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Abstract: This study reviews the hardware approach to mitigate the effects of module mismatch in
a grid-connected photovoltaic (PV) system. Unlike software solutions, i.e. the maximum power
tracking algorithm, hardware techniques are well suited to enhance energy yield because of their
inherent ability to extract energy from the mismatched module. Despite the extra cost of the additional
circuitry, hardware techniques have recently gained popularity because of their long-term financial
benefits. Notwithstanding the growing interest in this topic, review papers that provide updates
on the technological developments of the three main hardware solutions, namely micro inverter,
DC power optimizer, and energy recovery circuits, are lacking. This is in contrast to software solutions,
which have had a considerable number of reputable reviews. Thus, a comprehensive review paper is
appropriate at this juncture to provide up-to-date information on the latest topologies, highlight their
merits/drawbacks, and evaluate their comparative performance.

Keywords: photovoltaic; maximum power point tracker; partial shading; hardware solutions; module
mismatch; micro inverter; DC power optimizer; energy recovery

1. Introduction

The grid-connected photovoltaic (GCPV) system has been widely accepted as the most practical
and economical method to harvest energy from the sun [1,2]. Its configuration is very effective;
it does not require expensive energy storage components (batteries) to back up the system in the
absence of photovoltaic (PV) power. This role is assumed by the electrical grid itself, which can
be considered a large energy reservoir that dispatches sufficient power to the load at any instance.
For DC-AC conversion, the central inverter is the preferred choice because of its simple installation,
low maintenance, and high reliability [3-5]. Typically, PV modules are connected in a series-parallel
arrangement (array), while the power is fed to the grid via the inverter.
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Despite its popularity, the energy yield of the GCPV system is often affected by module
mismatch [6-8], the most common of which is partial shading. This phenomenon is due to shades that
originate from buildings, chimneys, trees, telephone poles, transmission lines, antennas, and other tall
structures. Partial shading is also observed when a cloud passes over the modules. Since the PV system
is mainly configured using a central inverter, any power mismatch between the modules can cause a
disproportionate loss of extracted energy. For example, the authors in [9] estimated that 9% shading of
an array can result in system-wide power loss of over 50%. Another source of mismatch is irregularities
in module surfaces. This can be due to defects that occur during manufacturing. The irregularity
can also be a result of cracks and uneven aging of modules within the array. Other possible sources
of the mismatch are bird droppings, animal remains, vegetation growth (especially moss and fungi),
and leaves that drop on the module.

Under normal conditions, the P-V characteristic curve exhibits a standard shape, i.e., with a single
(unique) maximum power point (MPP). As the MPP is unique, it can easily be located by conventional
maximum power point tracker (MPPT) algorithms, such as perturb and observe (P&O), incremental
conductance (IC), and hill climbing (HC). In the case of a module mismatch, the high current from
the “good” modules flows into the “affected” ones, forcing the latter to behave as a current sink
element [10-16]. The current rush creates a hotspot that results in heating. To protect the affected
module from being damaged, bypass diodes are installed to divert the excessive current. From a P-V
characteristic perspective, the bypassing action results in the transformation of the curve from a single
to multiple peak (multi-modal).

The main challenge of the software solution, thereafter, is to ensure that the MPPT can consistently
track the correct MPP in the multi-modal P-V curve. The P&O, IC, or HC is not suited to handle
this condition because it cannot differentiate between local and global peaks [17]. At most times,
it traps at the local peak, causing considerable power losses [9,10,12]. There have been recent proposals
to solve this problem using sophisticated soft computing techniques. The idea is for the MPPT to
perform a point-by-point search of the P-V curve until the MPP is located. Among the well-known
methods are artificial neural networks (ANN), genetic algorithms (GA), particle swarm optimization
(PSO), and differential evolution [9,17-20]. Generally, these algorithms are able to track global peaks
under any shading condition, provided that the voltage step during the search is sufficiently small.
This requirement, however, results in slow convergence. It is important to note that because of the
short-circuiting (of the bypass diode), the affected module cannot contribute any power to the string.
Thus, no matter how much improvement is made to the MPPT algorithm, the output power is always
lower than can possibly be extracted from the system.

One way to overcome this drawback is by hardware intervention. Numerous initiatives are made
on the basis of this idea; they are categorized into the following three main groups: micro inverter,
DC optimizer (DCO), and energy recovery circuits. Despite the large number of published work on
hardware mitigation techniques, a comprehensive review on this subject is lacking. For example,
although there are a number of review articles on micro inverters, [4,21-24], they are specifically
focused on the former and did not cover other categories. Recently, a detailed review paper (which
includes performance evaluation) was written on mismatch mitigation using hardware solutions [25].
However, despite similarity in the title, the authors were mainly concerned with 1) the bypass
techniques using a diode/transistor and 2) power electronics methods, which are similar to energy
recovery circuits. Unfortunately, they omitted two of the most important mitigation techniques that are
quickly gaining acceptance in the marketplace, namely, the micro-inverter and the DCO. Furthermore,
it must be noted that the bypass and energy recovery methods are mainly based on the central MPPT
configuration. On the other hand, the micro inverter and DCO employ the distributed MPPT concept,
which maximize the energy extraction from individual modules. With this distinction, the present
work can be considered a compliment to the review carried out in [25].

Thus, it is appropriate at this juncture to provide a review on the three main groups mentioned in
the hardware approach. This paper will mainly elaborate on the evolution and development of the
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major topologies, their merits/drawbacks, as well as a comparative evaluation of their performances.
The review will provide up-to-date information that can be useful for PV designers when deciding
if these solutions can be applied to their respective systems. However, this study will not provide a
comparison between specific brands (or products), as the number of new models for micro inverters
and DCOs entering the market is growing by the day. Rather, the focus is on understanding the
concepts and operation of the main circuits. For the benefit of readers who are new to this field, a brief
introduction to MPPT, the module mismatch concept, and the inadequacy of software solutions are
also provided.

The paper is organized as follows: Section 2 provides a brief overview of the partial shading on
PV system and the role of the bypass diode. The formation of multiple peak P-V curves and failure of
the conventional MPPT to track the global peak is explained. Section 3 justifies the need to introduce
the hardware solution to mitigate the effect of partial shading. This is followed by a detailed review on
the main circuits/topologies/techniques discussed in the literature, namely the micro-inverter, DCO,
and the energy recovery circuit. They are arranged in Sections 46, respectively. Section 7 provides
a comparative evaluation of these three approaches. Their performance is categorized in terms of
component county/lifetime and efficiency. Furthermore, certain aspects on the practical implementation
are highlighted. Finally, a comprehensive list of references is provided to assist readers who wish to
probe the subject further.

2. Maximum Power Point Tracker (MPPT)

As the position of the MPP on the P-V curve varies with irradiance (G) and temperature (T),
the MPPT is required to ensure that maximum power is extracted from the module at any environmental
condition. Figure 1 shows the general block diagram of the MPPT in the GCPV environment [26,27].
The current and voltage of the array are sensed; with the use of this information, the present value
of power (P;) is computed. Then, the MPPT algorithm is executed; based on the difference between
the computed and the measured MPP, the duty cycle of the boost converter is adjusted using the
proportional-integral controller [27,28].

> Boost >
PV > Converter Inverter
. Grid
duty %
PI
Vv
Vrcf
Vi
I >  P&O
2 yf algoritham

Figure 1. The block diagram of the P&O algorithm in the GCPV environment.

2.1. Bypass Diode and Multiple-peak P-V Curve

One of the most common causes of module mismatch is partial shading. The behavior of a PV
system under partial shading is illustrated in Figure 2a [29]. The array is made of three identical strings,
with four modules per string. For String 3, all modules are subjected to full (uniform) irradiance,
i.e,, G =1000 W/m?. As expected, all the bypass diodes are reverse-biased; thus, the string current
flows normally through all modules. This results in a single-modal P-V curve (with a unique peak,
Ps3), as shown by the blue trace in Figure 2b. For String 2, one of the modules is deliberately shaded
at half of the full irradiance, i.e., G = 500 W/mZ2. Here, the voltage differential between the shaded
(G =500 W/m?) and non-shaded (G = 1000 W/m?) modules activates the bypass diode of the former.
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Consequently, the shaded module is short-circuited, resulting in a P-V curve with two peaks. For String
1, two modules are shaded at half irradiance; the corresponding P-V curve also exhibits two peaks.
Figure 2c shows the resultant multi-modal curve that is obtained by the superposition of the three
waveforms in Figure 2b. There are three peaks, namely, P1, P, and P3. The highest (P;) is considered
as the global maximum power point (GMPP).

It must be noted that although the scenario given in this example is for partial shading,
similar observations can be made to other mismatch conditions, for example, module cracks and
irregularities [30,31]. In such a case, the affected modules force the bypass diodes to behave in the
same way as they do for the partially shaded string.
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Figure 2. Anexample toillustrate the formation of a multi-modal P-V curve due to partial shading (a) The
series-parallel array for uniform irradiation, G = 1000 W/m?2, for the shaded module, G = 500 W/m?2,
(b) the P-V curves for each string, (c) the resultant P-V curve for the entire array.

2.2. Failure of the MPTT to Track the Global Peak

Among the conventional MPPTs, P&O is widely used because of its simplicity and fast response.
The tracking process of P&O during uniform irradiance is indicated by the blue trace of the P-V curve,
as shown in Figure 3 [15]. Starting from Point 1, the operating point gradually climbs uphill. In this
duration, the difference between P, and Py, is positive; the direction of perturbation is maintained,
and the climb continues until Point 3. In the next iteration, the operating point exceeds the MPP (Point
4) and goes downbhill toward Point 5. As the algorithm detects a negative power difference, it reverses
the perturbation direction, and the operating point moves back to Point 3. In subsequent iterations,
the operating point oscillates forward and backward around Point 3, the MPP, and Point 5.

When module mismatch occurs, the single peak P-V curve is transformed to multiple peak,
as shown by the red trace in Figure 3 [32-34]. Assuming that the operating point is presently at Point 5,
the module mismatch causes the power to drop suddenly to Point 6 (on the red trace). From there,
the P&O climbs to a local peak at Point 7. In the next iteration, the operating goes downhill toward
Point 8. As anticipated, it oscillates around Points 6, 7, and 8 and could not leave the vicinity of this
(local) peak. Since the algorithm is not aware of the existence of the true global peak (i.e. Point 9),
it assumes the former as global. The difference between the two is the amount of power lost during
the iteration.
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Figure 3. Failure of P&O to track the global peak during module mismatch. Blue trace: system is in

uniform irradiance. Red trace: during the module mismatch condition.

2.3. Advanced Software Search Methods

To correctly track the global peak during module mismatch, the MPPT must be able to discriminate
between the local and global maxima points. This is not trivial because in the real situation, the algorithm
does not know if the present MPP is the global peak or not. The authors in [15] modified the P&O by
dividing the process into two parts: the global and local tracking modes. The former is used to bring
the operating point to the vicinity of the global peak; once this is done, a conventional P&O is designed
to maintain the operating point at the MPP. To avoid scanning the entire voltage span, the algorithm
assumes that the peaks occur at multiples of 80% of the open circuit voltage V.. As shown in Figure 3,
the module mismatch takes place when a sudden change in power (AP) is detected. If the AP is larger
than a threshold value AP, it assumes that the condition occurs and the algorithm activates the
global mode. It searches the vicinity of the multiple of 0.8 V, and stores the values of all detected
peaks (local and global) over the entire voltage span. Then, these peaks are compared; the one with the
highest value is considered to be the vicinity at which the global peak is located. Once the approximate
location of the global peak is determined, the algorithm switches over to the local mode, in which the
P&O maintains the MPP until a new module mismatch condition is detected.

The above-mentioned search method is very effective and has been used by [35,36] for hill climbing
and incremental conductance, respectively. The same concept is used to accelerate the search using
soft computing methods, such as in [37-39].

3. Mitigation Using Hardware Solutions

Despite the effectiveness of the advanced search, it has one major drawback: as long as the bypass
diode is activated, there are certain amounts of energy in the shaded modules that would not be
recoverable. This is reflected by the lower MPP value on the multi-modal P-V curve. In other words,
even if the MPPT successfully tracks the global peak, it could not physically extract the energy from the
shaded modules. This limitation is inherent and can only be addressed by using the hardware solution.
Hardware techniques have recently gained popularity despite the additional retrofitting cost [40-43].
Three approaches are effectively used: micro inverter, DC power optimizer (DCO), and energy recovery
circuits. Figure 4 shows the family-tree chart that illustrates the relationship between the different
techniques employed in these approaches.
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Figure 4. Techniques used in the hardware mitigation of partial shading.
4. Micro Inverters

A micro inverter is a (small) dedicated DC-AC converter, fitted permanently under the module.
The inverter normally has a power rating approximately equal to the module itself and its output is
connected directly to the AC grid. Each device is equipped with its own MPPT, allowing its output to
be independently controlled. Thus, in essence, the micro inverter simply takes all the functions of a
string inverter and miniaturizes them to the module (instead of string) level. A typical interconnection
for a micro inverter-based PV system is shown in Figure 5 [23,44-49]. This configuration is very
attractive for a low voltage grid; thus, it is particularly suitable to the BIPV application.

Micro inverter 1
Voltage

0]

‘|irrem
DC/AC H—é l

PVI Inverter
— [
Micro inverter 2
Voltage
MPPT . -
DC/AC |—e
PV2 Inverter \ 4
— [
Micro inverter n
Voltage
MPPT
Errent
DC/AC ——?
PVn Inverter i T

— [

Figure 5. Typical configuration of a micro inverter with the AC grid.
4.1. Architecture of Micro Inverters

The main advantage of a micro inverter is that it allows each module to inject its power directly
into the grid, regardless of how other modules in the system are performing [50,51]. This is because
the inverters are not connected together as a string. For example, in Figure 3, if PV1 is shaded, other
modules are not affected by the shading because these modules are not connected to one another.
Consequently, the energy from PV1 can be fully harvested (using its own MPPT) and delivered to
the grid. As each module can be considered an independent power generation unit, the possibility
of a hotspot vanishes. Moreover, there is no need to install string diodes, thus avoiding additional
conduction losses. Another unique feature of the micro inverter is its flexible interconnection to the grid.
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As the modules do not need to be connected in a certain configuration (for example, series-parallel),
the system size can be progressively increased. Theoretically, this allows the system owner to expand its
power generation capacity in tandem with his/her economic status. Nowadays, several manufacturers
integrate the micro inverter into the module, and these are sold in the market as a single package [52,53].
As the module voltage is normally much lower (less than 50 V4.) than the grid voltage (120 or
230 Vyc), a step-up mechanism is required. This is achieved by either using a high-frequency transformer
or by installing a front-end DC-DC boost converter. Based on this classification, micro inverters can
be broadly divided into two categories: isolated and non-isolated. The isolated type is preferred
because of its higher power quality output. In addition, it has an inherent safety feature because of the
galvanic isolation provided by the transformer [54-56]. On the other hand, the non-isolated type is
more compact (and thus has a smaller footprint) because of the absence of an isolation transformer.

4.1.1. Isolated Topologies

The most popular isolated micro inverter is based on the flyback topology. Its basic circuit is shown
in Figure 6. It consists of three MOSFETs (i.e., S1, Sz, S3), two diodes, and a high-frequency flyback
transformer [48,56,57]. Owing to the individual MPPT control, the AC current can be independently
injected to the grid. Several flyback circuits can also be paralleled without the need for a specific
current-sharing controller [58]. The MPPT (its circuit is not shown for brevity) is accomplished by
adjusting the duty cycles of S;. This switch modulates the DC current (drawn from the module) into a
folded sinusoidal waveform. At the secondary, it unfolds the waveform by using S, and Ss. Finally,
the inverter injects the AC current into the grid via an output low-pass filter (Lyand Cy) [54]. Besides
stepping up the voltage, the transformer decouples the module from the grid, thus avoiding electrical
accidents. The typically reported efficiency of this type of micro inverter is approximately 89-95%
(at 250-300 W) [22,59,60]. The bulk of power losses originate from the isolation transformer.

Ly

Grid

— Cdc

PV

Figure 6. The basic flyback micro inverter circuit (without MPPT).

Figure 7 shows an improved flyback using the interleaved technique [61]. The interleave effect is
achieved by duplicating the converter at the primary side. The modulated sinusoidal waveform is
constructed by Spj (phase 1) and Sp; (phase 2). Then, the voltage is stepped up and transferred to the
secondary, where an H-bridge inverter (Sp; ... Spy) unfolds the rectified waveform. Other unfolding
circuits, for example, half-bridge, can also be used, but the H-bridge is preferable, as it reduces voltage
stress across the secondary switches. The high frequency component (of the modulated sinusoidal
waveform) is filtered prior to grid connection. Although the topology is more complex compared with
that of the basic flyback, it reduces the voltage and current ratings of the switches. Moreover, because
of the interleaving mechanism, the input voltage ripple, the secondary current ripple, and the pseudo
DC-link voltage ripple are reduced.
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First Phase Converter

Ly T, Unfolding bridge

C-L Filter

Figure 7. Interleaved flyback micro inverter.

Another approach to improve flyback micro inverters is to use the power decoupling
technique [58,59]. An auxiliary (external) circuitry is added for this purpose, as shown in Figure 8 [58].
The same function can also be achieved by S, and an additional transformer at the primary side,
as illustrated in Figure 9 [59]. In the latter topology, the transformer leakage energy is utilized by the
decoupling circuit itself; thus, there is no need for additional dissipative circuits. This leads to reduced
power losses and improved efficiency. The decoupling allows the removal of the low-frequency power
pulsation that appears at the input. Consequently, the capacitance on the DC side can be made much
smaller. This allows film or ceramic capacitors to be used instead of the electrolytic type. Using the
former, a longer lifetime of the inverter under high-temperature conditions is expected. The circuit is
also smaller in volume and lightweight, and can be built at a lower cost.

Power Decoupling circuit

PTG Dyt St Ly ;
Idc, [', v 1 - >
_l C Grid
A h § =" )

D Sac2

Su <

]

Figure 8. Flyback micro inverter with auxiliary external dissipative power decoupling.

Ly

ol Grid

PV

Figure 9. An improved flyback inverter utilizing leakage inductance.
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4.1.2. Non-isolated Topology

The switching losses of the flyback circuit and its large transformer leakage inductance make
the overall system efficiency drops. The presence of the transformer also increases the cost per watt.
To improve efficiency and lower the cost, transformerless (non-isolated) micro inverter topologies are
developed [62-64]. Despite these merits, the absence of galvanic isolation results in common-mode
voltage generation. This causes the leakage current to flow through the parasitic capacitor, inducing
power losses, electromagnetic interference, safety problems, and a reduction in the quality of the
output current [56].

One technique to minimise the leakage current is implementing the disconnection scheme on
the AC side. A popular topology that uses this technique is the highly efficient and reliable concept
(HERIC) inverter [65]. As shown in Figure 10, one of the two sets of the switches (i.e., S5/Ds or S¢/Dg)
is used to decouple the module from the grid during the free-wheeling period. This action reduces the
common-mode voltage. A peak efficiency of 97.8% is reported for a commercial IGBT-based HERIC
inverter [66]. This efficiency is increased to 99% using SiC-JFET switches [67]. In [68], a bidirectional
IGBT switch is used to replace the two sets of switches in order to generate zero-state voltage. The circuit
is illustrated in Figure 11. The switch is clamped to the midpoint of the capacitor using an extra diode
to fix the PV voltage during the zero state. However, because of the conduction losses of the diodes,
a lower efficiency is reported. Another topology to reduce leakage current is shown in Figure 12 [69].
In this circuit, the disconnection of the module is done on the input side by adding two auxiliary
switches (S5 and Sg) to the full bridge.

al SsJ
<] < 1

Grid

Ds
[Se.

Ds

LYY Y
L;

Figure 10. The HERIC transformerless micro inverter (without a front-end DC-DC converter).

s x 1:_] Ly Grid
5 ] Cf:
PV _, X 3

Ly

<«
<
Ca

155 o

= Ce.pr

Figure 11. HERIC transformerless micro inverter with a bi-directional IGBT.

P sl

Cdc
PV

1

LNve
N SeT

Figure 12. Transformerless micro inverter with two auxiliary switches.
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4.2. Drawbacks of Micro Inverters

Despite its effectiveness, the micro inverter exhibits several shortcomings. During operation (with
or without module mismatch), the micro inverter continuously conducts the full load current, resulting
in high conduction losses [70]. For the isolated topology, the utilization of a high-frequency transformer
is not desirable because of its increased size and losses. Although these losses can be resolved using
the transformerless topology, the latter suffers from leakage current and a common-mode voltage
problem. This needs to be addressed using the complicated switching technique, as highlighted above.
In addition, the non-isolated micro inverter requires a front-end DC-DC converter to boost the module
voltage for grid connectivity. Cascading these two converters (the inverter and the front-end DC-DC)
significantly reduces overall efficiency.

5. DC Power Optimizers (DCOs)

The DCO, sometimes known as the power optimizer, is another solution for module mismatch
using the hardware approach. The DCO is basically a special DC-DC converter, installed underneath
individual modules. As such, it can be considered module-level power optimization. Similar to the
micro inverter, each DCO has its own dedicated MPPT to maximize output power extraction [6,49,71].
In a typical installation, a number of DCO devices are configured in series before being connected
to the central inverter. This is in contrast to the case of the micro inverter, whose output is directly
connected to the grid. Positioning the central inverter in between the array and the grid results in
numerous advantages, as mentioned in the Introduction [70,72,73]. The conventional non-isolated
DC-DC converter, such as buck, boost, and buck-boost is commonly used as the main building block of
the DCO [70,72,74-76].

5.1. Architecture of DCO

The most popular configuration of the DCO is the series interconnection shown in Figure 13.
The number of modules and the DC-DC gain ratio are designed in such a way that the sum of the
(series) output voltage of all the DCO devices is compatible with the input window voltage of the
central inverter. Alternatively, the DCO can also be connected in parallel, as shown in Figure 14. In this
case, the gain ratio must be sufficiently high to match the input of the central inverter. However,
this condition is difficult to achieve because of two contrasting requirements: the need for a high
voltage gain ratio (to step up from 30 to 400 V4.) while maintaining a high conversion efficiency [77].
Despite this drawback, several attempts have been made to utilise this configuration, such as in [78-81].

ven . DEOL
Voltage
MPPT
. | Current
PV1 .
: DC/DC =
|—J— Converter f——
CDeoy

— :

: + L— Grid
PV2 Current Ve DC/AC
DC/DC _,---] Inverter

|_:J— Converter f=—

. | Current

PVn

DC/DC_}-i--

|—J— Converter f-:

Figure 13. DCO with the output port connected in series.



Energies 2019, 12, 4321 11 of 25

i Voltage

MPPT

: | Current

DC/DC

| I_ Converter

:. ) .\ 2¢ M

::! - : Grid
V2 Current l;th. DC/AC

1 =/ DC/DC _ Inverter

I_:_,— Converter |-

DCOn
I Voltage T
: MPPT
Current
PVn : H
¢ =/ DC/DC —

I__l_ Converter |-

Figure 14. DCO with the output port connected in parallel.

Certain DCOs are designed to work in conjunction with a specific central inverter. The idea
is to allow the inverter to communicate with the DCO and thus, ensure that the former always
receives the same total voltage from the string. If one of the module outputs drops because of module
mismatch, the inverter adjusts other DCO devices so that their output voltage increases slightly,
thus maintaining a constant voltage across the inverter. However, this requires a central inverter from
the same manufacturer as the DCO. Retrofitting such a DCO into the existing installation is therefore
not possible unless the inverter is also replaced. Recently, module manufacturers have started to
partner with power electronics companies to create smart modules [82,83]. For this type of module,
the DCO is embedded inside the junction box at the time of manufacturing. Besides enhancing the
energy output, the smart module also improves safety features and provides module-level monitoring.
Other benefits include simpler purchasing, inventory, and site logistics, while also reducing labor costs.
Furthermore, certain products have a detachable DCO design that allows flexible serviceability.

5.1.1. Series-connected DCOs

A simple DCO topology that is based on the DC-DC boost converter topology is shown in
Figure 15a. As the gain of a single-stage boost converter is limited, such a device is normally used in
series connection. The DCO is nothing, but an improvised DC-DC converter (that includes MPPT),
so its modes of operation are similar to those of the normal boost converter. In most cases, using the
conventional MPPT, such as P&O, is sufficient to detect the MPP [28]. An improved version of the DCO
is shown in Figure 15b. It is based on a four-phase interleaved boost converter [28,84,85]. The inductor,
the switches, and the diodes are duplicated three times to make the four parallel branches. The circuit
is driven by S; to S4 with the same waveform, but it is shifted by a quarter of the switching period.
The main advantage of the circuit is the low voltage ripple that results from the interleave arrangement.
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Figure 15. (a) Basic boost DCO and (b) interleaved boost DCO.

5.1.2. Parallel-connected DCOs

Despite the simplicity of the series connection, it exhibits one inherent problem: during module
mismatch, it has a limitation of both maximum current and voltage rating, as explained by [86]. To be
effective under such a condition, the DCO needs to be rated at a much higher voltage and power
than its associated module does. These limitations can be solved with the parallel-connected DCO.
However, to be compatible with the central inverter, the DC-DC converter output (inside the DCO)
must be stepped up to match the window voltage of the central inverter. This is normally realized
using a high frequency transformer. For example, in [70], the full-bridge circuit on the primary side is
used to convert the DC into high-frequency AC, as shown in Figure 16. At the secondary side, the AC
voltage is then rectified and filtered to generate the high-voltage DC output. Similar ideas have also
been utilized by [79,80]. An improved converter that uses the soft switching technique is shown in
Figure 17 [78]. Despite its high efficiency (98% peak), the circuit has an issue with the impulse current
ripple at the input side. To overcome this problem, a large electrolytic capacitor is required to filter the
large current ripple [50,54]. However, it results in a significant increase in the overall size and reduces
the DCO lifetime [87,88].
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Figure 16. Full-bridge DC-DC converter with a high-frequency transformer for DCO.
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Figure 17. High-efficiency resonant converter for a DCO utilizing soft switching.
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Another solution to reduce the cost and complexity (because of the high frequency transformer)
of the DCO is to use the non-isolated boost DC-DC converter. Fundamentally, the step-up gain of the
boost converter can be high enough if the duty cycle can be close to unity. However, it is difficult when
the turn-off period is too short, as the power device current ripple will be large, and the conduction
losses will increase rapidly [89,90]. The boost converter with the coupled inductor is recommended for
high voltage step-up. Figure 18 shows an example of such a circuit. The coupled inductors L1,, Ly,
and Ly, serve as multiple DC sources connected in series to achieve sufficient boosting. Additionally,
an active clamp is added to suppress the high voltage surge by recovering the energy from the leakage
inductor, Ly,. An efficiency of 93.6% is reported for this topology.
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Figure 18. Two-phase high step-up interleaved boost converter with a couple inductor and an

active clamp.

Another boost DC-DC converter for DCO that incorporates the charge pump technique has been
proposed by [91], as shown in Figure 19. The main switches are cross-connected between two inputs of
coupled inductors. During operation, the main switches S; and S, alternately charge the magnetizing
inductors, Ly, in the parallel mode; then, the energy is discharged in series to achieve a high voltage
gain. Additionally, the power diodes and capacitors are used for a charge pump. However, the losses
from the couple inductors and diodes reduce its efficiency to approximately 93%.
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Figure 19. High step-up converter based on charge pump and boost converter.
6. Energy Recovery Circuits

This is a relatively new approach to harvest energy during module mismatch. The basic idea is to
disable the function of the bypass diode and redistribute the power from the non-shaded modules to
the shaded ones, such that the latter acquires approximately the same power level as the former. This is
achieved by using power switches and temporary storage devices. Another feature of this technique is
that it allows the utilization of the string array and central inverter. Thus, the energy recovery device
can be readily retrofitted into the existing system.

6.1. Voltage Feedback Technique

Shimizu et. al. [33] proposed an energy recovery scheme to extract the lost energy in the shaded
module by using the voltage feedback method. The concept is illustrated in Figure 20. Controlling
51, S4 of the H-bridge converts the DC output from the string into a high-frequency square-wave AC.
With the use of a high-frequency transformer, the AC voltage is transferred to the secondary; it is then
rectified, filtered, and distributed to individual modules. The transfer of power to the shaded module
occurs naturally because of its relatively lower voltage compared with those of the non-shaded ones.
The amount of power transferred depends on the level of shading; a higher shading means that the
shaded module receives more power. In addition, the inverter requires an intelligent controller so that
the appropriate amount of power is transferred. As the controller is used at the input (DC), the output
side is left uncontrolled; thus, it loses the capability to control the voltage of each individual module.
As a consequence, the module cannot be guaranteed to operate at the MPP. Furthermore, a transformer
is utilised, so the efficiency degrades because of coupling and core losses.
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N l c L I % S N s S S
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- ii

= ' L L poac E\S”d
YN —1 Inverter
Ly

PVn T -)' Y 3 ]E_i SBJ'_ Sﬂ 1

Figure 20. Voltage feedback topology using a DC-AC inverter.

To overcome the problem mentioned above, the authors in [92] replaced the bridge circuit with
a flyback converter, as illustrated in Figure 21. Now, the controller can ensure that the power is
transferred individually to the shaded modules. This is accomplished by adjusting the duty cycle of 5;
and S,. However, there is a significant weakness in this method: as the number of modules increases,
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the complexity of the topology grows rapidly. A complicated algorithm is needed to determine the
correct duty cycle for each switch in order to maximize the power extracted by the central inverter.
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Figure 21. A voltage feedback topology using the flyback converter.

6.2. Current Diversion Technique

The energy recovery using the current diversion scheme is shown in Figure 22 [32,33,70].
To illustrate its operation, a system with two modules is given as an example. In this case, PV1 is
shaded, whereas PV2 receives full radiance. Let us assume that the peak current is 2 A and 4 A for
PV1 and PV2, respectively. During shading, the current that flows through the string is limited to
the current of the shaded module, i.e., 2 A. The remaining 2 A from the non-shaded module (PV2) is
diverted from the string by turning on S; and S; in a complementary manner. The duty cycle is set to
50%. The energy of the diverted current is stored temporarily in L. Because of a 50% duty cycle,a 1 A
current flows through S; and the other 1 A through S;. As a result, a total of 3 A flows into the central
inverter. Furthermore, a bypass diode is absent, so a voltage will appear across PV1. Thus, the output
voltage is a summation of PV1 and PV2; consequently, the output power is increased. Note that the
multiple-peak P-V curve (because of the activation of the bypass diode) is now transformed into a
unique peak. Thus, the conventional MPPT (of the central inverter), such as P&O, can be readily
utilized to detect the MPP. The 50% duty can be fine-tuned to further optimize the power that can
extracted from the string. For a string with more than two modules, the basic topology in Figure 22 is
combined to form the multi-stage circuit, as depicted in Figure 21 [32,33]. An improved version of the
energy recovery circuit using this approach has been proposed by [34].

[ . 1A ;3A Voltage
T VPI 1 Jm— Current ¢ .
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—

T e %
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Figure 22. Basic topology of energy recovery using the current diversion technique.

6.3. Power Equalizer Technique

Another type of energy recovery circuit, based on the power equalizer technique, is proposed
by [93]. The equalization is achieved by sharing the energy within the string with the use of a single
inductor. The concept is illustrated in Figure 23a, using the following shading condition: PV1 is shaded,
whereas PV2, PV3, and PV4 are not. When PV1 is shaded, the inductor L; charges through S;, Sy,
and diodes D7 and D,. Because of the activation of these switches, the energy from the non-shaded
modules is stored in L;. During the discharging phase, S7, S», and D1y conduct. The stored energy in
Ly is released back to the terminal voltage of PV4, as shown in Figure 23b. This energy provides an
extra current for PV4 and creates an alternative route for the string current without short-circuiting the
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shaded module. Thus, the energy from the non-shaded modules is shared with the shaded module
until the power delivered by each module in the string is balanced. For simple shading patterns,
the circuit accurately adjusts the duty cycle to extract the maximum power from the shaded modules.
Although it has a high number of active devices, at any one time, only a minimal number are in
operation. This results in high power conversion efficiency.
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Figure 23. Power equalizer circuit (a) The charging phase and the (b) discharging phase. The blue trace
shows the inductor current path.

7. Comparative Evaluation

7.1. General Assessment

Table 1 summarizes the advantages and disadvantages of the micro inverter, DCO, and energy
recovery circuits. It also shows several examples of the commercial product in the marketplace.
However, for the energy recovery circuits, there is no available product thus far.

The PV system with the micro inverter is configured as a modular structure. Thus, system size can
be expanded without effecting the existing interconnection. Moreover, the modularity and absence of a
central inverter allows for simple installation (plug and play). On the contrary, the DCO is configured
along with a central inverter; which means that the structure is not modular. As mentioned, the
DCO is configured in series before being connected to a central inverter. If one device fails, the entire
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string must be shut down. One of the main drawbacks of a micro inverter is that it cannot be directly
connected to a storage system. To achieve this, an additional AC-DC conversion stage is required.
On the other hand, the output of DCO is DC. Consequently, it can be directly connected to a charge
controller. Another disadvantage of micro inverter is power clipping. If output of the module is higher
than a micro inverter, the additional power cannot be harvested.

A central inverter usually requires a minimum system voltage over 125 V. A micro inverter
(for example, the Enphase M215) requires a minimum voltage of 22 V to start operation (this is known
as the kicking voltage). In comparison, the DCO (for example, the SolarEdge P320) has a much lower
kicking voltage, i.e. 5 V. Since the DCO can be triggered at a lower voltage, it will produce more power
during the shading condition, as well as early turn-on and late turn-off. The cost of wiring for micro
inverter is less than the DCO because it uses an AC switch gear and a AC cable. In addition, the DC
voltage to be handled by micro inverter is much lower, because it is directly connected to each module.

Most energy recovery circuits proposed in the literature function as retrofit with the central
inverter. They are not normally designed with independent MPPTs; consequently, the module is
not tracked individually. This explains the lower efficiency exhibits by the energy recovery circuit
compared to a micro inverter and DCO.

Table 1. General comparison for different hardware approaches.

Product in Market Advantages Disadvantages

icro-in r . .
Micro-inverte 1. Connection to battery is not

SMA Sunny Boy 240 [94] 1. Modular: Expansion of system is flexible. . .
. . readily available.
Enphase M215 [95] 2. Simple connection to (plug and play) due to . L
. 2. Possible power clipping.
Power One Aurora 240 [96] absence of a central inverter. 3. Startup (icking) voltage is
Enecsys SMI-S240W-72 [97] 3. Low cost of low voltage AC switch gear. ' hi %er thangD O &
Siemens SMIINV21560XX [98] & :
bco 1. DC st directly b ted vi 1. Risk of potential ind
Solar Edge P320 [99] . storage can directly be connected via a - Risk of potential induce
. charge controller. degradation (PID).
Tigo Energy MM-ES50 [83] . .. . . .
. 2. Higher efficiency due to single stage. 2. The entire string must shut
Huawei SUN200P-375W [100] 3. Very low startup voltage down if one DCO device fails
Alencon SPOT 600 [101] i P vOUage. '
Enerev Recove 1. Retrofit: option to remove it, if not required. 1. Low efficiency due to the
8y v 2. Can be turned off in the absence of absence of MPPT tracking for
No commercial product available . . .
partial shading. individual modules.

7.1.1. Performance Evaluation

The performance of the reviewed topologies (discussed in this paper) is evaluated based on the
following criteria: (1) component count and their ratings, (2) converter efficiency, and (3) converter
lifetime. The results are summarized in Table 2.

Table 2. Topology comparison of the micro-inverter, DCO, and energy recovery circuits.

Micro Inverter

Isolated Non-Isolated DCO Energy Recovery Circuits
Reference [23] [61] [58] [59] [65]1 [68] [69] [28] [78] [90] [91] [92] [33] [93]
Figure in text 6 7 8 9 10 11 12 15 17 18 19 21 22 23
Power rating (W) 300 200 100 100 n/a 500 1000 300 300 1000 1200 85 400 165
DC link cap. (uF) 1500 7300 40 46 nfa 250 940 10 95 nfa  n/a n/a 220 220
Power switches 3 6 4 4 6 5 6 4 6 4 2 1 1 2
Power diodes 83 8 4 9 6 10 6 4 8 6 9 4 1 2
Inductors 1 3 1 1 2 2 2 4 1 6 1 1 1 0.25
Capacitors 2 3 3 3 1 3 1 2 2 4 6 1 1 1
Transformers 1 2 1 1 0 0 0 0 1 0 2 1 0 0
Peak eff. (%) 89.0 950 700 900 978 948 966 980 970 93.6 93.0 n/a 90.0 n/a
Lifetime Short Short Long Long n/a Med Short Long Long n/a nja n/a Long Long

Note: n/a: information not available from published literatures. Med: Medium.
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7.1.2. Component Count

Component count is defined as the number of active devices (switches and diodes) and
passive components (inductors and capacitors) required to build a basic power conversion circuit.
Auxiliary components, i.e., for protection, gate drivers, and controllers, are not included. In general,
the single-stage flyback micro inverter requires the least components compared to the other types in the
micro inverter category. For example, the simple flyback circuit in [22] requires only three switching
devices, two inductors, one capacitor, and a transformer. However, the switches need to withstand
high voltage and current stresses. A high-voltage and high-current MOSFET is not feasible because
of the higher Rysn) and costs associated with such a device. To reduce the current, an interleaved
micro inverter has been proposed [50]. As the interleaved micro inverter consists of several phases,
the current is shared; thus, a low current MOSFET can be used. However, the interleaved circuit
requires additional components; for example, the two-phase interleaved micro inverter suggested
by [50] is built using six switches (two of them operated at a high frequency), two transformers,
three inductors, and four capacitors. Despite the improvement in the current ratings of the switches,
the circuit still requires a large DC link capacitor (7300 uF). Alternatively, the flyback with a power
decoupling circuit can be used to reduce the DC link capacitors, as demonstrated by [58,59].

The transformerless topology reduces the component count because of the absence of the
transformer. For example, the basic topology [65] requires only four switches, two inductors, and a
capacitor. Note that the transformerless micro inverter exhibits leakage current, as explained in
Section 4.1.2. To solve this problem, an auxiliary circuit that reduces the leakage current has been
proposed in [68]. However, the solution increases the number of switches and passive components.
It must be further noted that the component count shown in Table 2 does not include the DC-DC
boost circuit at the front-end of the micro inverter. If included, the number of components increases
significantly, depending on the types of converters used to step up the voltage. Note that a DC-DC
converter is required to match the difference between the input (module) and output (grid) sides of
the voltage.

Generally, the DCO requires a lower component count than the micro inverter does. As the
DCO is connected in series (to feed the central inverter), the voltage across each module is low;
thus, the DC-DC converter inside the DCO can capitalize on the low-cost MOSFET for its design.
For example, the topology in [28] implements a four-phase interleaved boost converter that requires
only four switches, in addition to four inductors and capacitors. Furthermore, the low-voltage MOSFET
allows the circuit to be integrated with the MPPT controller on a single semiconductor substrate.
The least component count is offered by the energy recovery technique. The circuit in [32] requires
one power switch and inductor per module, whereas in [93], only one inductor is needed for four
modules. As the circuit is connected in parallel to each module, the blocking voltage for the switch
is low. As in the case of DCO (connected in series), it does not need a voltage step-up mechanism,
which is advantageous because of the absence of the front-end DC-DC boost converter or transformer.

7.2. Efficiency

In PV literature, efficiency is divided into two types, namely conversion and MPPT efficiency.
The former is the ratio of the output to the input power of the converter, whereas the latter is a
measure of the MPPT algorithm’s ability to track the MPP. Table 2 shows the conversion efficiency only;
the MPPT efficiency is assumed to be the same for all topologies (wherever applicable). Furthermore,
the numbers shown in the table are based on peak efficiency calculation. The weighted efficiency (for
example, the European weighted efficiency, nryro) is not considered.

The isolated micro inverter with a high-frequency transformer exhibits the lowest efficiency
among all the circuits. This can be justified because of significant core and winding losses. In particular,
the circuit in [58] has a very low efficiency (70%), as a result of the auxiliary power decoupling circuit.
Efficiency is improved by utilizing the transformer leakage energy [59]. The transformerless topology
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significantly increases the efficiency of the micro inverter. However, the efficiency number shown in
Table 2 does not consider the integration with a front-end DC-DC boost converter.

The DCO exhibits higher efficiency (compared with the micro inverter and energy recovery)
because of its simpler design. When it is configured in a series connection, the need for the voltage
step-up mechanism is eliminated. However, as explained earlier, under a certain module mismatch
condition, its MPPT efficiency is reduced because of the limitation in its power rating. This drawback
can be resolved by a parallel configuration, but at the cost of an additional DC-DC boost converter.
Efficiency can be increased by using soft-switching techniques or utilizing charge pump boosting,
as shown by [78] and [91], respectively. The energy recovery scheme works by diverting some of its
string currents during module mismatch. However, because of the complexity of the circuit, it lacks
the ability to precisely control the power flow to each module. As a result, it exhibits a lower efficiency.
Nevertheless, the power circuit is always turned off when the shading is lacking a feature that is
not available in the micro inverter and DCO. This compensates for the drop-in efficiency because of
inaccurate control of power flow.

7.3. Component Lifetime

The hardware solution requires the devices to be fitted under the module, thus exposing itself to
harsh environmental conditions. Its lifetime is subjected to the ability of the individual components to
withstand heat and humidity without breaking down. The authors in [54] suggested that the reliability
of the micro inverter depends primarily on the DC link capacitor that is used to smoothen the large,
low-frequency pulsating current between the module and the device. The flyback circuit [22,50]
requires a large capacitor (in thousands of pF) for this purpose. Normally, the electrolytic type is used
because of its low cost and small footprint. However, the intrinsic construction of the electrolytic
results in a short operational lifetime. The improved flyback circuit [58] dramatically reduces the DC
link capacitor (to less than 50 uF). As the capacitance value is small, the more reliable types, such as
ceramic or film, can be used. The utilization of such a capacitor significantly extends the lifetime of the
micro inverter.

The DCO requires a much lower DC link capacitor (below 50 p©F) because it does not experience a
large pulsating current. A similar scenario is observed for the energy recovery topology, in which a
large input capacitor is not needed. The capacitors in the circuit are mainly used to filter high-frequency
harmonics. Their values are small (in tens of pF), and ceramic and film can be utilized accordingly.
Therefore, a much longer lifetime for the DCO and energy recovery circuit can be expected.

7.4. Practical Aspects for Consideration

As the DCO connection to the central inverter is DC, it requires DC cables and protection
(switchgears). Despite the much-improved safety of the high-voltage DC system, the protection of
rooftop installation remains an issue. Furthermore, if the (single) string inverter fails, the entire system
shuts down. In some cases, this happens even if a single DCO device fails. In addition, as the DCO
(in series) needs to match the window voltage of the inverter, it needs to be correctly designed. On the
positive side, for larger installations, the price of a string inverter becomes lower with its increased
size; thus, it offers a slight advantage in terms of capital cost because of scalability. For a system that
utilizes batteries, the DCO is advantageous; its integration is simpler, as the DC wiring goes all the
way to the central inverter.

On the other hand, the size of the micro inverter only needs to match the power output of the
panel, hence its much simpler design. The number of devices is limited by the capacity of AC branches,
i.e., the power limit that the AC cable and plug can accommodate. If more panels need to be added in
the future, the system can be expanded as long as the AC branch limit is not breached. Unlike the DCO
system, if one of the micro inverters fails, the rest keeps on working because there is no single point
of failure. However, as most micro inverter products do not have an exposed output DC (terminal),
integration to the battery is more expensive.
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Another factor to consider is the reliability of the panels that the inverter or DCO are attached to.
There is a possibility for potential-induced degradation (PID) failure caused by high voltages across
the module. PID is one of the more common causes of module failure in the medium to long term
(520 years after installation). As a micro inverter keeps the modules at a much lower DC voltage than
DCO, the chances for it to happen in the former are lower.

For the energy recovery circuit, assessing its practical performance is difficult because most of
the ideas are still under development. However, one of the known main advantages of an energy
recovery circuit is its ability to be retrofitted in parallel into the existing system with a central inverter.
Therefore, if there is a need to mitigate the module mismatch, it can be added with minimal wiring.
Moreover, if the recovery circuit fails, it can be isolated from the main DC bus without shutting down
the entire system.

8. Conclusions

This study reviews important topologies for the micro inverter, DCO, and energy recovery circuits.
The objective was to investigate their performance in mitigating the effect of module mismatch for the
PV system. The main functions, operations, merits, and drawbacks of the important circuits within
each category are highlighted. In addition, a technical evaluation is made to compare their respective
performances. The choice of which technology to use depends on the needs of the system owner. If the
central inverter is to be maintained, the DCO is a good option. However, a micro inverter has its own
advantages, as the modules can be connected to the grid in a distributed fashion, i.e., without the
need to form a conventional string. This configuration can be useful, particularly when the space
for installation is limited, such as rooftops. On the other hand, energy recovery circuits are quite
promising, even if they are still under laboratory development. As PV systems have a long lifecycle
(typically over 20 years), hardware solutions appear to be attractive because of their long-term financial
benefits. However, more in-depth study is needed to determine the feasibility of this approach.
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