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Abstract: Microinverters are an essential part of the photovoltaic (PV) industry with significant
exponential prevalence in new PV module architectures. However, electrolyte capacitors used to
decouple double line frequency make the single-phase microinverters topologies the slightest unit in
this promising industry. Three-phase microinverter topologies are the new trend in this industry
because they do not have double-line frequency problems and they do not need the use of electrolyte
capacitors. Moreover, these topologies can provide additional features such as four-wire operation.
This paper presents a detailed discussion of the strong points of three-phase microinverters compared
to single-phase counterparts. The developed topologies of three-phase microinverters are presented
and evaluated based on a new classification based on the simplest topologies among dozens of existing
inverters. Moreover, the paper considers the required standardized features of PV, grid, and the
microinverter topology. These features have been classified as mandatory and essential. Examples of
the considered features for classifications are Distributed Maximum Power Point Tracking (DMPPT),
voltage boosting gain, and four-wire operation. The developed classification is used to identify the
merits and demerits of the classified inverter topologies. Finally, a recommendation is given based on
the classified features, chosen inverter topologies, and associated features.

Keywords: photovoltaic; solar energy; microinverter; inverters; grid-connected; three-phase

1. Introduction

In daily world environments, many technological applications have been introduced and enhanced
from nano-technologies to massive industrial technologies to simplify the ways of human life. These
applications are very hungry for energy, especially the electrical form, which is considered the main and
easy-facilitated source of current world energy. The consumption of electricity has been dramatically
increased from 17.451 to 20.302 TWh during 2008-2014 [1]. Per international energy reports, fossil fuels,
the traditional source of energy for many years, are quickly running out due to excessive consumption
by several societies [2]. Moreover, energy-related carbon dioxide emissions—those emissions produced
through the combustion of liquid fuels, natural gas, and coal—account for much of the world’s
anthropogenic greenhouse gas emissions. As a result, energy consumption is an important component
of the global climate change debate [3]. Based on that, many communities have searched for alternative
energy resources to face this issue, leading to more highlights on renewable energy resources such as
wind, hydropower, photovoltaic, and biomass [4,5]. The ongoing efforts of political and economic
parties look to a new world with less environmental challenges according to current studies examining
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the long-term and short-term relationships between carbon dioxide emissions and renewable resources
installations [6].

At the end of 2014, renewable energy-based world electricity generation increased by 22.8%. It is
foreseen that the generation capacity estimation of renewable resources will rise to 60% by 2040 per
global energy outlook developed by the European Photovoltaic Industry Association (EPIA) [5]. Many
research efforts have been carried out to decrease the cost of renewable energy components, maximize
power conversion efficiency, and boost overall reliability and stability. Photovoltaic (PV) energy has
been reported as the third player after hydro and wind resources in terms of globally renewable energy
installed capacity [4,5,7].

With robust and continuous growth, PV technology gains more strength in industry and research [8].
The projection of electricity generation based on PV systems will increase to 300% in the next 20 years,
according to the EPIA outlook 2017 [4]. Moreover, globally installed PV capacity increased by 16.6 GW
in 2010 with a 131% increase from the year prior and nearly seven times the amount (2.4 GW) that was
established in 2007 [9]. According to the EPIA, the leading country of cumulative installed PV capacity
is Germany [7].

All this success is stimulated by a considerable cut in PV installed price of PV modules, storage
batteries, inverters, and other controllers [9]. The price of installed residential and commercial PV
systems decreased from 12 to 4.3 $/W during 1998-2013. The PV module prices fell from 4 to 1.02 $/W
for the same period and will decrease to about 0.03 $/W in the next five years [7]. Storage elements
which are incorporated in standalone systems improved the overall system performance by solving
unpredictable outputs of PV sources [10-12]. The current edge applications, such as Internet of Things
(IoT), electric vehicles (EVs), and Distributed Generation (DG), force more improvements and cause
rising concerns [13,14].

On the other hand, the grid-connected PV architectures are more convenient than standalone
systems due to cost reduction and higher capacity where the storage feature with its high additive
cost is not required [15]. Much research has been developed to investigate and discuss the merits
of grid-connected PV architectures, especially its crucial part, the inverter [16]. Today, inverters are
considered the main fatal processing units in PV architectures [17]. They are key players for successful
operation by converting the direct current (DC) power of the PV to alternating current (AC) power
required by the grid. Many types of inverters have been proposed in the last three decades, according
to inverter ratings. Single-phase inverters are conventional in many applications, such as centralized,
string, and microinverters [18]. However, this solution has many severe problems which hinders its
application such as double-line frequency component and its concerning electrolyte capacitors. This
issue disturbs the interface between the PV modules and the grid and must be accomplished with
adequate overall performance and part by part optimization [19-21].

Three-phase microinverters and their associated topologies have not been widely discussed in the
literature; yet they are considered one of the most prosperous inverter solutions for the previously
discussed problem. This solution replaces the single-phase inverter solutions and its severe problems,
especially at modern PV module architecture as discussed in Section 2. This paper fills this gap in
Section 3 by presenting the three-phase microinverters’ strong points versus single-phase microinverters.
Section 4 demonstrates the required standardized features of PV module architectures, including PV
modules, the grid, and microinverter topology. Then, the possible topologies which provide high
performance in PV module architecture are chosen by identifying the topologies with the minimum
component counts, simple construction, and easy control as provided in Section 5. Section 6 presents
a comprehensive assessment for all selected topologies of three-phase microinverters based on the
developed classification. Finally, the main recommendations are followed by a general conclusion
given in Section 7.



Energies 2020, 13, 2929 3 of 39

2. Traditional and Recent PV Architectures

As the PV generation efficiency and power quality are fundamental issues for PV architectures,
many trials and improvements have been made to remove the main obstacles across this target, such
as Maximum Power Point Tracking (MPPT) operation, mismatch losses, and inverter operation [22].
Therefore, during the last three decades, PV architectures experienced different phases of progress
from centralized architecture moving to string architecture and module architecture to contribute more
power conversion efficiency, leading to better stability and reliability [23]. Even with other applications
than electricity harvesting, the PV architectures moved to PV sub-modules [24,25] and PV cells [26-28].
The reduction of PV modules for each inverter diminishes the mismatch losses from one side and
increases system modularity and plug-and-play operation for PV architecture expansion or even for
periodic maintenance on the other side [18].

Figure 1 shows the main portions of different PV architectures. In a centralized architecture
(Figure 1a), the PV modules are connected in series to construct a string with sufficient output voltage.
More strings are connected in parallel to attain the desired power levels. This architecture is suitable
in large PV farms (PV array). However, this architecture needs high voltage DC cables between the
modules and the inverter which can undergo a single failure point. In addition, this requires string
diodes with centralized MPPT. Failure to track the true Maximum Power Point (MPP) is possible when
partially shadowing, which introduces different local MPPs and mismatch between PV modules [29].
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Figure 1. Traditional and recent photovoltaic (PV) architectures: (a) traditional system with centralized
inverter; (b) traditional system with string inverters; (c) traditional system with string inverters and
direct current (DC) optimizer; (d) recent PV architectures (module inverters).

String architectures (Figure 1b) utilize a Distributed Maximum Power Point Tracking (DMPPT)
concept to enhance overall performance. This concept can be implemented by dividing the PV system
into different strings. Each string has its own MPPT. The losses generated by string diodes and string
mismatch losses can be deviated. In contrast, moving to low power processing by using string inverters
increases the system modularity for future expansion. However, this architecture fails to entirely
remove the mismatch losses between PV modules [16-20].

The DMPPT concept was utilized for each module (this is called the PV module), and the approach
has the following features [22]:

v Low cost powered by mass production.
v High modularity and simple design.
v Minimum installation time due to easy plug-and-play feature.
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v Low mismatch losses.
v High safety without hazardous high voltage DC cables.

Basically, as shown in Figure 1c,d, this architecture has two different configurations: DC optimizers
and microinverters [30-34]. The DC optimizers (or Module Integrated Converters (MICs) in some
literature [19]) are implemented by using a DC-DC converter for each module. The voltage of all
the converters is summed to perform a high voltage DC bus. Then, a string inverter is interfaced to
perform the physical connection between the PV sources and the utility grid. The other configuration is
called the microinverter (or Module Integrated Inverter (MII) or AC modules in some references [20]),
where an inverter for each PV module is utilized by removing the main DC bus.

Technically, there is little difference between the microinverter and the MII. Namely, the
microinverter is more general than the MII because the former is independent of the PV module
rating and can be utilized for several PV modules. On the other hand, Mlls are utilized for only
one PV module. An MII is regularly attached to the back of the PV module and forms an AC-PV
module [35,36].

Although microinverters and AC-PV modules have witnessed recent market success such as Solar
Bridge, SMA, Enecsys, and Enphase inverters, their use has been limited to small-scale, single-phase
110 V AC and 120 V AC residential and commercial PV installations [37,38]. In addition, many
challenges are still faced in single-phase topologies with intensive solutions such as decoupling of
electrolyte capacitors, voltage gain, Common Mode Voltage (CMV), and grid requirements. Several
reviews have been done in the literature for single-phase microinverters showing different solutions
for decoupling techniques of electrolyte capacitors [39,40]. Moreover, voltage gain capability of
single-phase inverters using isolated and non-isolated converter topologies has been discussed and
classified [20,41]. Different connection configurations of single-phase microinverters have been also
introduced to improve the overall efficiency and grid features [16,17,19,30].

3. Why Three-Phase Microinverters

In new PV module architectures, the microinverters have been developed based on several
different configurations. The simplest one is the traditional single-input single-phase voltage source
microinverter shown in Figure 2. The power of one or more PV modules supplies the DC side of the
inverter and achieves the maximum power operation using MPPT controllers.

Single-phase microinverter ~ Decoupling circuit
\ \

Three-phase microinverter Filter & grid

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I

Filter & grid

Figure 2. Comparison between single-phase microinverter with decoupling leg and
three-phase microinverter.

In this configuration, the balance between the instantaneous DC power of the PV modules and the
delivered sinusoidal grid power is the main issue to develop the smooth operation of MPPT controllers,
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inverter control, and grid side controller. A bulky electrolyte capacitor forms this balance by filtering
the resulting double line frequency; however, this capacitor is the main defected part because it has a
short lifetime.

Using a reliable film capacitor that has a long life needs an additional circuit called a decoupling
circuit [39]. This circuit adds more challenges for control and for the general performance of single-phase
microinverter topologies. As shown in Figure 2, the single-phase with decoupling circuit has the
same component counts of a three-phase microinverter. Moreover, the third leg processes additional
power in the three-phase microinverter instead of the decoupling function in the single-phase one.
The decoupling capacitors on PV side, DC link side, and AC side can be significantly reduced in
the three-phase case and avoid the expense of less reliability and more system complexity [40—-42].
Furthermore, three-phase microinverters based on identical modular three legs (Figure 2) have simpler
control and are the most preferably used ones.

Three-phase microinverters also have the following advantages:

The presence of electrolyte capacitors provides a low voltage ripple on the PV side, DC link
voltage, and grid because the double line frequency component is not generated in a three-phase
topology since the ripple is totally cancelled in this case.

O  This exciting feature opens the way for using small and low cost film capacitors to damp high
switching frequency harmonics that expand the life and reliability of the PV architecture.
O  The low voltage ripple enhances the tracking efficiency of the MPPT controller.

O

Multiple units are not required due to inherent three-phase balancing feature.

O  Reduction of cost by using single three-phase microinverter instead of three single-phase
microinverter units in high power applications.

O Naturally controlled through three-phase central power system operation.

O  Three-phase microinverters process more power with the additional four-wire operation.

The second configuration is the multi-input three-phase microinverter, which implements the
DMPPT concept. Each PV module or group of modules are connected to one phase of the inverter.
Therefore, this configuration can utilize high voltage gain and DMPPT with a low number of components
resulting in increased power density. Other features of the multi-input three-phase inverters are as
follows [43]:

O The unbalance that may occur between the different single-phase inverters complicates the system
planning, which does not exist in three-phase microinverter topologies.

O The multiple-input three-phase microinverters have a feature of load sharing which results in
high system performance.

On the other hand, the main drawbacks of the current three-phase microinverters topologies
that are suitable for PV module architectures are the components’ count and the control complexity,
especially at a low power scale.

4. Three-Phase Microinverters, Architectures, Standards, and Requirements

Figure 3 shows the main parts and the corresponding features of the three-phase microinverters.
These are PV modules, three-phase inverters, and the utility grid. The microinverter is responsible
for optimum energy transfer between the PV modules and the utility grid. It does so by processing
the DC power of the PV source and converting it to an AC power injected into the grid. Per Energy
Information Administration (EIA) standards, the feature requirements for the PV module and the grid
are a matter of concern. Detailed functions for each system part are summarized below.
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Figure 3. Main parts of three-phase inverters with performance features for each part. Abbreviations:
MPPT = maximum power point tracking; CMV = common mode voltage; DMPPT = distributed
maximum power point tracking; THD = total harmonic distortion.

4.1. Required Features of PV Modules

The PV module requires to be operated at MPP with high tracking efficiency and zero leakage
current, resulting in low CMYV and safe operation free from ground and arc faults. The grid side,
local grid, DG systems, and micro grids need power with specified control functionalities, such as
high-quality voltage, small harmonic injected current, small DC current injection, and tight frequency
variation for normal operation. The grid interface functions, such as reactive power control, detection
of islanding operation, and safety for humans and electronic components, are of importance.

4.1.1. MPPT Operation

The PV generators are nonlinear energy sources with a V-I curve highly dependent on the
irradiance and temperature. For energy harvesting optimization, an MPPT controller must be utilized.
Many MPPT controllers have been developed [44,45]. Whatever the presented microinverter topologies,
the MPPT optimization degree depends on the following factors:

v High tracking efficiency: This is accomplished using microinverters having continuous input
current with minimal input voltage and current ripple because there is an inverse relationship
between MPPT tracking efficiency and input PV module ripples.

v Robust dynamic response: This factor depends on the control performance rather than selected
topology. That is why the authors focused on topologies with simple controls.

v Highspeed and low processing power: This defines the used control boards and the computational
time which is also related to reliability.

4.1.2. Common Mode Voltage

Low voltage PV module architectures employing transformer-less microinverters are exposed to
grounding issues [20]. Using high-frequency switching and in the presence of the parasitic capacitance
between the PV module cells and the ground introduces a leakage current which cannot be neglected.
This leakage current produces CMV on the PV modules, resulting in severe personal safety concerns.
The CMV increases the system losses, reduces the grid-connected current quality, and induces severe
conducted and radiated electromagnetic interference [46]. There are two main concerns related to CMV,
the common mode loop path and the source of CMV. Although many papers studied CMV reduction
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in non-isolated topologies of microinverters [20,47,48], CMV was not mitigated totally because the
common mode is highly dependent on switching patterns, inverter operation, and design. On the
other hand, High-Frequency Link (HFL) transformers integration can cut the common mode loop path.
Therefore, isolated topologies of microinverters are very reliable in reducing CMV [49].

4.2. Required Internal Features of Three-Phase Microinverters

4.2.1. DMPPT

DMPPT is an essential required feature for microinverters to harvest the maximum available
power from each PV module. This feature is obvious, especially in multi-input microinverters, because
PV modules are connected in each phase. For a single PV module, simple and well-known MPPT
techniques, such as perturb-and-observe and incremental-conductance algorithms, are used for normal
and under partial shading conditions (see [50,51]). For multiples PV modules, advanced techniques
such as particle swarm and overall MPPT should be employed to guarantee maximum power transfer
from the PV modules to the grid [52,53].

4.2.2. Electrolyte-Less Capacitor

Fundamentally, three-phase inverters need mainly the correct DC voltages during the processing
of their DC power. These DC voltages are fed using a bulky electrolytic capacitor [54]. However, the
lifetime of these kinds of capacitors is affected by thermal effects, humidity, pollution, overvoltage, and
overcurrent which make them not the preferred options. Some topologies of three-phase inverters such
as flying-capacitor multi-level and Z-source topologies still use large electrolyte capacitors. Still, recent
control algorithms can be used to limit or to remove the use of these capacitors completely [55,56].
On the other hand, the multi-inputs three-phase microinverters [57] process the power on each
phase. Thus, it needs to filter the double line frequency by electrolytic capacitors in theses topologies.
Therefore, in multi-inputs inverters, a trade-off exists between removing the electrolyte capacitors and
using a DMPPT control.

4.2.3. High Voltage Gain

High voltage gain in grid-tied microinverters is necessary because the DC voltage of a single
PV module is lower than 40 V for most commercial PV products. Traditionally, cascaded two-stage
or multi-stage microinverter topologies are proposed to solve this issue [19,20]. The first stage is
responsible for boosting the PV voltage using boost DC-DC converter topologies. Typically, the second
stage is an inverter to invert the DC voltage to a high-quality AC voltage. The main advantage of
the two-stage structure is the flexibility of the controller design. However, the efficiency and the
reliability of the inverter are relatively low due to multiple power processing and the high components
count which leads to an increase in system cost and complexity. Switched inductor and switched
capacitor converters have been proposed to generate high step-up and ultra-high-gain DC-DC boost
converters [58]. Voltage multipliers and coupled inductor boost converters are other topologies that
have also been proposed for the same purpose [59] since the cost and the size of these systems are the
main concerns.

To reduce the overall cost and complexity, recent generations of single-stage inverter structures
are preferred, and they are highly used [60]. These single-stage structures not only perform voltage
boosting, but they also can perform AC conversion. Unfortunately, these single-stage systems
suffer from complicated control algorithms sometimes requiring software rather than the hardware
implementation. Sometimes, the required voltage boosting gain of these inverters is achieved through
utilizing low or high-frequency transformers. Issues of leakage inductance and inverter efficiency, in
addition to the size and cost issues, are highlighted when transformers are used [41].

Moreover, different solutions for obtaining high voltage gain have been proposed using multi-input
microinverters based on cascaded multi-level inverters, in which different PV modules are used to
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reach the required voltage level. The main issue for these systems is the complexity of the system
structures and their control [61].

4.2.4. Four-Wire System

The current widespread use of the single-phase microinverters at local loads disturbs the voltage
balance at grid networks. This phenomenon introduces zero-sequence current that imposes a
fundamental frequency imbalance and leads to losses and heating. Moreover, an injected neutral
current disturbs controllers of single-phase microinverters.

Traditionally, a D/Y line transformer can perform a four-wire configuration to eliminate undesired
current harmonics of the grid which are bulky and have an additional cost [62,63]. On the other hand,
there are two common ways to provide the neutral connection [64-66] for the conventional three-phase
microinverter. The first solution is by retaining a three-leg inverter and splitting the DC-bus with a pair
of capacitors to provide the fourth wire, as shown in Figure 4a. In contrast, the second solution is a
single DC-bus capacitor with an extra pair of switches to provide the fourth leg as shown in Figure 4b.

- Three-phase microinverter N _Filter & grid Three-phase microinverter Filter & grid
(TTTTT o T
I Lgt )
J_ T ° st Lel g
= =t =4 He =4 =
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(c)

Figure 4. Different ways to supplement four-wire at three-phase microinverters: (a) split
capacitor four-wire microinverter; (b) four-leg four-wire microinverter; (c) added four-wire for three
independent phases.

Splitting the DC link topology is attractive because it is simple, without extra elements, and can be
controlled easily by controlling each phase independently. However, voltage balancing between the split
capacitors must be guaranteed which requires large electrolyte capacitors and remains the main system
drawback. Problems of splitting DC-link topology have been mitigated by using four-leg inverter
techniques. Various modified Pulse Width Modulation (PWM) techniques have proposed to cover the
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problems caused by using four-leg inverters such as the electromagnetic compatibility issues resulting
from missing the ground referenced to high-frequency voltage transitions [62]. In addition, the neutral
leg cannot be independently controlled, and thus the corresponding control design involving PWM
becomes more complicated with an extra two switches, as discussed by De and Ramanarayanan [67].
In contrast, using the fourth leg to balance the split capacitors’ voltage is proposed in [65]. This work
uses two ways to implement the four-wire inverters by independently controlling the phase legs and
the neutral leg.

Another way to create the four-wire three-phase inverter is by using three independent
sources as illustrated in Figure 4c. This configuration has an independent control for each phase
during normal and special operations [64]. It worth noticing that this configuration is suitable for
multi-input microinverters.

4.2.5. Voltage Isolation

The conventional solution for isolation in traditional PV systems is by using a line frequency
transformer, which is bulky, costly, and may pose efficiency challenges. Recently, high-frequency link
(HFL) transformer is considered as a mandatory part in microinverters to achieve voltage isolation
and to provide the required high voltage gain. Therefore, using HFL transformer will perform
bidirectional power isolation between PV modules and the utility grid, improving the overall system’s
reliability and providing more security for humans in the PV field. However, microinverters that
utilize HFL transformer have low efficiency and higher cost than transformer-less topologies [20,39].
Therefore, using state-of-the-art technologies to integrate HFL transformer into the next generation of
microinverters is highly recommended considering these factors.

4.2.6. Conversion Efficiency

Increasing the efficiency of the microinverter is a vital aspect because it is the main as well
as remarkable license access to PV industrial markets. Microinverters’ efficiency depends on the
characteristics of their inherent parts, such as semiconductor switches, passive elements, and switching
strategy. Recently, it has been shown that using advanced semiconductor technologies such as SiC
and GaN switches can guarantee good performance and high efficiency [68-70]. Furthermore, the
developing technologies done in the passive elements are considered an added value for the inverter
efficiency. With respect to the switching strategy, using high-frequency switching techniques and
optimizing switching losses and conduction losses ratios improve the overall efficiency [71]. In addition,
soft switching techniques such as Zero Voltage Switching (ZVS) and zero current switching (ZCS)
contribute significantly to improve the inverter efficiency [72,73].

4.2.7. Component Cost and Reliability

To push the market of PV based three-phase microinverters, the cost of each part of the system
should be investigated to reduce the overall cost. The cost of the microinverter in a PV system
accounts for about 10% of the total cost [16]. The following factors highly define the overall cost of a
microinverter:

O The number of components and their ratings.

O  Low power loss and low heat dissipation will diminish heat sinks, which decrease the overall cost.

O  Operating switching frequency because it determines the size and cost of passive elements.

O Power density improves the consumed printed circuit board (PCB) area and its
packaging technology.

O  Type of the implemented controller: analog or digital, its effective MPP tracking, and number of

used loops can improve the overall system efficiency and related cost.

The field test data shows that the gap between the lifetime of microinverters and that of the PV
module is still large. Therefore, improving the reliability of PV inverters is a must. Furthermore,
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other major indices for reliability, such as Mean Time to First Failure (MTFF) and Mean Time Between
Failures (MTBF), should be considered during the design of a microinverter [23]. In contrast, failure
effects of one microinverter on the overall PV system performance should be mitigated with modular
and redundant topologies.

4.3. Required Features of Grid Side

The rapid growth of the grid-tied PV-based microinverter and its influence on the grid performance
should be addressed. Many national and international standards, such as IEEE 519-2014 and IEC 61727,
are certified to evaluate microinverter performances. The main requirements of the grid due to these
standards are discussed in the following subsections.

4.3.1. Total Harmonic Distortion

As stated above, one of the most important characteristics of microinverters is the output power
quality, and this quality can be addressed from Total Harmonic Distortion (THD) of the grid current.
This quantity is influenced by the harmonic distortion of the synchronized voltage on the grid and
harmonic emission on the PV side. the maximum value of the allowed THD is 5%. On the other hand,
the relationship between the inverter power and THD must be considered for full optimization [74]
because the THD usually increases when the inverter operates in light load [75].

4.3.2. DC Current Injection

The coincidental DC voltage component that is produced by microinverters can introduce large
DC current injection. Well-designed microinverters must prevent this current and its destructive effects
under satisfied limits, especially for transformer-less topologies. The DC current injection limit in IEEE
1547 standard is specified to be less than 0.5% of the rated output current, while a DC current injection
up to 1% is being accepted in IEC 61727.

4.3.3. Anti-Islanding Operation

In some transient conditions, the grid is no longer present, while the PV module is still feeding
power to the microinverter’s grid side which is very dangerous for humans and the instruments of PV
systems. Therefore, the anti-islanding operation is important to disconnect the microinverter from the
grid and make it feeding power to the local load only [76]. Based on IEC 61727-1, UL 17412, and IEEE
1547, the condition for islanding must be detected, and the inverter must be isolated within 2 s. For
this, several techniques have been proposed [77].

4.3.4. Reactive Power Control

As stated above, the voltage of microinverters should be regulated within a specified limit.
Therefore, in the traditional grid, reactive power control is primarily required for voltage stabilization.
Microinverters should also be able to provide reactive power control to support the grid due to the
increased penetration capacity of the PV grid-tie applications. Microinverters should be also able to
provide reactive power control to support the grid due to the increased penetration capacity of the
PV grid-tie applications. This new function of microinverters can be used for voltage and frequency
regulation and even for power factor correction [78-80].

4.3.5. Voltage and Frequency Operation

To increase the power levels of PV installations, parallel connections of microinverters with
the grid are mandatory, leading to some technical challenges such as safety window of voltage and
frequency operation [81]. IEEE 1547 standard defines the range of voltage operation between 80%
and 110% with clearing time less than 0.16 s. The frequency range is 98.83%-99.17%, with less than
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0.15 s disconnecting time margin. The voltage of the microinverter can be stabilized using the main
controller [82].

4.4. Required Features Summary

To summarize the features mentioned above for three-phase microinverters, they are classified
into mandatory and important features, as illustrated in Figure 5. Mandatory features include MPPT
operation, CMV, four-wire system, and high voltage gain. These features should be pointed out in the
first steps of the microinverter design. In the second step of design, other important features such as
electrolyte-less capacitor, isolation using HFL transformer, DMPPT, THD, EM], efficiency, and power
quality issues should be optimized for the adequate performance of three-phase microinverters.

Three-phase
Microinverter
features
Mandatory | ¥ important
features features
v v v
e MPPT operation e DMPPT e THD
e CMV e Electrolyte-less e DC current injection
e High voltage gain capacitor e Anti-islanding
¢ Four-wire system e Voltage isolation operation
e Conversion efficiency e Reactive power control
e Component e Voltage&frequency
cost&reliability operation

Figure 5. The main remarkable features of a three-phase microinverter.

5. Recent Topologies of Three-Phase Microinverters

The conventional three-phase microinverter is not suitable to deal with CMV and THD problems
because of its low voltage gain (buck mode only). Thus, many three-phase microinverter topologies are
introduced in the literature to replace conventional microinverters. This paper compares and measures
the features of these topologies based on important factor classifications for the PV-microinverter
architectures. All recent topologies are categorized into two different main groups, single-input and
multi-input topologies, as shown in Figure 6. This classification is based on the different ways of
implementation of the interface. Single-input structures require high input PV voltage or inverter
integrated with HFL transformer to create the required voltage gain. In both cases, they lose the
DMPPT feature. On the other hand, the multi-input microinverters may need an electrolyte capacitor
to mitigate the inherent high input voltage ripple. In addition, they can use DMPPT. Single-input
and multi-input configuration have been proposed to process the PV power via single-stage or
two-stage topologies [20,40]. Differential and Z-source inverter topologies are classified as single-input
single-stage microinverters.
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Figure 6. Proposed classification of PV module three-phase microinverter topologies.

Two-stage voltage source inverters (VSI) can be implemented using both single-input and
multi-input configurations. On the other hand, multi-level inverter topologies can be classified into
two-stage single-input and multi-input structures. The last ones use their multi inputs to create the
required voltage gain. The following section discusses the details of each category.

5.1. Single-Input Single-Stage Microinverter Topologies

5.1.1. Three-Phase Differential Inverter

Differential Mode Three-Phase Microinverters (DTMI) are single-input single-stage step-up/down
topologies. They have high efficiency with a low number of components, hence yielding acceptable
total cost and size. Moreover, DTMI topologies can provide bi-directional power transfer. The main
drawback of this topology is the voltage stress resulting from the variable duty cycle operation and the
circulating current produced from the differential connection of converters.

The block diagram of a DTMI is illustrated in Figure 7. It consists of three DC-DC converters
connected in parallel at the input and differentially at the output side. The three-phase output is
produced using Sinusoidal Pulse Width Modulation (SPWM) with a 120 phase shift. This inverter can
step-up/down the voltage using proper DC-DC converters. The output voltages have both DC and AC
components. The DC component values are equal for all phases, and it is cancelled by the differential
connection, which is responsible for the voltage stress, while the AC component appearing on the
output voltage of each converter are combined to create the sinusoidal AC voltage of the inverter. The
diverse characteristics of the DC-DC converters give rise to many differential inverters as previously
shown [83-93].
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Differential inverter

DC-DC Converter 1

DC-DC Converter 2

DC-DC Converter 3

Figure 7. Differential mode three-phase microinverter.
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Figure 8; Figure 9 show the various types of the non-isolated and isolated differential mode
three-phase microinverter topologies, respectively.

Filter & grid

Figure 8. Non-isolated differential three-phase microinverter topologies: (a) differential boost
inverter [83]; (b) differential Cuk inverter [84]; (c) differential SEPIC inverter [85]; (d) differential
based four-switch SEPIC [86].
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Three HFL transformer-based Cuk Converters

PV
side

Filter & grid

PV
side

EvEvEvEv VT

Figure 9. Isolated differential mode three-phase microinverter topologies: (a) isolated differential Cuk
inverter [85]; (b) isolated differential full bridge inverter [86].

A detailed comparison is provided in Table 1; Table 2 for these differential mode microinverter
topologies. Selected topologies called D1 to D6 are listed and illustrated in Table 1, a performance
comparison of differential mode microinverter topologies is given. In contrast, Table 2 presents the
comparison of voltage stress of differential mode microinverters [83-88]. Moreover, the analysis of
components counts utilized in three-phase differential microinverter topologies is shown in Figure 10.
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Table 1. Performance comparison for selected topologies of differential microinverters.
p polog
Topology . Reliability

. Power Rating HF].J TIO_ID CMV Four-Wire n " . Cost
Ref. Solution DC-DC kw Isolation o Control Operating Mode Switching
[83] D1 (Boost) ™ 1-15 No 6-7 "2 High pr3 NA Sliding mode CCM Hard Low
[85] D3 (5 buck-boost) 2.5 Yes™ 1.8 Low pr3 95 3 control loops™ CCM Hard Low
[86] D4 (SEPIC) 2 No NR High pr3 NA DI sliding mode CCM Hard Very low
[87] D5 (Cuk) 0.5 Yes 6 Low pro 93 PR + SLM FF control gﬁg Hard Low
[88] D6 (Full bridge) NR Yes NR Low P> 89 CSVPWM CcCM Soft High

Additional notes: ™ There are two cases: linear load and nonlinear load. ™ This feature does not exist, but it is possible (P) using DC split capacitors or four-wire inverters. ™ The reported
five three-phase buck-boost differential inverters are designed without isolation and with HFL transformer (for only three). ™ The loopl is for current grid control using PR, while loop2 is
for second-order harmonic compensation. Loop3 is for third-order harmonic elimination. ™ This feature does not exist, but it is possible (P) using DC split capacitors or four-wire system
depicted in Figure 4b,c. Abbreviations: Not Reported (NR), Continuous Conduction Mode (CCM),), Continuous Modulation Scheme (CMS), Discontinuous Modulation Scheme (DMS).
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Table 2. Performance voltage stress for selected topologies of differential microinverters.

Topology
Ref Solution Switch A Switch B Capacitor CA Capacitor CB
[83] D1 (Boost) Vie + ngm'd Vi + Zng'd - ngrid
[84] D2 (Cuk) Vi + zvgrid Vi + ZVgriﬂl Vic + ZVgrid ngrid
[85] D3 (5 buck-boosts) ™ Vie +2Vgria Ve +2Vgig Ve 2V eria
[86] D4 (SEPIC) Viac +2Vgig Ve +2Vgig Ve 2V oria
[87] D5 (Cuk) TlVdc + 2Vg,id Vdc/i’l + ZVgrid anC + 2Vgrid ZVgrid
[88] D6 (Full bridge) Y Vi Y 2Vgia - 2V ria

Additional notes: ™! In this paper, five topologies of three-phase differential inverters are presented. The voltage
stress of SEPIC and flyback converters are the lowest.

B Inductors
B Capacitors
Switches

W HFTs

Figure 10. Components count utilized in three-phase differential microinverters topologies presented
in previous studies (see [81-86]).

The following points summarize these topologies based on the derived mandatory features:

O  MPPT operation: PV module with its MPPT can be implemented with high tracking efficiency
for DC-DC converters with non-pulsating input current such as boost, SEPIC, and Cuk converter
topologies [85,89].

O CMV: Adding HFL transformer to Cuk and full-bridge, as shown in Figures 8a,b respectively,
will eliminate the leakage current and CMV. On the other hand, CMV elimination can be achieved
by using proper modulation techniques, especially for transformer-less topologies shown in
Figure 9a,d.

O  High voltage gain: High voltage gain is necessary for microinverter topologies because of the
low voltage of PV modules. In buck-boost and boost converters, high voltage can be effectively
achieved. Moreover, a very high voltage gain is possible in isolated topologies utilizing the turn
ratio of HFL transformer in addition to the conversion gain of the converter keeping in mind the
relationship between HFL transformer turns ratio and its efficiency.

O  Four-wire operation: The four-wire system can be implemented using the previous topologies.
It can be implemented by using a split DC-link capacitor (see Figure 4b) or using added four-wire
solution (see Figure 4c).

Important features of differential inverter topologies provided in Table 1 are summarized as follows:

O  DMPPT: DMPPT techniques have not been issued in these topologies because they use a
single-input PV module(s).

O  Electrolytic-less capacitor (E-less cap): Since differential three-phase inverters share small
capacitors, they can be used with an electrolytic-less capacitor. Moreover, the parallel connection
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of theses converters on the input side cancels inherent double line frequency, which leads to the
use of small input film capacitors.

O  Voltage isolation: HFL transformer integration is proposed in topologies shown in Figure 9a,b
to increase the power density and achieve voltage isolation. This also increases safety.

O  Conversion efficiency: The reported maximum efficiency is about 95% for SEPIC topology shown
in Figure 8c.

O  Component count: Figure 10 shows a detailed element counts comparison of differential
three-phase microinverters. All passive elements, inductors, and capacitors of DC-DC converters,
HFL transformers, and switches are counted. Table 2 gives the switches voltage stresses. It
can be noticed that the topology of Figure 8d has the lowest components count among the
presented topologies.

O  Reliability: To support reliability issues, many control techniques such as sliding mode control
(SMC) and proportional resonant (PR) have been proposed for topologies shown in Figures 8a
and 8b, respectively. From Table 2, the SEPIC converter has the lowest voltage stress. For reliable
operation, DCM is proposed in topology D5, and soft switching is proposed in topology D6.

O  THD: The lowest THD is performed in topology D3, and the maximum reported THD is in
topology D1.

O  Anti-islanding operation: Concerning the previously mentioned PV based differential inverter
topologies, there is no discussion about anti-islanding operation. Therefore, it could be of interest
to discuss this issue for these topologies in future work.

O  Reactive power control: Reactive power increases as circulating currents exist and so it is
important to assure a good control design that presents the existence of current circulating. The
selected topologies D1-D6 should be examined for the existence of circulating current and the
reactive power.

O DC current injection: This feature should be tested, especially for transformer-less
topologies D1-D4.

O  Voltage and frequency operation: In topologies D1-D6, this issue should be tested in different
conditions and different scenarios.

5.1.2. Three-Phase Z Source Inverter

Impedance Z-Source Inverter (ZSI) is a single-input single-stage inverter with few unique features.
The ZSI can limit the problematic issues of the VSI and current source topologies and provides a step-up
voltage conversion solution. The classical ZSI has an extra circuit called the Z-network, as illustrated in
Figure 11. This network improves the inverter’s features by increasing buck/boost conversion gain due
to Shoot Through (ST) property, which eliminates the dead time operation required in conventional
VSI topologies [94,95].

Figure 11. Classical Z-source inverter [94,95].

To avoid the shortcomings of the classical ZSI, many topologies have been derived such as
quasi ZSI (qZSI), Switched Inductor (SL-ZSI), combines switched inductor with quasi ZSI (SL-qZSI),
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Transformer based ZSI (Trans-ZSI), and inductor-based ZSI (L-ZSI) for many applications. These
topologies have been presented, reviewed, classified, and evaluated for many applications in other
studies (see [95-97]). Here, studies on ZSI topologies, when utilized in three-phase microinverter
applications, will be carried out, and the topologies will be discussed in more detail.

The classical ZSI topology has low voltage gain with high switching losses and high voltage stress,
posing many challenges for PV based three-phase microinverters. In previous studies [98,99], different
modulation techniques were used to increase the voltage gain without adding extra elements in the
power stage, being able to enhance the boosting capability over a wide range operation. In a study
by Barathy, Kavitha, and Viswanathan [99], high gain was achieved by defining the right choice of
active vectors and the placement of ST states. In this way, the voltage gain can be increased at high
modulation indices. In addition, with the inclusion of ST states, the number of switching is less, which
results in low switching losses and low voltage stress and small size of the reactive components.

In contrast to classical ZSI, qZSI topology, shown in Figure 12, has the advantage of continuous
input current, which makes it suitable for PV applications. A PV-fed qZSI with optimal control was
proposed by Bakeer,. Ismeil, and Orabi [100], where a finite control set model predictive control
(FCS-MPC) with reduced computation time was proposed for this system [100].

Quasi network VSI microinverter Filter & grid

Figure 12. Structure of quasi Z-source invertor (ZSI) topology [100].

A modified ZSI (L-ZSI), involving only diodes and inductors for boosting the ratio of the inverter,
was proposed by Pan [101] and is shown in Figure 13. The L-ZSI is a modification on the SL-ZSI. The
proposed topology provides inrush current suppression because no current flows to the main circuit at
start-up. The proposed topology also provides a common ground for the source and inverter.

L-Z network VSI microinverter Filter & grid
~

@

Figure 13. Modified ZSI (L-ZSI) structure [101].

Utilizing the Z-network, a transformer and a capacitor form another topology called trans-Z-source
inverter, as proposed by Qian, Peng, and Cha [102], with reduced components count. Its circuit
diagram is shown in Figure 14. The voltage gain and voltage stress are significantly improved by
using a transformer’s turn ratio larger than one. Isolated Z-source inverter using HFL transformers is
presented by Jiang and co-authors [103] for low voltage applications (Figure 15). This isolated topology
introduces extra components because the utilization of HFL transformers requires an additional power
conversion stage.
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Trans network VSI microinverter Filter & grid
~

Figure 14. Structure of transformer trans-ZSI topology [102].

Isolated Z netwrok VSI microinverter Filter & grid
-~

Figure 15. Structure of voltage fed isolated ZSI topology [103].

On the other hand, four-leg quasi-ZSI was proposed by Bayhan and co-workers [104], as illustrated
in Figure 16. There, Model Predictive Control (MPC) scheme was used to overcome the drawbacks of
the classical ZSI. MPC was used to control the load current and quasi ZS network capacitor voltage
with high accuracy, leading to a fast response. The proposed controller handles each phase current
independently. As a result, the proposed quasi ZS four-leg inverter provides fault-tolerant capability,
for example, if one leg fails, the others can work normally. Finally, a three-phase four-leg inverter
was employed to ensure the reliable operation of the PV architecture under balanced and unbalanced
load conditions.

Four-wire VSI microinverter Filter & grid

——— e e e e L D _

|
Lg3 ig3
| II.( L] )_>_6 >_
— — —
11
Al et sl
|
Ln |
|
R, |
Four wire

Figure 16. Quasi Z-source three-phase four-leg inverter topology [104].

Table 3 compares the previously discussed Z-source topologies utilized in three-phase
microinverters based on some features and standards. Based on the mandatory features, the following
statements can be made:

O  MPPT operation: For high tracking efficiency, continuous input Z-source microinverter topologies
such as qZSI [100] are preferred.

O CMV: CMV in Z-source microinverter topologies can be mitigated using modified switching
states [50]. Moreover, CMV is highly reduced in isolated Z-source [103] topologies.

O  High voltage gain: For high voltage gain, L-ZSI [101] and voltage fed trans-ZSI [102]
are recommended.
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O

Four-wire operation: Four-wire systems [104] for PV-fed Z-source inverters are implemented
using a four-leg solution (see Figure 4b).

On the other hand, implementation of three-phase microinverters using Z-source inverter

topologies match important features such as:

O

O

DMPPT: Based on the authors” knowledge, DMPPT-related research for PV modules with
Z-source inverters was not reported in the literature as it uses a single-input PV source.
Electrolytic-less capacitor (E-less cap): The most effective topology among Z-source
microinverter topologies is L-ZSI because the capacitor is totally omitted, resulting in
less electrolytic-less capacitor topology. On the other hand, in traditional Z-source
microinverters [88,89,94], the Z network’s capacitor is still large and requires an electrolytic
capacitor. Finally, for qZSI topology and trans-Z-source topologies [100,102], this capacitor is still
25% larger than the electrolytic-less capacitor.

Voltage isolation: Isolated ZSI[103] is considered a good solution for three-phase microinverters,
but it has a high number of components.

Conversion efficiency: The conversion efficiency of Z-source microinverter topologies is still
lower than VSI microinverter.

Component cost:Figure 17 presents the number of components of each topology. Classical ZSI,
L-ZSI, and QZSI have the lowest number of components, which decrease the overall cost.
Reliability: Table 4 shows the voltage stress of each topology. For a turn ratio equal to 1, all
Z-source microinverter topologies have equal switch stress except L-ZSI [101]. The same can be
said for capacitor stress except for Z3, which has no capacitors making it more reliable.

THD: The reported THD is 11% and 8.7% in studies by Barathy and collegaues [99] and Bayhan
and co-authors [104], respectively.

Anti-islanding operation: According to the previously discussed PV-fed Z-source topologies,
there is no discussion about the anti-islanding operation. However, a proper control design,
which detects anti-islanding conditions, requires careful integration and design for the previously
discussed topologies.

Reactive power control: For all the previously discussed topologies [99-104], the reactive power
control can be improved by selecting judicious modulation strategies.

DC current injection: This feature should be examined for all the previously discussed Z-source
inverter topologies [99-104].

Voltage and frequency operation: These features should be tested and improved by using
different voltage controllers and different modulation techniques.

W HFTs

M Capactiors
Inductors

M Diodes

W Switches

Figure 17. Analysis of components’ count utilized in three-phase Z-source microinverter topologies
presented elsewhere (see [99-104]).
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Table 3. Performance comparison for selected topologies of Z-source microinverters.

21 of 39

Topology Power Gain™ Reliability
Fig. Solution Riting CMV Four-Wire n MxBs % Control Switchin THD Cost
Ref. Topology w 8 %
- A=
Figure 9 z1 0.26 No pn!l NA D <05 SVM Hard 11 low
[99] classical
B=7 12D
Figure 10 Z2 nl . :
[100] qZSI 0.45 No P NA D <0.5 FCS-MPC Hard NA low
B = WD
Figure 11 Z3 nl 1D Maximum Boost
[101] L-7SI 0.15 No P NA D<1 control Hard NA Very low
B=
Figure 12 Z4 ol 1-(1+m)D Constant Boost
[102] Tran-ZSI NR No P NA . (P+< (;g 20 control Hard NA Very low
- n
Figure 15 2 2.88 Yes pnl NA B=tmp Constant B 3" inject Hard NA High
[103] 1-Z81 ' D<05 onstan fryec &
Figure 14 Z6 B= 1—12D
[104] QZsI 0.4 No Four leg NA D<05 MPC Hard 8.7 low

Additional notes: ™ This feature does not exist, but it is possible (P) using DC split capacitors or four-wire inverters. "2 Term 1 is the turns ratio of utilized HFL transformer. Abbreviations:
Space Vector Modulation (SVM), Finite Control Set-Model Predictive Control (FCS-MPC), Model Predictive Control (MPC), Boost (B)
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Table 4. Performance voltage stress for selected topologies of Z-source microinverters [99-104].

22 of 39

Topolo
. pomosy 3 Switch Stress Capacitor Stress
Fig./Ref. Solution
Vdc 1-D V .
Figure 14/[99] 71 Classical D1;2185 11—)2D< ()?gd
Figure 15/[100] 72 Q7SI = 125 Vgrid
D <05 D <0.5
14+(N-1)D
Figure 16/[101] 73 1L-7SI 15D< . Vie No capacitors
Figure 17/[102] 74 Trans-ZSI 1_(11")17 Ve _(1-D) Ve
1-— (1 + n)D £0 1-(1+n)D
Vdc Vdc
i 18/[1 - 1-2D 1-2D
Figure 18/[103] 75 1-ZSI D205 Db
Figure 19/[104] 76 QZSI = 125 Vgrid
D <05 D <05
LLC resonant Converter VSI microinverter Filter & grid

Figure 18. Two-stage three-phase microinverter proposed by Chen and co-workers [105].

5.2. Single-Input Two-Stage Microinverter Topologies

Voltage Source Inverter Topologies

Three-phase VSI usually has a voltage step-down property. For PV systems, they add a boosting
stage using a DC-DC boost or some other boost-derived topologies, like buck-boost, isolated boost, and
full-bridge converters. For microinverters’ utilization, the main challenge is the increased components’
count that results in high cost and increased size. Much work has been done recently to overcome
these disadvantages. In a study by Chen and co-workers [105], the design and implementation of a
three-phase grid-connected two-stage MIC with improved efficiency, using ZVS strategy, was proposed.
The first stage is an LLC resonant DC-DC full-bridge converter with Center Point Iterations (CPI)
MPPT algorithm. The second stage is a full-bridge inverter. In addition, the four-wire system can be
adopted, as shown in Figure 18.

Full-bridge LLC resonant converter has many advantages such as high efficiency and capability
of ZVS or ZCS operation over a wide range of input voltages. Moreover, phase skipping control can be
implemented to improve the inverter efficiency under light load conditions [105]. Finally, triple loop
control of ZVS can be achieved and optimized to guarantee the stability of the inverter used in PV
applications [106]. A two-stage three-phase VSI, with improved efficiency, was proposed by Huang
and Mazumder [107] using a soft switching mechanism based on Zero Voltage Zero Current Switching
(ZVZCS) principle. The first stage is an isolated full-bridge DC-DC converter, and the second stage is a
three-phase VSI inverter, as shown in Figure 19.



Energies 2020, 13, 2929 23 of 39

Full bridge Converter VSI microinverter Filter & grid

Figure 19. Two-stage three-phase microinverter proposed by Huang and Mazumder [107].

A different two-stage three-phase VSI was proposed by Jain and Singh [98]. The first stage uses
a conventional boost converter to perform MPPT control to feed DC power, and the second stage
is a two-level VSI, as shown in Figure 20. The proposed system uses an adaptive DC link voltage
by adjusting the reference DC link voltage according to the Common Point of Interconnection (CPI)
voltage. The adaptive DC link voltage control helps in the reduction of switching losses. A feed
forward loop was also used to improve the dynamic response.

Boost Converter VSI microinverter Filter & grid

Figure 20. Two-stage three-phase microinverter proposed by Jain and Singh [108].

To evaluate these topologies utilized in three-phase microinverters, three solutions V1-V3 are
compared based on features and standards of three-phase microinverters, as illustrated in Table 5.
Based on the derived mandatory features, the following statements can be made:

O  MPPT operation: For V1, the CPI MPPT algorithm is proposed for high tracking efficiency. For
V3, the incremental conductance MPPT controller is reported.

O CMV:CMV in V1 and V2 is low due to the utilization of HFL transformer in the full-bridge
DC-DC converter. However, CMV is high in V3.

O  High voltage gain: The most interesting topology is V1, where high gain is attained by using
resonance frequency of the LLC resonant DC-DC full-bridge converter.

O  Four-wire system: Four-wire system approach was adopted in V1 using a split DC capacitor for
PV modules.
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Table 5. Performance comparison for selected topologies of two-stage voltage source inverter (VSI) topologies microinverters.

24 of 39

Topology P Rati Reliability
ower hka ll'lg .
] ] KW Four-Wire n MPPT o THD Cost
Fig./Ref. Solution Topology Control Switching o
Figure 21/[105] FB \-ClVSI 0.4 Split Capacitor 95.5% CPI PWM + ZVS Soft 5 High
Figure 22/[107] - ZZVSI ~1 pnl 91.5% ; PWM + ZVZCS Soft 5 High
Figure 23/[108] BZSS " 6.5 prl NR INC PWM"2 Hard 5 Low

Additional notes: ™ This feature does not exist, but it is possible (P) using DC split capacitors or four-wire inverters. "2 The control diagram has an adaptive DC link control with PI and

feed forward for VSI.
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On the other hand, good design of three-phase microinverters using two-stage VSI topologies

must consider other important features:

O

DMPPT: DMPPT has not been discussed in two-stage VSI inverter topologies V1-V3, as they
have a single input PV source. On the other hand, since the first stage can be utilized with
multi-input, DMPPT can be achieved.

Electrolytic-less capacitor (E-less cap): For topology V1, the DC link capacitor is only about 35

uE so that the film capacitor can be used. For topologies V2 and V3, an electrolytic-less capacitor
is still needed.

Voltage isolation: HFL isolation can be implemented in topologies V1 and V2.

Conversion efficiency: The highest conversion efficiency, 95.5%, is reported for topology V1. For
topology V2, the efficiency is 91.5%.

Component cost: Figure 21 presents the number of components of each topology. V3 topology
has the lowest number of components, hence the lowest overall cost.

20 T
15 7 ® HFTs

W Capacitors
10 -

‘ Inductors

5 71 " ’. . M Diodes
‘ ‘ ’ M Switches
Tl @ W
Vi .
V2 Y
V3

Figure 21. Components’ count utilized in three-phase two-stage microinverter topologies presented
elsewhere (see [106-108]).

Reliability: It depends on the component count, voltage stress, and component values. The
switching techniques developed in V1 and V2 can improve the overall system reliability.

THD: The reported THD is 5% for all topologies.

Anti-islanding operation: At weak grid operation, the previously discussed two-stage VSI
topologies V1-V3 cannot operate in islanding operation mode to feed local loads. Therefore,
adding this property for these topologies can enhance conversion power performance, especially
in DG applications.

Reactive power control: For all previously discussed topologies V1-V3, several modifications of
PWM techniques can enhance these topologies to perform active and reactive power control.
DC Current injection: This feature should be tested for all aforementioned discussed two-stage
VSl inverter V1-V3 topologies.

Voltage and frequency operation: In topologies V1-V3, the output voltage control was applied,
but it needs more tests and investigation.
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5.3. Multi-Input Microinverter Topologies

Multi-input microinverter topologies can substitute separate single-input three-phase
microinverters and reduce the components count and cost. This multi-input design approach is
receiving interest due to the launching of distributed renewable energy sources, such as PV, in recent
utility grids and due to the requirement of integrating different kinds of renewable energy resources in
a hybrid system, such as PV and wind. Moreover, DMPPT controllers, which optimize the operation
of independent PV modules, can be integrated with independent controllers even at partial shading
conditions. However, the main issue of theses topologies is how to incorporate different stable and
robust DMPPT controllers of PV modules. The following lines discuss the interesting topologies of
multi-input three-phase microinverters.

Three-phase Multi-Level Inverter (MLI) topologies have been utilized in low-power applications,
such as PV module architectures for its inherent features such as [109]:

O  Staircase output voltage waveform partially following a sine wave template leads to a low THD
with high voltage levels and low voltage stress.

Using MLI reduces the voltage transient stresses.

Low CMYV is introduced in MLIs utilizing split capacitors and proper PWM modulation techniques.
Low switching loss is due to low switching frequency.

O O OO0

Low distortion in the input current leads to high tracking efficiency of PV modules.

Moreover, there are many challenges for MLIs, especially when utilized as microinverters and PV
module interfaces. Their main drawbacks are:

O  Low voltage gains less than unity; therefore, a boost stage is added to increase the voltage hence
leading to the use of more components.

O  Reliability concerns due to non-uniform voltage stress and distributed losses.

O  The high transient voltage across the clamped switches is introduced for grid-connected
PV architectures.

Interestingly, many works have been published to compare and evaluate the intensive literature
work of MLI topologies [110,111]. However, the vast majority of these works focused on THD, switches
count, and inverters control. Below, the topologies considering multi-input three-phase microinverters
based on the classification shown in Figure 5 are discussed in detail.

5.3.1. Cascaded H-Bridge (CHB) Inverter Topologies

Cascaded H-Bridge (CHB) MLIs are considered the simplest multi-level topologies. They are
obtained by connecting the output of full H-bridge modules in series as illustrated in Figure 22.



Energies 2020, 13, 2929 27 of 39

—_—— e — — — — —_——— e —

I/ \ 4 \ (- \
| i | |
' Hbridge1 1 i N i '
| ge | | H bridge 2 | | H bridge 3 |
!
1 | | 1 [
|
— | | |
< | I Fj | | |
i*Jl *Jll 'H’ *Jlllhyhj ’
+ | | + | | + | |
PV, — PVI | PV [
sidel } } I | side! I side| [
-o—ln— — Al — — I —0—|l— —ll— |
| < ||'< | | H} |H} | | < < |
| . 1 LT ] L7 | !
| 1 | | I
|
| Hbridge4 : | Hbridge5 : | Hbridge6 :
I
T I I T '
= f f |+ f f TEAEA|
< |
S _ll— : | _ll— L = _ll— :
* | k! |+ !
l.>V| = PVI | PV |
side| } 1| side! | side | |
— — | — — | — — |
BB TEY B TR EE |
| 1 a0 LT i I 1 !
| i | |
| v \4 : \ A
| For levels Exteillsion For levels Extensjon For levels Extension
| / /
— o — - ~“ M e e —mM— -~

Filter & grid

Figure 22. Cascaded H-bridge three-phase multi-input inverters [61,112].

One of the most interesting features of this topology is the ability to boost the PV voltage in
the staircase form since each PV voltage is considered as one level of the output voltage. As can
be observed in Figure 23, the maximum output voltage of the circuit is equal to Vpy1 + Vpyo [111].
In [113], the same multi-input three-phase microinverters with different PV modules for each H-bridge
were discussed by Rivera and co-workers. DMPPT controllers were applied to guarantee maximum
power extraction from each PV module. This topology can be used to increase the voltage gain by
adding more levels. It improves the efficiency and modularity and allows independent control for
each phase. However, this topology’s main issue is the mismatches between the PV sources, which
leads to unbalanced sources causing an unbalanced grid current.

In a study by Xiao and co-authors [61], a control scheme with modulation compensation was
introduced by using a zero-sequence current to make the unbalanced power proportional to unbalanced
output voltage. The key issue is the complexity of the control. Moreover, the modulation index of
each PV module could violate its bands at high or severe PV mismatching conditions. To simplify
this control, a DC power control method was proposed by Ye and co-authors [112] to make the PV
power at mismatch conditions and related modulation indices at their expected values. In a study by
Sochor and Akagi [114], the power balancing of PV modules in modular three-phase CHB is discussed
and compared for two different configurations. Theoretical comparison of single-star bridge cells
and single-delta bridge cells reveals that the second configuration, shown in Figure 23, mitigates the
unbalance between the signals, which simplifies the modulation compensation control.
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Figure 23. Multi-input three-phase cascaded H-bridge inverter in single-delta bridge cells

configuration [114].

The following statements can be made for the previous topologies according to the

mandatory factors:

O

MPPT operation: MPPT is applied due to independent control of DC-link voltage. However,
at severe PV mismatching conditions, this control can fail to select optimum weighing factors
between MPPT efficiency of each PV module and output current balance on the grid side [112].
CMYV: CMV in each H-bridge exists, then different control techniques are used to improve it.
High voltage gain: the high voltage conversion ratio can be increased by adding PV modules to
increase output voltage stairs with high modularity and flexibility.

Four-wire operation: The four-wire operation approach was not reported in these topologies.
Although, implementing a four-wire multi-input multi-level three-phase microinverter could be
interesting in future PV applications.

On the other hand, the design of three-phase microinverter using modular CHB inverter topologies

must consider other important features:

O

DMPPT: DMPPT in all discussed topologies [61,112-114] is utilized effectively due to independent
control of the DC link of H-bridge, where an MPPT controller for each PV module is appended to
generate DC link voltage reference signal.

Electrolytic-less capacitor (E-less cap): Unfortunately, the aforementioned modular CHB inverter
topologies have large electrolyte capacitors due to independent control of each phase, which is
similar to single-phase inverter topologies. Therefore, novel solutions to decouple these capacitors
could be the subject of future work.

Voltage isolation: Up to date, utilizing HFL in multi-input multi-level CHB three-phase inverters
has not been proposed.
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O  Conversion efficiency: Higher efficiency is expected for most MLIs due to the absence of passive
elements. However, no information about this was reported in the literature.

O  Component cost: All the discussed topologies have the same component count, so they have the
same cost for the power stage. However, the controller complexity and its cost could be different.

O Reliability: Although these topologies could enhance the overall reliability by eliminating boost
DC-DC converters, they have complex controllers which pose reliability problems. Therefore,
working on control simplicity could be a topic of interesting research work.

O  THD: the reported THD is 3.3% according to [61].

O  Anti-islanding operation: According to the existing works on the previous CHB topologies,
there is no discussion about anti-islanding operation. However, proper control design with high
accurate anti-islanding detection is preferred.

O  Reactive power control: Good controller design can improve the reactive power control.

O  DC current injection: It is not reported here and based on IEEE 1547 standard; it is specified to
be less than 0.5% of the rated output current of up to 1% based on IEC 61727.

O  Voltage and frequency operation: IEC 62446 for PV system and IEC 61683 standard for inverter
testing, in addition to the IEEE 1547 standard, defines the range of voltage frequency variation at
the coupling point with the grid. Then, all systems should control its generated power with the
voltage control and frequency limit.

5.3.2. Two-Stage Multi-Input VSI Topologies

DC optimizers in PV architectures are extensively utilized due to independent control between
DMPPT on each PV module and grid side control at string inverter. These architectures process the
power over two stages by DC optimizers first and secondly by string inverter. To reduce the component
count and overall cost, and based on modification in the previous architecture, a multi-input three
switches leg microinverter, shown in Figure 24, is proposed in [60]. The number of switches is reduced
by one in each leg compared to traditional PV architectures. Moreover, the DMPPT for each DC
optimizer stage is accomplished by using gate signals on the nearest two switches to the inductor. The
middle switch in each leg is utilized for inverter operation.

According to mandatory factors, the following statements can be made for the multi-input
two-stage three-phase microinverters proposed in [60]:

O  MPPT operation: MPPT is applied and controlled by the boost converter on each input.

O CMV:CMV can be obtained by using a proper controller.

O  High voltage gain: A high voltage gain can be obtained by increasing the voltage gain of the
conventional (boost) DC optimizer or by using isolated DC-DC converters with a high turns ratio
for their HFL transformer.

O  Four-wire operation: Four-wire operation approach was not reported for this topology.



Energies 2020, 13, 2929 30 of 39

Filter & grid

Three Boost Converters

Figure 24. Multi-input three-phase two stages VSI [60].

For important factors, the following are discussed:

O  DMPPT: DMPPT in the proposed topology is obtained by control of the DC optimizer boost on
each input. Therefore, at partial shading conditions, each boost converter operates independently
to extract the maximum power that the corresponding source can provide independently of the
other sources.

O  Electrolytic-less capacitor (E-less cap): DC link capacitor is similar to the capacitor utilized in
single-input two-stage microinverters.

O  Voltage isolation: This feature is not reported for this topology. This can be obtained by using
isolated DC-DC converters such as flyback and isolated SEPIC converters.

O  Conversion efficiency: The reported conversion efficiency is about 87% [106].

O  Component cost: It is considered a low cost compared to the traditional two stages of VSI-based
PV systems.

O  Reliability: The control has two loops, the internal one for current and the external one for
voltage. Simplifying this control can enhance overall reliability.

O  THD: No information was reported about the THD for this topology.

O  Anti-islanding operation: No information was reported about the anti-islanding operation in
this topology.

O  Reactive power control: This feature is not reported for this topology.

O  DC current injection: It is not reported here and based on IEEE 1547 standard; it is specified to
be less than 0.5% of the rated output current of up to 1% based on IEC 61727.

O  Voltage and frequency operation: This issue should be tested in different conditions and
different scenarios.
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6. Discussion of Three-Phase Microinverter Topologies

According to the previous two sections and the selected topologies evaluated by the developed
mandatory factors, the following statements can be made:

1. The best topologies of differential microinverters are HFL-based SEPIC and Cuk
differential topologies.

2. The best topology at Z-source microinverters is L-ZSI topology.

3.  The best topology at two-stage VSIs is LLC resonant microinverter.

In order to fill the gap between the other requirements (important ones) of three-phase
microinverters (Section 4) and the selected topologies (Section 5), this section adds another
benchmarking strategy. This strategy discusses how each topology can fulfill these requirements and
has three different levels:

v Level 1 (done): This means that this topology implemented this feature in the literature. It gets a
full mark.

v Level 2 (not done but it is possible): This level examines the topology’s capability to achieve
the required feature through extension by added circuit/technique in the future. It gets an
average mark.

v Level 3 (impossible): This means the impossibility of the topology to fulfill the required three-phase
microinverter features. It gets a zero mark.

It is worth noticing that this strategy, with its three levels, adds a new dimension to the previously
developed two dimensions (two-stage screening of this work in the last two sections) which will make
a general picture with a three-dimensional view. This three-dimensional picture can help the designers
and researchers on three-phase microinverters to understand each group’s strong points and how
each one fulfills every factor. The three-dimensional picture, shown in Figure 25, can save substantial
time during the selection stage of three-phase microinverter design. Moreover, it can make the right
decisions about desired microinverter performance on the DC and AC sides.

Based on the above picture with its specified marking system and the discussed detailed features
of three-phase selected microinverter topologies under study; it is interesting to note that:

v The primary weakness of single-input microinverters (including differential, Z-source, and
two-stage VSI topologies) is the DMPPT because it could lead to phase unbalances.

v The main shortcoming of multi-input inverter topology is its disability to minimize the employed
electrolytic capacitor. Solving this issue using different decoupling techniques will enhance
converter reliability.

v As illustrated in Figure 25, mandatory features are fulfilled in the Z-source and two-stage
VSI topologies. However, most topologies of Z-source inverters still suffer from the use of
electrolytic capacitors, which increase size and cost (low mark) in addition to efficiency and other
essential factors.

v Two-stage VSI topologies need more attention for the last four essential features in addition to
reliability and cost. Differential inverter topologies seem to prevail in price and size due to the
utilization of the small passive elements of DC-DC converters, which improve efficiency. This
target can be achieved by devoting more focus on voltage stress and circulating current and its
resultant power losses.

v Moreover, four-wire systems, MPPT, and other important features open the door for research and
industry to introduce better solutions.

v Multi-input multi-level microinverter topologies show the high mark in DMPPT eliminations,
reducing the use of electrolyte capacitors, and improving overall efficiency.

v The last essential features, such as anti-islanding, reactive power, DC injected current and voltage
and frequency operation, have not been reported and examined for all groups.
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v Finally, the details about each group of the selected topologies are shown Table 6. The numbering
in this table corresponds to the same details as in Figure 23 and Table 6.
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Figure 25. Evaluation of all discussed topologies based on the developed marking system.
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Table 6. The detailed notes of the proposed picture presented in Figure 25.

Notes Number Discussion

The main issue of applying DMPPT with this differential topology is stability. This
topology depends on the input voltage to cancel the DC offset and make the

@ differential connection, so using PV and MPPT for each DC-DC converter will
change the offset and make the whole topology prone to instability.
® The main issue of applying DMPPT with this topology is reliability. MPPT
technique will increase the complexity of the converter.
The DMPPT technique can be applied by using cascaded DC optimizers with
® independent PV modules. A centralized inverter is used for grid connection. If the

same DMPPT technique is applied to different sub-modules and one converter for
the PV module, the cost will increase.

L-ZSI is the only topology in this group which can be used without E-caps;
@ therefore, most of the other Z-source inverter topologies need more efforts to
reduce the use of these types of capacitors.

The main issue is the independent DMPPT operation of each phase which creates
® the imbalance between instantaneous input power and sinusoidal output power
and results in an AC double line frequency.

In this topology, the main issue is the voltage stress and circulating power which

© threatens the reliability and cost.

® In this topology, the main issue is the use of E-cap and other passive components in
the Z network. This threatens the reliability.

In this topology, the main issue is component count and power processing through
the two stages. This threatens the reliability.
In this topology, the component count is reduced; but the main issue which
® threatens the reliability is the control complexity: DC link control of each phase and
MPPT operation of each PV module.
® In this topology, the main issue which menaces the reliability is the limitation of the
boost converter gain.

@ There still room for more improvement for THD (less than 5%).

@ Anti-islanding is a research topic for all topologies.

® Reactive power control techniques are important to convey the high penetration of

the PV module architectures in grid resources.
DC injection elimination satisfies standards.
® Voltage and frequency control should be investigated for this topology to dismiss

the defect of PV architectures on the whole grid reliability and its power quality.

7. Conclusions

The ongoing development on electrical energy generation using PV-based architectures, such
as integrated AC modules, drive research and industry to pay more attention to microinverters.
Three-phase inverters are a superior solution to design an electrolyte-less microinverter. This kind
of microinverter improves reliability and reduces size and cost when compared to single-phase
microinverters. It can also integrate grid features such as islanding, active and reactive power control,
ancillary services, etc. This is the door for researchers to investigate three-phase inverter topologies and
their control. In addition, it is crucial to compare three-phase inverters based on a developed benchmark
or specification that integrates all required features for DC-PV and AC grid sides. In this paper, the
standardized features for three-phase microinverters are discussed, classified, and benchmarked. These
features have been divided into mandatory and essential factors. Most of the existing microinverter
topologies in the literature have been studied and examined based on this developed classification.
It has been shown that the primary weakness of single-input microinverters, including differential,
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Z-source, and two-stage VSI topologies, is the DMPPT due to the phases unbalance issue. Furthermore,
the main drawback of multi-input inverter topologies is their inability to reduce the use of electrolytic
capacitors. Solving this issue using different decoupling techniques will enhance inverter reliability.
Mandatory features are fulfilled in the Z-source and two-stage VSI topologies. However, most Z-source
inverter topologies still suffer from the use of electrolytic capacitors which increase the size and cost
and degrade the efficiency as well as other essential factors. More attention has to be paid to two-stage
VSI topologies due to their essential features in addition to reliability and cost. Differential inverter
topologies seem to prevail in price and size due to the utilization of the small passive elements of
DC-DC converters which improve efficiency. More focus on voltage stress and circulating current and
its resultant power losses must be made. Multi-input multi-level microinverter topologies are the best
choice in DMPPT elimination reducing the electrolyte capacitor and improving overall efficiency.
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