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ABSTRACT In three-phase unbalanced systems, where the circulation of zero sequence current is necessary,
four-leg converters provide a neutral connection for single-phase or other unbalanced loads typically utilized
in three-phase distribution systems. In addition, control of themagnitude and phase of the zero-sequence volt-
age and/or current are also achieved using four-leg power converters. However, evenwhen four-leg converters
have become very important in several fields as for instance, four-leg microgrids and aerospace applications,
a comprehensive review of the converter topologies, control methods, modulation methods and output filters
have not been hitherto published. In this paper, a comprehensive overview of the state-of-the-art of four-leg
converters is presented, based on the selection of over 400 papers published in journals and conferences,
identifying mature and incipient topologies, modulation strategies, control schemes and applications. Each
topic presented in this work is thoroughly discussed and reviewed, analyzing characteristics, implementation
issues, and reported advantages and disadvantages to provide a comprehensive overview of the current
research and future challenges in four-leg converters. The most important applications of four-leg converters
are also discussed in this work, including stand-alone power supply, uninterruptible power supplies, grid-
connected 4-leg inverters, ground power units for aerospace applications, active filtering for power quality
enhancement, cooperative control of 4-leg converters for micro-grid applications, among others. Finally,
future work and conclusions are highlighted in this paper.

INDEX TERMS Control of unbalanced systems, distribution networks, four-leg converters, unbalanced
systems, zero-sequence control.

NOMENCLATURE
3L4W Three-leg Four-Wire
4L4W Four-leg Four-Wire
3P3W Three-phase Three-wire
3P4W Three-phase Four-Wire
APF Active Power Filter
AFE Active Front End
CPS Current Power Supply
CSC Current Source Converter
CSR Current Source Rectifier
CPT Conservative Power Theory
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DSC Delay Signal Cancellation
DVR Dynamic Voltage Restorer
EMI Electromagnetic Interference
FBD Fryze-Buchholz-Depenbrock
FC Flying Capacitor
FS-MPC Finite-Set-Model Predictive Control
GPU Ground Power Unit
IMC Indirect Matrix Converter
LV Low-Voltage
LQR Linear Quadratic Regulator
MC Matrix Converter
MG Microgrid
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MV Medium-Voltage
NPC Neutral-point Clamped
PLL Phase-Lock Loop
PTP Phase-to-Phase voltage
PTN Phase-to-Neutral voltage
PCC Point of Common Coupling
PWM Pulse Width Modulation
PI Proportional-Integral
PR Proportional-Resonant
RRF Rotating Reference Frame
RC Repetitive Controller
ROGI Reduced-Order Generalized Integrator
SAPF Shunt Active Power Filter
SHE Selective Harmonics Elimination
SPWM Sinusoidal PWM
SVM Space Vector Modulation
SRF Static Reference Frame
SRPC Series Reactive Power Compensator
THD Total Harmonic Distortion
USPSF Unified Series-Parallel Active Filter
UPQC Unified Power Quality Conditioner
UPS Uninterruptible Power Supply
VSC Voltage Source Converter
VPS Voltage Power Supply
VSI Voltage Source Inverter
PV Photo-Voltaic

I. INTRODUCTION
Power distribution systems are facing a profound transfor-
mation, aiming to achieve a re-configurable network, capa-
ble to provide DC and AC voltage to efficiently use the
energy generated within networks and the energy provided
by a transmission system [1], [2]. This shall allow the
integration of clean energy generation technologies, such
as photovoltaic and wind energy sources [3], [4], modern
storage systems based on hydrogen [5], [6], solid-state [7]
or lithium-ion batteries technology [8]–[10] and modern
electric transportation [11], from small electric bikes [12]
to large airplanes [13]–[15], powered by battery-based or
hydrogen-based storage systems. A power distribution net-
work or microgrid provides energy to several single-phase
loads or unbalanced three-phase loads, i.e., three-phase four-
wire (3P4W) systems [16], usually in a radial configuration,
managing unbalanced power flows. In these cases, a path for
the circulation of zero sequence currents has to be provided,
for instance using a bulky Delta/Wye transformer, where the
neutral point of the secondary winding is used to ground
the winding [17], providing a path for both zero-sequence
currents and fault currents respectively. Although this con-
figuration is simple, robust, and requires no extra hardware,
the asymmetric magnetic fluxes increase its power losses
when the transformer is exposed to moderate unbalanced
load levels and produce imbalances at the output voltages
supplied to the grid/load [18]. In addition, ground current and
neutral current are connected to the same neutral point of the

transformer, which can be considered a potential danger to
sensitive single-phase loads during a phase-to-ground fault.
Furthermore, in the presence of harmonic distortion, trans-
formers suffer from higher iron and winding power losses,
especially when unbalanced single-phase loads with a rela-
tively high third-harmonic content are connected to the trans-
former [19], [20]. This third-harmonic circulates through
the delta of the primary winding of the transformer and is
also present at the neutral wire of the secondary winding of
the transformer. These effects reduce the available nominal
power of the transformers, leading to oversized transformers
and low-efficiency [21]. Finally, the incapability of power
transformers to compensate asymmetrical internal drop volt-
ages, generate unbalanced three-phase output voltages, which
may produce extra heating in electrical machines, undesir-
able ripple in rectifiers, and malfunctioning of protection
devices [22]. The transformer in zig-zag configuration has
been proposed as an alternative to reduce neutral currents
generated by unbalanced loads, however, they suffer from
similar problems to those of Delta/Wye configuration [23].

To overcome passive transformer limitations, a dedi-
cated power converter able to compensate negative and
zero-sequence currents in four-wire systems is required, espe-
cially in 4-leg low-voltage microgrids and electrical energy
distribution systems [16], [24], [25]. It must be recalled
that three-phase converters can regulate positive and neg-
ative voltages but, because of the lack of a fourth wire,
can not handle zero-sequence components. Accordingly, the
first and simplest approach to provide a path for circulation
of zero-sequence current was to split the dc-link capacitors
of a two-level three-leg inverter to connect its mid-point
to the neutral wire, i.e. a three-leg four-wire (3L4W) con-
verter. Although this configuration achieves control over
zero-sequence components, the zero-sequence current flows
through the dc-link capacitors, leading to large dc-link capac-
itance to reduce voltage ripple and reduced utilization of
the dc-link voltage [26]; increasing the capacitors footprint,
power losses, cost and worsening its performance [27].

Four-leg converters are a promising solution to cope with
the above mentioned problems. These converters have a ded-
icated leg to provide the neutral-wire, i.e. four-leg four-wire
(4L4W) converters [24], [28], achieving full dc-link voltage
utilization, and providing high performance and controllabil-
ity over the zero sequence components, allowing to control
each of the three Phase-to-Neutral (PTN) voltages indepen-
dently. Furthermore, four-leg converters enable independent
single-phase active and reactive power flow control [29], [30],
active compensation of unbalanced droop voltages when act-
ing as voltage power supply [31], smart protections, separa-
tion of neutral-wire with earth protection wire and managing
of harmonic content [32], [33].

Although the two-level 4L4W VSI is the most reported
topology in the literature, the utilization of several other
four-leg power converter topologies has been discussed.
For instance, multi-level converters as the Neutral Point
Clamped [34], Flying Capacitor [35] and T-type [36] have
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been presented for four-leg systems. The main advantage
of multilevel converters is the higher equivalent switching
frequency at the modulated output voltage, enabling the uti-
lization less bulky power filters to produce adequate output-
power quality with less power density. This is obtained at
the cost of a higher number of semiconductor devices, pas-
sive elements, and higher control complexity. Direct AC/AC
4L4W topologies have also been proposed to connect 3P3W
to 3P4W systems, as the direct matrix converter [37] and
indirect matrix converter [38], which are claimed to have
greater power density and reliability compared with back-to-
back VSI topologies. However, they require a higher switch-
ing frequency, and the output voltage is limited to only 87%
of the input voltage, and its input-output dynamic is coupled
due to the absence of storage elements. Indeed, because of
the instantaneous active power conservation (see [39]), the
instantaneous power oscillations at the unbalanced load, are
transferred to the input, producing harmonic distortion at the
input side current. The interconnection of several inverters,
controlled independently, acting as one converter to interface
a four-wire network has been also reported as a simpler
solution to control zero-sequence current. For instance, par-
allel connection of three H-bridges [40] or three three-leg
inverters [41] has been proposed. This approach allows for
a simpler control system and, most importantly, it simplifies
the modulation algorithms compared with a single four-leg
inverter implementation [42]. This approach also provides
the possibility to interconnect several multilevel topologies,
greatly improving the number of levels at the output of the
converter with an easier modulation and control system [43].

A 4L4W VSI enables the control of positive, negative,
and zero-sequence components of the output voltages of
the converter. The zero-sequence component represents an
additional variable to control when compared with 3L3W
converters. To modulate these voltage components, two main
groups of modulators have been reported: Space Vector
PWM (SVM) methods [44], [45] and carrier-based PWM
methods [46], [47]. SVM methods represent converter volt-
ages and reference voltages as vectors in a three-dimensional
coordinate frame. This representation can be achieved in an
αβ0 coordinate frame or a natural abc coordinate frame. Both
methods require: i) identifying the four vectors generated
by the converter which are nearest to the reference vector,
ii) obtaining the dwell-time for each vector to be applied,
and iii) defining a convenient switching pattern. This three-
step process can be achieved for both techniques with similar
computational burden [48]. The SVM method implemented
in abc coordinates avoids Clarke transformation and can be
implemented together with resonant controllers also in abc
coordinate frame, this can spare some computational bur-
den [49]. On the other hand, SVM methods in αβ0 space
have the advantage of representing the zero-sequence voltage
as one independent variable which can be regulated using
zero-sequence controllers implemented in αβ0 coordinates.
Carrier-based PWMmethods are simple to implement and,

in this case, each of the four legs modulates a different

voltage. A reference voltage signal for each of the four legs
of the converter has to be calculated. Typically, a min/max
algorithm is used to calculate the fourth-leg reference voltage,
which is added to each of the other three phases, namely
zero-sequence injection [50]. However, it is difficult to imple-
ment different switching patterns for shaping harmonic spec-
trum and use redundant switching states, especially important
in multilevel converters [51]. Hysteresis based regulators
have been also presented as a very simple alternative to
regulate the output voltages and currents of four-leg power
converters [26]. However, this approach can produce steady-
state error, variable switching frequency, and large ripple in
the neutral current when compared to the ripple produced in
the phase currents [52].

In addition, modulator-free non-linear control schemes
have been also proposed for controlling zero-sequence volt-
age and/or current. For instance, in [53], [54] a Finite Set
Model Predictive Control (FS-MPC), is proposed, which
provides good performance and high dynamic current con-
trol, however, FS-MPC does not guarantee a fixed switching
frequency for every leg. Instead, the switching frequency
depends on the operational point of the converter, leading to
uneven power losses distribution [55], [56] and difficulties
associated with the design of the output power filters. Some
efforts have been lately done to solve this issue, where mod-
ulation stages are included in non-linear controllers to guar-
antee a fixed switching frequency over the whole operating
range of the converter [57]–[59].

The capability to control zero-sequence voltages and pro-
vide a path for zero-sequence currents make four-leg convert-
ers an excellent candidate for applications such as: (i) 3P4W
Stand-Alone Power Supplies, which provide a balanced and
symmetric three-phase system and single-phase voltages to
unbalanced and/or non-linear loads [60], (ii) Ground Power
Units (GPUs), which are a particular case of 3P4W Power
Supply with a fundamental frequency of 400Hz for aero-
nautic applications where stringent power quality regulations
are enforced [61], [62], (iii) Uninterruptible Power Sup-
plies (UPS) for 3P4W systems where the power output can
be synchronized with the grid and its dc-link is connected
to battery packages to supply uninterrupted electrical energy
to critical loads [63], and (iv) active power filters for 3P4W
systems, where harmonic distortion, reactive power and the
negative and zero-sequence currents, are eliminated or com-
pensated [64]. In addition, in microgrids applications, four-
leg converters can be used in a collaborative mode, where a
higher hierarchical controller provides power set-points to the
four-leg converters located within the microgrid to compen-
sate imbalances and distortion [65] and also can be used in a
non-collaborative mode, where each converter obtain its own
reference based on its local measurements [66]. In both cases,
active and reactive power flows, as well as harmonic distor-
tion and imbalances produced in the microgrid can be com-
pensated by four-leg converters [16]. Additional applications
such as Dynamic Voltage restorer (DVR) [67], Unified Power
Quality Conditioner (UPFC) [68] and drive applications,
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where the fourth leg is used to reduce the common-mode
voltage applied to the machine, limiting or eliminating the
bearing current, [69], [70], have been also proposed in the
literature.

A. RESEARCH METHODOLOGY
This paper provides a comprehensive literature review for
four-leg converters, considering its different topologies,
input/output passive filters, grounding configuration, and its
modulation strategies. Also, a detailed review of its current
applications on electrical systems along with the linear and
non-linear control schemes proposed for each of its applica-
tions is presented. Finally, a discussion of perspectives and
future research challenges is also provided.

The articles included in this review where mainly obtained
from the IEEE Xplore database, representing 86% of the
total cited papers, also databases as Science Direct, MDPI
and IET Digital Library were used, representing 10% of
the cited papers. Additionally, 4% of the cited papers
were obtained from other sources for citing books, patents
and standards (Springer, NREL, ANSI, John Wiley and
Sons). To select the papers cited in this review, the follow-
ing most important keywords were used in all databases,
‘Control of Unbalanced Systems’, ‘Distribution Networks’,
‘Four-leg Converters’, ‘Unbalanced System’, ‘Zero-sequence
control’, ‘Three-Dimensional Modulation’, ‘Zero-Sequence
Injection’, ‘Ground Power Units’, ‘Unbalanced Microgrids’,
‘Four-Wire Systems’. Thereafter, a selection criteria was
implemented based on the quality of the paper and suitability
with the content of our contribution. This selection process
revealed the most important topics on four-leg converters,
and was the base for creating the structure of this paper. This
review paper was focused on the last decade, representing
the 61% of the total cited paper. From these papers, 62% are
published during the last 5 years. From the total cited papers,
92% belong to the last 2 decades, and few references before
that are also included for completeness.

B. CONTRIBUTIONS
The main contributions of this overview paper, compared
to similar publications, are summarized in Table 1, i.e.:
(i) it presents a comprehensive review of advanced four-leg
topologies, (ii) it provides a detailed description of all types
of input/output filters used for four-leg topologies, (iii) unlike
previous surveys, this paper present a comprehensive revision
of applications that require the use of four-leg topologies
and (iv) a detailed description of themost relevant modulation
strategies proposed for four-leg converters are presented. All
these topics are coherently presented and discussed in this
paper.

The rest of this paper is structured as follows: Section II
presents a review of the four-leg converter topologies and
passive filter configurations, Section III shows a summary
and discussion of modulation strategies for four-leg convert-
ers. In Section IV the control strategies and requirements for
regulating voltage and currents in unbalanced and non-linear

systems are discussed, including signal conditioning, linear
and non-linear controllers. Section V discusses the applica-
tions of four-leg converters. Finally, conclusions and future
challenges for four-leg converters are discussed.

II. FOUR-LEG CONVERTER AND OUTPUT FILTER
TOPOLOGIES
This section summarizes the reported four-leg converter
topologies and output filter configurations. It is divided into
three main sub-sections: A) Four-leg converters topologies
derived from three-leg converters, which are mainly extended
topologies from its thee legs version, B) Advanced Four-Leg
Converter Topologies, which are interesting new and uncom-
mon topologies and C) a comprehensive summary of the
output filters configurations used for four-leg topologies.

A. FOUR-LEG CONVERTERS TOPOLOGIES DERIVED FROM
THREE-LEG CONVERTERS
The simplest alternative to develop a four-leg converter is to
incorporate an extra leg to topologies originally presented
as thee-leg converters in the literature. The semiconductors
used in the fourth leg have to be designed to withstand the
same voltage and peak current (transient operation) as the
other three legs of the converter, however, the RMS current
through the fourth leg (the unbalanced current) is usually
lower than the nominal RMS current of each phase of the
converter [72]. Therefore, the nominal power of the fourth
leg can be designed smaller than the other three legs which
rated power depends on the specific application [61], [73].
Furthermore, the incorporation of this new leg introduces
new challenges and concepts, which are summarized in this
section:

1) FOUR-LEG TWO-LEVEL CONVERTER
The typical topology of a four-leg two-level VSI is shown in
Fig. 1. As seen, it is formed by 8 power switching devices
coupled to free-wheeling diodes and a dc-link composed of
a single capacitor. The converter allows 24 switching com-
binations, with two combinations that generate zero voltage
in all PTN output voltages (double redundancy). It supplies
three voltage-levels at the output PTN and PTP voltages,
namely vdc, 0, −vdc, same as the PTP voltages in a three-leg
converter. Since its introduction in the early 90’s [28], it has
been proposed for several applications, mainly for compen-
sating unbalanced and harmonic components of stand alone
and grid-connected applications, such as: UPS [63], [74]–
[76], APF [32], [77]–[79], UPQC [80]–[82], DVR [83], [84],
stand-alone power supply for 50/60Hz operation [85]–[89]
and 400Hz operation as GPU for aerospace applications [28]
or grid connected power supply applications for utility and
microgrids [31], [65], [90]. In addition, it has been proposed
in variable speed drives for elimination of common-mode
voltage which causes unwanted bearing currents and ground
fault relays operation [69]. The same common-mode volt-
age reduction principle has been used to minimize leakage
current in PV applications [91]. Also it has been proposed
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TABLE 1. Summary of the content of recently published surveys related to four-leg converters.

FIGURE 1. Four-leg two-level converter topology.

for multiple drive configuration, where the converter legs
are grouped into two pairs to drive simultaneously two AC
motors [92] and as fault-tolerant converter using the fourth
leg as redundancy in three-phase systems [93].

2) FOUR-LEG NPC CONVERTER
The typical topology of a four-leg NPC converter is shown
in Fig. 2. The converter is composed of 16 power switching
devices coupled to free-wheeling diodes and 8 clamping
power diodes. Its dc-link voltage is naturally split by two
dc-capacitors, which provide a mid-point for clamping the
8 power diodes. Note that this mid-point remains floating in
this topology, and does not provide the output fourth wire
of the converter, which is obtained by its fourth leg. Early
presented in [94], this converter possesses 81 admissible
switching combinations, which generates 50 non-redundant
combinations, 14 active redundant combinations and 1 zero
voltage combination with triple redundancy [95].

The converter provides five voltage levels at the output
PTN voltages whose dominant harmonic component is twice
the switching frequency of the individual power devices.
This higher effective switching frequency allow to reduce the
output filter size, increasing the power density of the solu-
tion. It also improves the efficiency, and allows the converter
to synthesize voltages with a higher fundamental frequency
compared to that synthezised by a two-level VSI. Thereby,
the converter becomes a good alternative for the integration
of renewable energy in unbalanced distribution systems [96],

FIGURE 2. Four-Leg NPC converter topology.

in GPU for aerospace applications where 400Hz output volt-
age and high order harmonic distortion compensation are
required [61] or for high power quality energy supply [97].
To maintain the dc-link voltages balanced, an active control
over the mid-point current iz has to be implemented either
with vectorial [44], [98] or scalar modulation schemes [99].
Both approaches successfully achieve balancing of the float-
ing voltages, but vectorial methods providemore flexibility to
implement different switching patterns and achieve balancing
even in cases where the output current possesses some dc
component [95]. Although this converter can be scaled for
higher voltages by increasing the number of levels, for more
than 3 levels the topology becomes complex, difficult to
implement, and to balance its floating capacitor, not being
attractive as a real solution [100]. Thereby, the 3-level NPC
is attractive as a high-efficiency solution in LV applications
or as an alternative for MV applications in the range of
2-6kV [100].

3) FOUR-LEG T-TYPE NPC CONVERTER
The typical topology of a four-leg T-Type NPC converter is
shown in Fig.3. In its three-level version, the converter pos-
sesses 16 power switching devices, without clamping diodes.
Each leg has two switching devices designed to withstand
the full dc-link voltage (one of its major drawbacks) and
the other two devices, connected to the mid-point of the dc
bus handle only half of the full dc-link voltage each [36].
The two switches connected to the mid-point of the dc-link
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FIGURE 3. Four-leg T-type NPC converter topology.

form a bidirectional switch, which is normally configured as
a common-collector to reduce the number of isolated gate
drives [101], [102]. These two devices can be also replaced by
a single bidirectional Reverse Blocking (RB)-IGBT to reduce
conduction losses [103]. The converter has 81 admissible
switching combinations, providing high-quality five voltage-
levels at the PTN output voltages.

This four-leg topology performs better power quality than
two-level VSC and better efficiency compared to standard
NPC converter [104], mainly because load currents do flow
permanently through two series-connected devices, reducing
considerably the conduction losses [104]. Thereby, this topol-
ogy is a good alternative for low-voltage, high efficiency,
and/or high power quality applications, such as motor drives
using the fourth leg to provide fault-tolerant capability [105]
or as stand-alone power supply for unbalanced and distorted
systems [36].

4) FOUR-LEG FLYING CAPACITOR CONVERTER
The typical topology of a four-leg flying capacitor converter
is shown in Fig.4. In its three-level version, the converter has
16 power switching devices coupled to free-wheeling diodes
and 4 flying capacitors. Similar to a four-leg NPC converter,
the flying-capacitor converter has been originally designed
to operate in MV levels, thereby series-connected devices are
used to allow each device to withstand a maximum of half of
the dc-link voltage at the cost of increasing conduction power
losses. Thereby, each floating capacitor voltage is set to half
of the dc-link voltage, allowing each leg of the converter
to provide half of the dc-link voltage to the load with two
redundant switching combinations, which are used to main-
tain the floating voltage controlled to its set point. This leads
to 4 admissible switching combinations on each leg, which
results in 256 switching combinations for the converter. The
high number of redundant switching combinations improves
the capability to balance the voltage on the flying capacitors
compare to its three-leg version [35]. However, extended
algorithms for balancing the voltage on flying capacitors
schemes are required to maintain the converter stable under
distorted and unbalanced operation which due to the high
number of redundant vectors increases its complexity [35].
The converter becomes a good alternative for integration of

FIGURE 4. Four-leg flying capacitor converter topology.

FIGURE 5. Four-leg matrix converter topology.

Renewable Energy Sources in distribution networks [106],
[107] and also as active power filters [35], [108].

5) FOUR-LEG MATRIX CONVERTER
Presented in Fig.5, this converter can provide bidirec-
tional power flow directly between three-wire and four-
wire AC systems. The converter is implemented using
24 common-emitter-connected power semiconductors cou-
pled to free-wheeling diodes which form 12 bidirec-
tional power switches [37], [109]–[115]. The converter has
81 switching states, where three states provide zero voltage.
All these 81 states can be used to control output voltages
when controllers without modulation stage, such as predictive
control, are used [116]. However, when a linear modulation
stage is implemented, such as SVM, only 45 switching states
are useful, namely stationary vectors, and 33 are discarded as
they rotate in the αβ0 space [114].

An input LC filter is also required for the operation of the
converter, it provides a path for switched pulsating currents
avoiding large di/dt on inductors which could damage the
power semiconductors due to over-voltage. In addition, the
filter is also implemented to decouple fast transitory distur-
bance between both AC ports. To design the input LC filter,
the converter and its load can be considered as a transitory
negative resistor when a voltage sag occurs at the input port
of the converter, which could cause instability. Thereby, the
input LC filter design is a compromise between input power
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quality and its stability margin [117]. Damping resistors par-
allel connected to the filter inductors can be also incorporated
to overcome this issue [45]. A bidirectional diode clamp
absorption circuit is also required in this topology. It is com-
posed of two three-phase rectifiers and a dc-link capacitor,
connected to the three phases of the input AC system and to
three of the four wires of the output AC system [118].

Although the absence of a dc-link capacitor limits the
achievable modulated output PTN voltages of the converter
to only 87% of the input voltage [37], it also enables its
major advantages, such as greater power density, higher reli-
ability, and higher operating temperature range of the con-
verter. Thus, the converter has become an attractive solution
for applications that require strength operational conditions,
such as utility power source for unbalanced systems in mil-
itary applications [114], for the aerospace industry, where
the plane can be considered as a small unbalanced micro-
grid, as GPU [37] or as a wing ice protection system [118].
It has been also presented as a stand-alone power supply for
interfacing diesel generators for improving efficiency [45].
The fourth leg of the converter has been also proposed for
disturbance-free operation in three-phase systems to improve
reliability [119].

Most of the advantages of the four-leg Matrix Converter
are related to the lack of a bulky dc-link capacitor, which
increases the reliability and the power density of the topology.
However, the lack of a dc-link capacitor produces several dis-
advantages for heavily unbalanced operation at the four-leg
output [60]. For instance, assuming that an unbalanced load is
fed with a frequency ωo at the output, then the negative/zero
sequence load current component may produce double fre-
quency (±2ωo) power pulsations at the load. Considering the
conservation of the instantaneous power (see [120]) and the
lack of a dc-link capacitor buffer, then at the MC input side,
fed by a balanced voltage supply of frequency ωi, harmonic
distortion in the current is produced with frequency compo-
nents of ωi∓2ωo. To compensate the harmonic distortion at
the MC input side, the LC power filter has to be redesigned,
increasing the size of the capacitance and/or inductance.
However, in this case, the advantages of the matrix converter
to increase the power density, could be lost.

If a very reduced input current harmonic distortion of a
four-leg converter is required, then the direct and the indirect
four-leg matrix converters are not suitable topologies to pro-
vide electrical energy to loads with high levels of imbalance
and/or harmonics.

6) FOUR-LEG INDIRECT MATRIX CONVERTER
The typical topology of a four-leg indirect MC is shown in
Fig.6. This converter comprises two stages; a current source
rectifier (CSR) and a voltage source inverter (VSI). The CSR
stage of the converter is typically composed of 12 common-
emitter-connected power switches coupled to free-wheeling
diodes which form 6 bidirectional semiconductors, while
its two-level VSI stage is composed of 8 power switching
devices also coupled to free-wheeling diodes. Compared to

FIGURE 6. Four-leg indirect matrix converter topology.

the direct MC, the IMC has fewer switching devices, opens
the application of multilevel operation at the VSI stage [121],
which can be useful for handling unbalances and high-order
harmonic components, and it also provides a dc-bus which
can be used to connect multiple independent output ports
through several VSIs (see [122]). The lack of a dc-link capac-
itor to filter out the instantaneous power oscillations produced
by unbalanced/non-linear loads generate harmonic distortion
in the IMC input current. This problem is similar to that
produced in the four-leg directMC (see the discussion above).
Again, one the possible solution, is to redesign the LC input
filter, increasing the power filter size and reducing the power
density and specific power density of the topology [123].

Several applications have been reported for the IMC. It has
been suggested as a suitable alternative for common-mode
voltage minimization in motor drives [124], also as current
power supply to provide balanced currents to unbalanced
loads [125]–[127] or voltage power supply [128]. In [129]
a four-leg indirect matrix converter is used to transform a
single-phase system to a dual single-phase system to inde-
pendently control two open-end windings of a single-phase
machine. Furthermore, in [130], the converter has been pro-
posed for Hybrid Electric Vehicle (HEV) applications, to pro-
vide both, three-phase AC voltage for motor drives and also
a single-phase output voltage to provide electrical energy to
the power compressors of the vehicle.

7) FOUR-LEG CURRENT SOURCE CONVERTER (CSC)
The typical topology of this converter is shown in Fig. 7.
This converter is composed of 8 IGBTs each of them with
a series-connected power diode. Additionally, the converter
requires two dc-link inductors for its operation. The converter
performs 16 different switching combinations, each one
simultaneously closing only two switches of the converter,
maintaining a constant current on the dc port of the converter.
This topology becomes a good alternative for unbalanced and
distorted current compensation. In [78], [131] the converter
is proposed as active filter for unbalance and harmonic com-
pensation. The CSC has also been proposed for minimizing
common-mode output voltage using an innovative SVM tech-
nique, which takes advantage of the additional zero vector to
effectively reduce the common-mode voltage and eliminates
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FIGURE 7. Four-leg current source converter topology.

undesirable bipolar current pulses generated in 3L4W CSIs
(see [132]).

8) THREE-LEG FOUR-WIRE CONVERTER
Three-leg four-wire (3L4W) converters can be considered
the first-generation technology to provide a circulation path
for zero-sequence current in unbalanced and/or distorted sys-
tems. These converters are characterized for providing the
fourth wire of the converter by splitting the dc-link voltage
with two series-connected capacitors, generating a mid-point
used for providing the output neutral wire of the converter.
The most common example is shown in Fig. 8. Although this
configuration is very simple, avoiding the implementation of
an extra leg, it has two major drawbacks which limit its appli-
cation: a) the capacitors used to create the dc mid-point must
handle the full zero-sequence current, forcing the oversizing
of the dc-link capacitance in order to maintain low dc-link
voltage ripple oscillations [133]–[135] or the introduction of
an additional inductance in the neutral wire [136]. This not
only increases the footprint and cost of the converter but also
reduces the lifetime of the capacitors reducing the reliability
of the converter [137]–[139] and b) the output PTN voltages
generated by the converter are physically limited to be 15,5%
less than in four-leg converters [133] (no zero-sequence injec-
tion is allowed), under-utilizing the dc-link voltage of the
converter and forcing the capacitors and semiconductors of
the converter to handle larger voltage magnitudes to modulate
nominal output voltages. Furthermore, any 3L4W converter
topology produces less number of levels at its output PTN
voltages compared to its four-leg version topology. To main-
tain power quality, the reduced number of could produce an
increase in the output filter footprint.

Despite its drawbacks, the converter still can be a good
alternative for some applications where the zero-sequence
current is reduced and the power density of the converter
is not critical. Thereby, the converter has been success-
fully implemented as UPS [140]–[142], STATCOM [143],
[144] APF [26], [27], [145]–[152], UPQC [153]–[155] and
DVR [156], [157]. In addition, it has also been proposed
for other applications, such as compensator for balancing
and eliminating harmonic distortion in electrical power gen-
erators [158], photovoltaic applications for reducing leak-

FIGURE 8. Three-leg four-wire converter topology.

age ground current in PV panels [159] or as a power recti-
fier [160], [161].

Several 3L3W power converters, such as two-level con-
verter [151] and three-level flying capacitor converter [162]
have been modified by splitting the dc-link voltage by two
series-connected dc capacitors to obtain the fourth wire of
the converter. Other topologies, such as: three-level NPC
converter [143], [149], [163]–[166], five-level NPC con-
verter [167] and T-Type NPC converter [168] achieve the
same goal by utilizing the natural split dc-link voltage of
the topology. Although no additional series capacitors are
required for these topologies, its capacitance has to be
increased to handle the increase in voltage ripple produced
by the zero-sequence current. Moreover, dc-link voltage uti-
lization is still reduced in ≈ 15% [133] and the number of
levels at the output PTN voltages is not increased when a split
dc-link capacitance is utilized to obtain the fourth wire.

In order to modulate a three-leg four-wire converter,
extended modulation schemes in a three-dimensional frame
have been proposed. In [169]–[172] SVM methods in
αβ0 reference frame for two-level 3L4W converter are pro-
posed. In [166] a similar technique is proposed using
cylindrical coordinates. Later on, in [173] the technique
is extended for multi-level converters. In addition, three-
dimensional hysteresis control has been also proposed as an
alternative [174], however this technique produces a higher
current ripple at the zero-sequence output current. Also,
carrier-based PWM methods have been successfully imple-
mented in [161], [175].

B. ADVANCED FOUR-LEG CONVERTER TOPOLOGIES
Special modifications of standard four-leg topologies or inno-
vative interconnections can be implemented to create new
topologies four-leg converter topologies, which are studied
in this section.

1) FOUR-LEG ACTIVE SPLIT DC-LINK CONVERTER
This topology is presented in Fig. 9, early presented in [176],
the two-level four-leg split dc-link converter is composed
of 8 power semiconductors. Unlike the standard two-level
four-leg topology presented in Fig. 1, in this topology, the
dc-bus is split through two capacitors connecting its neutral
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FIGURE 9. Four-leg active split dc-link converter topology.

point through an inductor to the output of the fourth-leg.
The converter provides full dc-link voltage utilization by
actively introducing third harmonic components into the dc-
bus [177]. Clamping the mid-point of the dc-link voltage
to the output neutral wire, greatly reduces the magnitude of
the high-frequency voltage between the parasitic capacitance
formed between positive/negative dc-bus poles and ground
terminals, reducing leakage common-mode current [133].
In addition, the dv/dt produced in the fourth leg is also
minimized which greatly reduces associated Electromagnetic
Interference (EMI) problems. Despite these advantages, this
converter requires a choke neutral inductor designed to handle
nominal zero-sequence current, a pair of series-connected dc
capacitors, and its associated balancing algorithm which are
its major drawbacks. It must be highlighted that this converter
is suitable for low-voltage distribution applications, such as
vehicle-to-grid applications [178], active power filter [176]
or balanced power supply for unbalanced loads [179].

2) FOUR-LEG HYBRID-LEGS CONVERTERS
A Four-leg hybrid-legs converter is shown in Fig. 10.
As seen, this topology comprises three two-level legs and
one three-level NPC leg used as its fourth-leg [180]. Thereby,
the converter utilizes 10 power semiconductor devices with
their corresponding free-wheeling diodes and 2 additional
clamping power diodes. Due to the nature of the three-level
NPC converter, it also requires two series-connected capac-
itors. Similar to the previously shown active split dc-link
converter, this topology arises as an alternative to reduce large
dv/dt and EMI problems associated with the commutation at
the neutral leg of the converter [180]. The voltage between
the fourth wire and ground connection oscillates between
±vdc for a two-level leg. Alternatively, also an additional
flying capacitor fourth-leg has been added to a three-level
NPC converter to increase reliability in fault-tolerant four-leg
converters [181]. Note that unlike the actively split dc-link
topology or 3L4W converter, this approach does not require
splitting the dc-bus, thereby, for instance, an FC leg can be
also an alternative to be used as the fourth leg.

3) FOUR-LEG DUAL-OUTPUT CONVERTER
As an alternative to driving multiple loads simultaneously,
a 12 switches four-leg dual-output converter was proposed

FIGURE 10. Four-leg hybrid-Legs converter topology.

in [182]. This converter is presented in Fig. 11, it provides
two independent sets of three PTN voltages with indepen-
dently regulated frequency and magnitude. The converter is
modulated using a special PWM algorithm which, according
to the output frequency of each port can operate in equal
frequencies (EF) or different frequencies (DF) operation
modes [183]. Also, [184] proposed a space-vector modu-
lation based on the abc frame for this converter, achiev-
ing a minimum THD and switching losses. The maximum
achievable modulation index on each port depends on the
phase shift between both sets of PTN output voltages and
their frequencies. Thereby, in EF mode the converter can
provide a maximum modulation index of 3/

√
2 and it fully

utilizes the dc-link voltage if the phase-shift between both
sets of PTN voltages is 0◦. This range is limited when the
phase shift is not 0◦. For instance, the modulation index is
restricted to 0,97 for a phase shift of 12◦ between both sets
of PTN output voltages. The maximum modulation index
is even more restricted for DF operation mode [182]. Thus,
the operational point of each port of the converter, i.e. its
frequencies and phase-shift between them, determines the
dc-link voltage utilization and the dc-link voltage magnitude,
and the rating of the semiconductor devices. This converter
becomes a good alternative when operated at equal frequency
in both ports, because it reduces by 25% the total number
of devices required, providing similar performance to that
obtained using two independent two-level four-leg convert-
ers. However, its performance is reduced when signals of
different frequencies and/or phase-shift aremodulated in each
output port. More research is required to improve its perfor-
mance in DF operation mode.

4) INTERCONNECTION OF FOUR-WIRE CONVERTERS
The connection of several converters to interface four-wire
networks have been also explored [42]. The main advan-
tage of this methodology is to use the simple control and
modulation of each independent converter, the possibility
to increase the number of levels, and also the capability to
provide power modularity and scalability. The most popular
manner of interconnecting several converters is in parallel,
as shown in Fig.12(a). In this figure, a set of two or three
converters, each of them comprised of two, three, or four legs,
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FIGURE 11. Four-leg dual-output converter topology.

FIGURE 12. Generalized interconnected four-wire converters topology:
(a) Parallel VSC, (b) 3 parallel-connected two-level inverters, (c) cascade
VSC, (d) 3-cascade H-bridge converter.

share the same dc-link port and their outputs are intercon-
nected to interface a four-wire network [32]. Fig. 12(b) shows
an example of three parallel-connected three-leg converters.
As they share the same dc-link, the direct interconnection
between outputs poles is not allowed, as it shall cause a
short circuit, and specially designed filters are required to
adapt the 6, 8, 9, or 12 output phases of the converter out-
puts to the 4 wires required at the PCC (see Fig. 15). The
dc-port of Fig. 12(b) can be either floating (as for APF or
UPFC applications [185]), connected to a power source (as
for voltage power supply [40], [186]) or linked to another
AFE Converter forming a back-to-back configuration [42].
The maximum number of voltage levels produced by the
converter is calculated as 2n, with n being the number of
parallel-connected converters. This is one of the major advan-
tages of this configuration. Hence, usually, the converters
are modulated as multilevel, using level-shifted PWM [187],
with the references being obtained from synchronized
controllers.

Alternatively, a similar approach can be achieved for inter-
connecting several converters without sharing the same dc-
link, as illustrated in Fig. 12(c) [41]. In this case, it is

possible to interconnect the dc-bus of each converter to a
different isolated power supply, AFE converter or leave them
as floating voltages (for APF applications). Thereby, in this
configuration it is possible to interconnect directly the output
phases among different converters, providing more flexibil-
ity. In [41], as presented in Fig. 12(d) (and Fig. 13), a Y
interconnection of three converters, each of them formed
by two legs, is presented. The isolated dc-bus allows direct
interconnection of converter output phases to form the output
neutral wire, avoiding the use of transformers at the output
filter. In [188], each dc-port of the converter presented in
Fig. 12(d) is obtained by connecting a bidirectional buck
converter to each of phase of an AC system, achieving a
series-connection of the converter with the grid and providing
regulated AC current to an unbalanced four-wire system.
In [43], different configurations for interconnecting convert-
ers with isolated dc-bus using two-leg and three-leg based
converters are proposed. Reference [43] also explores the use
of hybrid legs for each of the interconnected converters, using
two-level and three-level NPC legs in the same converter
to increase voltage levels and reduce EMI problems. Inter-
connecting converters can also result in modular multilevel
converters (MMCs), in [189] the author proposes a four-leg
MMC for STATCOM applications, extending the advantages
of this types of converters, such as low dv/dt, reliability, and
scalability, to unbalanced loads.

Tab. 6 summarizes the features of each topology compara-
tively. It also highlights some of its applications.

C. FOUR-WIRE FILTER CONFIGURATIONS
Output filters used in four-leg converters can be mainly
divided into two groups: 4-to-4 phases filters and N-to-4
phases filters. The first group interconnects a single four-leg
converter to a point of common coupling (PCC), while the
second interconnects several converters that form N phases
to a four-wire PCC.

1) 4-TO-4 PHASES PASSIVE FILTERS
Fig. 13 summarizes the filter topologies reported for a 4-to-4
passive filter, which input-output variables are defined as:

va1b1c1 =

va1n1vb1n1
vc1n1

 , vabc =

vanvbn
vcn

 , iabc =
iaib
ic

 (1)

Fig. 13a shows the simplest first-order L filter for out-
put current control, while Fig. 13b to Fig. 13e show differ-
ent configurations for: i) LCL third-order filter for output
current control, if the output inductor L2 is considered or
ii) LC second-order filter for output voltage control, if the
output inductor L2 is neglected. These filters are usually
designed to have the same parameters in the three phases
(a-b-c), but the design of the neutral inductor and capac-
itor (Ln and Cn) has to be done separately and would
depend on the load unbalance [190] and the non-linearities of
the system.
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FIGURE 13. 4-to-4 phases passive filters configurations. (a) First order L
filter, (b) LC or LCL filter with Y connected capacitors, where the
neutral-point of the capacitors is directly connected to neutral-wire, or
(c) neutral-point connected to neutral-wire through a capacitor Cn. Also
is possible to obtain LC and LCL filter connecting capacitors in (d) 1 or
(e) floating star connection, without any connection to the neutral-wire.

a: FILTERS FOR CURRENT CONTROL
The first-order L filter, and third-order LCL filters are com-
monly implemented for current control in grid-connected
applications, or any application where output current needs
to be controlled. Although the L filter is very simple, robust,
and does not possess any resonance frequency, the LCL filter
provides higher attenuation of high order harmonics and a
higher power density, allowing a smaller footprint and better
performance [191]. However, its resonance frequency has to
be carefully selected to avoid overlapping with the harmonic
spectrum of the modulated output voltage of the converter
which causes large resonance currents. This is especially
challenging in four-wire applications, as it is connected to
unbalanced and non-linear loads [192]. Alternatively, meth-
ods based on state variable feedback, for instance active
damping or virtual impedance algorithms could be used for
the control of lightly damped power filters (see [193], [194]).

Considering that the L or LCL filter depicted in Fig. 13,
is connected to an unbalanced passive load, as depicted in
Fig. 14a, the dynamic model of the system can be derived by:

va1b1c1 = Zeqiabc (2)

Zeq = Zf + ZLoad (3)

where matrix Zf stands for the dynamic of filters and Zload
represent the unbalanced load, which can be expressed as:

Zf =

Z + Zn Zn Zn
Zn Z + Zn Zn
Zn Zn Z + Zn

 (4)

Zload =

Za 0 0
0 Zb 0
0 0 Zc

 (5)

the parameters of matrix Zf for each L or LCL filter of
Fig. 13 are known and are presented in Table 2. If the

TABLE 2. Dynamic coefficients of Zf for the first and third-order L and
LCL filters of Fig. 13.

FIGURE 14. Four-wire system considered for dynamic transfer function. a)
L or LCL filter with unbalance load, b) LC filter with unbalance load, c) L or
LCL filter with high-impedance load or voltage sources, d) LC filter with
short-circuit load or current sources.

load impedance matrix Zload is known and unbalanced, the
dynamic between the output voltage and current, defined by
(2), can not be decoupled and multiple-input multiple-output
(MIMO) control or complex state variables control need to
be implemented [195]. Usually, the load impedance matrix is
unknown and varies during converter operation. In this case,
the output vabc can be measured and considered as an external
perturbation, which is feed-forwarded into the control loop,
to obtain a plant independent of the load impedance parame-
ters [32], [153]. This approach is equivalent to consider that
the filter is connected to a grid (balanced or unbalanced),
as presented in Fig. 14c. Thus, the dynamic relation can be
described as:

iabc(s) = Z−1f (s) ·1vabc(s) (6)

1vabc = va1b1c1 − vabc (7)

Applying αβ0 transformation to (6), and due to the param-
eters symmetry of filters, it is possible to decouple the system,
leading to three independent SISO systems:

1vαβ0 = Tαβ0Zf T−1αβ0︸ ︷︷ ︸
Zαβ0

iαβ0 (8)

Z−1αβ0(s) =

Z−1α (s) 0 0
0 Zβ (s)−1 0
0 0 Z0(s)−1

 (9)

ij(s)
1vj(s)

= Z−1j ; j = {α, β, 0} (10)
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TABLE 3. Dynamic coefficients of Zα,β,0 for the first and third-order L
and LCL filters of Fig. 13.

which parameters are summarized in Table 3 and enable
independent controller design for each coordinate.

In four-wire systems, the voltage 1Vabc is usually unbal-
anced. Therefore, (10) can be directly used when resonant
controllers are implemented. However, if PI controllers in
dq frame are used instead, it is convenient to derive the
positive, negative and zero sequences. Applying Fortescue
transformation (T+−0) [196] to (6):

1v+−0 = T+−0Zf T+−0
−︸ ︷︷ ︸

Z+−0

i+−0 (11)

Z+−0
−1
(s) =

Z+
−1
(s) 0 0

0 Z−
−1
(s) 0

0 0 Z0−1(s)

 (12)

which also represents a decoupled system, leading to inde-
pendent SISO systems to relate input voltage with output
current. The positive (Z+(s)) and negative (Z−(s)) sequence
filter transfer function have the same coefficients as Zα(s) and
Zβ (s).

From Table 3, it is straightforward to show that the
zero-sequence plant is different to the αβ dynamic plants,
and therefore controllers for each of them should be tuned
differently. Moreover, it is observed that L1 and L2 line
inductors are always present at the zero-sequence dynamics.
Thereby, although the neutral-wire inductor Ln is not imple-
mented, an equivalent, different from zero, zero-sequence
plant is present, which gives the dynamic to the zero-sequence
current. Notice that when Ln (andCn) is not implemented, the
Z0(s) present the same dynamic as the terms Zα(s) and Zβ (s)
for filters of Fig. 13a to Fig. 13c (most common configura-
tions). Thus, no special considerations for the zero-sequence
controllers are required. However, this is not true for config-
urations of Fig.13d and Fig.13e, which Z0(s) term is always
different to Zα(s) and Zβ (s) terms and independent controllers
should be implemented regardless of the value of Ln.
A common practice to implement current controllers in the

filter configurations of Fig. 13b to Fig. 13e is to split the
third-order LCL filter equation into three first-order equa-
tions and implement nested controllers [197], [198]. Also,
if the capacitor voltage dynamic is considered much slower
than the current dynamic at L1, it would be equivalent to
consider that L1 is directly connected to a grid. Thus, the
capacitor voltage is controlled by the current through L1. This

voltage controls the current through the line inductor L2, and
acts as a controlled voltage source.

b: FILTERS FOR VOLTAGE CONTROL
Neglecting the output inductor L2 from filters depicted in
Fig.13(b) to Fig.13(e), second-order LC filters, aimed to
control output voltages vabc are obtained.
Due to its neutral-wire connection, Fig. 13(b) and

Fig. 13(c) are the best choices for voltage source converters
such as UPS, GPU and programmable power supplies [61],
where each of the PTN voltages has to be controlled inde-
pendently. Note that configurations shown in Fig. 13(d) and
Fig. 13(e) can be implemented to control PTP output voltages
for three-phase loads, using the fourth leg to control neutral-
to-ground voltage for reducing or eliminating the leakage
currents (or ground-loop currents), usually present in MV
machine drives or PV applications [69], [179]. It is important
to notice that the delta connection of Fig. 13(d) can provide
a smaller footprint compared to Fig. 13(e) (as the equivalent
capacitance required is three times smaller), however, con-
figuration of Fig. 13(e) provides an extra connection point,
which can be used for equipment grounding.

The modulation of the four-leg converter and harmonic
content of non-linear loads has to be regulated to avoid
harmonic content close to the resonance frequency of the
LC filers [44]. A typical design rule is to tune the reso-
nance frequency of the filter at least ten times higher than
the fundamental frequency of the voltage or currents that
are being controlled and ten times lower than the dominant
harmonic component of the converter output [199]. However,
when several harmonics are being compensated, a more accu-
rate design is needed and the study of stability margins is
required [44].

From Fig. 14(b), the dynamic between the output voltage
of the converter and the output voltage of the LC filter,
considering the unbalanced load, can be obtained as:

va1b1c1 (s) = Aeq(s)vabc(s) (13)

where Aeq(s) is a matrix formed by the terms of the unbal-
anced load and the filter. When filter and load parameters
are known, (13) could be used to control the output voltage,
however, it can not be decoupled andmultiple-input multiple-
output (MIMO) control or complex state variables control
need to be implemented [195]. Usually, the load impedance
is unknown and varies during converter operation. Therefore,
it is convenient to neglect the output load into the dynamic and
measure the output current iabc instead (see Fig. 14(d)). This
current is considered a perturbation and feed-forwarded into
the control scheme [200]. Thus, the following relationship
between the output voltage of the converter and the output
voltage of the LC filters, i.e voltage plant, can be obtained:

va1b1c1 = Avabc (14)

where A represents the dynamic of each LC filter (without
including the load parameters). Similarly to (10), applying
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TABLE 4. Dynamic coefficients of A for the second-order LC filters of
Fig. 13.

TABLE 5. Dynamic coefficients of Z ′ for the first-order C filters of Fig. 13.

αβ0 transformation to (14),

vαβ01 = Tαβ0AT−1αβ0︸ ︷︷ ︸
Aαβ0

vαβ0 (15)

Ij(s)
1Vj(s)

= A−1j ; j = {α, β, 0} (16)

whereAαβ0 possesses the same structure as (9) and its param-
eters can be found in Table 4. In presence of unbalanced
load currents, the system can be expressed in its symmetrical
components, where positive and negative sequence transfer
functions, A+(s) and A−(s), are equal, and equal to Aα(s) (or
Aβ (s)).
Although the second-order transfer function can be

directly used to control the output voltage with linear con-
trollers [110], [201] A common practice is to split the second-
order plants (see table 13) into two first-order plants, i.e. cur-
rent control at L1 and the voltage control at C , implementing
a voltage and current nested control scheme.

The first order plant that relates the voltage at the capacitors
with the currents can be obtained by KCL at the capacitor,
where the capacitors voltage gets related to the converter
current and load current as follows:

1iabc(s) = Z ′−1(s) · vabc(s) (17)

1iabc(s) = ia1b1c1 − iabc (18)

Without the coupling terms seen by the current plant, the
voltage sees the same dynamic at every line:

From Table 4, it is straightforward that LC filter of
Fig. 13(b) and Fig. 13(c) provide a second-order dynamic
for the zero-sequence component. This is paramount, as this
provides the capability to control the output zero-sequence
voltage of the filter. Although for Fig. 13(d) and Fig. 13(e),
the magnitude of the output zero-sequence voltage can still
be controlled (as it is a degree of freedom of the converter),
it is not filtered, leading to a switched signal with high dv/dt.
For a dq representation of (8) and (16), the operator ‘‘s’’ must
be replaced by ‘‘s + jω’’, as presented in [110], being ω the
rotational frequency of the dq frame.

2) N-TO-4 PHASES PASSIVE FILTERS
The generalized four-wire converters from Fig. 12 requires
passive filters that have N number of inputs connectors. For

FIGURE 15. 6-to-4 phase reduction filters, using three independent
single-phase voltages as input system, and (a) without using transformer,
(b) using transformer and generating the output neutral-wire in the
secondary side, or (c) using two three-phase input systems (without
neutral-wire), and generating the output neutral-wire at the primary side
of transformers, similarly (d) 8-to-4 phase reduction filter, but with the
input system including neutral-wire, (e) 9-to-4 filter transformer and
(f) use of 8-to-4 phase reduction filters to generate 12-to-4 phase
reduction filter.

this reason, the passive filters presented in Fig. 13 can not
be used. The N-to-4 phases passive filters topologies are
presented in Fig. 15.
In [202], the influence of circulating currents on 6-to-4

poles adapter filter is discussed. Filter in Fig. 15(a) is the sim-
plest solution to avoid a short-circuit from sub-converters that
share the same DC-Link, but it leads to large zero-sequence
circulating currents [203]. An improved solution is to use a
transformer as Fig. 15(b) where those zero-sequence circu-
lating currents are eliminated. A similar principle is shown
in Fig. 15(c), where the neutral wire is obtained from the
primary winding of the transformer, and the input of the
transformer is formed by two three-phase systems without
a neutral wire. Same approach is showed Fig. 15(d), but
the input system now contains the neutral wire, leading to a
8-to-4 filter [43]. The previous interconnection, before facing
the filter, can also be implemented to reduce the number of
input phases, as presented in Fig. 15(e). In this case, using
a previous interconnection of phases it is possible to use a
6-to-4 filter to transform 9 to 4 phases. To continue scaling
the number of phases, the arrangement of previous filters can
be used, as presented in Fig. 15(f), which uses two 8-to-4
filters to achieve 12-to-4 phases transformation, notice that
the output of the first 8-to-4 filter is used as the input for the
second 8-to-4 filter.

III. FOUR-LEG CONVERTERS: MODULATION TECHNIQUES
The incorporation of a fourth leg, and the requirement of zero-
sequence control, has generated new modulation strategies.
These strategies, extensions of developed modulation tech-
niques for three-leg converters [204], can be mainly divided
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TABLE 6. Qualitative summary of features and comparison of the reported four-leg topologies and their application. All topologies have full utilization of
dc-link, except for the two-level 3L4W topology.

into three main groups of methods: a) 3D Space Vectors
PWM (3D-SVPWM) methods in αβ0 frame, b) 3D-SVPWM
methods in abc frame and c) Carrier-based PWM methods
(CPWM).

Similarly to standard 2D-SVM techniques, to modulate a
reference voltage vector in a 3D space, the following steps
have to be considered:
• To identify the nearest stationary vectors that enclose the
reference vector (represented as one point in αβ0 or abc
plane).

• To calculate the dwell-time for each of the selected
stationary vectors.

• To define a sequence pattern for the selected stationery
vectors, that achieves the minimum switching transition
principle [48].

• Apply the selected vectors with the associated dwell-
times during the next sampling time.

The sequence pattern to arrange these vectors through the
sampling time Ts can be classified by the use of redun-
dancies on a sampling time, as: Full-Redundancy Sequence
and Single-Redundancy Sequence. The first group uses all
redundancies of the redundant vectors while the second group
uses only one redundancy. Also, they are classified by the
symmetry on Ts as: Symmetric or Asymmetric. The first
increases the switching frequency but improves the harmonic

spectrum, while the second reduces the switching losses at
the cost of a higher distortion [205], [206]:

On the other hand, carrier-based PWM methods for bal-
anced systems are simpler than SVM methods, as they just
compare a high-frequency triangular carrier signal with the
reference signal to directly control the devices that modulate
the output phase voltages in a VSI. However, unbalanced
systems increase the difficulty of controlling the fourth leg;
Moreover, in the carrier-based PWM, the redundant vectors
cannot be used as degrees of freedom as in SVM [207].

A. SPACE VECTOR MODULATION IN αβ0 REFERENCE
FRAME
Themost commonmodulation technique in three-leg convert-
ers is the Space Vector Modulation (SVM) in αβ coordinate
frame [205], [206]. In four-leg converters, a zero-sequence
voltage and current have to be also controlled, leading to the
extension of typical SVM in αβ coordinates frame to a three-
dimensional αβ0 [79]. Thereby, the voltage vectors generated
by the four-leg converter create a three-dimensional modula-
tion space, it was first proposed in [208]–[210] for a two-level
VSI and then extended for multilevel converters in [211].
Fig. 16 shows the three-dimensional available modulation
space for a four-leg VSI. Different topologies of four-leg VSI
generate a different number of stationary vectors inside this
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FIGURE 16. Outer three-dimensional boundaries for a four-leg inverter.
Red points indicates the 16 vectors for a two-level inverter.

region, which allows a finer resolution to modulate output
voltages, i.e. voltage levels. However, the three-dimensional
boundaries are the same for any topology and it is defined by
the magnitude of the dc-link voltage.

To identify the region formed by the four nearest stationary
vectors that enclose the reference vector, a three-dimensional
search must be done on the space depicted in Fig. 16, which
determines the pentahedron formed by the four stationary
vectors that contains the reference vector. This search can
be done by look-up tables [205]. Although this method is
robust and has been proven successfully, it is not practical
for implementation in converters with more than three levels,
as look-up tables are too extensive and the search process
demands high computational effort [212]. A simplified tetra-
hedron identification method, which does not require look-up
tables, is presented in [48]. In this method, for each sampled
reference vector a two-level modulation space is generated
and the tetrahedron is selected as shown on Fig. 17. Thereby,
the method can be implemented regardless of the number of
levels of the converter. Alternatively, the computational bur-
den can be reduced by avoiding the trigonometric functions
required in most methods using barycentric coordinates [213]
or the first-order equations of the curve fitting technique to
reduce calculation time [214].

Once obtained the four stationary vectors vs1αβ0, v
s2
αβ0, v

s3
αβ0

and v0αβ0 that enclose the reference vector, their dwell times
can be calculated as: d1d2

d3

 = Ts

 vs1α vs2α vs3α
vs1β vs2β vs3β
vs10 vs20 vs30

−1 v∗αv∗β
v∗0

 (19)

d0 = Ts − d1 − d2 − d3 (20)

where Ts represents the sampling time and d0 to d3 the dwell
time for the corresponding stationary vectors. To avoid the

FIGURE 17. (a) Intersection with the αβ plane. (b) Sector I in the αβγ
space for a two-level four-leg VSI.

calculation of the inversematrix at (19) at each sampling time,
a preset look-up table with the values of the inverse matrix for
each tetrahedron is usually employed [215]. Another method
is to use the already calculated determinants of the baryocen-
tric coordinates to obtain the dwell times [216].

This implementation of the modulation presents several
advantages compared to its analogue abc reference frame,
such as: a) avoid transformation from αβγ to abc coor-
dinate system of the control references given by exter-
nal controllers, b) direct control and visualization of the
zero-sequence component, important in numerous applica-
tions [52], [152], [154], [208]–[210], c) simple implemen-
tation of overmodulation algorithms, specially important in
power quality conditioners [217], [218] and d) straight imple-
mentation of even harmonics elimination, specially important
in grid-connected applications [205]. In addition, it can be
applied in matrix converters decoupling the input from the
output variables [45]. A generalized linear transformation
for arbitrary number of phases and voltage levels has been
presented in [219], [220], the method has low computational
effort and has been implemented in FPGA, however, it has
been validated in five-phase drive application.

B. SPACE VECTOR MODULATION IN abc REFERENCE
FRAME
Instead of using the αβ0 transformation, a SpaceVector based
modulation technique implemented in an orthogonal system
corresponding with the three phases of the inverter abc, form
the abc reference frame, it was firstly introduced in [211] for
two-level converters. This technique was later extended for
multilevel converters in [221]. Thismodulation is very similar
to SVM in αβ0. However, it avoids mathematical calculation
related to the αβ0 transform, and the search for vectors that
enclose the reference vector can be easily achieved. Fig. 18
shows the modulation space created in abc coordinate frame.

Similarly to standard αβ0 SVM technique, to modulate
a reference voltage vector which is inside this region, the
closest stationary vectors and corresponding dwell times need
to be found.
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FIGURE 18. Modulation region for a two-level four-leg converter in abc
coordinate frame.

FIGURE 19. Six tetrahedrons are formed by the vertex of the cube from
the pivot vector, here just one is shown containing the reference vector in
red.

Assuming a reference vector:

v∗a1b1c1 =
[
van, vbn, vcn

]T (21)

Calculating the smallest following integer of each coordi-
nate of (21) with the floor function b c as:

v̂∗abc =
[
bv̂∗anc, bv̂

∗
bnc, bv̂

∗
cnc
]T (22)

where v̂∗abcf is one of the stationary vectors that can modulate
v∗abcf , and will work as a pivot vector to find the others.
Thereby, in a four-leg two-level inverter, v̂∗abcf represents one
of the 16 switches combinations available. Based on this
pivot a cube that contains the reference vector is created
(see Fig. 19), where each of the eight vertexes is a potential
stationary vector, but just four are needed. Thereby, in order
to identify these four vertexes, that contains the reference
vector, a three dimensional search must be done.

The algorithm for the three dimensional search in [221]
achieves simple identification of the stationary vectors and
calculation of their dwell times by basic operations. However,
it does not recognize whether the reference vector remains
inside the region presented in Fig. 18 or not. This could result
in selecting a set of stationary vectors, which do not belong
to the allowablemodulation space. To assure proper operation
of the converter under all conditions, avoiding the erroneous
selection of stationary vectors or dwell times calculation,
identi?cation of these non-feasible switching combinations
is required, which would increase the computational burden.
For the best knowledge of the authors, a solution for this issue

or an overmodulationmethod for limiting the reference vector
to the interior of the polygon presented in Fig. 18 has not been
reported yet.

C. CARRIER-BASED PWM
This method uses the comparison of a triangular carrier with
a modulating waveform to directly control the devices that
modulate the output phase voltages in a VSI. Accordingly,
the SPWMmethod was introduced as the simplest method to
achieve modulation of a three-leg VSI. Considering that the
voltages vaz, vbz and vcz are the phase voltages, referred to the
middle point of the dc-link (z), to be modulated in a three-
leg four-wire converter, the SPWM method can be directly
applied in this topology [161].

Unlike the three-leg four-wire converter, when a four-leg
converter is implemented (see for example Fig.2), the volt-
ages to be modulated are no longer referenced to the middle
point of the dc-link, but to the fourth leg of the converter.
Thereby, the output phase-voltages in a four-leg VSI are
represented as:

van = vaz − vnz (23)

vbn = vbz − vnz (24)

vcn = vcz − vnz, (25)

where each voltage is limited by the dc-link magnitude as:

−vdc ≤ vaz, vbz, vcz ≤ vdc (26)

−2vdc ≤ van, vbn, vcn ≤ 2vdc, (27)

From these equations, four voltages respect to the middle
point of the converter are obtained, namely vaz, vbz, vcz and
vnz. Therefore, if both components of any of the pairs (vaz,
vnz), (vbz, vnz) and (vcz, vnz) change in the same magnitude,
it would not be noticed in the output voltages van, vbn or vcn,
but it allows to modulate output phase-voltages with a higher
fundamental component and common-mode control [50].

Let us consider a set of reference phase-voltages v∗an, v
∗
bn

and v∗cn, given by an external controller. In order to be able to
implement a carrier-based PWM algorithm, a suitable set of
reference voltages v∗az, v

∗
bz, v

∗
cz and v

∗
nz have to be obtained to

latter be compared with a triangular carrier waveform. This
comparison should modulates the reference phase-voltages
and maximize the utilization of the dc-link voltage. Hence,
using (23) to (25), the reference values can be written as:

v∗az = v∗nz + v
∗
an (28)

v∗bz = v∗nz + v
∗
nn (29)

v∗cz = v∗nz + v
∗
nn (30)

Considering that v∗an, v
∗
bn and v∗cn remain constant for a

small sampling time and using v∗nz as the abscissa and v∗az,
v∗bz, v

∗
cz as the ordinate of a Cartesian plane, each equation of

(28) to (30) can be represented as a line with unitary slope
over the planes: (v∗az, v

∗
nz), (v

∗
bz, v

∗
nz) and (v∗cz, v

∗
nz). This is

shown in Fig.20, where the three lines are represented as L1,
L2 and L3 in the terms of vmin, vmid and vmax , which represent
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FIGURE 20. Limitation region for identification of the references voltages
v∗az , v∗bz , v∗cz and v∗nz . vmax=max{v∗an, v∗bn, v∗cn},
vmid=middle{v∗an, v∗bn, v∗cn}, vmin=min{v∗an, v∗bn, v∗cn}.

the maximum, middle and minimum value of the reference
phase-voltages v∗an, v

∗
bn and v∗cn. From this figure, it can be

seen that the black dotted line represent the pairs (v∗az, v
∗
nz),

(v∗bz, v
∗
nz) and (v∗cz, v

∗
nz) that generate constant phase-voltages

v∗an, v
∗
bn and v

∗
cn inside a feasible modulation region. Thereby,

as v∗nz is the common coordinate for the three coordinate
pairs (v∗az, v

∗
nz), (v

∗
bz, v

∗
nz) and (v∗cz, v

∗
nz), the intersection of a

vertical line with L1, L2 and L3 gives a possible solution for
modulating v∗an, v

∗
bn and v∗cn. Fig.20 shows, marked as three

red points, this intersection for v∗fz=0. This intersection points
are obviously equal to the reference phase-voltages v∗an, v

∗
bn

and v∗cn, denoted as vmin, vmid and vmax (see (28) to (30)).
As the solution for v∗az, v

∗
bz, v
∗
cz and v

∗
nz must remain inside the

feasible modulation region, the sector for placing this vertical
line, i.e. the reference value of v∗nz, is limited by:

v∗nzmin ≤ v
∗
nz ≤ v

∗
nzmax , (31)

denoted with blue dotted lines in Fig.20 and calculated as:

vnzmin = −vdc − vmin (32)

vnzmax = vdc − vmax (33)

In order to obtain a switching pattern equivalent to the Single-
Redundancy Symmetric sequence, the following criteria must
be used for selecting v∗nz:

v∗nz = −
vmax
2
; for vmin > 0

v∗nz = −
vmin
2
; for vmax < 0

v∗nz = −
vmax + vmin

2
; Otherwise (34)

Once obtained v∗nz, the references v∗az, v
∗
bz and v∗cz are

obtained from (28) to (30). Afterwards, this constant values
are compared with one period of a triangular carrier during
the next sampling time Ts, generating, for example, the trig-
ger signals for the eight devices of the two-level four-leg
VSI [50], [172]. This process is repeated at each sampling
time.

For multilevel VSIs with N-levels there will be N − 1 car-
riers per leg to modulate the converter and an extended
version of (34), but following the same idea of injecting a
zero-sequence component by min-max functions [51].

Another method uses a linear transformation to obtain
three-phase components from the four phases of the con-
verter [?], [223], resulting in a regular three-phase system
that can be easily controlled by, for example, symmetrical
components. After controlling the system variables in the
αβ0 space, the four-leg references can be obtained by invert-
ing the transformation in (35). In addition a zero sequence
injection, like the one in (34), can be also be done to extend
the DC-Voltage utilization [223], [224].


vaz
vbz
vcz
vnz

 =



1 0
1

2
√
2

−1
2

√
3
2

1

2
√
2

−1
2

−

√
3
2

1
2
√
2

0 0
−3

2
√
2



 vαvβ
v0

 (35)

Themain advantage of SPWM relies on the simple calcula-
tion of the references leg voltages and the straight acquisition
of the duty cycles of each device, obtained directly by com-
parison of the calculated references with a triangular carrier
at each sampling time Ts. Equivalent SPWM methods have
been proposed to obtain equivalent results as SVM meth-
ods [225]. However, the calculation of v∗fz to perform different
switching patterns [206], [226] or to successfully accomplish
overmodulation methods become complex. Additionally, the
utilization of the redundant switching combinations is very
limited, as reported in its extension to multilevel convert-
ers [51], [227]. This become important in multilevel convert-
ers, where the shape of the harmonic spectrum, the balance
of the voltages on the dc-link capacitors or distribution of the
switches’ power losses are important issues.

D. HYSTERESIS PWM CURRENT CONTROL
As a natural extension of the current controllers for the three-
phase VSIs, the closed-loop Hysteresis PWM Current con-
trollers were the first strategy used for accomplishing control
of the output voltages in converters for four-wire applications,
mainly three-leg four-wire VSIs.

The diagram of Fig.21 shows the control scheme of the
Hysteresis PWM Current control for the three-leg four-wire
VSI presented in Fig.8. This scheme accomplishes the control
of the output currents ia, ib, and ic by directly comparing the
measured line currents with its arbitrary references, i∗a, i

∗
b and

i∗c , provided by an external controller. Note that these refer-
ences can be non-sinusoidal; for instance, the reference cur-
rents of an active filter are non-sinusoidal. Thereby, the output
of each hysteresis controller directly trigger the devices of
each leg of the converter through the signals ga,ā, gb,b̄ and
gc,c̄. The width of the hysteresis band is denoted as ε and it
is dynamically regulated by an additional controller, called
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FIGURE 21. Control scheme for hysteresis modulation for four-leg
converters.

Voltage Balancing. This controller regulates the width of the
hyteresis band (ε) for actively balance the voltages vC1 and
vC2 [152], [154]. This controller performs the same features
reported for three-phase converters, namely: high transient
response, high-frequency ripple in the controlled currents,
and a non-fixed switching frequency, i.e. spread voltage and
current harmonic spectrum.

A method that uses four hysteresis comparators applied
to four-leg VSI is presented in [228]. Although this method
performs good control of the line currents, the current through
the neutral wire is not being directly controlled. This results
in a neutral current iz with a ripple up to three times higher
compared to the line currents [26]. To solve this problem,
Verdelho et. al. [26], [52], [151], proposed the hysteresis
PWM current controller in αβγ coordinates. This controller
uses the Clarke transformation to separate the zero-sequence
of the reference currents from its αβ active components.
Thus, direct control over the abc currents and over the current
through the neutral wire iz is achieved. This results in four
currents, namely ia, ib, ic and if , that perform the same
ripple [52].

A three-dimensional Hysteresis PWM Current controller
was also introduced in [149], [166], [174]. This generates
a cubical hysteresis region implemented directly in αβγ
space. This method was implemented in cylindrical coordi-
nate frames to facilitate the three-dimensional comparisons,
required to identify when the reference vector is out of the
hysteresis cube. As result, the method behaves similarly to
the already presented method that uses independent hystere-
sis controllers in αβγ coordinates. Additionally, it gives
more flexibility for implementing switching sequences. The
method is successfully implemented in a two-level converter
and also in a three-level three-leg four-wire NPC converter.

The major problem of hysteresis-based strategies is the
generation of variable switching frequency, which compli-
cates the filter design [77]. As a result, some authors have
proposed strategies to achieve nearly constant switching fre-
quencies [229] or constant frequencies [230], at the cost of
increasing the implementation complexity and reducing the
dynamic response of the controller.

FIGURE 22. Frequency separation for generic variable u.

IV. CONTROL STRATEGIES FOR FOUR-LEG CONVERTERS
This section presents general voltage and current control
schemes used on four-legs converters. First, the fundamen-
tal schemes for signal conditioning are analyzed, as signal
filters, sequence separation, and changes on the reference
frame. Then, a discussion about electrical power theory to
compensate four-wire networks is reviewed. Later, virtual
schemes as active damping and virtual impedance are ana-
lyzed. Afterward, the most commonly used linear and non-
linear controller loops are revised, focusing on how they
control the zero-sequence component. Finally, most reported
control schemes for four-leg converters are grouped into sin-
gle and cascaded loops are presented, showing the difference
among implementations in SRF and RRF.

In this section, the ‘‘u’’ variable is used as a general vari-
able that can represent either voltage or current.

A. FUNDAMENTAL SIGNAL CONDITIONING
Four-leg converters usually are connected to networks com-
posed by linear and non-linear, balanced and unbalanced
loads, which affect grid voltages and especially currents,
adding harmonics to electrical signals, along with zero and
negative sequence [231]. To simplify the control of four-
leg converters, the following tasks are usually performed:
i) isolation of specific frequencies, e.g. in the presence of
harmonic distortion and ii) separation of electrical sequences
from the measured currents and voltages.

In abc-frame or SRF (Static Reference Frame), it is advan-
tageous to use a narrow pass-band filter (notch filter) to iso-
late the frequencies to be compensated by controllers, which
can be achieved with notch filters [232]. The basic transfer
function for the notch filter is shown in (36).

H (s) =
s2 + ωi

s2 + 2ξωis+ ω2
i

(36)

In [233] different structures for notch filters are presented,
analyzing its transfer function with bode-plots. The selection
of the proper implementation depends mainly on the required
bandwidth (associated with the level of harmonic contamina-
tion of the original signal) and the number of bits of the digital
platform for its implementation. Multiple Notch filters can be
also implemented to extract n different frequencies from the
original signal, as shown in Fig. 22.

The accurate selectivity of notch filters has to be designed
as a trade-off with its dynamic response. Therefore, if the
filter is too narrow it can have a slow dynamic response to
fast perturbations. Conversely, if the filter is not very narrow,
the output may contain several frequency components [234].
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FIGURE 23. Sequence separation in SRF for arbitrary frequency ωi .

It is common to control four-leg converters in abc ref-
erence frame when unbalanced loads are connected, where
three-phase signals can be controlled independently thanks
to the neutral wire connection [235]. This control approach
avoids linear transforms [236], however, its zero-sequence
can not be controlled directly. In addition, for achieving
accurate control of unbalances, sequence separation can be
applied in the abc reference frame, to control the converter
considering its symmetrical components using Fortescue
transformation [196], controlling each sequence component
separately [237].

To decouple the zero sequence, Clarke transformation can
be applied to 3-phase signals in abc-frame as shown in (37).

uαuβ
u0

 = 2
3


1 −

1
2

−
1
2

0

√
3
2

−

√
3
2

1
2

1
2

1
2


uaub
uc

 (37)

In SRF, positive and negative sequences are contained
into αβ components. To decouple those sequences, the delay
signal cancellation (DSC) technique can be applied [238],
where quadrature signals for both α and β components are
emulated, as shown in Fig. 23. The DSC technique is a simple
solution, but it exhibits poor transient response caused by
the quarter period delay; furthermore, high memory usage is
needed to store the data points required for the quarter period
delayed signals. In some cases, the digital implementation
of the quarter period cannot be achieved perfectly because
the division between sampling and fundamental frequencies
is not an integer value [239]. However, improvements on
DSC have been implemented in [240], where the setting time
is reduced significantly, reaching 1/40 of the fundamental
period at the cost of higher overshoot during transient events.

To avoid the implementation of controllers in SRF (usu-
ally resonant controllers), the Park transformation, using a
rotating reference frame (RRF) with d-q axes, can be imple-
mented. Thus, DC signals are obtained when d-q axes rotate
at the grid frequency, enabling the implementation of PI
controllers. However, this is only valid for balanced and
harmonic-free systems. The relationship between SRF and
RRF signals is shown in (38).uduq

u0

 = 2
3

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

uαuβ
u0

 (38)

FIGURE 24. Sequence separation in RRF [243] considering zero sequence
in RRF.

FIGURE 25. Sequence composition from RRF to abc SRF. For simplicity
zero-sequence is considered directly in SRF, but it can be also composed
form virtual component u

ωi
0dq

(see Fig. 24).

In unbalanced scenarios it is advantageous to separate the
positive and negative sequences before applying park trans-
formation, to avoid double fundamental frequency harmonics
on the d-q signals. On the other hand, the zero-sequence
signal is not a vector and it cannot be transformed into an RRF
without further processing. A solution is to use a quadrature
generator; for instance, to delay the homopolar signal by a
quarter of the period creating a virtual quadrature component.
After that, the park transform can be applied to obtain the
corresponding d-q fictitious signals, as shown in Fig. 24.
Alternatively, an all-pass filter to emulate the quadrature
signal can be used [241], which possesses a better transient
response [242]. When harmonics are presented in the abc
signals, they must be filtered out before passing to RRF,
leading to one d-q system for each frequency as depicted in
Fig. 24. Fig. 25, shows the inverse process.
In RRF, d-q components could be affected by incorrect

estimation of the grid frequency θ angle. This is espe-
cially important in unbalanced and distorted networks. The
three-phase synchronous (or Rotating) Reference Frame
phase-locked loop (RRF-PLL) is one of the most used PLL
on three-phase converters due to its simplicity, but it is not
suitable for distorted and unbalance grids because inaccuracy
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FIGURE 26. Decoupled double rotating reference frame PLL where.

on phase estimation, which leads to an increase of current
THD [244].

A simple synchronization strategy for unbalanced systems
is presented in [245], where a DSC algorithm is used to
separate the positive sequence from grid voltages and then
uses the RRF-PLL to obtain the grid angle, where a good
synchronization tracking is achieved in steady-state, but on
transient events, the quarter fundamental period delay of DSC
affects its performance. Reference [246] proposes another
approach with decoupled double rotating reference frame
PLL (DDRRF-PLL) which exploits two rotating reference
frames, one for positive sequence and the other for nega-
tive sequence, both rotating at the calculated angle from the
positive sequence with the classical RRF-PLL, as shown in
Fig. 26.

The DDRRF scheme provides the positive and negative
sequences in RRF which is another solution to obtain these
signals. The blocks named DC represent a ’’decoupling cell‘‘
which eliminate the double fundamental frequency oscilla-
tion on the d-q signals produced by the positive and negative
sequences of theαβ signals. The equations forDC (+1,−1)ᵀ

are presented in (39)-(40), and for DC (−1,+1)ᵀ in (41)-
(42).

u+∗d = u+d −
(
ū−d cos(2θ+)+ ū−q sin(2θ+)

)
(39)

u+∗q = u+q −
(
ū−q cos(2θ+)− ū−d sin(2θ+)

)
(40)

u−∗d = u−d −
(
ū+d cos(2θ+)− ū+q sin(2θ+)

)
(41)

u−∗q = u−q −
(
ū+q cos(2θ+)+ ū+d sin(2θ+)

)
(42)

Due to the presence of low pass filters in DDRRF, the
method perform poor dynamics, hence authors in [247] pro-
posed using a reduced-order generalized integrator (ROGI) as

a pre-filter for the RRF-PLL, which increases the open-loop
bandwidth of PLL to improve the dynamic performance of
synchronization when perturbations occur.

If independent control for each PTN phase is desired,
single-phase PLL (SP-PLL) can be used to obtain the
grid-angle for each phase separately. This can be achieved
by generating a quadrature signal for each phase using all-
pass filters [31] or T/4 delay, where the transient events
affect the synchronization with the grid angle. A comparison
between SP-PLLs was presented in [248] where authors eval-
uated their steady-state and dynamic response, concluding
that faster dynamics could be achieved but at the cost of
oscillations in steady-state. In addition, line notching, line
dips, phase loss, and frequency variations on power networks
worse the correct functionality of PLLs, hence extra condi-
tioning stages are needed [249].

Notice that when the converter is connected to weak grids,
and the bandwidth of the PLL is large, the control of the
converter, i.e. injected power, affects the frequency of the
grid, which can lead to unstable operation and loss of syn-
chronization [250], [251]. This issue can be overcome by
improving the PLL design considering the weakness of the
grid and/or adding compensation terms [252].

1) ELECTRICAL POWER THEORIES
Large implementation of microgrids and smart grids, and
different power loads inherently unbalanced and distorted
in distributions systems, has promoted the need for power
new theories, which can handle distorted and unbalanced sys-
tems [120], [253]–[260]. Time-domain-based theories, which
use instantaneous quantities to define the current decompo-
sitions and power terms has been widely explored in the
literature [261]. The most popular theory is the so-called
pq theory [120], [253]. Later on, in [153], [254], [257],
[261], [262], this theory was extended to the zero sequence
components, under the name of the modified p-q theory. This
theory gives a generalized definition of active and reactive
power, which can be used for sinusoidal or non-sinusoidal,
balanced or unbalanced, three-phase power systems with or
without zero-sequence currents and/or voltages [254]. It must
be pointed out that the pq theory (and its modified versions)
has been widely used in the literature for active power filter
applications [263]–[267]. However, in recent years, the con-
servative power theory (CPT) [258], [268] has got attention
from researchers. Indeed, in [260], it is claimed that the CPT
is one of the major power theories of electrical systems with
non-sinusoidal and unbalanced currents. The high number
of contributions based on the CPT support this claim: [65],
[269]–[277], which have been also implemented in four-wire
active power filters [268], [278].

Fig. 27 show the implementation of the modified pq theory
for an four-leg active power filter.

The grid voltage and the unbalanced-distorted load cur-
rent are converted into αβ0 components. Then the instan-
taneous power variables are obtained using the p-q theory
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FIGURE 27. Instantaneous reactive p-q theory. Active power filter
application example.

equations (43).P0P
Q

 =
v0 0 0
0 vα vβ
0 vβ −vα

i0iα
iβ

 (43)

Now the power signals to be compensated are selected,
which usually are all of them except the active power vari-
able, in order to compensate only reactive power as active
power filter applications. After this, the reference currents
are obtained using the inverse equations of p-q theory,
as described in (44).[

iα
iβ

]
=

1

v2α + v
2
β

[
vα vβ
vβ −vα

] [
P∗ + P∗0
Q∗

]
(44)

The obtained 3 current references are completely indepen-
dent due to the neutral connection of the four-leg converter.
It is worth mentioning that implementing other theories have
a similar structure as Fig. 27 but with their corresponding
power and current calculation equations.

2) ACTIVE DAMPING
Resonance frequency on LC or LCL passive filters must
be designed to avoid power system instability, due to the
integration of its resonance frequency with voltage harmonics
produced by modulation or non-linear loads. During tran-
sient responses, resonance modes can be also exited and
cause large voltage fluctuations on the filter capacitor [279].
To avoid fluctuations, resistors can be placed in the filter to
damp the resonant frequency, but this leads to extra losses
and a larger filter footprint [280]. An alternative is to emulate
this damping effect on the controller using the active damping
technique.

A simple implementation of an active damping method is
to measure the capacitor current and feed-forwarded it into
the controller converter voltage reference. This emulates a
series resistor with the filter capacitor. This requires mea-
suring the filter capacitor currents which are not typically
measured, hence extra current sensors are required [281].
Unlike using the capacitor currents, the capacitor voltages
(typically measured) can be used to estimate the capacitor
current. However, special derivative methods must be imple-
mented to avoid noise amplification [282].

FIGURE 28. Active damping and virtual impedance reference schemes.

Alternatively, to avoid capacitor current measurement or
estimation, the converter output current can be used instead.
This approximation is accurate only if the load impedance
is relatively large compared with the filter impedance [30].
Also, it is possible to directly emulate a series resistor with
the inductor tight to the converter on LC or LCL passive
filters [31]. Those solutions effectively damp the filter reso-
nant but also magnifies the output impedance of the converter
which deteriorates the output voltage quality [193]. Hence,
selective active damping can be achieved by filtering only
the resonant frequency from the measured converter currents,
as shown in Fig. 28 (see active damping block). The gain
Kdamp represents the size of the emulated series resistor to
the L1 inductor is added to damp the oscillations.

3) VIRTUAL IMPEDANCE
The output impedance of a converter is relatively low com-
pared with grid line impedance, making it difficult to accu-
rately distribute power capacity when several converters are
connected to a CCP. To overcome this problem, a virtual
impedance loop on the converter controller can be imple-
mented [283].

When the load is unbalanced, the current is composed of
positive, negative, and zero sequence components. If the
voltages supplied by the converter are balanced, then it is
hardly possible to share the unbalanced components of the
load currents between converters [65]. Therefore, using the
unbalanced components of the output current (i.e. negative
and zero sequence currents), virtual impedances are imple-
mented in the control system to unbalance the output volt-
ages references adding negative and zero sequence voltage
components [90], as shown in Fig. 28.

Typical power grid lines are mainly inductive, which
allows to decouple the control of frequency and voltage
magnitude through the control of active and reactive power
respectively. In low-voltage microgrids, the grid impedance
coould be mainly resistive, coupling the control of power
flows within the MG. In this case, the virtual impedance
loop transforms the resistive line impedance to inductive,
allowing the use of the classic droop controllers [284], [285].
Furthermore, virtual impedance can be implemented with
droop controllers to enhance the current sharing capability in
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MG [286], and/or to compensate imbalances and harmonics
at some point of the MG [287]. Note that the value of the
required virtual impedance could be dependent on the MG
operating point. Because of that, in the literature, this magni-
tude is usually adjusted in real-time by a secondary controller.
In [16], a comprehensive description of the virtual impedance
control loop along with its main applications is provided.

B. CONTROLLERS
Linear and non-linear controllers commonly used on four-leg
converters are analyzed in this section. The controllers are
presented generically, to be implemented for either voltage
or current control (input variable defined as u), the system
plant, usually filter plants of (16) or (10) for current or
voltage control correspondingly, are represented as G(s) and
the controller output is represented as y.

1) PROPORTIONAL INTEGRAL
The proportional-integral controller (PI) achieves zero steady
state error at DC signals, due to it pole is located in the origin
of the s plane. The PI transfer function is shown in (45).

C(s) = Kp +
Ki
s

(45)

The PI controller is a simple control structure used in
RRF. The Fig. 29(a) and (b) shows the implementation of PI
controller for positive (a similar control topology is required
for the negative sequence component) and zero sequences
for a L filter Fig. 13(a). The RRF zero-sequence has been
obtained based on a virtual quadrature scheme shown in
Fig. 24. Fig. 29(c) shows the implementation of a resonant
controller or the zero sequence. This is an alternative to
controlling the zero sequence avoiding RRF transformation.

The positive and negative sequence control loops are
identical, the cross-coupling terms can be feed-forwarded
to decouple the dynamics between d and q axis, the same
cross-coupling can be used for an LC filter as the one at
Fig. 13b [110], for other filters a more complex decoupling
could be necessary.

It is worth noticing that the control scheme presented in
Fig. 29 is valid only for a single frequency ωi, hence under
distorted grid conditions, several equivalent loops must be
implemented to compensate harmonics. Furthermore, mea-
surements must also be filtered and transformed into RRF
for each frequency (see Fig. 24) and then into SRF for
modulation (see Fig. 25), increasing significantly the overall
controller complexity [288].

2) PROPORTIONAL RESONANT
The proportional-resonant (PR) controller achieves zero
steady state error at AC signals with a frequency equal
to resonant PR frequency, due to it complex-conjugated
poles located at the resonant frequency [113], [289]. The
multi-resonant PR controller, for compensation of multiple

FIGURE 29. Proportional-integral controller loops for (a) positive
sequence in RRF, (b) zero sequence in RRF and (c) zero sequence in SRF
for arbitrary frequency ωi .

FIGURE 30. Proportional-resonant controller loops for α, β and
0 sequence in SRF for arbitrary frequency ωi .

frequencies is shown in (46) [76], [113].

C(s) = Kp+
n∑
i=1

Kiis

s2 + w2
i

(46)

Fig. 30 shows the implementation of PR controller in SRF,
considering that the plant behavior can be decoupled (see
section II-C).

The α and β must not be separated into positive and
negative sequences, because the PR controller can naturally
control both terms independently. The PR controller can be
also implemented in abc reference frame [61].To maintain
an accurate resonance frequency, and phase of the controller
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after discretization, it is important to consider tustin with pre-
warping [290]. In addition, to maintain the controller stability
when high order harmonics are being compensated, as in
four-leg active power filters or power supply for unbalanced
loads, it is important to compensate the phase-shift intro-
duced by the plant [61]. In this case, the extended structure
of the resonance controller of (47) is used to compensate
the phase-shift introduced by the plant at ωi, i.e. ϑ (see
(48)) [291].

Rc(s) =
k∑
i=1

Rci (s) =
k∑
i=1

Ki
s cosϑi − ωi sinϑi

s2 + ω2
i

(47)

ϑi = − 6 P(jωi) (48)

Each controller Rc(s) injects an angle of π2 +ϑi and−
π
2 +ϑi

at each resonance frequency ωi, giving an extra degree of
freedom for the design of the controller used to increase
its stability margins. Note that for ϑi = 0 the controller
presented in (47) is equivalent to (46).

In order to implement a resonant controller as in (46) in a
digital system, its discretization has to fulfill two important
requirements: (i) To maintain the resonant frequencies ωi (ii)
To have the largest gain at the resonant frequencies ωi. This
can be achieved using tustin with prewarping approxima-
tion [290], [292], which implementation in (46) leads to

k∑
i=1

Rtpwi (z) =
k∑
i=1

Ki
sin (ωiTs)

(
1− z−2

)
2ωi

(
1− 2z−1 cos (ωiTs)+ z−2

)
(49)

where Ts is the discretization sampling time and the prewarp-
ing frequency has been selected as the resonance frequency of
each resonant controller ωn. Similarly, using other discretiza-
tion methods or adding the angle compensation as in (47)
other discrete representations can be obtained [290], [292].

3) REPETITIVE CONTROL
The repetitive controller (RC) ensures zero steady-state error
for all harmonic frequencies, due to its several number of
poles in the unit circle of Z-plane. Additionally, the controller
needs compensators to improve its stability, as can be seen in
the complete transfer function of (50).

C(z) =
KRCL(z)

1− Q(z)z−N
(50)

The Q(z) is a zero-phase low-pass filter, and L(z) is a lag
network, both compensators reduce the controller gain at high
frequencies, improving the stability. The KRC corresponds to
the gain of the controller. The N value is the integer value of
ωsamp/ω1, where ωsamp is the sampling frequency, and ω1 the
fundamental frequency to be regulated.

The plug-in topology is shown in figure Fig. 31, although
other topologies have been proposed as the direct type [74]
or parallel type [293].

In steady-state condition, RC shows a robust performance
against known periodic disturbanceswith zero error, however,

FIGURE 31. Plug-in repetitive controller loops in abc-frame for one
phase. Equivalently it can be also applied in SRF.

unlike PR controllers, RC experiences poor dynamics during
transients, due to the long learning time. Furthermore, RC is
difficult to stabilize for unknown loads disturbances [112],
[294]. RC can be a good alternative for applications where
several unknown harmonics have to be compensated, such as
four-wire active power filters.

4) FINITE-SET-MODEL PREDICTIVE CONTROL
The Finite-Set-Model Predictive Control (FS-MPC) com-
putes all the possible power switch combinations at sample
time (k), which would minimize a determined cost function
evaluated in the (k + 1) − th sampling time. The switch
combination that minimizes the cost function is selected and
then applied for the whole (k+1) sampling time. An example
of cost function is shown in (51).

g(k + 1) = λ1|v∗o(k + 1)− vo(k + 1)|2

+ λ2|i∗o(k + 1)− io(k + 1)|2 + . . . (51)

The cost function could have one or more objectives,
depending on the application. Notice that the incorporation
of more control goals makes it difficult to tune the weighting
factors (λi) [53], which determine the importance of one con-
trol goal over the others. To determine a specific magnitude
of each weighting factor to obtain the desired performance is
not a simple task and is still under investigation [295], [296].

Fig. 32 shows the basic scheme for FS-MPC, where the
voltage of the output filter capacitor represents the controlled
variable. Using the model and measurements in time (k), the
voltage is predicted for the sampling time (k+1). The cost
function is calculated by evaluating all the possible switching
combinations, then the combination (Sabc) which minimizes
the cost function is applied to the converter in the next sam-
pling time. Further step predictions can be implemented to
improve the response of the converter at the cost of a higher
computational burden [297].

The main advantage of FS-MPC is the fast transient
dynamic due to the selection of the optimal switch combina-
tion to accomplish the control objective and it is also a very
simple control technique, which eliminates the complexmod-
ulation of four-leg converters [56]. Also, the non-linearities of
the system can be easily incorporated. However, the method
does not provide a deterministic procedure to define different
weighting factors, it can generate high switching frequency in
steady-state operation, and it requires a high computational
burden when implemented in multilevel converters or for
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FIGURE 32. Predictive controller.

FIGURE 33. Modulated FS-MPC [59].

more than two steps prediction and also generates a variable
switching frequency spectrum in the modulated waveform
(which compromises the filter design) [298]. In four-leg con-
verters, the neutral leg experience more switching frequency
than the other 3-phase legs if this is not addressed in the
controller formulation [299].

5) MODULATED FS-MPC
Modulated FS-MPC is a variant of FS-MPC which is able
to set a constant switching frequency and reduced ripple at
steady-state, incorporating a modulator stage after the pre-
diction of duty cycles, instead of the switch combinations
calculated in the classic FS-MPC. This technique is well doc-
umented on three-leg converters [300] but its implementation
in four-leg converters is rather new due to the complexity
of the modulator in 3D state-vector geometry. One common
approach to four-leg converters is to find 3 optimal voltage
vectors to be associated with its temporary duty cycles, to per-
form a virtual vector which can be used in 3D-SVM [55].

Vvirtual = d1Vop1 + d2Vop2 + d3Vop3 (52)

In Fig. 33, it is shown some of the stages of the Modulated
FS-MPC based on the solution proposed by authors in [59].

Fig. 33 and Fig. 32, share the delay compensation, predic-
tion model and cost-function minimization stages, however,
unlike FS-MPC, the modulated FS-MPC evaluates the cost
function with stationary vectors of the modulation strategy,
calculating the duty cycles to be applied in the converter,
fixing the switching frequency [59], [301], [302]. Modulated
FS-MPC fixes the switching frequency, performs a fast tran-
sient response and good THD against compared to FS-MPC.
However, it requires a high computational burden and it is
sensitive to system parameter mismatches [303].

6) DEAD-BEAT CONTROLLER
The dead-beat controller is a discrete time control which
places all their closed-loop poles in the origin of the z-plane,
achieving the fastest possible dynamic performance. This
condition relies in the accurate systemmodel. A simple dead-
beat equation for a converter connected to the grid through a
first-order filter is presented in (53). (Presented for one phase,
equivalent for other phases)

va1n1 (k) = vgridan (k)+
L
Ts

(
i∗a(k)− ia(k)

)
(53)

with Ts as the controller sampling period. The reference
voltage to be modulated is obtained from (53). In case LC
or LCL filters are implemented, (53) changes according to
the models presented in section II-C and the same procedure
is implemented to obtain the control law [88], [304].

Dead-beat controllers perform a fast transient response and
it is very simple to implement, however, it is highly sensitive
to parameter variations, loading uncertainties, disturbances,
and consequently to steady state error, since there is no inher-
ent integral component in it [63]. Complementary strategies
to improve its robustness, such disturbance observer [305]
or to recalculate the system parameters [306] are typically
implemented.

7) LINEAR QUADRATIC REGULATOR
Linear Quadratic Regulator (LQR) is a multivariable con-
troller which minimizes the desired cost function. To achieve
this, the system is modeled into state variables where it is
augmented to add the controller states. The resulting state
vector (x) is used with the controller actuator vector (u) to be
optimized into a function J , which searches for the quickest
possible way to achieve a new equilibrium point. A common
LQR cost function is shown in (54).

Jp =
1
2

∫
∞

0

[
uᵀRu+ xᵀQx

]
dt (54)

The R and Q matrices represent the penalty coefficients
(weighting factors) which tuning is a non-deterministic pro-
cess, some general guidelines to select their values are pre-
sented in [307], where a detailed description of LQR applied
to four-leg converted was presented.

In [308], integral and oscillatory controllers are used to
regulate the desired variable (current or voltage) in a four-leg
converter. Then the augmented state variable vector is formed
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FIGURE 34. Four-wire configurations: (a) in current control mode and
(b) in voltage control mode.

to interact with the K gain obtained from the before-hand
optimization (using Ricatti equations). Finally, the converter
voltage references are generated.

The complexity of the LQR method relies in the tuning of
the R and Q matrices. Also, the system model mismatches
deteriorate the control dynamics and its performance. For
heavily distorted systems, authors in [309] add a feed-forward
disturbance rejection, reducing the oscillatory terms in the
controller and obtaining a lower load current THD.

C. CONTROL SCHEMES
Typical single-loop and nested control schemes for four-leg
converters are presented in this section. The controlled vari-
able is either the current at the output inductor of L or LCL
filter, as in Fig. 34a, or the voltage at the capacitor output
LC filter, as in Fig. 34b. Single-loop control schemes are a
natural alternative for current control in L filters, and can also
be implemented for higher-order transfer functions, such as
voltage control in LCfilters and current control in LCLfilters.
However, in these cases, internal currents (for LC and LCL
filters) and internal voltages (LCL filter) are not controlled,
which can lead to a dangerous operation. When the switching
frequency and controllers bandwidth are compatible with the
maximum sampling time of real-time controllers, nested-loop
control schemes are preferred for both voltage control in LC
filters [140], [310], [310], [311] and current control in LCL
filters, which allows to control and limit the output current
of the converter and internal capacitor voltage in the LCL
filter [197], [198], [282], [312].

1) SINGLE-LOOP CONTROL SCHEME
A single-loop control scheme is simple and easy to imple-
ment, it is the only alternative for current control in L filters,
and it is a possible alternative for current control in LCL
filters and voltage control in LC filters. For LC and LCL
filters, the use of a single-loop controller disables the control
and limitation of internal variables, such as converter cur-

rents in LC filters or converter current and capacitor voltage
in LCL filters. In addition, the (linear) controller is hard
to tune, due to the high order of the filter transfer func-
tion [145]. Fig. 34(b), shows a four-leg converter with an
output LC filter connected to an unbalanced and non-linear
load. In Fig. 35(a)-(c), a single-loop voltage controller in abc
and αβ0 SRF and dq RRF for controlling the output PTN
voltages is presented.

In Fig. 35(a), van, vbn and vcn are directly regulated. The
implementation of three independent resonant controllers are
a good alternative for this purpose (see section IV-B2), but
also repetitive control (see section IV-B3) or non-linear con-
trollers, such as: dead-beat (see section IV-B6), FS-MPC (see
section IV-B4) or modulated FS-MPC (see section IV-B5)
(as presented in previous section) can be used instead.
In Fig. 35(a), the zero sequence is controlled indirectly.
As presented in (13), voltages and currents of phases a,
b and c are coupled, which makes difficult to define a
decoupled dynamic plant between va1n1 and van. When this
control scheme is implemented, usually the neutral induc-
tor Ln is neglected (Zn = 0), decoupling the dynamic of
the filter. Thus, a simple LC branch is used to tune each
resonant controller and the same controller is used in the
three phases [313]. Similarly, Fig. 35(b) presents the control
scheme in αβ0 SRF. Also resonant controllers arise as the
most reported alternative to control the output voltage [24],
[72], [201], however, in this case the zero sequence is directly
controlled. As discussed in Section II-C, the same transfer
function is obtained for α and β coordinates, while a different
dynamic is found for the zero sequence, which allow to design
proper controllers for each variable.

Fig. 35(c) shows the control diagram for a four-leg con-
verter in dq0 RRF. In this case, it is mandatory to previously
separate positive and negative sequences of the measured
signals and also to separate the system in different frequen-
cies, leading to a set of several symmetric and balanced
three-phase systems which can be then transformed into a
dq0 reference frame [314]. The dq signals are controlled
by PI controllers, however, the zero-sequence can be either
directly controlled by a resonant controller or transformed
to an additional dq0 frame using a virtual quadrature sig-
nal, as presented in Fig. 24, and be controlled by PI con-
trollers [111]. Thereby, two sets of dq signals are controlled
for each frequency component. The output of the controllers
is then transformed to obtain the modulated signal as pre-
sented in Fig. 25.

Same control schemes as showed in Fig. 35(a)-(c) can
be implemented for current control of first-order L filter.
However, grid voltage are feed forwarded to mitigate the
current control of grid voltage disturbances (instead of active
damping block) and equations of table 3 are implemented as
control plant [235], [315].

In the case of non-linear loads, it is necessary to con-
trol the current harmonics to improve the THD, which is
accomplished using the controllers described for voltage
control, such as multi-resonant PR controller or repetitive
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FIGURE 35. Single loop voltage control of a four-leg converter with an LC filter for a frequency ωi with
implementation active damping and virtual impedance. The converter plants are shown as seen by the SISO
controllers. (a) In abc-frame, (b) SRF and (c) RRF for the positive sequence. The negative sequence is controlled in a
similar way. In RRF, the zero sequence is controlled by a PR or by a PI controller with a virtual vector in RRF.

control [316]. The use of RRF is possible but it needs n
controllers as shown in Fig. 29 per each frequency to be
controlled and sequence separation, which increases the com-
plexity of the overall control system. For this reason Fig. 35
is showed for frequency ωi

2) NESTED-LOOP CONTROL SCHEMES
This configuration is widely used by its robustness against
parameter mismatches and to obtain a better overall perfor-
mance [25], [293]. In Fig. 36, the cascaded loop scheme for
voltage control in abc, αβ0 and dq0 reference frames are
shown. It considers controllers that handles positive, negative

and zero sequences and compensation of ωi frequencies for
four-leg converter connected to an unbalance and non-linear
load [317] and [237], [318].

Similar structure as Fig. 36 can be used for LCL fil-
ters. A nested control loop is used, for the inner part of
the filter, the LC filter (as shown on Fig. 36), while an
additional outer loop controls the L2 output current. How-
ever, this structure has just been reported for three-wire con-
verters [197]. To simplify the control, usually the capac-
itor dynamic is neglected and the converter with a LCL
filter is controlled as a simple L filter, with a single loop
control [243], [279], [312], [319].
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FIGURE 36. Nested voltage and current loop controllers of a four leg converter with a LC filter for a frequency ωi with active damping and
virtual impedance. The converter plants are shown as seen by the SISO controllers. (a) In abc-frame (b) In SRF (c) In RRF for the positive
sequence.

The FS-MPC controller has been also used to control
voltage and current as with a cascaded scheme, but due to its
nature, it can not be considered as a cascaded control loop,
because all reference variables are evaluated at the same time
in the cost function [320]. Simplified, FS-MPC has been used
in cascaded control just to implement the inner current loop
(due to its fast dynamics), leaving the external controller as a
linear controller [302], [321].

V. FOUR-LEG CONVERTERS OPERATION MODES AND
APPLICATIONS
A. STAND-ALONE APPLICATIONS
Four-leg converters can be used for feeding stand-alone loads
in applications, such as: (i) Uninterruptible Power Sup-

ply (UPS), (ii) Stand-Alone Power Supply, and (iii) Ground
Power Unit (GPU). It must be noted that the UPS feeds loads
when the main power grid fails, while a stand-alone power
supply (also known as remote area power supply) provides
power supply to off-the-grid loads, i.e., to loads that are not
connected to the main power grid. Finally, a GPU unit is
in charge of supplying power to airplanes while they are
parked on the ground. The main reported works that belong
to these applications and are based on four-leg converters are
discussed in the following subsections.

1) UPS
Due to its ability to work with unbalanced voltages, four-
leg converters have been applied as Uninterruptible Power
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FIGURE 37. UPS system along with its typical control system—only the
control scheme associated with the four-leg converter is shown.

Supplies [63], [75], [76], [168], [322]. Fig. 37 illustrates a
typical UPS system. The system is composed of one (or
more) energy storage system (ESS), a DC/DC converter,
usually responsible for regulating the voltage at the dc-
link, and a four-leg converter with output LC filter. Note
that, four-wire transformerless UPS is a mature technology
with patents [322] and up to 600kVa commercial products
(ToshibaMitsubishi) for 3-phase 4-wire power systems [168].

Single-loop or nested loop controllers, including the active
damping loop to improve the stability (see Fig. 28) are typ-
ically implemented to regulate the output voltage. In [75],
[76], PR controllers in the abc reference frame have been
reported for this application, where parallel PR controllers
are implemented (see Fig. 30) to handle the fundamental
frequency and the main harmonics present in the system (3rt,
5th, etc.). Also, de RRF has been considered for control of the
system with PIs and state-space variables [323]. In addition,
in [63], an overview of different UPSs configurations for
three/four-wire applications is presented.

In a similar application, a battery energy storage system
(BESS), can be directly used to supply energy to isolated
loads using four-leg converters (the scheme is the same as the
one shown in Fig. 37 but neglecting the four-wire grid) [324].
For instance, in [34], a four-leg NPC is proposed to interface
a BESS to an unbalanced AC microgrid. In this reference,
PI controllers in the dq0 reference frame, similar to those
shown in Fig. 29, are implemented. The PWM scheme is
used as the modulation technique. The proposed control sys-
tem has been experimentally validated with excellent perfor-
mance.

2) STAND-ALONE POWER SUPPLY
This is one of the most reported applications of four-leg
converters, supplying energy to unbalanced and/or non-linear
loads [60], [61], [74], [85], [86], [88], [111], [113], [180],
[195], [262], [325]. Fig. 38 shows an example of a stand-
alone four-leg power supply with different energy sources.
Note that, in some cases, the neutral inductance (Ln in
Fig. 13) is not considered. However, this solution is not
recommended as the Ln increases the impedance seen by the
zero-sequence voltage components (see Table 3), present in
the voltage synthesized by the modulation algorithms utilized
for four-leg converters [195], [236]. This is important when

FIGURE 38. Stand-alone photovoltaic-wind energy-based hybrid power
supply.

several four-leg converters are interconnected to avoid large
peaks on the neutral currents [277].

A four-wire VSI based on a split capacitor configuration
(see Fig. 8) was proposed in [87] for stand-alone PV applica-
tions. This topology avoids an extra leg and generates reduced
EMI problems compared to its four-leg counterpart (due to
reduced magnitude of the modulated voltage level), however,
it has low voltage utilization and reduced power density
because bulkier dc-link capacitors are required to handle the
increased ripple [133].

The four-leg two-level converter (see Fig. 1) is the most
reported topology for stand-alone applications. In this topol-
ogy, a 4th leg is included, providing some advantages such
as better utilization of the dc-link and less ripple in the
capacitors. A 60kW two-level four-leg VSI topology has been
selected for the Consolidated Utility Base Electrical (CUBE)
system developed by NREL USA to replace the delta-star
transformer used in the previous version CUBE-V1 [326].
The four-leg three-level NPC converter [99] and four-leg
flying capacitor topology [35], have been also proposed as
stand-alone power supply to reduce the harmonic content of
the modulate voltage and reduce the switching frequency of
each proposed for harmonic cancellation and increase the
equivalent switching frequency of the modulated voltage,
which allows for smaller filters and lower losses.

The direct four-leg matrix converter (see in Fig. 5) has
been also proposed as stand-alone power supply [110], [111],
[113]. The main advantages of the matrix converter topolo-
gies are their higher power densities (both measured in
power/volume and power/weight) and reliability due to the
elimination of bulky dc-link capacitors. It is estimated that
the volume saved with matrix converters, when compared
to a similar back-to-back topology based on two-level VSC,
is increased by a factor of at least 3 [327]. Therefore, with
these converters, it is even possible to implement the con-
verter embedded in an electrical generator [328]. However,
the oscillations in the instantaneous power absorbed by the
load, which is typically a consequence of the imbalances and
non-linearities [120], yield distortions in the input currents,
being its major drawback. Fig. 39 shows the control systems
proposed for four-leg matrix converters feeding stand-alone
linear unbalanced loads. In this case, the control system is
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FIGURE 39. A direct matrix converter and associated control system [111].
In this case it is assumed that separate controllers are required for the
regulation of the positive, negative and zero sequence components in the
load voltages.

based on separating the positive, negative, and zero sequences
components of the load voltage. PI controllers (see section
IV-B-1) and one resonant-based control system (for the zero-
sequence voltage) can be used to regulate the load voltage if
sinusoidal but unbalanced voltages are considered. In [110],
[113], [201], implementation of three independent resonant
controllers (see section IV-B-2) regulates the voltages in the
case of unbalanced linear loads. In this implementation, Ln
has been neglected and the same transfer function for the
three sequences (i.e., positive, negative, and zero sequences)
has been used. Note that multi-resonant (see Fig. 30) and
repetitive controllers (see Fig. 31) are also good options for
matrix converters feeding unbalanced non-linear loads [37],
[61], [290], [292].

Indirect matrix converters (see in Fig. 6) share same advan-
tages of matrix converters in terms of power density and
reliability [109], [329] (see Fig. 6). According to [122], one
of the advantages of the indirect matrix converter is that
several inverting stages can be connected to a single pul-
sating rectifying stage. Regarding the control system of this
topology, in [128], an FS-MPC strategy (see section IV-B-4)
is proposed for controlling a four-leg indirect matrix con-

FIGURE 40. A 7-leg back-to-back converter proposed for variable speed
generation in [60].

verter. The proposal was validated through simulations and
experimental assessment, showing a good performance [330].
Alternatively, the load side converter could be replaced by a
multilevel convertertopology, for instance, using a four-leg
three-level NPC VSC [121].

Additional topologies for power conversion from a 3-phase
power supply to a four-leg system are based on back-to-
back systems, as shown in Fig. 40. The grid or generator
side is connected to an electrical generator that could be
operating under a maximum power point tracking algorithm
(MPPT) (e.g., in the case of wind turbines) or a maximum
efficiency point tracking algorithm as, for instance, in the
case of a variable speed diesel generator. Because of the boost
capability of the topology shown in Fig. 40, it is possible to
operate the generator at a relatively low speed achieving a
better speed operating range than that achieved with matrix
converters.

Control systems for the topology shown in Fig. 40 are
presented and extensively discussed in [60]. The control
methodology proposed in [60] is based on resonant con-
trollers and a feed-forward compensation term relating the
power-current at the load side to the torque-current compo-
nent at the generator side. In this case, the control system
on the generator side is similar to that shown in Fig. 35 for
voltage (single-loop current control scheme), but without the
active damping and virtual impedance; whereas the control
scheme on the load side converter is the one shown in Fig. 35
(single-loop voltage control scheme). Another application
of back-to-back topology is reported in [85]. In this case,
the back-to-back converter is used to interface a doubly fed
induction generator (DFIG) to a stand-alone unbalanced load
(see Fig. 41). The three-leg VSI is connected to the rotor of
the DFIG, and the four-leg VSI is connected to the stator.
The control system is designed to regulate the magnetizing
and power components of the rotor currents using the three-
leg rotor-side converter. The four-leg stator-side converter is
controlled to achieve two control targets. To maintain the
dc-link voltage constant as well as to compensate the zero and
negative sequence currents of the load, maintaining the DFIG
stator current balanced. In [85], a combination of resonant
and PI controllers is used to achieve these two control goals.

In [88], a deadbeat controller (see section IV-B-6) is pro-
posed to regulate the output voltages in the four-leg power
supply. Additionally, in this work, an algorithm to eliminate
the coupling effects among different phases produced by the
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FIGURE 41. A topology proposed in [85] for the control of a doubly-fed
induction generator (DFIG) feeding four-wire loads.

neutral inductor is considered. In [74], a repetitive control
system (see section IV-B-3) is proposed and experimentally
validated. A zero phase-shift algorithm is presented in this
paper to compensate the phase delays typically introduced by
the discretization algorithm and measurements in the feed-
back signal. As mentioned before, repetitive control systems
have a relatively low dynamic response (see [86], [112]).
Therefore, in [86], a combination of deadbeat for a fast
dynamic response, with repetitive control, is proposed. It is
claimed that this control methodology reduces the total volt-
age harmonic distortion to less than 0.5% when highly unbal-
anced non-linear loads are fed by the four-leg VSI. A control
system in the RRF has been also been proposed [331] using
PIs. Also, in [309], an LQR controller (see section IV-B-7) is
proposed and validated with fast recovering times and small
voltage drops in [332].

The model predictive control (see section IV-B-4 and
section IV-B-5), has also been proposed for four-leg con-
verters in stand-alone applications [299], [308], [333]–[335].
In [333], [334], a simple model current predictive con-
trol strategy is proposed for controlling a four-leg converter
(similar to that shown in Fig. 1) feeding an unbalanced and
distorted load. The proposal was validated through simulation
and experimentally, showing a good performance. A similar
approach is proposed in [335], but for controlling a three-level
four-leg NPC converter.

Recently, in [336], a new control system based on the dif-
ferential flatness theory [337] and the GreyWolf optimization
method [338] has been proposed. A two-level four-leg VSI is
used to control balanced output voltages under unbalanced
loads. The proposal is experimentally validated, showing a
good performance. However, only unbalanced resistive loads
have been used and no harmonics have been compensated.
In [24], an extensive review of control schemes of four-leg
converters used in stand-alone applications is presented.

Additional applications of four-leg converters acting as
stand-alone power supply have been also reported. For

FIGURE 42. Example of an aircraft group power unit.

instance, to eliminate the common-mode voltage in an induc-
tion machine motor drive. As it is well-known, common-
mode currents have the potential to produce damage to the
machine or undesired tripping of the protections [339]. There-
fore, in [69], it is proposed the use of a five-wire four-leg two-
level VSI for the elimination of the common-mode voltage by
modifying the modulation strategy of the four-leg converter.
The design of the control systems and experimental results
to validate the proposed methodology are discussed in the
paper. Authors in [92] propose a methodology to drive two ac
motors independently with only one four-leg inverter (Multi-
machine drives). The proposed methodology considers the
use of two legs of the inverter to drive each machine (u-v
and u’-v’), while the remaining phase of both motors (w and
w’) is connected to the neutral point of a capacitor bridge.
A theoretical analysis of the harmonics in the output voltage
using an expanded two-arm modulation scheme is also per-
formed in [92]. Simulation tests show the effectiveness of the
proposed strategy.

3) GROUND POWER UNIT
Fig. 42 shows the diagram for a Ground Power Unit (GPU).
A GPU can be considered a particular case of a stand-alone
power supply for aerospace applications, which typically
use 400Hz and must accomplish stringent safety and power
quality regulations [62], [340]. The GPU is connected to
the aircraft after landing to provide electrical energy to the
electronic equipment available on the plane. In the past,
energy was provided by motor-generation systems. However,
nowadays, this configuration has been replaced by static
converters because of the advantages associated with this
technology [114], [341], [342].

An aircraft can be considered as an isolated three-phase
four-wire unbalanced electrical system, with single-phase
linear/non-linear loads being fed by the static converter. The
standard solution for a power electronic-based GPU is typ-
ically implemented using three H-bridge converters [186],
like that shown in Fig. 12(d), with power operation ranges
between 32-200kVA, being 90kVA the most typical power
rate. In this case, three H-bridges sharing the same dc-link
are used to control each of the output phase-to-neutral volt-
ages independently. Also, topologies based on four-legmatrix
converters have been proposed in the literature [113], [343].
The higher reliability of this converter is a great advantage
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on these applications, however, under highly distorted loads
the converter suffers from low power quality and power
oscillation. Recently three-level four-leg NPCmultilevel con-
verters have been proposed for GPU applications [44], [61].
As reported in these publications, the NPC has several advan-
tages for this sort of application, considering the higher
effective switching achievable with a three-level converter,
which makes it possible to utilize smaller filters at the load-
side (see [61]), reducing the reactive power consumption.
This is of particular importance in this application as the
fundamental frequency is 400HZ, and high-order (e.g. up to
13th) harmonic components are being compensated.

It should be highlighted that, the control scheme for GPU
applications are equivalent to those discussed for UPS appli-
cations (e.g., resonant controllers, repetitive controllers and
PI in SRF [75], [76]), but considering that the fundamental
frequency at the output voltage is usually 400Hz, instead
of 50/60Hz, difficulting to ensure stability of the controllers
when high-order harmonics are being compensated (high-
order harmonics frequency become close to the Nyquist fre-
quency) [61], [313]. To solve this issue higher order dis-
cretization methods, such as Tustin pre-warping, and fre-
quency response methods are used to design the controllers,
i.e., Bode plots [186], Nyquist diagrams [61], [292]. Nyquist
stability analysis is required when multi-resonant controllers
(see Fig. 30) [61], [290], [292], and also repetitive controllers
(see Fig. 31) [37], [45].

B. MICROGRID APPLICATIONS
In this section, four-leg converters working in MGs are dis-
cussed. For the sake of clarity, the following classification
was established: (i) independently controlled converters, (ii)
cooperatively controlled converters for imbalance sharing,
(iii) cooperatively controlled converters for power quality
enhancement, and (iv) converters for power managing in
single/three-phase systems. Note that, power converters that
belong to the group (i) are characterized by being controlled
using a decentralized approach [16], [344], i.e., their control
scheme is based on local measures and does not exist any
coordination (and communication) with other converters that
could be present in the system. In contrast, converters within
the group (ii), are controlled coordinately to regulate one or
more variables of the system. This is usually performed by
a secondary and/or tertiary control level [16], [345]. This
approach has been widely used for MG applications, aiming
that both active and reactive powers and imbalances and
harmonics are cooperatively shared by the four-leg converters
that form part of the MG. Regarding converters belonging
to the group (iii), they have a similar objective that those
in the previous group, but the goal is to compensate (not
share) cooperatively voltages and/or currents at some point
of the MG. Finally, converters within the group (iv) aim
for improving the sharing of single-phase powers in MGs
where there are both single-phase and three-phase power
generation. It should be noted that almost all the reported
works proposing control systems for 4-leg converters for cat-

egories (ii)-(iv) are for microgrids applications. In contrast,
those proposed for category (i) correspond mainly to 4-leg
converters connected to the grid. The main works for each
category are discussed in the coming subsections.

1) INDEPENDENTLY CONTROLLED FOUR-LEG CONVERTERS
Four-wire converters have also been applied to eliminate
issues such as doubly frequency power oscillations in distri-
bution systems. As discussed in previous publications [40],
[242], active power oscillations have negative effects on the
lifetime of the dc-link capacitors of converters. Moreover,
reactive power oscillations may introduce voltage fluctua-
tions in some points of a microgrid or distribution network.
However, when 3-wire voltage source converters are utilized,
it is not possible to eliminate the double frequency oscilla-
tions in the active and reactive powers simultaneously with-
out introducing harmonic distortion in the converter output
currents, which is certainly undesirable (see [346]).

Nevertheless, as discussed in [40], [242], the zero-sequence
components provide an additional degree of freedom, which
can be used to simultaneously eliminate the power oscil-
lations in the active and reactive powers. For instance, the
control scheme presented in [40] eliminates the active power
oscillations at the converter output using the zero sequence
components of voltage and currents; meanwhile, the reac-
tive power oscillations are eliminated using the positive
and negative sequence components. Note that the proposal
reported in [40] is based on the single-loop current control
scheme shown in Fig. 35 and it is implemented in the RRF,
as shown in Fig. 29. On the other hand, the control system pre-
sented in [242] eliminates the active power oscillation from
the dc-link capacitors using a vector-controlled approach.
The proposed control system is based on a single-loop
current control scheme (see Fig. 35) implemented in the
SRF, as shown in Fig. 30. Experimental results are pre-
sented in both works ( [40], [242]) validating the proposed
methodologies.

Finally, in [347], a low-voltage ride-through (LVRT)
scheme for a three-phase four-wire grid-connected converter
is proposed. The converter interfaces a distributed generation
unit with the main grid. The proposal is composed of primary
and secondary control levels [348]. The former includes the
cascaded voltage and current control loops (see Fig. 36),
whereas the latter controls the reactive power injection during
the balanced/unbalanced voltage sags/swells. One advantage
of this proposal is the fact that it is developed based on the
independent control of each phase and does not require the
calculation of symmetrical components. Therefore, the use
of a sequence extraction algorithm is not required. This is
particularly important since most of the sequence separation
algorithms are strongly affected by noise, harmonic distor-
tion, and small variations in the sampling time [239], [240].
The proposal reported in [347] was validated through simu-
lations, showing a good performance. However, experimental
validation was not provided.
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2) COOPERATIVELY CONTROLLED FOUR-LEG CONVERTERS
FOR IMBALANCE SHARING
As reported in several publications [66], [199], [345], [349]–
[353], in a typical isolated AC microgrid [354], the Dis-
tributed Generators (DGs) (see Fig. 43) have to coopera-
tively supply the active and reactive powers required by the
system [66], [349]. This task is typically achieved using
droop control [345], [353], implemented in the control system
displayed in Fig. 36. In this case, secondary control sys-
tems [345], [351] are used to restore the frequency and/or the
voltage at the PCC (or other points) to the nominal values.
A full discussion of the control methods utilized inmicrogrids
is considered outside the scope of this paper and the interested
reader is referred elsewhere [199], [352].

In a low voltage four-leg microgrid, the converters are
connected, as shown in Fig. 43, to feed unbalanced, lin-
ear, and non-linear loads, located at the PCC or at other
points in the system [65]. At the dc-link side of the four-
leg DGs, renewable or conventional energy sources such
as photovoltaic panels, wind energy conversion systems
(WECs), Battery Energy Storage Systems (BESSs), variable-
speed generators, etc., are connected using an additional
converter topology when required [60], [108]. Alternatively,
conventional diesel generators, gas turbines, etc., can also
be directly connected to the PCC, increasing the inertia of
the system.

Few papers discuss collaborative control of four-leg micro-
grids, where the imbalances are produced not only by the
presence of negative sequence components but also by the
zero sequence [31], [65], [90], [355]. One of the main prob-
lems produced by the propagation of the imbalances is the
fact that these components are shared unequally between the
DGs [65]. Therefore, one or several four-leg converters could
have a high current overload in one of the output phases,
and this can affect the stability of the whole system if the
tripping and disconnection of these units are produced (a sim-
ilar situation can occur for harmonic distortion) [356], [357].
To avoid this situation, control schemes to achieve the sharing
of imbalances and/or harmonics among the converters present
in theMG have been proposed in the literature. These sharing
control algorithms use the residual current capacity available
in the four-leg/four-wire converters [31], [65], [90], [178],
[351]. Most of the control systems reported in the literature,
for imbalance sharing applications, are based on the utiliza-
tion of virtual impedances, which was previously described
in section IV-A3.

The selection of virtual impedances is not easy to achieve.
In most papers, only the resistive components (i.e. R− and
R0 in Fig. 28) are considered, neglecting the inductances in
G−(s) andG0(s). If low values of virtual impedances are con-
sidered, then the sharing of the imbalances is rather poor [90].
If the values of the virtual impedances are too high, then the
imbalances in the voltages could be too large at the PCC or
other points in the microgrid [65], [358]. Unfortunately, the
sharing of the imbalances is affected by the size of the line
impedances connecting the DGs to the PCC, and it is also

dependent on the operating point of the microgrid. Therefore,
the tuning of the virtual impedances is not a simple task.

To overcome these drawbacks, adaptive systems have been
proposed in [90], and tertiary control systems have been
proposed in [65]. In [359], it is proposed to divide the micro-
grid into several buses or areas where the power quality
required by the loads is different. A tertiary control system is
then implemented, adjusting the compensating efforts in each
converter to fulfill the maximum voltage imbalance required
in each area. Simulation results are provided, which demon-
strate the good performance achieved with this methodology.

A completely new approach for collaborative control of
four-leg converters is proposed in [30], [31]. It is based on
controlling each phase of the four-leg converters as an inde-
pendent single-phase voltage source. Therefore, separate and
decoupled droop control algorithms can be implemented in
each phase. Using three secondary control systems, the load
connected at the PCC is well regulated and operating at the
nominal frequency during steady-state conditions. The main
advantage of this method is that the sharing of the power
and unbalanced components is virtually perfect. However,
during the transient, each of the phases is operating with a
slightly different frequency. Therefore, this control system is
suitable for loads that can withstand this condition (heating
and lighting of small isolated villages).

All the proposals discussed until now are based on a cen-
tralized approach, meaning that a central controller able to
communicate with all the four-leg converters is required to
perform the secondary control level. This central controller
must process all the information of the system and, based on
it, implements the secondary control actions. For instance,
in [65], a centralized secondary controller is proposed to
adaptively regulate the value of the virtual impedances of
the converters to regulate the maximum voltage imbal-
ance/distortion at the point of common coupling. Similarly,
in [30], [31], a centralized controller is proposed to regulate
frequency, voltage and phase at the PCC. The centralized
approach has been widely used in the literature; however,
the distributed approach to implementing secondary control
systems has got attention from researchers in recent years.
In thismethod, a centralized controller is not required because
the units work autonomously in a cooperative fashion to reach
global objectives [360]. Thus, the control effort is distributed
among the converters. Some advantages of the distributed
approach over the centralized one are better reliability, flex-
ibility, scalability, plug-and-play operation, and tolerance to
failures in communication links [16], [361]–[364].

Distributed control approach applied to four-leg convert-
ers has been just recently addressed [277]. In this work,
a distributed control scheme is proposed for improving the
sharing of imbalances and harmonics in four-wire MGs and,
at the same time, regulate the imbalance and distortion in the
voltage at the output of the converters, to meet the appropriate
power quality standards [365], [366]. This method is based on
the concept of a virtual impedance loop (see section IV-A3)
and uses the conservative power theory (CPT) [258], [268]
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FIGURE 43. A microgrid based on four-leg VSC. Each DC-link could be
connected to a renewable or conventional energy source, BESS, variable
speed generators, etc.

to identify positive, negative and zero sequence current com-
ponents in the system. The latter is an advantage since it
does not require the use of sequence separation algorithms,
which are strongly affected by noise, harmonic distortion,
variations in the sampling time magnitude, etc. [239], [240].
One disadvantage of the proposal lies in the complexity of the
CPT; thus, its implementation in low-cost control platforms
could be difficult to achieve [268].

3) COOPERATIVELY CONTROLLED FOUR-LEG CONVERTERS
FOR POWER QUALITY ENHANCEMENT
The imbalance sharing methods discussed in the previous
section aims to improve the sharing of unbalanced and/or
distorted currents among the converters of the MG to avoid
high line currents in some converters, which could lead to a
disconnection of some of them due to the activation of their
over-current protection systems. In addition, cooperation can
be done to compensate voltages and/or current at some PCC
of theMG. This approach is similar to the use of APFs but is a
more cost-effective solution. Indeed, it is based on embedding
imbalance and harmonic compensation capabilities into the
control algorithms of the converters that are already available
in the MG, thus maximizing the utilization of the hardware.

In this context, reference [?] proposes a cooperative control
strategy to improve the power quality in four-wire islanded
microgrids. In this proposal, a master/slave-based cooper-
ative operation of the converters in the MG is presented.
By using the CPT, unwanted currents of the system are cal-
culated, and they are compensated by the slave converters
(according to their available power), improving the power
quality. A supervisory controller is used to calculate the com-
pensation effort for each slave converter. It should be noted
that this proposal was only validated through simulations.

Thus, its application in an actual system is not clear as the
implementation of algorithms based on the CPT represents
a relatively high computational burden for the control plat-
form [268].

As has been stated in this paper, neutral currents are an
important concern in four-wire systems. High neutral cur-
rents can overload the neutral conductor, producing fire in
the most critical situations. For this reason, in [367], [368],
a control method to compensate neutral currents by using
four-leg converters is proposed. The aim of this proposal
is to use the remaining power capacity, which is available
after the active and reactive power injection, to compensate
neutral currents. The proposal was validated through simu-
lations and experimental tests, showing a good performance
in terms of neutral current compensation. It should be noted
that the proposal was validated by considering that neutral
currents are generated just at the fundamental frequency.
Later on, the proposals reported in [367] and [368] were
extended in [369], [370] to be applied in four-wire multi-
microgrids. In these references, the Internet of Things (IoT)
Platform is proposed as a communication network among
the microgrids to exchange information and calculate their
respective compensation efforts. Simulation results showed
a good performance of the proposals in terms of neutral
current compensation among the microgrids, even in the case
of partial failure in the communication system. However, the
effects of latency or data losses in the communications system
were not addressed.

4) CONVERTERS FOR POWER MANAGING IN
SINGLE/THREE-PHASE MICROGRIDS
Four-leg converters have also been used for power manag-
ing in single-/three-phase microgrids, as shown in Fig. 44.
In this case, and contrary to the MG illustrated in Fig. 43,
the power generation is performed not only for three-phase
distributed generation units (DGs) but also for single-phase
power generation units. This S/T-MG is inherently an unbal-
anced system with unequal single-phase distribution among
its phases. In this scenario, overloading in some of the DG
phases may occur, producing malfunctions in the DG and
load shedding, which could affect the overall MG operation
security and reliability.

In [371], a decentralized control scheme based on a modi-
fied droop scheme is proposed for controlling the power flow
among the different phases of the four-leg converters that
composes an S/T-MG. In that reference, the studied S/T-MG
consists of PV units, battery units and hybrid PV/battery
units. The proposal was experimentally validated [371],
showing a good performance. However, as it is based on a
decentralized approach, there is not any coordination between
the four-leg converters, and also the computation of their
single-phase powers is not discussed in detail. On the other
hand, in [372], a hierarchical distributed control approach
is proposed for managing the power flow among the phases
of a hybrid AC/DC MG, maximizing its loadability. The pro-
posal was validated through simulation work, showing a good
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performance in terms of improving the power balancing of the
single/three-phase AC MG and voltage quality enhancement
at both the PCC and the output of the four-leg converters. In a
later work, this approach even considers single-phase loads
and sources [373]. However, experimental verification of the
proposal is not provided, and also, the coordination among
the four-leg converters and single-phase converters was not
considered (see Fig. 44).

In [374], a control system to regulate the power flow among
the different phases of a three-phase four-wire distribution
power system by means of single-phase converters connected
among the phases is proposed. The idea behind this proposal
is to improve the voltage quality at the PCC of the MG by
controlling the single-phase converters of the system as slave
units injecting unbalanced powers to compensate the voltage
at the PCC. The unbalanced power that each single-phase
converter must supply to the system is calculated by a central-
ized master controller based on the CPT [258], [268]. Simu-
lation results are provided to validate the proposal. However,
experimental validation is not performed. Also, in [374], the
coordination between the single-phase and three-phase four-
wire DG units is not investigated. Finally, the CPT algorithm
could represent a relatively high computational burden for the
control platform [29].

Contrary to [374] which aims the voltage compensation
at the PCC, in [375], a control system for achieving the
compensation of negative and zero sequences of the current
in a four-wire distribution system by using single-phase dis-
tributed generation units is proposed. The power reference
for each single-phase DG unit is calculated based on an opti-
mization problem, where the voltage regulation of the three
phases of the system along with the available power rating of
DGs are considered as constraints- the optimization problem
is solved by using the Karush–Kuhn–Tucker (KKT) method.
Simulation results validate the proposal. However, experi-
mental validation is not considered. Moreover, the coordina-
tion between the single-phase and three-phase converters that
form the system was not addressed.

C. ACTIVE-FILTERING AND REACTIVE POWER
COMPENSATION APPLICATIONS
These converters can be classified as: (i) Shunt connected
compensators, (ii) Series connected compensators, and (iii)
Series-parallel compensators. The main contributions of
four-leg converters proposed for these applications are pre-
sented and discussed below.

1) SHUNT CONNECTED COMPENSATOR
The diagram of Fig. 45a shows the implementation of a
typical four-leg shunt active filter. Usually four-leg two-
level topology is used [41], [52], [77], [89], [145], [146],
[163], [164], [178], [268], [376], but also four-leg three-level
NPC [41], [61], [145], [163] (see Fig. 2) or Y-connected
independent converters can be used instead [41], [164]
(see Fig. 12) when improved harmonics spectrum, reduced
switching frequency or simpler modulation wants to be

FIGURE 44. Example of a single/three-phase microgrid.

achieved. The converter can be connected to the Point of
Common Coupling (PCC) using a first-order L filter or
a higher-order filtering topology (see section II-C), com-
monly third-order LCL proposed in [145], which has a bet-
ter power to volume ratio and improved rejection of the
unwanted signals [145]. The utilization of a four-leg con-
verter as a single-phase APF was reported in [377], where
the authors developed two universal APFs configurations for
single-phase systems (see also [378]).

A four-wire APF operates by supplying compensating
unbalanced and distorted currents to the PCC (see Fig. 45).
Several methodologies have been reported to calculate the
compensating currents for three and four-wire applica-
tions [65], [71], [379]–[383]. For instance, frequency-based
methods (see [145], [163], [379]) are usually based on the
application of the Fast Fourier Transform, Kalman filters
and Wavelet transforms to identify the current components
to be compensated. As pointed out in [380], the main prob-
lem of the frequency-based methods is the time delay intro-
duced to estimate the compensating current in the presence
of fast variations in the load. Other approaches such as the
Fryze-Buchholz-Depenbrock (FBD) theory [384]; Lagrange
multiplier-based decomposition [385]; the estimation based
on neural networks [386], [387] and the use of synchronous
frames [388], [389] have been proposed for APF applications.
However, it must be noted that the most used methods to
determine the compensating currents for the APF are [390]:
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FIGURE 45. Shunt active power filter (a) Connected to a grid. (b) Control
system with CPT and PR [268].

the p-q theory [153], [391], [392], the FBD theory [384], and
the CPT [268], [278]. In [390], a comparison among these
three theories is performed, concluding that their results are
very similar under ideal conditions (strong grids). If these
power theories are applied to distorted and/or unbalanced
grids, it is possible that ‘‘hidden currents’’ could be gener-
ated [39], [120], meaning that currents that are not present
originally in the load are artificially generated by these
theories.

After the compensating current reference is calculated
(including its zero sequence component), it has to be regu-
lated using current control loops. There are available several
alternatives for the implementation of the digital control sys-
tem. It is claimed that the simplest alternative is to utilize hys-
teresis control techniques, which can be used to regulate all
the harmonic components in the compensating currents [145],
[163], being the first attempts to control four-leg APF [131],
[393], [394]. In order to avoid excitation of resonant modes
on output filters, caused by the variable switching frequency
of hysteresis band current regulators, authors in [77], [395]
proposed an optimized design methodology to size passive
elements of APF, defining a frequency range for stable oper-
ation. The methodology was experimentally validated. Alter-
natively, the use of three-dimensional vector control was pro-
posed in [79] and a user-defined constant switching frequency
control strategy was proposed in [230]. The method still uses
hysteresis-band current controllers but uses zero-sequences
states to regulate and equalize the switching frequencies
of all legs of the converter. However, these approaches are
complex and unpractical. Other alternatives are to implement
fixed frequency predictive control [33], [58], [396], a control
technique that typically requires a high computer burden (see

Section IV-B4); control in d-q-0 coordinates (see IV-B1),
which may require multiple d-q axis rotating at different
sequences and frequencies, and an additional control system
to regulate the zero sequence component.

The most established and simplest alternative for com-
pensating distorted current, which includes zero-sequence
signals, is to use multi-resonant controllers followed by a
modulation stage (see Section IV-B2 and [60], [61]). The
performance of this approach is excellent and robust, however
only a finite number of harmonics at specific frequencies
are compensated. Fig. 45b shows the control diagram for
this approach [61], [110], [268]. Some applications require
variable electrical frequency, such as microgrids or modern
aircraft grids, and the utilization of self-tuning resonant con-
trollers becomesrequired to maintain a good tracking per-
formance in the current control loops. This can be achieved
utilizing the dashed line labeled θ in Fig. 45b. A simpler alter-
native to resonant compensators is obtained using repetitive
control or iterative learning control [112]. This approach does
not need the design of several single controllers, however,
repetitive controllers have poor dynamic response compared
to resonant control systems [112].

In addition, in [32], an analysis of the main topologies of
four-leg APF is performed in terms of dc-link rating volt-
age, quality of the output waveforms, and efficiency. This
reference names the topologies based on their number of
converter legs (l) and filter inductors (L). According to [32],
the four-leg APF topologies most studied and reported in
the literature are (i) the three-leg split capacitor converter
(3l-3L), (ii) the 3l-4L topology, similar to the 3L-3l but with
an additional inductor in the fourth wire (midpoint of dc-
link), (iii) the 4l-3L topology, where the neutral connection is
provided for a four-leg converter, the 4l-4L converter which
has an additional inductor at the output of the fourth leg con-
verter, and (v) the 6l topology, composed by three isolation
transformers, and one six-leg converter (12 switches). This
work concluded that topologies 3l-4L and 4l-4L have better
performance in terms of THD than topologies 3l-3L and 4l-3L
respectively. However, the former was less efficient in cases
with high levels of zero-sequence current components or high
imbalance. Finally, it is claimed that topology 6l is the most
efficient, mainly due to the lowest level of dc-link voltage.
However, this topology requires a higher number of switches
and also isolation transformers, meaning the most costly
solution. Additional topologies, such as two interconnected
four-leg converters to compensate voltages and currents when
interfacing an MG have been proposed in [376].

2) SERIES CONNECTED COMPENSATOR
Fig. 46 shows the electrical scheme of the dynamic volt-
age restorer (DVR). As observed, it corresponds to a
series-connected four-leg converter whose function is to
protect a sensitive industrial load from voltage perturba-
tions. In [83], [84], a control system for a four-leg DVR
is proposed and experimentally validated. It is based on
the single-loop voltage control scheme shown in Fig. 35(c),
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FIGURE 46. Scheme of a four-leg dynamic voltage restorer.

which is implemented in the RRF. The sequence compo-
nents theory is used to generate references to the DVR.
The performance of the DVR was validated against different
types of faults, showing a good performance. Later on, the
same authors of [83], [84] proposed a PWM scheme for
the four-leg based DVR in [397]–[399]. In those references,
it is claimed the proposed PWM method is useful for the
generation of unbalanced, 3-phase voltages, including a zero
sequence component.

3) SERIES AND PARALLEL COMPENSATOR
Fig. 47 shows a four-leg series-parallel active filter. As seen,
it is composed of two converters: one in shunt config-
uration, and the other in series connection. The shunt
four-leg converter compensates the undesired unbalanced
and harmonic currents (both negative and zero sequence
current components) at the PCC. On the other hand, the
series-connected converter aims to compensate both negative
and zero sequence voltages to improve the power quality at
the PCC. Also, it allows limiting the flow of large currents
during voltage sags at the PCC.

It must be highlighted that the series-parallel active filter
is less common than the parallel-connected. This is because
the series connection of a compensator requires necessarily
to intervene the electrical system where the compensator will
be placed, which is difficult to achieve for some applica-
tions. However, this approach has been proposed for some
applications. For instance, in [376], a three-phase four-leg
compensator for microgrids applications is proposed: it is
composed of two four-leg converters (one series-connected
and the other parallel-connected). In [376], both the negative
and the zero sequence components of currents and voltages
are identified to generate the references for both the series and
the parallel four-leg converter. The proposal was verified in
simulations and experimentally using a laboratory prototype,
showing a good performance. However, its extension for
harmonics issues is not discussed.

An extension of [376] for distorted loads is proposed
in [81]. According to the authors, the proposed series-parallel

FIGURE 47. Series-parallel active filter.

compensator allows the harmonic current suppression, reac-
tive power compensation and imbalance compensation. Also,
it is claimed that the proposal can be used for single-phase
loads. The proposal was validated through simulations, show-
ing good results. However, an experimental validation was
not provided.

In [80], a series-parallel active filter is proposed for three-
phase four-wire distribution systems. It is composed of a
three-phase three-leg series-connected converter along with
a three-phase four-leg shunt-connected converter, the per-
formance of the compensator is validated through simula-
tions assuming both unbalanced and distorted loads, showing
good behavior. However, an experimental verification was
not provided and a three-phase load was implemented. The
performance of the proposal in front of single-phase distorted
loads was not evaluated.

Finally, in [82], a three-phase four-leg series-parallel active
power filter is proposed for compensating both periodic and
non-periodic disturbances. This is achieved by controlling the
power filter using a control strategy based on the generalized
non-active power theory (GNAP) [400]. The performance of
the proposal was validated through simulations and experi-
mental results, showing a good performance. The converter
can effectively compensate non-sinusoidal and non-periodic
currents and voltages. One concern about this proposal is the
fact that the implementation of the GPNAP theory produces a
relatively high computational burden for the control platform,
increasing the cost of this solution.

VI. FUTURE WORK
Four-level converters are appropriate for low voltage micro-
grid systems where several control issues are still being inves-
tigated. In microgrids, it is expected that every distributed
generator, interfaced to the grid using power converters, could
provide ancillary services, e.g. to share active and reactive and
provide frequency and voltage support to the microgrid [16].
Recently, control strategies based on droop control [30],
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consensus-based control [16], [29], and model predictive
distributed control [401] have been proposed for three and
four wire power converters. However, most of the control
systems proposed in the literature have been designed and
implemented for 3-leg power converters. Therefore, in the
authors’ opinion, considering that low voltage microgrids are
usually 4-wire systems, more research is required to study
the control systems required for 4-leg converters to provide
ancillary services and cooperative regulation in 4-wire low-
voltage microgrids.

There are other issues which can be solved using more
advanced control techniques. In systems where loads are
unbalanced and highly non-linear, several resonant-based
controllers are typically used to regulate harmonics and reg-
ulate the positive, negative and zero sequence components of
the voltage and/or currents (see Section IV-B2 and Fig. 30).
In this case, when several components of the currents are
regulated using independent controllers, is challenging to
optimally limit the current in each phase to avoid overloading
(see the discussion in [402]). Recently the application of
Continuous Control Set MPC (or CCS-MPC) with external
modulators have been proposed in the literature to achieve
optimal limitation of currents and voltages [402] in systems
where several components of voltages and currents are inde-
pendently regulated. The application of these control tech-
niques to 4-wire microgrids has not been investigated yet.

Besides of CCS-MPC [402], there are other model pre-
dictive control techniques which can deliver fixed switch-
ing frequency, for instance, Modulated Model Predictive
Control [303] or M2PC and Optimal-Switching-Sequence
Model Predictive Control (OSS-MPC) [403]. These control
techniques are known for their high dynamic performance
and have been barely investigated for 4-leg power converter
applications.

Finally, in the opinion of the authors of this research
effort, four-leg converter of higher power could be important
topologies for the implementation of solid-state transformers.
Therefore more research is required in four-leg multilevel
converters and their control, improving the power density and
control performance of solid-state transformers implemented
in microgrids and distribution systems.

VII. CONCLUSION
This review summarized the most important contributions
in topologies, modulation, control and applications of four-
leg converters, given a comprehensive discussion of the state
of the art on this technology and providing perspective and
unsolved challenges for future works. Compared with pre-
vious overview papers, this work discussed virtually all the
4-leg topologies proposed in the literature, including modu-
lation techniques and the control systems required in some
relevant fields as for instance microgrids.

Several topologies have been proposed as four-leg con-
verters, being the two-level converter the most simple and
utilized topology. However, when high performance, i.e. high
effective output switching frequency; relatively low switch-

ing frequency in each device and a smaller output power
filter is required, multilevel converters such as three-level
NPC, T-type NPC, and flying capacitor converters are better
alternatives even when these topologies usually require a
more complex modulation strategy. If high power density
is needed, e.g. for aerospace applications, then direct and
indirect 4-leg matrix converters are the best alternatives. Nev-
ertheless, as discussed in this paper, matrix converters are
not suitable topologies for feeding highly unbalanced loads
because power pulsations at the converter’s output produce
highly distorted currents at the converter’s input.

This paper also discusses 4-leg topologies obtained from
the interconnection of several converters (see Section II.B.4).
With this converter topology, higher power outputs can be
achieved, which could be necessary in future applications as
distributed generation is expected to grow.

Modulation methods for 4-leg power converters has also
been extensively discussed in this paper. The simplest imple-
mentation of modulation methods is the use of hysteresis
based PWM current control. However,this method generates
a neutral current with a ripple up to three times higher than
the line currents and generates variable switching frequency.
There are some methodologies to solve the variable switch-
ing frequency problem, but increasing complexity and pro-
ducing a lower dynamic response. Another simple modu-
lation method is the carrier-based PWM augumented with
a min-max methodology to increase the maximum modula-
tion index. However, it is more complicated to implement
some functions with carrier-basedmethods, such as balancing
the capacitors of a 3-level NPC converter. A more flexible
alternative is implementing space vector modulation methods
using abc or αβ0 coordinate frames.

Output filtering of four-leg converters has also been
reviewed in this work. It has been shown that for L or LCL
filters, the line inductances are reflected in the zero-sequence
plant, therefore connecting a neutral inductor is not entirely
mandatory, However, neutral inductors significantly reduce
the neutral current ripple if included.When an LC power filter
is placed at the converter’s output, connecting the neutral of
the star connected capacitances to the 4-leg (neutral) wire is
recommended to reduce the high dv/dt on the zero-sequence
(or common-mode) voltage.

To regulate the output voltage, resonant controllers arise
as the most implemented and effective method to regu-
late four-leg converter’s outputs. Resonant controllers can
be implemented in abc or αβ0 coordinate frame. However,
there are some advantages in implementing a control sys-
tem in the αβ0 frame, because it allows direct control of
the zero-sequence component and a decoupled plant trans-
fer function is usually simpler to obtain. Additional control
strategies have been implemented for four-leg converters,
such as: repetitive controller, dead-beat, LQR, finite-set pre-
dictive control (FS-MPC) and modulated predictive control.
Most of these strategies can achieve higher dynamic and are
simpler to implement in systems with large distortion com-
pared to linear controllers, however some of them provide
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non-fixed switching frequency and could demand a high com-
puter burden. As aforementioned more research is required in
this area.

Several applications of 4-leg power converter have been
reviewed in this work. One of the most novel and recent
applications are in the field of 4-leg microgrid, with a
few works reporting applications such as active filtering,
droop control and consensus control methods to share
positive, negative and zero sequence components of cur-
rents and voltages (see Sections V-B-2 and V-B-3). Again,
as aforementioned in Section VI, more research is required
in this area which is going to be important in the near
future.

Regarding four-leg converters used for active filtering and
reactive power compensation applications in microgrids and
distribution systems. A key element in an active filter imple-
mentation is selecting the correct power theory to calculate
the compensation efforts. Indeed, some power theories are
well defined under sinusoidal operating for linear and bal-
anced symmetrical multiple-phase or even single-phase sys-
tems. In contrast, other power theories can work effectively
with non-sinusoidal and unbalanced loads. Thus, knowing the
characteristics of the waveforms present in the studied system
will improve the selection of the best power theory for that
application.
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