ-
ing four active semiconductors and two clamping diodes for
each phase. The clamping diodes are connected to the neutral
point of the dc bus. The shared dc bus allows for reducing
the voltage stress of semiconductors, increasing efficiency and
power processing rates [89].

Regarding semiconductor technology, IGBTs and MOS-
FETs could be employed. However, one disadvantage of
this topology is in the rms current of the clamping diodes.
During non-unity power factor operation, the diode current
increases power losses, and the NPC efficiency is reduced
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[87]. Therefore, some manufacturers have been developing
power-modules with only active semiconductors.

The active neutral point clamped (ANPC) topology is
presented in Fig. 8(b). ANPC allows optimization of the
power-modules with the combination of different semicon
ductor technologies, for example, Si-SiC, Si-IGBT, and Si-
SiC-IGBT [87]. Reference [87] compares different arrange-
ments of semiconductors in APNC topology in terms of
losses, price, and design requirements. These criteria must be
analyzed according to the application and power processed
levels.

3) T-TYPE NPC
Even though the T-type topology is not very common in a
two-stage i-AFE, it is important to introduce the topology
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clamp the neutral point, replacing the clamping diodes of the conventional
NPC.

because many single-stage and quasi-single-stage multilevel
converters are based on T-type NPC. Generally, the T-type
topology benefits include high efficiency and flexibility.

The power circuit of the T-type converter is presented in
Fig. 9. In terms of active semiconductors, both NPC and
T-type have the same number of switches and gate drives, con-
sidering that the T-type needs three fully controlled switches
(Qy). However, the T-type is more advantageous because no
additional clamping diodes are required. The drawback of this
topology is the need for six switches under full voltage stress,
while NPC uses only switches rated for half of that stress.

Other concerns regarding the T-type converter are related to
the common-mode voltage and unbalances in the dc bus volt-
age [90], [91], [92]. Even though references [93] and [94] have
compared and demonstrated that the T-type NPC has superior
efficiency, the complexity of their control and hardware results
in the conventional NPCs dominating industrial applications
[95].

Regarding semiconductor technology, current develop-
ments of power modules based on SiC-MOSFETS are targeted
to T-type converters. This can encourage their use in new
applications, including two- stage i-AFE converters, or even
endorse their application in single-stage and quasi-single-
stage converters [86], [87].

B. TWO-STAGE I-AFE CONVERTERS: DC-DC ISOLATED
TOPOLOGIES

A dc-dc converter is required in two-stage solutions to provide
galvanic isolation. The conventional isolated dc-dc converter
is based on the dual-active bridge (DAB) [33], [34], [35],
[36], [69]. Some industrial applications of the DAB converter
include battery chargers [33], [34], [35], PSUs [69], and solid-
state transformers [96].

The DAB converter is shown in Fig. 10, where two ac-
tive bridges are used to provide the bidirectional power flow
between different dc buses (vq, v»).The DAB converter can
handle the bidirectional power flow, includes a low number
of devices, is capable of buck-boost operation, has low sen-
sitivity to parametric variations, and features a predictable
dynamic response [97]. Also, it includes only one magnetic
component — the high-frequency transformer. In some cases,
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FIGURE 10. Dual-active bridge converter, where the leakage inductance
(Ls) is used as an energy storage element, and two active bridges are used
to control the power flow between v; and v;.
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FIGURE 11. Non-resonant dual-active bridge converter modulation
strategies: (a) phase-shift modulation (PSM); (b) extended phase-shift
modulation (EPSM); (c) dual phase-shift (DPSM); (d) triangular triple
phase-shift (TRM); (e) trapezoidal triple phase-shift (TZM); (f) pulse-width
modulation (PWM). Here the current (i s) waveforms depend on the phase
angles (3x) and could be different according to the power processed levels.

an external inductor is used in series with the transformer to
ensure an adequate inductance.

However, the leakage inductance (Lg) could be used as a
power transfer element, and ideally, no additional magnetics
are required [35].

DAB converter operation is based on modulating the volt-
ages Vprim. and vy in both sides of the high-frequency
transformer. Various control approaches are possible, includ-
ing phase-shift modulations (PSM), pulse-width (PWM), and
frequency modulations (FM). According to the modulation
strategies, DAB converters are divided into non-resonant
(PSM, PWM) and resonant topologies (FM).

1) NON-RESONANT DUAL-ACTIVE BRIDGE CONVERTER

Non-resonant DAB converters are generally implemented
based on phase-shift control, as illustrated in Fig. 11. The
single phase-shift modulation (SPSM) method is presented in
Fig. 11(a). PSM controls the phase angle (8) between vy,
and v, considering both as square waveforms [98]. Some
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advantages are obtained with PSM when both voltages are
matched, ZVS-on and low circulating current at medium and
high-power levels [97], [98], [99]. However, when a wide
voltage gain range is needed, PSM results in a high circulating
current, decreasing the converter efficiency [35], [98].

Improved modulations have been proposed to overcome
these drawbacks, including the extended phase-shift (EPSM)
[36], dual phase-shift (DPSM) [100], [101], and triple phase-
shift modulations (TPSM) [102], [103]. The modulation
strategies are based on the phase-angles between different
voltages and the inner phase-shift of each active bridge: EPSM
(67) [see Fig. 11(b)], DPSM (§;, &2) [see Fig. 11(c)], and
TPSM (8;, 82, 83) [see Fig. 11(d) and (e)].

TPSM is the generalized case because it controls all pos-
sible phase-angles in the DAB converter. Current research
efforts in the development of TPSMs are concentrated on
optimizations to properly select the correct combination of the
control variables (87, 2, §3) to achieve minimum conduction
and/or switching losses in semiconductors. It means that no
unified solution is proposed in the literature, and different
objectives of optimization can be analyzed, including exten-
sion ZVS-on range, reduction of circulating and rms currents,
improvement of the control dynamics, etc. [97]. In [97] all
the aspects of DAB converter modulation and control are
analyzed comprehensively.

In addition, pulse-width modulation (PWM) has been
studied in recent years as an option for PSM-based DAB
converters [35]. In this case, carrier-based signals are used
to control the dual-active bridge. The main advantage is its
simplicity because it is possible to obtain a wide ZVS-on
range with only one control variable — the converter duty
cycle [35]. This assumption makes the converter design less
complex when compared with PSM-based DAB [106], [107].
However, PWM-based DAB suffers from asymmetrical losses
and high rms current, which is a disadvantage in terms of
the converter lifetime and efficiency [35], [107]. Reference
[35], for example, uses PWM only at light loads when these
strategies cannot attain their advantages. PSM strategies are
still most widely used for high power levels because of the
highest efficiency.

2) RESONANT DUAL-ACTIVE BRIDGE CONVERTERS

Another approach for DAB converter implementation is to in-
clude resonant cells in the topology. Typically, high-frequency
resonant cells are connected with the isolation transformer to
smooth their current waveform [3], [69], [108], [109], [110].
The processed energy is stored in the transformer and the res-
onant cell, ensuring a wide soft-switching range. Even though
this is a hardware solution, in resonant DAB converters, it
is possible to obtain higher efficiency because they do not
have the compromise between ZVS-on and rms current [108],
[109], [110]. This is a significant advantage when comparing
resonant topologies with non-resonant converters, where the
ZVS loss is a serious problem.
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FIGURE 12. Resonant cells applied in conventional dual-active bridge
converters, including the LLC cell, CLLC, and LCL, highlighted in the power
converter circuits.
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FIGURE 13. Comparison of non-resonant and resonant dual-active bridge
converters: (a) non-resonant DAB converter based on phase-shift
modulation; (b) resonant dual-active bridge based on two-level voltages;
(c) resonant dual-active bridge based on three-level voltages.

In industrial applications, the LLC topology is often applied
in PSUs and datacenters [69]. Fig. 12 presents the power
circuit of the resonant DAB converter, highlighting the pos-
sible resonant cells, LLC, CLLC, and LCL, which could be
advantageous to achieve application-specific requirements.

Fig. 13 compares non-resonant and resonant waveforms.
For non-resonant topologies, the current waveform is typically
close to square-wave, trapezoidal, or triangular [see Fig. 13].
For resonant topologies, the transformer current (izy) is typ-
ically sinusoidal or quasi-sinusoidal [see Fig. 13]. This is
another advantage of resonant converters — avoiding high di/dt
values reduces electromagnetic interferences.

The control flexibility of resonant converters is typically
limited since they are regulated by frequency variations [35],
[97]. This decreases their capability to regulate the output
voltage and limits the voltage conversion ratio, which is not
the case for non-resonant converters (PSM and PWM-based)
[35]. Additionally, the resonant frequency depends on the cell
and isolation transformer parameters. Therefore, the converter
efficiency is sensitive to parametric variations, which can oc-
cur due to operating temperatures and changes in component
parameters during the lifetime [97].

Both resonant and non-resonant DABs are designed to
operate with high frequencies, where Si and SiC semicon-
ductors can be applied. Currently, high-power SiC devices
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FIGURE 14. Classification of two-stage i-AFE converters according to the possible topologies for the PFC stage and isolated dc-dc.

have been used to improve the conversion efficiency. How-
ever, for low-voltage levels, GaN switches are appearing in
many applications and are becoming a future trend to improve
efficiency and power density [69], [70].

C. CLASSIFICATION OF TWO-STAGE I-AFE CONVERTERS
Two-stage i-AFE converters have been adopted for different
applications, from low-voltage and low-power [6], [69], [70],
[79], [80], [81], [82], [83], [84], [85] to high-voltage and
high-power levels [86], [87], [112]. To establish a point of ref-
erence for future research, this paper proposes a classification
of existing topologies. Following the general classification of
i-AFE converters presented in Fig. 6, possible combinations of
PFC and dc-dc stages can be divided according to the number
of voltage levels at the ac side and between resonant or non-
resonant topologies at the dc side. The proposed classification
is presented in Fig. 14.

In industrial applications, the dual-active bridge is predom-
inant on the dc side. That is why the i-AFE converters can also
be classified according to the modulation strategy used in the
isolation stage.

As mentioned, the resonant DAB topologies (LLC, CLLC,
and LCL) are typically controlled by frequency variation. In
contrast, for non-resonant topologies, the modulation strate-
gies are divided between PSM (SPSM, DPSM, and TPSM)
and PWM.

For the PFC stage, the totem-pole PFC and single-phase
2L-VSC (1F-2L-VSC) are well known and widely spread
in many low-power applications. However, these topologies
are limited to single-phase systems, while dc microgrids and
nanogrids are commonly based on three-phase systems.

For three-phase systems, the 2L.-VSC converter is currently
the most used PFC topology. The advantages of using a 2L-
VSC include simplicity and a low number of components.
However, for high-power levels, the 3L-NPC has advantages
in terms of voltage stress and power quality. For example,
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[112] proposes an NPC+DAB for a high-power hybrid PV
system. To exemplify the two-stage solutions, Fig. 15 presents
an i-AFE converter based on 2L-VSC in the PFC stage and a
non-resonant dual-active bridge for high-frequency isolation.
This topology is most widely used in industrial applications,
including UPSs [113], [114], [115], on-board EV chargers
[116], [117], and interlinking converters for dc nanogrids
[118], [119], [120].

D. QUASI SINGLE-STAGE I-AFE CONVERTERS

In quasi-single-stage (q-SS) topologies, no evident interme-
diate dc bus is used, which means that the PFC and dc-dc
stage are integrated without a decoupling capacitance. Some
papers consider this as an advantage because the absence of
a bulky capacitor can be used to increase the converter power
density [27], [32], [37], [38], [39]. On the other hand, a min-
imum holdup time and voltage ripple are required in many
applications. In these cases, the output capacitance would be
necessary because of the absence of an intermediate dc bus
that typically reduces the low-frequency harmonics from the
PFC stage [121].

For two-level topologies, the leading solutions for g-SS
i-AFE converters are based on bridge converters and their
variations. In contrast, the multilevel topologies include the
T-type NPC for the PFC stage [37], [38], [39], [121].

1) TWO-LEVEL Q-SS I-AFE CONVERTERS

The reference configuration for two-level g-SS converters is
based on 2L-VSC as the PFC, and non-resonant DAB for the
isolated dc-dc stage — such as the two-stage solution presented
in Fig. 15 [122]. The main difference between two-stage and
g-SS topologies is the absence of a decoupling dc bus. Hence,
the high-frequency dynamics of the PFC and dc-dc stages are
not decoupled. Therefore, the PFC and isolated stage must be
grouped and analyzed for the implementation of a cooperative
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FIGURE 15. Power circuit of the two-stage i-AFE converter based on a two-level voltage source converter and non-resonant dual-active bridge (2L-VSC +
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FIGURE 16. Power circuit of the quasi-single-stage i-AFE converter based on the T-type and full-bridge converter used to allow operation with a

three-phase transformer.

modulation strategy [122]. As a result, the modulation is typi-
cally more complex for the g-SS. At the same time, two-stage
solutions can be controlled using well-known strategies, for
example, simple carrier-based modulations for the PFC stage
and PSM for the DAB converter [88].

Reference [122] classifies these topologies according to
the number of switch bridges used in each power processing
stage. For example, a three-phase 2L-VSC includes one leg
per phase, while a single-phase dual-active bridge needs four
more to handle the bidirectional power flow. In total, this
results in a seven-leg g-SS converter [38], [123]. In terms of
practical developments, even though reference [122] proposes
three-phase solutions for the ac side, the single-phase six-leg
g-SS converter is the most common and well-developed so-
lution that has experimental validation for many applications
[38], [124], [125]. For i-AFE converters, the current develop-
ments are targeting mostly multilevel T-type converters.

2) T-TYPE QUASI-SINGLE-STAGE I-AFE CONVERTERS

It should be noted that there are not many types of suit-
able multilevel topologies for g-SS i-AFE converters. The
common approach taken to implement multilevel q-SS con-
verters is based on the T-type NPC converter connected with a
central-tap transformer or two single-phase transformers [46],
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[48], [47], [48], [49], [50], [126], [127], [128]. For single-
phase transformers, the dc-dc stage is based on a half-bridge
converter. For the three-phase case, a full-bridge circuit is
required, and the T-type is connected in the third winding [see
Fig. 16].

Half-bridge implementation has advantages in terms of
component count and simplicity because the transformer
design is less complex and does not require additional con-
trollers. With three-phase transformers, it is necessary to
balance their voltages to limit the circulating current in the
clamping switches (Q;-Qz) [48], [49], [50]. On the other
hand, it should be noted that half-bridge converters are
naturally limited in their power processing capability. For
high-power levels, full-bridge converters are preferred [126],
[127], [128]. In addition, references [129] and [130] propose
the T-type+full-bridge topology to provide fault tolerance.
Even though this increases the number of semiconductors in
the isolation stage, it increases the power processed and allows
one to arrange the high-frequency transformer in different
ways. Different connections of the transformer windings can
improve the converter voltage ratio, allowing their usage in
various applications. For example, it is necessary to boost the
input voltage [46], [47].

Fig. 17 illustrates the different transformer connections,
which include [Y-A], [A-A], [A-Y], and [Y-Y]. The
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FIGURE 18. Power circuit of an unfolder quasi-single-stage i-AFE converter based on the T-type and current-fed dual-active bridge.

connection depends on the application objectives — either
boost or buck the input voltage. The main advantage of
three-phase transformers is that the effective frequency of the
transformer voltage is higher than the switching frequency,
resulting in the transformer size reduction [122].

A drawback of the multilevel g-SS is related to the direct
connection between the PFC and the isolation transformer. In
several applications, ac filters are formed by L or LCL filters,
resulting in a current-fed solution from the input side at ac
[see Fig. 16]. Due to the direct interaction between an ac filter
and a high-frequency transformer, overvoltage problems are
common during the turn-off of semiconductors [33]. In some
cases, these overvoltages can be attenuated by the modulation
strategy. Otherwise, hardware solutions, such as snubber ca-
pacitors or bidirectional active clamps, are necessary [128].

3) UNFOLDING QUASI-SINGLE STAGE I-AFE CONVERTERS
The last option to implement multilevel quasi-single-stage
converters is based on unfolder-based solutions, with parallel
converters on the dc side [131], [132], [133], [134], [135]. In
these cases, the ac-dc stage can be implemented with NPC
[136], [137] or T-type converters [135], and the neutral point
is not directly connected to the transformer windings. Fig. 18
shows an example considering the T-type converter for the
ac-dc stage. The resulting neutral point is connected to two
series current-fed DAB converters on the dc side.

The dc-dc stage preferably should be current-fed to control
the power-factor [135]. This allows the switches on the ac-dc
stage to operate at low frequency, reducing switching losses
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[134]. The result is that each power stage can be controlled in-
dividually, significantly simplifying the modulation schemes.
In addition, no low-frequency filters are needed on the ac side;
thus, the number of magnetic components is reduced and the
overall system efficiency is improved [133], [135].

Due to the low losses and high-efficiency, the ac-dc stage
can be implemented for high power levels mainly on the ac
side. For the dc side, it is possible to divide the rated power
between dc-dc submodules, increasing the overall system ef-
ficiency [131], [132], [133].

One advantage of unfolding solutions is related to the di-
mensioning of semiconductors. Considering that the ac-dc
converter operates at low frequency, it is possible to avoid
high-speed switches for the ac side. For example, it is possible
to use slow-speed IGBTs with low saturation voltage in the ac-
dc converter, while the dc-dc could be implemented with fast
SiC-MOSFETs [135]. In the T-type-based g-SSs, both stages
operate at high frequency, limiting semiconductor choices due
to the presence of switching losses [126], [127], [128].

An essential drawback of unfolder-based solutions is the
number of active devices. As this solution employs more
than one dc-dc conversion module, semiconductor count and
driver circuits increase significantly. Hence, their application
is limited to specific cases, e.g., on-board chargers [135] and
modular EV charging stations [134].

E. CLASSIFICATION OF QUASI-SINGLE-STAGE I-AFE
CONVERTERS

The number of topologies found in the existing literature
for g-SS i-AFE converters is limited because many options
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FIGURE 19. Classification of the main topologies of quasi-single-stage i-AFE converters.

for multilevel converters are not able to operate without an
intermediate dc bus. This results in complex modulation and
control schemes due to the combined PFC and dc-dc stages.
Even though the unfolder solutions can reduce these issues,
they are limited due to the highest number of components.
This means that their application is restricted, and very spe-
cific in many cases [135].

Main approaches for two-level topologies have been de-
veloped for single-phase systems, which is a limitation to
applying them as i-AFE converters. The 2L g-SS converters
were also proposed; however, they have not been experimen-
tally evaluated until this moment.

To classify the different topologies found in the literature,
the ac voltage levels are used again. Additionally, the different
transformer connections presented can be used to improve the
voltage conversion ratio in accordance with the application
needs. Fig. 19 shows the proposed classification.

F. SINGLE-STAGE I-AFE CONVERTERS

Before introducing the single-stage (SS) i-AFE converters, it
is necessary to highlight the differences between the g-SS and
the SS topologies. While the g-SS has well-defined PFC and
dc-dc stages, the SS i-AFE converters integrate the PFC and
isolation stages without clear separation. In addition, in the g-
SS topologies, even without the intermediate dc bus, the input
power is still processed twice [38].

Even though these SS solutions are still under develop-
ment, in the last years, several topologies have been proposed,
including matrix-based converters, phase-controlled, inter-
leaved, and single-stage T-type. This subsection focuses on
the analysis and characterization of these emerging solutions.

1) MATRIX-BASED DUAL-ACTIVE BRIDGE CONVERTERS

The SS i-AFE converters are mainly derived from the matrix-
based DAB converter. Matrix converters or cyclo-converters
were first introduced for single-stage ac-ac conversion in elec-
tric drives [88]. In the last years, this idea has been considered
for isolated ac-dc conversion replacing simple semiconductors
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with fully controlled four-quadrant ones (Q,) [39], [40], [41],
[42], [43], [44]. To implement fully controlled switches, com-
monly, anti-series semiconductors are used. Fig. 20(a) shows
the power circuit of the matrix-based DAB, where the first
active bridge of the conventional DAB is replaced by a matrix
converter with fully controlled switches (Q1-Qg) [37].

Regarding modulation strategies, reference [138] analyzes
different switching patterns for the matrix-based DAB con-
verter. The authors conclude that the staircase-type modula-
tion — also called Type-A in [138] — is the optimal solution
because it ensures ZVS-on for a wide operating range. In
this strategy, the primary line-to-line voltage with the highest
value is selected at the ac side, followed by the second largest
absolute value; finally, the third step results in zero voltage.
Fig. 20(b) shows the key waveforms of Type-A modulation.
In addition, references [139], [140], [141], [142] propose
quasi-resonant modulations, which means that matrix-based
DAB converters can be divided into quasi-resonant and
non-resonant topologies. An example of quasi-resonant mod-
ulation is presented in Fig. 20(c).

The difference between quasi-resonant and resonant con-
verters is that in quasi-resonant approaches, short resonance
occurs only during switching moments and not during the
whole switching period [see Fig. 20(c)]. This means that
quasi-resonant converters typically operate with a fixed
switching frequency.

The matrix-based DAB converters are commonly supplied
with a second order (LC) filter, resulting in a voltage-fed
converter at the ac side [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48]. This feature is interesting when it is necessary
to step down the input voltage. In addition, this avoids voltage
spikes inherent in current-fed topologies. Current-fed matrix-
based DAB converters with quasi-resonant modulations are
described in [139] and [141]. In terms of semiconductor tech-
nology, matrix-based DAB converters are implemented with
SiC-MOSFETs in several papers [39], [40], [41], [42], [43],
[44], [45], [46], [47], [48], [143], and GaN power devices have
been considered in recent developments [143], [144].
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matrix-based DAB converter; (c) a quasi-resonant modulation.

Compared with similar two-stage solutions, matrix-based
DAB converters require more semiconductors, as six fully
controlled switches are required. For the 2L-VSC+DAB i-
AFE converter [see Fig. 15], 14 active semiconductors are
necessary, while the matrix-based DAB i-AFE converter [see
Fig. 20] requires 16. This issue could be mitigated when com-
mercially available integrated bidirectional switches emerge
on the market. In terms of the efficiency and power losses,
both solutions are comparable because the processed rms cur-
rent is lower in the single-stage matrix-based DAB converters.
For classification purposes, matrix-based converters are com-
monly divided according to the number of active legs. For
example, the three-phase converter exemplified in Fig. 20 is
called as 3 x 2 matrix [39], [40], [41], [42], [43], [44], [45],
[46], [47], [48]. Other examples are 1 x 2 and 2 x 2 matrix
converters, which are the single-phase solutions [145], [146],
[147], [148].

2) PHASE-CONTROLLED SINGLE-STAGE I-AFE

Another approach to implement single-stage i-AFEs is related
to phase-controlled converters. These topologies are based
on configurations that can operate as single-phase converters,
e.g., matrix-based 1 x 2 and 2 x 2. This means that three
individually controlled converters must be used in the three-
phase PFC stage. Even though three-phase systems based on
matrix converters were proposed in [30] and [147], this is not
a common solution for i-AFE because of the high number
of active components. For example, a phase-controlled i-AFE
based on three 2 x 2 matrix converters results in the use of
36 active semiconductors [147], [148]. To reduce the number
of components in phase-controlled solutions, SEPIC-based
[149], [150], and cascaded full-bridge converters [151], [152],
[153] were proposed.

The SEPIC-based i-AFE converter has advantages in terms
of semiconductor count because only two switches are used
per phase. The drawback of the SEPIC-based i-AFE is re-
lated to the limited power handling capability. In practical
applications, the SEPIC topology increases the size of mag-
netic components, reducing the efficiency and power density.
As a result, the SEPIC-based i-AFEs are suitable only for
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FIGURE 21. Power circuits of the three-phase single-stage cascaded
full-bridge i-AFE converter.

low-power levels, which limits their use in i-AFEs. Reference
[149] presents the design and experimental evaluation of a 1.6
kW prototype. The experimental results demonstrate that the
maximum efficiency occurs at medium power, being reduced
considerably at the rated power.

Cascaded converters provide increased power processing
capability. In this case, a decoupling capacitor is added to
create an offset voltage in the neutral line [see Fig. 21]. The
capacitor voltage must be controlled by the common-mode
current and is required to allow direct connection between
each cascaded power module. This voltage offset allows
for use of generic semiconductors instead of four-quadrant
switches, significantly reducing the number of semiconductor
components.

3) MULTILEVEL SINGLE-STAGE TOPOLOGIES
Although the options are limited, multilevel topologies for
single-stage converters have also been proposed. The main
possibilities are divided between T-type NPC [46], [49] and
interleaved converters, where magnetically coupled legs are
used [154], [155], [156], [157], [158], [159]. Both solutions
are applicable at high-power levels.

The interleaved converter presented in Fig. 22 uses coupled
inductors to divide the current stress between parallel legs
[154], [155], [156]. In the interleaved topology, the isolation
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FIGURE 22. Power circuit of the three-phase single-stage cascaded
full-bridge i-AFE converter.

transformer and coupled inductors could be integrated on the
same magnetic core [157], [158], [159]. This means that the
design of the coupled inductors could be quite complex. This
complexity is also extended to the modulation and control
strategies because it is necessary to avoid circulating current
between parallel legs. The circulating currents result from un-
balances between the processed currents of each coupled leg.
Therefore, each leg must be monitored individually, which
results in a high number of sensors [148].

As for the semiconductor technology, [51] and [160]
propose the use of SiC-MOSFETs, which allows the high-
frequency operation at above 100 kHz. In this way, the volume
of magnetic components can be reduced, improving power
density compromised by the use of the coupled inductors.

The second option to implement multilevel single-stage
converters is based on the T-type NPC [46], [49]. This topol-
ogy is derived from the g-SS version, replacing the simple
semiconductors in the T-type stage with fully controlled
switches [see Fig. 23]. Regarding voltage stress, both the g-SS
and tSS solutions have the same requirements. However, the
processed rms current is reduced in the SS solutions because
the input power is processed only once.

Regarding the number of semiconductors, 24 single
switches for the interleaved converter, and 9 fully controlled
(18 discrete) plus 6 discrete switches for the T-type NPC
converter are used. Even though the single-stage T-type was
implemented with Si-IGBTs in [47], SiC-MOSFETs would
be a better option for future developments. One advantage
of both solutions is related to the fault tolerance, because
the interleaved converter is controlled individually per phase,
while the T-type NPC converter naturally has fault tolerance,
as presented in [129] and [130].

G. CLASSIFICATION OF SINGLE-STAGE I-AFE CONVERTERS
Similar to previous subsections, the main topologies found in
the literature are classified according to the voltage levels at
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the ac side and between resonant and quasi-resonant topolo-
gies. Fig. 24 shows the proposed classification. Compared to
the two-stage and quasi-single-stage solutions, single-stage
i-AFE converters are an attractive alternative, providing po-
tential advantages such as higher power density, reduced
number of power processing stages and reduced sensing re-
quirements, because it is possible to perform the power factor
control and output voltage regulation in a single stage.

The main drawback of single-stage solutions can be at-
tributed to relative complexity, the requirement of fully con-
trolled (four-quadrant) switches in many cases and complex
modulation strategies. Most of these shortcomings can be
mitigated with the development of digital signal processors,
monolithic bidirectional power semiconductor devices, and
design tools.

Presently, being a well-established technology, the two-
stage converters have advantages because many power mod-
ules are available for these solutions. For example, integrated
semiconductors could be easily found as 2L-VSC, and 3L-
ANPC power modules [86], [87], [88].

H. BENCHMARK OF CURRENT SOLUTIONS AND NEW
DEVELOPMENTS

The current developments of i-AFE topologies are summa-
rized in Table 3 along with their design parameters, voltage
and power rates, semiconductors technologies, and classes
according to the proposed classifications. These solutions had
been developed between 1 kW and 20 kW for LVDC systems,
and their applications come beyond dc microgrids/nanogrids,
including PSUs, data centers, EVs, and battery chargers.

Si-MOSFETs are a current technology for choice at the
highest voltage levels. In addition, GaN power devices start
to appear, mainly at extra-low voltage, where they can con-
tribute to improvement of efficiency and power density. For
multilevel converters, Si-IGBTs are also possible because in
these topologies, semiconductors can operate with different
switching losses, according to the topology and modulation
strategy.

Even though ELVDC voltages are common for many dc
loads, 350 V and 380 V are previewed by standards for pro-
sumer dc buses. This is also a common parameter for other
industrial applications, from where i-AFE converters can be
adapted for grid integration of dc buildings. High reliabil-
ity, fault tolerance, efficiency, and low time to market are a
few advantages that can be obtained by choosing a proper
topology. In this sense, the two-stage i-AFE converters have
advantages because the technology is widespread in industrial
applications.

Related to new developments, application-tailored power
modules can accelerate the future adoption of quasi-single-
stage and single-stage converters. Currently, these emerg-
ing topologies remain a promising research topic that
lacks broader industrial awareness. Additionally, practical
realization of different topologies reveals advantages and
disadvantages according to the processed power levels, semi-
conductor technologies, and applications. Therefore, this list
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FIGURE 24. Classification of the main topologies of the single-stage i-AFE converter.

can provide values that can be an initial suggestion for practi-
cal developments.

IV. SUMMARY AND FUTURE TRENDS

Attractiveness of dc systems has motivated a series of new
developments in power electronics and standardization for
prosumer dc electrical installations. This is especially impor-
tant for residential applications, where PV systems and energy
storage can be integrated and managed closer to the end-user
and more efficiently. The current standards for dc installations
require an isolated interface between the ac utility grid and
prosumer dc buses. This is necessary to facilitate protection
and grounding schemes, increasing safety for the users.

To provide galvanic isolation, a range of topologies
of i-AFE converters can be used, including two-stage,
quasi-single-stage, and single-stage solutions. In this section,
the main specifications of each solution will be compared.
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A. IMPLEMENTATION ASPECTS OF I-AFE CONVERTERS

1) CONTROL SYSTEM

An active rectifier draws the input current in two-stage
converters and regulates the intermediate dc bus voltage, re-
quiring two control loops (PFC and VR). The dc-dc isolated
stage is used to control the output voltage and the power
flow between dc buses [113], [114], [115]. One alternative to
simplify the control strategy is to operate the dc-dc stage in
an open-loop as a dc transformer [165], controlling the output
voltage through the PFC stage [69]. Fig. 25 summarizes the
functionalities of each solution.

In quasi-single-stage and single-stage configurations, it is
necessary to control only input current and output voltage,
reducing the number of sensors and control loops. This is
an advantage from the control point of view. However, the
modulation strategy will be complex because both stages, PFC
and isolation are integrated.
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TABLE 3. Benchmark of Current Developments of Isolated Active Front-End Converters

Classification Configuration REF Technology Freq. (f5) ac voltage  dc voltage Effic. (1) Power Application
2L non-res. Totem-pole + DAB [70] SiC-GaN 65 kHz 230 Vrms 48 Vdc 99.0 % 3kW  PSU (data centers)
2L non-res. 1F-2L-VSC+DAB [6] Si-SiC 24 kHz 127 Vrms 380 Vdc 95.0 % 1 kW dc nanogrids
2L res. 2L-VSC+LLC [69] SiC-GaN 250-450 kHz 230 Vrms 48 Vdc 99.0 % 3kW Data centers
° 2L res. 2L-VSC+CLLC [109]  Si-MOSFET 100 kHz 230 Vrms 380 Vde  98.0 % 6 kW dc microgrids
%ﬁ 2L res. 2L-VSC+CL [144] SiC-GaN 500 kHz 230 Vrms 450 Vde 972 % 7kW EV charger
E 2L non-res. 2L-VSC+DAB [113]  Si-MOSFET 20 kHz 127 Vrms 400 Vdc - 1 kW  hybrid PV systems
2L non-res. 2L-VSC+DAB [83]  SiC-MOSFET 100 kHz 230 Vrms 800 Vdc 97 % 6 kW isolated PFC
3L non-res. 3L-NPC+DAB [112] Si-IGBT 5 kHz 127 Vrms 1200 Vdc - 34kW  hybrid PV systems
3L non-res. T-typet+tDAB [161]  Si-MOSFET 25 kHz 230 Vrms 330 Vdc - 10 kW EV charger
° 2L non-res. 6 bridges [162] Si-MOSFET 160 kHz 230 Vrms 28 Vdc 97.5% 1 kW energy storage
on
£ 2L non-res. 7 bridges [123]  Si-MOSFET 43.2kHz 220 Vrms 40 Vdc 91.0% 1 kW energy storage
Lén 2L non-res. 9 bridges [122] - 20 kHz 260 Vrms 196 Vdc - 3 kW dc microgrids
2 3L non-res. T-type+half-bridge [46] Si-IGBT 20 kHz 260 Vrms 380 Vde  91.0% 3 kW dc microgrids
§ 3L non-res. T-type+full-bridge [50] Si-IGBT 20 kHz 260 Vrms 380 Vde  93.0% 3 kW dc microgrids
2L res. 1x2 matrix-based [163] SiC-MOSFET 50 kHz 230 Vrms 240 Vde  945%  1.5kW energy storage
2L res. 2x2 matrix-based [141]  SiC-MOSFET 50 kHz 230 Vrms 48 Vdc 95.0% 1.2kW energy storage
2L res. 3x2 matrix-based [164] SiC-MOSFET 100 kHz 230 Vrms 350 Vdce - SkW dc microgrids
2L non-res. 1x2 matrix-based [145] Si-MOSFET 100 kHz 220 Vrms 60 Vdc 91.0 % 1 kW dc nanogrids
2L non-res. 2x2 matrix-based [142] SiC-MOSFET 50 kHz 230 Vrms 400 Vde  95.0% 3kW  on-board EV charger
2L non-res. 3x2 matrix-based [39] SiC-MOSFET  25-60 kHz 230 Vrms 400 Vdc 99.0 % 8 kW isolated PFC
° 2L non-res. 3x2 matrix-based [40] Si-IGBT 10 kHz 115 Vrms 400 Vde  82.1% 1.6kW  EV charger (V2G)
éﬁ 2L non-res. 3x2 matrix-based [44]  SiC-MOSFET 20 kHz 230 Vrms 400 Vdc - 10 kW energy storage
%:“ 2L non-res. 3x2 matrix-based [45]  SiC-MOSFET 20 kHz 200 Vrms 230 Vdc 96.5 % 1 kW dc microgrids
n 2L non-res. ~ Phase-controlled 1x2  [30]  SiC-MOSFET  20-100 kHz 230 Vrms 200 Vdc 96.0%  2.2kW dc microgrids
2L non-res.  Phase-controlled 1x2 [166]  Si-MOSFET 10 kHz 140 Vrms 400 Vdc - 8 kW SST
2L non-res. 3F-SEPIC-based [149]  Si-MOSFET 50 kHz 200 Vrms 120 Vde  91.5%  1.6kW dc microgrids
2L non-res.  Cascaded full-bridge  [153] SiC-MOSFET 45 kHz 230 Vrms 375 Vdce - 20 kW dc microgrids
3L non-res. 1F-Interleaved [160] SiC-MOSFET 50 kHz 220 Vrms 400 Vde  92.5% 1 kW dc microgrids
3L non-res. 3F-Interleaved [51]  SiC-MOSFET 50 kHz 270 Vrms 380 Vdc 92.5% SkW dc microgrids
3L non-res. T-Type NPC [47] Si-IGBT 20 kHz 260 Vrms 196 Vdc - 24 kW dc microgrids

“n: peak efficiency.
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FIGURE 25. Distribution of the main tasks required to perform i-AFE
conversion, including the power factor correction (PFC), intermediate dc
bus voltage control (VC), and voltage regulation (VR) for the output [167].

2) NUMBER OF COMPONENTS

Commonly, single-stage converters have a disadvantage in
the use of fully controlled switches, increasing the number
of gate drives, isolated auxiliary power supplies, and discrete
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semiconductors. On the other hand, phase-controlled convert-
ers, such as the SEPIC-based one, can reduce this problem, but
their applicability is limited. Each topology must be analyzed
individually to evaluate these criteria. Fig. 26 compares the
main topologies according to the number of switches.

3) ACFILTER

Commonly, single-stage converters are implemented with an
LC filter to provide a voltage-fed feature for the ac side. Inter-
estingly, this avoids overvoltage problems inherent in isolated
current-fed converters [33].

For two-stage converters, it is not a problem due to the
presence of the decoupling capacitance. Therefore, LCL filters
are feasible, increasing the attenuation factor for low-order
harmonics at the ac side. While the second-order LC filter
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the intermediate capacitor according to the results of [121], which
considers a 5 kW dc system.

results in an attenuation of —40 dB/dec, the third-order LCL
ensures —60 dB/dec attenuation.

4) OUTPUT CAPACITANCE

Some papers advocate for single-stage solutions due to the
absence of the decoupling capacitance. This can increase the
converter power density in some applications [27], [32]. For
dc microgrids, the total converter’s capacitance is important to
ensure an adequate holdup time. The minimum holdup time is
defined in the IEC 61000-4-11. Reference [121] compares the
holdup time for different scenarios, considering that the total
capacitance can be shared between the intermediate decou-
pling and output capacitors.

The main results are presented in Fig. 27.According to
the results of Fig. 27, the holdup time can be improved
with the highest intermediate dc buses. This occurs because
in two-stage solutions, the intermediate dc bus can be dis-
charged below the voltage limits required for dc microgrids.
This allows keeping the output voltage regulation during tran-
sient periods. Thus, it is possible to improve the holdup time
without oversizing the total capacitance. For single-stage con-
verters, there is no degree of freedom to increase the holdup
time from the control point of view. This is potentially in-
creasing the total capacitance, and consequently the converter
becomes bulky.

B. OPPORTUNITIES FOR FURTHER RESEARCH

According to the current solutions for i-AFE converters, some
opportunities for future work and research can be highlighted.
This paper presents standards for dc electrical installations
and electronic devices to create a background for future de-

velopments. However, to consolidate the technology, it is
VOLUME 3, 2022

essential to define specific standards for i-AFE converters.
This could be based on current standards from the related
application fields to match the i-AFE converter design with
dc microgrids and load requirements. Simultaneously, it is
important to consider the i-AFE specifics to define stan-
dardization. For example, current standards do not cover the
operation of AFE converters as rectifiers during UVRT and
OVRT on the ac side.

For single-stage converters, the main limitation is related
to the need of fully controlled switches. The development of
new monolithic bidirectional power modules is necessary to
overcome this problem. It can simplify the converter design
and increase industrial interest in this emerging technology.

Regarding industrial developments, it is also necessary to
compare the different topologies of i-AFE converters in terms
of reliability. As presented in the topologies overview, there is
no clear candidate for i-AFE converters. Each topology will
depend strongly on the application voltage and power range.
For two-stage solutions, the aspects related to reliability are
quite clear because this is an industrial solution. However,
quasi-single-stage and single-stage converters must be ana-
lyzed as they are primarily developed in academia and lack
field data.

For the power converter topologies, new developments in
the DAB converters are still emerging, including the develop-
ment of multilevel and multiport converters. In the isolation
stage, multilevel topologies offer advantages at high-power
levels and present more degrees of freedom to improve the
modulation strategy [168], [169]. Related to the multiport
converters, it is necessary to note that standards like NPR9090
require galvanic isolation between prosumer (LVDC) and
auxiliary dc buses at extra-low voltage levels (USB-c). There-
fore, implementations of the i-AFE converters with multiport
topologies can somewhat reduce the number of power pro-
cessing stages [169].

C. COMPLEMENTARY LITERATURE

There are several useful references in the i-AFE field left that
worth to be specifically mentioned in this paper. Therefore,
they are listed below as complementary literature:

S. Rivera et al. [1]: the paper covers bipolar technologies
for dc microgrids at distribution level. While this paper covers
residential dc microgrids/nanogrids and their respective i-AFE
converters, it can be used as a guideline for applications with
higher rated power. For example, &= 350 V dc buses can be
used as a bipolar system in industry-scale microgrids.

IEC Technology Report [14]: this report presents an
overview of loads, technologies, and applications for dc sys-
tems and can be used as design guidelines for dc electrical
installations, defining voltage and power levels, distances, re-
quirements for cables, etc.

O. Korkh et al. [37]: the paper presents a review of iso-
lated matrix converters for single-phase applications. For
low-power levels and single-phase systems, specific topolo-
gies can be applied. In this sense, even though this review
presents different applications, it can be used complementar-
ily to the given paper.
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N. Hou et al. [97] and S. Shao [98]: the papers present
reviews and compare modulation and control strategies for
dual-active bridge converters. Both references can be used as
design guidelines for the DAB converter.

J. Yuan, et al. [84]: the paper presents a review of onboard
chargers for electrical vehicles. This application also includes
isolated ac-dc converters, which can be used as reference point
for first developments of i-AFE converters.

V. CONCLUSION

For residential dc microgrids and nanogrids, isolated active-
front end converters or i-AFE converters are the key compo-
nents providing galvanic isolation and allowing for the energy
exchange between prosumer electrical installations and the ac
utility grid. Three classes of solutions for the implementation
of i-AFE converters were identified and systematized: two-
stage, quasi-single-stage, and single-stage converters.

Even though new research has been proposing single-stage
solutions to improve efficiency and power density of the
i-AFE converters, these advantages are not so clear when
possible, requirements of standards are analyzed. At the cur-
rent moment, no specific standard for i-AFE converters is
available. Therefore, present paper evaluates the requirements
from standards in related application areas to identify the main
implementation challenges on the way to industrial adoption
of i-AFEs.

Within the requirements of dc buildings and electronic de-
vices, no clear candidates were found in the current literature
to operate as i-AFE converters. Even though two-stage con-
verters have advantages because of their wide industrial use,
new developments in semiconductors and power modules po-
tentially keep quasi-single-stage and single-stage converters
promising solutions for the future. Currently, the adoption of
two-stage solutions can save time to market and avoid relia-
bility issues.
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