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Abstract: This paper presents a review of isolated matrix inverters. The study contributes to creating
a point of reference for a comprehensive classification of existing solutions. Over 30 topologies
were reviewed, and the main advantages and disadvantages discussed. Applications of isolated
matrix inverters are summarized in a tabular form to demonstrate their flexibility for different
power and voltage levels achieved due to the presence of a transformer. These inverters have been
proposed for the uninterruptible power supplies, high and low-voltage/power photovoltaic systems,
low-power fuel cell, different low- and high-voltage battery and/or electric vehicle chargers, audio
amplifiers. The fully controlled switches on both terminals of these converters typically can provide
the bidirectional power transfer capability, which is also addressed for most of the topologies, but
requires some modification in their modulation strategy. Average efficiency of today’s isolated matrix
inverters is comparable with the two-stage power converters; however, they can provide higher
reliability and lower cost.

Keywords: isolated matrix inverter; current source inverter; voltage source inverter; bridge; push—pull;
modulation methods; soft switching

1. Introduction

Climate change caused by human activities resulting in excessive pollution by greenhouse gases
is considered the main threat to the sustainable development of humanity [1]. The first attempt to limit
the pollution was reflected in the Kyoto Protocol of 1992 [2]. Later, it was recognized that this initiative
is not sufficient to adequately address climate change [3]. Eventually, the Paris Agreement of 2016 was
introduced to strengthen national efforts towards climate change mitigation [4]. The energy intensity
is considered the key metric for national economies and reflects energy use in equivalent kilograms
of oil needed to produce a unity of the national global domestic product [5]. This can be improved
via decarbonization of energy generation facilities and improvement of energy efficiency of industry,
building stock, agriculture, etc.

Renewable energy generation is considered the main solution for decarbonization of the energy
generation industry [6,7]. Even though hydroelectric and biomass technologies dominate this sector,
non-conventional renewables are projected to increase their share to over 60% with the dominance
of electrical energy generation [8]. This will be supported by accelerated rates of electrification of
the industry and the private sector. It is expected that even heating will be widely electrified in the
next 30 years [9]. Evidently, electrification will require new approaches to energy processing and
transportation. Power electronics is becoming a critical technology that can enable the paradigm shift to
decentralized renewable energy generation and massive electrification [10]. Emerging applications of
power electronics are countless: renewable energy generation from multi-MW to sub-kW scale, electric
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and hybrid electric vehicles and their on- and off-board charging, high-voltage DC energy transmission,
battery energy storage systems (BESS) from utility level to the behind-the-meter applications, energy
harvesting for Internet of Things devices, wearables, microgrids (AC, DC and hybrid) and their
interconnection, energy-efficient buildings with on-site energy generation, etc.

The increased use of alternative and renewable energy sources, like wind and solar, together with
the development of energy storage technologies, such as Li-ion batteries, supercapacitors and fuel cells,
fosters the need for various power electronic converters in the present electric energy systems [11-15].
Electronic power technology for large-scale renewable energy generation is approaching maturity and
sees evolutional improvements in topologies, used semiconductor and passive components. At the
same time, disruptive innovation is expected in their control by the integration of smart functionalities
secured with blockchain (distributed ledger) technology [16,17]. Meanwhile, the dispersion of energy
generation is associated with the new incentives for decarbonization of building stock. It has been
shown that nearly zero energy buildings can be economically viable when energy-saving construction
technologies are complemented with on-site generation of heat and electricity [18]. This has resulted in
the rapid growth of residential renewable energy generation technologies, such as rooftop and building
integrated photovoltaic (PV) systems, low-voltage residential BESSs, small wind turbines, fuel cells
(FCs), etc. [19,20]. All of these feature different voltage and power levels and thus require numerous
power electronic converter types. Moreover, additional converters are required to interface systems
having various voltage levels with common DC or AC bus [21,22]. Increased electrification will require
energy storage not only to balance the utility grid to withstand intermittent variations in renewable
energy generation, but also to provide an uninterruptible power supply to critical loads [23,24]. Other
growing markets that benefit from advancements in power electronic technologies are hybrid and
electric vehicles [25], electrified railway [26], variable speed drives across industry [27] and flexible
power systems [28]. Increased demand for the development of technologies based on power electronic
converters put additional pressure on the industry to provide new solutions with minimal cost and
high reliability to facilitate faster decarbonization.

In the BESS, PV and FC applications, a power electronic converter has to operate with a variable
DC source that should be interfaced with the AC grid. In such systems, the main challenges are
mostly associated with providing voltage step-up from a low-voltage energy source, like a battery or to
provide galvanic isolation as a safety measure, such as required in EV charging. Typically, to achieve
demanded functionality, a two-stage power electronic system is used (Figure 1a) [29-33]. Variable
input DC voltage is first stabilized at a DC-link capacitor by a DC-DC converter that often features a
high-frequency (HF) transformer (HFT) for both voltages matching and the galvanic isolation. It is
then followed by an inverter stage that converts the stabilized DC voltage of the appropriate level
into the AC voltage. These systems offer a good regulation range and are widely used in practical
applications [29-34].

An alternative approach is to apply isolated DC-AC topologies without an evident intermediate
DC-link. In these converters, the HFT secondary voltage can be converted to low frequency (LF) AC
using an active rectifier and unfolder (Figure 1b) [35-42], or by using single HF AC to LF AC conversion
(Figure 1c) [43-53]. Despite both of these approaches are commonly referred to as single-stage DC-AC
converters, the systems with unfolding stage technically feature an additional low-frequency link (with
rectified sine-wave) and, therefore, are considered as a quasi-single stage in this paper. On the other
hand, the topologies with unified HF AC to LF AC stage are performing AC-AC conversion directly,
using bidirectional semiconductor switches, which is a distinctive feature of matrix converters [54].
In the literature, such systems are also referred to as HF-link inverters [39,52], cycloconverters [43,48]
or single-stage inverters (converters) [30,32], but are all considered as isolated matrix inverters in this
review. These systems are often capable of transferring power in both directions and can achieve soft
switching conditions in semiconductors with advanced modulation methods [46-56]. Such features,
together with a wide range of possible industrial applications, have attracted increased interest of
research groups in isolated matrix inverters for many years.
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Modern single-stage converters with fully controlled semiconductor devices started to appear in
the literature in the late 1980s [57], mostly targeting uninterruptible power supplies [58,59]. Later, their
application area was extended to PV microinverters [60,61], FC [42,62,63], Li-ion battery storage [64],
railroad [65], electric vehicle charging [66], motor drive [67] and residential applications [22,62].
Currently, the two-stage galvanically isolated inverters are an industry-accepted technology established
in numerous applications, while the quasi-single-stage has also been used in emerging applications
such as PV microinverters [68,69], recently adopted in residential BESSs [70-73]. The isolated matrix
inverters are an emerging technology that has not yet reached maturity and good industrial awareness;
however, this technology shows good potential for industrial adoption, as was demonstrated in [53,74].
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Figure 1. General structure of isolated matrix inverters: (a) two-stage, (b) quasi single-stage,
(c) single-stage. LF AC—grid frequency; HF AC—switching frequency.

Despite a multitude of isolated matrix inverter concepts presented for various applications,
no classifications or reviews summarizing the features and potential of this technology have been
reported. The aim of this paper is to give an overview of existing single-stage matrix inverters, classify
their topologies, modulation methods and applications in order to get the reader a better understanding
of the potential and limitations of such systems. The paper is arranged as follows: in Section 2,
the classification based on topology types and modulation methods is proposed. Section 3 addresses
the current source inverter (CSI) based topologies, followed by the description of the voltage source
inverter (VSI) based topologies in Section 4. Section 5 discusses the main features and applications of
the highlighted topologies. Finally, the conclusions and further research directions are presented.

2. Systematization and Classification

Various isolated matrix inverter topologies have been reported for different applications, ranging
from low-voltage and low-power [60,61,75] to high-voltage high-power [76], which proves the versatility
of this technology and justifies the need for systematization of existing knowledge to establish points
of reference. As mentioned in the previous section, a common property of such converters lies in
the absence of an evident DC-link and presence of the direct AC-to-AC conversion stage. Generally,
the DC-side of an isolated matrix inverter features a half-bridge (HB), full-bridge (FB) or push—pull
(PP) stage that is connected to the primary winding of HFT. The AC-side connects the HFT secondary
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to the grid using HF AC to LF AC stage. The AC-side can be a current-source inverter (CSI) type [46]
or a voltage-source inverter (VSI) type [77]. In the CSI-type, the current Iy is constantly flowing in
one of the legs and either LC or LCL filter is used (Figure 2a), whereas the VSI-type has the diagonals
switched with certain dead time and generally utilizes a CL filter, and in this case, the current I is not
continuous (Figure 2b).
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Figure 2. Generalized representation over one switching period of currents and voltages for different

isolated matrix inverter types and availability of resonant tank: (a) current source inverter (CSI),
(b) voltage-source inverter (VSI), (c) resonant, (d) non-resonant.

The converters that are based on the two-winding transformer are typically HB- or FB-type [57,60,61].
On the other hand, central-tapped or multi-winding transformers enable the use of other configurations,
like PP [78] or three-leg [79]. The PP topologies generally employ the central tap transformer, and the
semiconductors have double voltage stress, but, at the same time, they allow for the reduction of the
number of semiconductor devices.

Most modern isolated matrix inverters feature soft switching in semiconductors that is achieved
using special modulation strategies [46-56], resonant circuits [60,66,80] or active auxiliary circuits [81-85].
In addition, these methods aim to reduce semiconductor voltage stresses [85]. For the resonant
topologies, the transformer current Iy is usually close to the sinusoidal (Figure 2c), whereas in the case
of non-resonant topologies, the shape of current Ity is typically close to square-wave or trapezoidal
(Figure 2d).

The sine wave modulation can be applied either for DC or AC sides of the converter. In the case
of the DC-side modulation (primary side modulation), the shape of the output voltage (current) is
formed using pulse width modulation (PWM) [47] or phase shift modulation (PSM) [48] applied to the
DC-side switches. The AC side, in this case, is usually working as a rectifier. Another common strategy
is the secondary side modulation. In this case, the DC switches are working as an inverter, forming
the square wave voltage pulses at the HFT primary. After this, the AC-side switches are forming the
required shape of the voltage (current) based on PSM [46] or PWM [47]. For the resonant topologies,
the frequency modulation (FM) [66] is usually applied, which allows changing the gain under different
power ratings.

Two main strategies of the PWM are used—unipolar and bipolar. Unipolar PWM (UPWM) [47,49,75]
is widely employed and allows achieving zero voltage switching (ZVS) for the AC-side switches.
The utilization of the bipolar PWM (BPWM) [81] has been reported to have lower total harmonic
distortion than the UPWM. The PSM modulation is usually based on only one shift carrier for the
CSI [46,48], while in the VSI based topologies, PSM with more than one phase shift is typically used
to achieve better quality of the output voltage [86]. More sophisticated methods additionally use FM
to increase the ZVS range [66]; moreover, the amplitude modulation (AM) [80] was also addressed.
These are the low-level modulation techniques that are employed in converter modulators to generate
the switching sequence within a single switching period and ensure that an inverter can perform
the input voltage regulation and the output current control (Figure 3). Hence, this paper considers
modulation strategy as the main control feature in each reviewed topology. To achieve the LF sinusoidal
voltage/current at the output, a higher-level control/modulation (controller in Figure 3a) method has to
be applied to define the control variables applied to the low-level modulators (V,0q) across the grid
frequency period, i.e. PWM duty cycle, PSM phase shift or both. Typical higher-level control/modulation
methods are the sinusoidal modulation [58] in the one-phase system, the space vector modulation [87]
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in the three-phase, or model predictive control [88]. They define the input parameters applied to the

low-level modulator(s) typically based on PWM or PSM, as discussed above.
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Figure 3. Generalized representation of (a)control and (b) modulation for the isolated matrix inverters.

The isolated matrix inverters could be realized with the metal oxide semiconductor field-effect
transistor (MOSFET) [89], the insulated-gate bipolar transistor (IGBT) [90], gate turn-off thyristor
(GTO) [91] or the reverse blocking IGBT (RB IGBT) [92-95] semiconductors, depending on the power
and voltage level and application. The DC side is generally formed by unidirectional devices (Figure 4a),
while the AC side usually features bidirectional switches (Figure 4b). The bidirectional switches for the
AC side are typically realized by two identical devices in common source (emitter, cathode) configuration
or the antiparallel reverse blocking switches can be applied. In some cases, the bidirectional switches
with the middle connection point can also be used (Figure 4c) (see also [96-107]).

-4

Figure 4. The types of the semiconductors (a) unidirectional switch, (b) bidirectional switch,
(c) bidirectional switch with the middle connection point.
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The classification presented in Figure 5 divides the isolated matrix inverters by the type of the AC
side: CSI- or VSI-based. Second, they are classified by the conversion type—resonant or non-resonant,
and third, by the configuration of the topology: bridge, PP. Finally, the reported modulation types for
the particular configuration are given.
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Figure 5. Classification of the isolated matrix inverters.

3. CSI Based Topologies

This section addresses the topologies of the isolated matrix inverters with a grid side switching
stage based on the CSIL. The subsections are organized according to the fourth hierarchical level of the
classification from Figure 5.

3.1. Non-Resonant Bridge Topologies

3.1.1. FB Configuration

The history of the FB inverter configuration presented in Figure 6 started close to 1980, when this
type of topology was proposed for railroad applications [57] and afterwards for uninterruptible power
supplies [58]. At that time, the developments of the new types of the ferrite materials and possibilities
to increase the switching frequency with new types of semiconductors allowed for a decrease of losses
and sizes of the magnetic components, resulting in the improvement of the efficiency of the system in
general. The topology consists of four main parts: the DC-side bridge, the AC-side bridge, the HFT
and the output grid filter. The DC-side bridge consists of four switches that work as an inverter, which
forms the high-frequency pulses. The transformer provides galvanic isolation between the two sides
and allows them to step up/step down voltage. The AC-side bridge can form the sinusoidal voltage
output or work as a rectifier, depending on the modulation method. The output AC-side LCL filter is
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used to filter the high-frequency pulses. Given the realization of bidirectional switches in the AC side
using two discrete devices, this leads to a distinct disadvantage-a relatively high number of active
semiconductor devices required.
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Figure 6. Full-bridge (FB) configuration (a) and modulation(b) proposed in [52].

Another major challenge for the isolated FB configuration inverter topology is that the transformer
leakage inductance and the output filter inductor both serve as current sources for the AC-side bridge.
Thus, the AC-side bridge operates as a current breaker, which endures high-voltage spikes due to
the cutoff of the leakage inductor current. The natural commutation principle for this converter was
proposed in [59]. In addition, various other modulation methods using DC- or AC-side switches were
presented for the current topology [46-52]. These methods typically allow utilizing energy stored in
the leakage inductance to create soft switching conditions for semiconductors, which also particularly
or fully solves the mentioned problem of high-voltage overshoots. The topology features the capability
of bidirectional power flow without any additional auxiliary circuit.

In [46], the 40 kVA bidirectional converter for medium voltage converter (MVC) application
was proposed. This work presents a special multi-mode quasi-resonant PSM method, which allows
achieving soft switching in all semiconductor devices. The additional snubber capacitor is added
for DC-side semiconductors and RCD for the AC side to reduce turn-off losses and ringing. Special
multi-mode modulation allows the creation of the additional quasi-resonant interval, which is activated
near the zero-crossing point. It is utilizing the resonant circuit formed by the DC-side snubber capacitor
and transformer leakage inductance to achieve soft switching at the current zero-crossing point.
The details of the modulation method are described in [65]. The experimental waveforms confirm
that the method is verified, and the converter can operate without any additional damping circuit for
the leakage inductance energy. At the same time, the optimization of the transformer and snubber
capacitance can be a point of the discussion, because this can significantly influence of the converter
efficiency, especially at the higher step-up ratio of the transformer.

Two UPWM based modulation methods for the FB isolated matrix inverter are reported in [47],
both of these methods allow achieving the soft switching for the AC-side switches. In contrast, the DC
side has only the ZVS turn-on transient. The first method allows operating four switches at the AC
side at line frequency, further reducing the remaining switching loss and improving the efficiency.
The authors applied the hybrid structure of the switches at the AC side —four of them are IGBT with
grid frequency switching and four MOSFET with high working frequency. This allows price reduction
of the converter, which was the authors” aim. The second modulation method is proposed for the full
MOSEFET bridge configuration. In this method, two of the switches working with the line frequency,
two-as synchronous switches, and all the other are forming the output voltage. The authors verified
the experimental 1.2-kW prototype with 400-V DC input voltage and 240-V AC RMS output using
one to one isolation transformer. The peak efficiency of the system is 96% for the full silicon carbide
(SiC) MOSFET design. In [108], the same group of authors presented applications for this converter
in the high-frequency distributed power delivery system. This utilization allows elimination of the
traditional low-frequency transformer and its replacement it with HFT. The potential target application
is air and ground transportation and renewable energy systems.
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In some studies, the leakage inductor energy is redirected to the additional auxiliary circuit, which
allows the clamp of the voltage overshoot. In [48], the new modulation method based on the DC-side
PSM is addressed for the FB inverter operation. For the minimization of voltage overshoot across
AC-side switches, the clamping circuit with the rectifier bridge, capacitor and DC-DC converter is
applied. The energy from the AC side is returned to the DC input and reused again in the converter.
The topology is verified with 1 kW with 270 V of input and 100-V RMS at the output as UPS inverter.
Other clamping circuit approaches were addressed in [49-51,109]. These papers present different types
of regenerative flyback snubber. Since this snubber is technically a separate converter, in addition
to voltage clamping, it can provide additional features for the topology: reduce the amount of the
circulation current through the main switches, improve the soft-start procedure or improve the quality
of the current in the case of non-unity power factor. The energy stored in the snubber capacitor can be
utilized in two ways-being reused in the next switching cycle of the conversion, as proposed in [49,50]
or transferred back to the DC side and reused again as shown in [109]. In addition, it is claimed to allow
improving the efficiency of the converter in general. In [110], different snubbers for the minimization of
the influence of high step-up transformer are analyzed for the case of the integration of low-voltage DC
source to the grid. On the other hand, the utilization of the snubbers requires an additional transformer
or two flyback transformers, switches, diodes, capacitors and additional control channels and isolated
drivers. The utilization of this snubber can be more suitable for the high-power converter. For the
lower-power converters, this solution can be less optimal, considering the price and overall complexity.

Many high-power converters commonly use bridge-type topologies due to the better utilization
of the switches and lower stresses. The FB topologies can be extended to the three-phase grid system,
as presented in [53,59,76,111]. In this case, at the AC side, an additional leg is supplied and the
modulation method is extended for the three-phase system (Figure 7).
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Figure 7. Three-phase FB configuration.

3.1.2. FB Configuration with Three Legs at the DC Side

In [79], the AC side PSM modulated PV microinverter is proposed (Figure 8). The topology utilizes
three switching legs and a special high-frequency transformer. The additional bridge leg operates with
a phase shift to the main bridge and allows generation of the two-step voltage waveforms, which
are afterwards converted to the AC voltage. The two-step voltage allows reducing the ringing of the
AC-side switches. The topology allows achieving the soft switching in all semiconductors at the AC
side, while on the DC side, only two switches have hard transients. This solution is suggested to
improve the efficiency of the system compared to the topology with the RCD snubber at the AC side.
The peak efficiency reported is 95%.
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Figure 8. FB topology with the three switching legs at the DC side (a) and modulation (b) in [79].

3.1.3. FB Configuration with the Reconfigurable AC Side

The topology reported in [42,62] is proposed as a unidirectional inverter for the FC applications
(Figure 9). It features two transformers and two bidirectional AC side bridges, which can be connected
in series or in parallel, providing the universal output. The topology utilizes the SPWM at the DC side,
while half of the AC-side switches work with the grid frequency to minimize the switching losses in the
converter. The design focuses on the universality of the output voltage and is suitable for both 230 V
and 110 V and has a high step-up factor to achieve the connection 30-60-V fuel cell and is claimed
to be optimal in terms of weight and cost. The authors achieved a peak efficiency of 92.5% for the
proposed concept. The leakage inductances of the transformer are utilized for the soft switching in
the semiconductors, but at the same time, the voltage overshoot appears across the AC-side switches.
This suggests that the design and optimization of the transformer can be further considered to achieve
better efficiency and reduce the stresses in the topology.
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Figure 9. FB topology with the reconfigurable AC side (a) and modulation (b) shown in [62].
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3.1.4. The FB Configuration with PP at the DC Side

Figure 10 shows the topology reported in [78] as a unidirectional inverter for renewable energy
sources. The topology has two switches at the DC side connected to a central-tapped transformer,
forming the PP configuration. The AC side features the FB configuration. The multiple-carrier PWM is
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proposed for this topology. It was suggested that this technique allows reducing the complexity of the
control algorithm for the inverter. The topology is suitable for low power applications; the simulation
results of the 200-W prototype were shown for 48 VDC input voltage and 127-V RMS output voltage,
using a transformer with a turns ratio of 1 to 4.2. An alternative configuration of a bidirectional
converter based on the Cuk, SEPIC, Zeta converters is presented in [112] where the 400-W prototype of
the SEPIC converter is demonstrated.
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Figure 10. FB configuration with push—pull (PP) at the DC side (a) and modulation (b) in [78].

In [113], the focus is on a multilevel PP inverter configuration. It utilizes the central tap
transformer on both the DC and the AC side and includes an additional bidirectional switch at the AC
side. The presence of the additional switch at the AC side and a special modulation strategy based
on PSM allows avoiding the current interruption at the AC side, and as a result, voltage overshoots.
The paper provides experimental verification on a 162-W prototype with 24-V input DC voltage and
100-V output AC voltage. In addition, the topology is suitable for bidirectional operation.

3.1.5. HB Configuration

The topology in Figure 11 [61] is proposed as a unidirectional microinverter for PV applications.
It features two transformer windings and two bidirectional switches at the AC side, which work at
the line frequency. Thus, the total number of AC-side transistors is reduced by a factor of two when
compared to the topology in Figure 6. The DC side, as described, could be configured as a FB, HB or
PP, which can allow reducing the total number of the semiconductors even further. SPWM is applied
to the DC side semiconductors, realized by a comparison of two 180° phase-shifted sinewaves with a
dual-sided ramp wave. At the AC side, the IGBT switches are utilized with line switching frequency to
minimize the losses in the converter. The reported peak efficiency of the 250-W prototype is 94.5%.
On the other hand, the ZVS for the DC-side switches has a limited range (occurs at peak power), and
the AC-side switches have higher voltage stresses.
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Figure 11. Half-bridge (HB) configuration (a) and modulation (b) in [61].
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3.1.6. LL (dual inductor) HB Configuration

The dual inductor half-bridge (LL HB) converter type is a popular solution in the DC-DC
converters due to the low current ripple. Figure 12 presents the bidirectional converter topology
proposed for electric vehicle battery charging applications in [97,114]. The original paper describes
it as “single-stage bidirectional converter for EV”; however, it will be referred here as LL HB due to
the topology configuration. The converter features a full-bridge on the DC side with an additional
filter inductor Lpc and LL-type HB at the AC side. The converter with the input of 120-V RMS AC is
connected to a 220-336 VDC battery through a converter that has a high-frequency transformer with a
turn ratio of 0.5. In the rectifier mode, the converter operates as a two-phase boost converter, while in
the inverter mode, it acts similar to a FB converter with the current doubler rectifier the output voltage
regulation is achieved by PSM. The converter features reduced current ripple due to the presence of
two inductances at the AC side, allowing the ZCS to be achieved at the AC side, and ZVS turn-on at
the DC side. Moreover, it can operate in four quadrants with active and reactive power regulation
for both directions of the power flow. In the inverter mode, the PSM is implemented for the DC-side
switches, while the AC-side switches are continuously on or off depending on the polarity of the grid
voltage. Peak efficiency of 96.5% at full power is reported for the 1.5-kW prototype. At the same
time, the topology requires an additional inductor, the voltage stress on the switches is increased, and
it is estimated to have substantial energy circulation at partial load. The simulation results of the
three-phase system shown in [98].
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Figure 12. Single-stage bidirectional converter for EV (LL HB) configuration (a) and modulation
(b) proposed in [114].

3.2. Non-Resonant PP Topologies

3.2.1. PP Configuration

The topology in Figure 13a was introduced in [103] for the UPS. The topology utilizes the central
tapped transformer and two bidirectional switches at the AC side, while the DC side has a FB inverter.
In [104], the converter was controlled with SPWM modulation at the DC side. In [99], an improved
modulation method is introduced to handle the non-unity power factor without snubbers. A novel
digital control using the bipolar double modulation wave was addressed in [108], which is shown in
Figure 13b. The sinusoidal output voltage is formed by AC-side semiconductors using PSM. It allows
achieving the ZVS turn-on on the DC side, and the ZVS turn-off at the AC side. The experimental
verification of the topology was presented using an experimental 250-W prototype with and 46-V output
voltage. In [96], the topology with four additional snubber capacitors for switches S1-54 is presented.
The aim is to achieve the ZVS and ZCS in all semiconductor devices using PSM. The experimental
waveforms of the prototype with 24-V input voltage and transformer 1:2.74 are shown. Another
version of the PSM is used in [115] to achieve the ZVS in the topology, which was confirmed with a
1-kW experimental setup. Reference [116] presents the unidirectional converter for PV application,
which utilizes the additional two inductors at the AC side.
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Figure 13. PP configuration (a) and modulation (b) in [117].

The three-phase system for the three-phase drive reported in [67] is shown in Figure 14.
The topology has three parallel ports to support bidirectional operation with the source commutation
method. The topology is also suitable for the UPS, PV and battery storage systems.
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Figure 14. The three-phase PP configuration.

A novel ZVS approach for the flyback—PP inverter for low-power PV application is presented
in [118]. The AC part of the topology is similar to that in Figure 13, while the input DC bridge is
replaced by one switch, forming the flyback configuration. The soft-switching on the DC-side switch
is achieved by additional circulating energy from the grid filter capacitor. To optimize this reactive
current, the variable frequency control was proposed. Experimental results confirm the feasibility and
show 94.5% peak efficiency of the system.

3.2.2. PP Configuration with voltage clamper

The topology of the bidirectional inverter presented in Figure 15 was introduced in [82] for the
UPS system. The topology configuration consists of FB on the DC side, a central-tapped transformer
with two bidirectional switches on the AC side and an additional clamping circuit. This active clamping
circuit is proposed for the minimization of the voltage overshoots. It consists of four switches, which
form the bridge, two diodes and clamp capacitor (the configuration without the capacitor is also
possible [82]). The energy stored in the capacitor is transferred back to the DC source and reutilized.
The SPWM is used to control the DC side, while AC-side switches are rectifying. The drawbacks
could be attributed to a limited ZVS range, extra two diodes and a capacitor when compared to the FB
solution without a snubber circuit.

Other approaches to control the configuration of the bridge clamp are reported in [75,81,83,119].
In [83,84], a detailed analysis of the operation of the bidirectional topology and clamping circuits is
given. The experimental waveforms of the 500-W prototype with efficiency around 90% are provided,
and the converter is proposed for renewable, naval and aerospace applications. In [75,119], the topology
was proposed for the low-power audio amplifier. The operation principle of the uni- and bipolar PSM
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strategy is described and verified. In [81], an alternative bipolar PWM is proposed. It is suggested to
allow achieving lower voltage distortion of the output compared to the unipolar PWM.
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Figure 15. PP configuration with voltage clamper (a) and modulation (b) in [83].
3.2.3. PP Configuration with the Current Clamping Switch

The topology presented in Figure 16 [120-122] uses a standard full-bridge at the DC side. However,
the AC side is realized with a center-tapped transformer and three bidirectional switches. In the original
paper, the AC side structure was described as “three bidirectional switching arms” and referred to as
PP configuration with the current clamping switch in this review due to the topology configuration.
The DC side FB converts the DC voltage to the HF AC square wave. On the AC side, the switching
signals are obtained by comparing the modulating waveform with the sawtooth carrier waveform.
The bidirectional switch Q3 connected to the center tap is turned on when both Q1 and Q2 are in the
off-state to provide a freewheeling path for the output current. The additional overlap is added to
realize the natural commutation of semiconductor devices and reduce overvoltage. The converter
realizes ZVS and ZCS for the semiconductor switches and requires three bidirectional switches instead
of four for the FB-FB topology. The bidirectional operation capability is reported, but not addressed.
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Figure 16. PP configuration with the current clamping switch (a) and modulation (b) in [121].

Other versions of the topology for the bidirectional battery charger are reported in [85]. It utilizes
three bidirectional switches with regenerative flyback clamp circuit at the AC side, while the DC side
is FB. The presence of the clamping circuit allows the reduction of the voltage overshoot in AC and
also helps to achieve the ZCS in the AC switches. The energy stored in the clamp capacitor is returned
to the DC side and reused. The unipolar SPWM modulation strategy is used for both power transfer
directions. The concept is verified with a 1.5-kW prototype with a 96% peak efficiency conversion from
300-V battery to the 120-V RMS grid.

3.3. Resonant PP Topologies

PP Configuration with a Parallel Resonant Tank at the DC Side

In [80], the sine AM modulation (SAM) was proposed as an alternative approach for the
conventional PWM with varied duty cycles. The topology consists of the PP configuration at the
AC side and the FB with the parallel resonant tank at the DC side (Figure 17). The resonant tank
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is connected between the middle point of the bridge legs and the middle point of the input voltage
source. The bridge leg is operated with a varying duty cycle and a constant phase shift. The switching
frequency of the converter is slightly higher than the resonant to extend the load independence and
enable ZVS in the semiconductors.
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Figure 17. PP configuration with a parallel resonant tank at the DC side.

The results are verified with a simulation model of a 2-kW converter. The converters with the
parallel and with the series resonant tank were analyzed for the connection 450-V DC source with the
utility grid. It is shown that the topology in Figure 17 has lower efficiency than the voltage source
version on the topology with the series resonant tank, which will be described later.

The resonant inverter based on the topology from Figure 13 was introduced in [123,124] and
described in more detail in [125]. It uses a resonant capacitor in series to the leakage inductance.
The topology is proposed for the UPS application and features a lower output voltage ripple. It allows
soft switching in the semiconductors using the SPWM modulation applied for FB thanks to the
presence of the resonant tank at the DC side. The AC-side switches are forming, working at the grid
AC waveforms.

4. VSI Based Topologies

This section presents the topologies of the isolated matrix inverters with a grid side switching
stage based on the VSI. The subsections are organized according to the fourth hierarchical level of the
classification from Figure 5.

4.1. Non-Resonant Bridge Topologies

4.1.1. FB Configuration

Many different configurations of the VSI-based converters have been reported (also known as a
dual active bridge) [55,56,77,125-136]. In [105], the topology consists of two voltage source full-bridges,
as shown in Figure 18. The advanced modulation strategy proposed is based on the triple-phase shift.
The method allows for achieving soft-switching in a wide range of voltage and load. The experimental
300-W prototype microinverter for the integration of the low-voltage DC source to the AC confirmed
theoretical descriptions in that work. The authors proposed the extension of this configuration for the
3-port converter. In this case, in the first port is the PV module, the second-a battery and the third the
AC grid. The connection of this part was made through the three-winding transformer. In general,
the topology is suitable for different voltage levels, but the design of the high-frequency transformer
can be a challenging part.

For the high-power applications, the VSI three-phase topologies can also be utilized (Figure 19).
References [101,106,126-128] present PV inverter, battery storage and EV charger systems. In those
systems, the PSM modulation strategy was used and is extended for the three-phase implementation.
In [127], the three-port three-phase converter was proposed for interfacing between the renewable
source, battery and the utility grid controlled by PSM.
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4.1.2. HB Configuration

The bidirectional converter in Figure 20 is proposed for electric vehicle charging with power
factor correction functionality [66,100]. The topology features a voltage source converter with two
bidirectional switches and two capacitors on the AC side. At the DC side, a standard FB is applied.
Additional inductors are supplied to both sides of the converter to reduce the current ripple. Thus,
the DC side has the same number of switches, while the AC side has a twice reduced number of
switches when compared to the FB-FB topology. The converter control algorithm is based on a general
trapezoidal current mode modulation of the voltage source DC-DC converter and is operating with
a combined phase shift and frequency modulation for shaping the transformer leakage inductance
current. This method is used to transfer high power with small peak current and achieve ZVS at any
time interval. Peak efficiency of 95% is obtained at half load for a 3.3-kW prototype and is claimed
to potentially reach 97%, the value of efficiency depending on the battery voltage. At the same time,
the converter requires rather complex multi-mode control with lookup tables to guarantee ZVS within
the full range of operating conditions. The wide ratio of operating frequencies (1:6) imposes additional
requirements on the design of passive elements. In practical systems, the efficiency is limited since
certain minimum commutation current is required to guarantee ZVS over the whole AC grid cycle.
The aim was to design a converter suitable for the medium/high voltage battery energy system. In this
case, the converter submodules are connected per phase in series and share one filter inductance.
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Figure 20. HB configuration (a) and modulation (b) in [66].
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In [128], a 3-phase HB configuration of the VSI is proposed for the bidirectional conversion
between the renewable source and the grid using the novel PSM modulation for the converter.

4.2. Resonant Bridge Topologies

4.2.1. FB Configuration with the Series Resonant Tank

Application of the series resonant FB inverter is shown in Figure 21 [60,129]. A converter for the
photovoltaic application was proposed and verified in [60]. The converter consists of two full-bridges
and transformer leakage inductance with the resonance capacitor forming the series resonant tank.
As aresult, the DC side PSM strategy and resonant tank allow achieving the soft switching in all devices.
In [129], the topology was reported as the bidirectional charger for the electric vehicle. The converter
operation is similar to that previously discussed, but it is shown for both power flow directions: from
the grid to electric vehicle and back.
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Figure 21. FB configuration with the series resonant tank (a) and modulation (b) in [60].

4.2.2. FB Configuration with the Series Resonant Tank and HB at the DC Side

The topology in Figure 22 is a FB topology with the series resonant tank and HB DC side, which is
described in detail in [130] and proposed for UPS. The inverter uses the modulation of the DC side and
allows achieving quasi ZCS on the switches. A small-scale converter prototype was shown, along with
experimental waveforms with linear and nonlinear loads. As the drawback of the topology is that
the current in the DC-side switches is higher compared to the FB-FB converter, the topology is more
suitable for low-power applications.
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Figure 22. FB configuration with the series resonant tank and HB at the DC side.
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4.2.3. HB Configuration with the Series Resonant Tank

The circuit (Figure 23) for a PV microinverter is presented in [86]. The topology is based on a series
resonant inverter at the DC side and HB voltage-doubler configuration at the AC side. The special
dual-phase shift modulation strategy for the topology allows achieving ZVS for all semiconductors.
The experimental prototype for the integration of the low-voltage DC to AC grid with almost 96% CEC
efficiency was shown.



Energies 2020, 13, 2394 17 of 30

o——+ O Tsw
4 4 . ™
s\ S S\ o e |
Cres Lk Tp Cu ’
— | iF— t
wot [ T o T e
b | tV
a | T2
S\ Ss Co== Vin | It .
} o | N_ 7"
OoO———= O
(a) (b)

Figure 23. HB with the series resonant tank (a) and modulation (b) in [86].

An alternative version of the topology is addressed in [102]. The topology has similarity with
Figure 23, but does not contain the resonant tank and blocking capacitor. Instead, the additional snubber
capacitor at the AC side is used, which provides the current path and no overshoot from leakage
energy is present at the AC-side switches. The topology was built in gallium nitride (GaN) switches
and used the dual-phase shift with variable frequency modulation to achieve ZVS. The hardware
prototype is shown to have the rectification from 230-V AC to 48-V DC. The topology is also capable of
DC AC conversion; however, this operation is not described.

4.2.4. HB Configuration with the Series Resonant Tank and HB at the DC Side

The converter in Figure 24 is recommended for an electric vehicle battery charger [107,131].
The topology utilizes resonant HB with an active shunt circuit, which absorbs the current ripple at the
DC side. In addition, at the AC side, the HB configuration is used. The presence of the active filter at
the DC side allows the reduction of the double grid frequency ripple in the current and reduces the
overheating of the battery. A special four-part control PSM strategy is proposed for the system, which
allows operation with different power ranges and achieving ZVS for all semiconductors.

In [132], a variation of this topology is suggested for the on-board electric vehicle charger.
This converter includes the resonant tank and additional boost-buck stage for the additional gain on
the DC side, while the AC side is an HB. The topology does not require a bulky DC link between the
boost-buck stage and the inverter stage. The authors proposed the harmonic modulation strategy,
which allows improving the power factor in DCM. The 3-kW experimental bidirectional prototype was
built with an efficiency of 93% at rated power.
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Figure 24. HB configuration with the series resonant tank and HB at the DC side for the electric vehicle
battery charger.

4.3. Resonant PP Topologies

PP Configuration with the Series Resonant Tank

In [80], a topology consisting of the PP configuration at the AC side and the FB with the series
resonant tank at the DC side is described (Figure 25). The series resonant tank is connected between the
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middle point of the bridge legs, transformer AC sidewinding and the middle point of the input voltage
source. The SAM modulation for the DC side semiconductors is presented. The 2-kW simulation
model of the inverter was made for the connection 450-V DC source with the utility grid. Resulting
from the comparative analysis in the paper, this topology has lower energy circulation, but higher
THD, particularly at low power when compared to the CSI version of the topology in Figure 17 with
the parallel resonant tank.
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Figure 25. PP configuration with the series resonant tank.

5. Discussion and Future Trends

5.1. Critical Overview

An important contribution of this work is that it establishes the isolated matrix inverters as a class
of true single-stage topologies separate from the quasi-single-stage class. This division is important as
the isolated matrix inverters can provide a wider range of features. Besides being the true single-stage
solution, these inverters have the following advantages:

e they could provide the soft switching in all semiconductor switches using special
modulation strategies;

e in the voltage step-up applications, they avoid unreliable high-voltage electrolytic capacitor(s)
with a limited lifetime and utilize much more reliable low-voltage electrolytic capacitor(s) for the
filtering of 100/120 Hz voltage ripple;

e their cost can be reduced considerably with the implementation of emerging bidirectional
monolithic semiconductors or the ones with the reverse blocking capability.

The main disadvantage of the isolated matrix inverters compared to their two-stage counterparts
is their relatively narrow input DC voltage range, which limits their applicability in demanding
applications. Other disadvantages can be associated with the limitations of the general level of
technologies rather than the concept itself. For example, the level of control complexity was not
compatible with the existing technology when the first topologies appeared around 30 years ago.
This was holding back the adoption of these inverters for some time. Nowadays, available low-cost
microcontrollers can realize control of the isolated matrix inverters. Moreover, recent appearance of
numerous two- and quasi-single-stage solutions had gained popularity despite even more complicated
control. Therefore, the isolated matrix inverters can also be accepted by industry if sufficient awareness
is raised.

Among the two main families of topologies, the CSI based isolated matrix inverters attracted
more attention of researchers compared to the VSI based counterparts, which resulted in twice as many
topologies developed. It can be attributed to their use of conventional LC and LCL filters, which makes
them a logical replacement of two-stage counterparts with the same filter type. In both groups, around
half of the reported topologies were developed in the last five years, which shows high activity in this
field of research. Nevertheless, both converter groups demonstrate efficiency growth from roughly 90%
in early works up to 96% in later developments. It is worth mentioning that the CSI based topologies
have demonstrated high efficiency in a wider range of applications. Most of the research was dedicated
to the bridge type isolated matrix inverters, where the most prominent example is the single-phase
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full-bridge implementation. The widest number of modulations was applied to full-bridge topologies
as they provide the widest range of the possible switching states and thus ensure the best controllability.
In addition, they were justified for most of the possible applications. The push—pull type isolated
matrix inverters are the second most used type. They allow reduction of the amount of the active
component and, in some cases, can avoid auxiliary clamping circuits. However, the utilization of an
auxiliary clamping circuit could result in the number of the switches lower than that in the full-bridge
type counterparts. Push—pull type isolated matrix inverters can be more beneficial in low-power
applications. For example, they were mostly proposed for the PV microinverter and chargers with
the power rating below two kilowatts. Meanwhile, three-phase implementations are feasible for both
full-bridge and push-pull type inverters. They can be useful in high-power applications rated for over
one kilowatt, which is justified by application examples for the high voltage BESS and PV inverters.
Among possible derivations of the bridge type topologies, the LL HB type inverters were used in
battery chargers due to their very low current ripple and simple modulation. The other examples of
the half-bridge type inverters were mostly used to reduce the number of active semiconductors and
associated costs.

The isolated matrix inverters reported and analyzed in the review are typically two-level topologies.
The main properties and features of two-stage, quasi-single-stage and isolated matrix inverters are
summarized in Table 1.

Table 1. Evaluative comparison of various isolated inverter topologies.

e Use of
Topology DC Link Num.ber of Soft Sw1fchmg in Bidirectional DC Yoltage
Conversion Stages Transistors . Regulation Range
Switches
DC/DC—soft .
Two-stage Bulky 2 stages DC/AC—hard No Moderate-wide
Quasi-single- stage Small (optional) 1 stage Soft No Limited
Single-stage Absent 1 stage Soft Yes Limited

5.2. Design Challenges

During the 30-year history of the research and developments of the isolated matrix inverters,
numerous topologies were proposed. In the 1990s, the proposed topologies were based on thyristors
and IGBT devices, with the switching frequencies up to 10-15 kHz. Their demonstrated efficiency
usually did not exceed 90%. The main research trends in the field were dedicated to topological aspects,
the optimization of the components (especially AC side filters), optimization and improvements of
the system efficiency, improvements of the rectifier mode operation capability. In addition, research
directed toward synthesis of new modulation techniques that either utilize parasitic components
for soft switching or limit their influence on converter operation as some of them are unavoidable,
e.g., leakage inductance, the capacitance of the transformer, the capacitance of the switches and PCB.
These improvements together with development in component semiconductor and magnetic material
technologies enabled the use of significantly increased switching frequencies (up to 200 kHz), improved
power density, resulting from the reduced size of the magnetic components. Moreover, this allowed an
increase in the efficiency to 96%, which now is comparable and sometimes superior to the two-stage
conversion systems. Nevertheless, various design challenges related to isolated matrix converters
still exist, the majority pertaining to optimization of operating conditions for semiconductors and
transformer design aspects.

5.2.1. Semiconductors

The isolated matrix inverter technology evolved together with power semiconductor devices,
moving from Si thyristor, IGBTs and MOSFETs to WBG semiconductors. New generation power
semiconductor devices, such as GaN HEMTs, SiC MOSFETs and Schottky diodes, enable substantial
reduction of the losses associated with transistor switching and diode reverse recovery, allowing much
higher switching frequencies to be used. On the other hand, the use of bidirectional switches and high
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number of discrete semiconductor components could discourage industrial adoption of the isolated
matrix inverters. However, this number is in fact similar to that of industry-approved two-stage and
quasi-single-stage solutions. Moreover, a new impulse for industrialization can be given by the recent
developments in monolithic reverse-blocking and bidirectional semiconductor devices that have been
reported for Si, SiC and GaN technologies [137-142]. This technology can make the isolated matrix
inverters attractive to the industry by reducing the number of discrete devices by up to twofold at the
AC side.

5.2.2. Isolation Transformer

The use of the HF transformers imposes challenges on the scalability of the isolated matrix inverters.
The limiting factors are core losses (losses from eddy current and magnetic losses), high-frequency losses
(skin and proximity effects and winding losses in the high current application), parasitic resonances
(usually between the capacitance and leakage inductance of the transformer, but the topology has
some influence on it) [143]. Depending on the operating switching frequency, the impact of the total
transformer losses in the total power loss will be different. For switching frequencies of up to a few
dozen kHz, GTOs and IGBTs are commonly utilized, which results in the dominant impact of their
switching losses on the overall efficiency. At higher switching frequencies, where the implementation of
Si, SiC and GaN devices is favored, an increased impact of the transformer losses is expected. The soft
switching range in the CSI based galvanically isolated matrix inverters is usually determined by the
values of the transformer leakage inductance and parasitic capacitance. In the VSI based solutions,
the value of the leakage inductance has an effect on regulation near the voltage zero-crossing point.
The transformer power and turns ratio significantly influence the values of the parasitic parameters
and, consequently, limit the overall efficiency. The scaling of the transformer is mostly defined by
the required power rating and power density. A compact design usually requires increasing the
working frequency but results in lower efficiencies. Finding the tradeoff between the target power
density and efficiency of an inverter may require an iterative search for the optimal topology as a
compact transformer design could result in such a combination of switching frequency and the leakage
inductance that may limit the feasibility of some of the topologies. The isolated matrix converter
prototypes reported in the literature have been mainly using ferrite RM cores for powers <1 kW and
toroid or E cores for powers over one kilowatt. Improved transformer characteristics may be obtained
with amorphous and nanocrystalline magnetic materials, which can result in core losses reduction by
up to 70% than conventional solutions [144,145].

5.3. Application Examples

The practical realization of the isolated matrix inverters for a target application depends on
the engineering design and limitations of existing technologies of semiconductor and magnetic
components. Hence, it is important to compile a comprehensive list of application examples with
key operating parameters to provide an initial suggestion regarding the suitability of a topology to a
certain application. Therefore, application examples of the isolated matrix inverters were summarized
in Table 2 to provide a critical view of the practical value of each of the roughly thirty topologies
and support claims of this section. The comparison considers the number of switches on both sides
separately, transformer turns ratio, maximum power and reported experimental efficiency, input
and output voltage level or range, switching frequency and the used modulation technique. As can
be seen from the table, the technology of isolated matrix inverters is a versatile solution that suits
different applications.
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Table 2. Summary of the existing solutions of the isolated matrix inverters.

21 of 30

AC Side-Based Number of DC Number of AC Modulation The Ratio of HF DC Voltage, AC Voltage, Switching s
Reference Peak Year . . . . Power, kW Frequency, Application
Topology L . Side Switches Side Switches Strategy Transformer A% Vrms
Efficiency kHz
CSI-based
[58] 89 1990 4 8 PSM - 1 180 100 20 UPs
[46] - 2006 4 8 PSM 11 10 600 230 6 MVC
FB [47] 96 2018 4 8 PWM 11 12 400 240 54 HF AC grid
[51] 96.5 2018 4 8 PWM 11 12 300 120 50 -
- - R S 8. M R 2 0 20 0. LU
FB with [62] 92.5 2010 4 16 PWM 2x1:6.5 1 30-60 120/240 - FC
reconfig. output
FB 3-leg DC side [79] 95.1 2020 6 8 PSM - 0.34 34 240 25,50 PV MIC*
FB [58] - 1990 4 12 PSM - 1 200 100 20 uPrs
3-phase [76] - 2006 4 12 PSM 1:1 40 600 230 6 MVC
T HB ~~ [Is]- S T S 4T PWM 33 1 3% 98-100 ¢ 20 PVMIC
LL HB [97] 96.5 2017 2 4 PSM 15 15 220-336 120 100 EV
LL HB [98] 2019 6 12 PSM 10 220-336 120 100 EV
3-phase
PP [67] 89 2011 12 12 PWM - 1 90 90~ 20 AC drive
3-phase
e [80] - 2018 4 4 AM - 2 450 230 50 -
resonant
[82] 88 1990 4 4+4(cl) PWM - 10 - 100 20 UPs
PP with [83] 90 2016 4 4+4(cl) PWM 24:23:8 1 60 100 20 -
voltage clamper [75] 9% 2016 4 4+4(cl*) PWM 1:4:4 0.08 10 25~ 200 D AMP*
R ) B B5_ 8 4 O PWM 7720 02 30370 40 200 -
PP with [112] - 2004 4 6 PWM 3:8 - 150 230 25 -
current [85] 96 2019 4 6+4(cl) PWM - 1.5 300 120 50 EV
camper VSI-based
FB [105] 91 2020 4 8 PSM 1:5 0.2 48 110 50 PV MIC
FB 1601, - 2011 4 16 PSM 1:65 1 30-60 120 100 PV, EV
resonant [129]
HB [61] 94.5 2016 4 4 PSM 1:6:6 0.25 30-48 110 50 PV MIC
R ) B - w64 T PSMeFM [ 33 280420 202020 BV
HB [132] 95.5 2014 4 4 M 1:0.7 3 280-450 230/110 100 EV
¢ [86] 96 2010 4 4 PSM+FM 1.7.5 0.175 25-40 240 45-350 PV MIC
B S 1 1) | LR 22D 4 PSM_ -] S 400 B0 60 _______ EV.
FB [53] - 2018 4 12 PWM - 10 200 100 20 Battery
3-oh: storage
phase v
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* PV MIC—PV microinverter, D AMP—D class audio amplifier, cl—additional clamping switch *—from oscillograms
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It is worth mentioning that the compiled list of application examples is reflecting the current
state-of-the-art and does not limit future applications. It could be expected that they can be used in
more electric aircraft [146], where conventional matrix converters were justified. Currently, only VSI
based solutions were adopted by industry for PV microinverter applications. However, in the last
few years, early attempts of industrialization of the CSI based isolated matrix inverters have emerged.
For example, “ACDC cube” project of INESC TEC in Portugal [147]. More commercial products
employing CSI based solutions can be expected in the future. This paper aims to facilitate its wider
industrial acceptance.

6. Conclusions

This paper provides a fresh view of existing galvanically isolated inverters and establishes their
division into three main classes: two-stage, quasi-single-stage and single-stage. The superiority of
features provided by the single-stage solutions makes the isolated matrix inverters a promising solution.
Currently, over thirty topologies have been reported where two-thirds belong to the group based on
current-source inverters. They have attracted more research interest as the logical replacement of
two-stage solutions with the same LC or LCL grid side filter. Nevertheless, the VSI-based topologies
can demonstrate equally high efficiencies of 96% and have been industrialized already in the PV
microinverter applications. Regardless of the basic inverter topology, full-bridge solutions are the
most popular due to their high control and modulation flexibility. This trend is expected to continue
in the future, but push—pull converters with voltage or current clamping will also gain momentum
in development.

Vast majority of the topologies presented in this review were found to use either PWM or
PSM. The CSl-based isolated matrix inverters are using PWM twice as often as PSM. However,
both modulations have shown the capability of achieving 96.5% efficiency under similar operation
parameters. At the same time, the voltage source-based topologies are using PSM three times more
often than PWM. Here, PSM showed better efficiency levels than in the case of PWM mainly due to
utilization of more than one phase shift. More sophisticated methods additionally apply FM to obtain
even better characteristics.

The suggested range of existing applications is wide, but most of the topologies were proposed
for photovoltaic, battery energy storage, electric vehicle charging and uninterruptible power supply
applications. Less common applications include D class audio amplifiers, adjustable speed drives,
medium voltage converters, fuel cells and local high-frequency AC grid forming. This proves the
versatility of the isolated matrix inverters and shows that much wider application areas can be expected
to appear in the near future.

Future research is expected to be focused on the development of new modulation techniques
(mostly based on PWM and PSM), voltage range extension at the DC side, optimization of component
sizes (especially AC side filter), experimental validation of benefits of the isolated matrix inverters
in new applications (e.g., more electric aircraft, electric transportation, grid-connected rectifiers,
etc.). Another important research topic relevant to industrial acceptance lies in the accumulation of
additional knowledge in control and regulation methods for these inverters. For example, it is required
to investigate the use of isolated matrix inverters in reactive power regulation, power quality and grid
code compatibility potential, including fault ride-through capabilities.
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