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Abstract: Partial shading and other non-ideal conditions cause electrical mismatches that reduce
the output power generated by a photovoltaic (PV) system. It affects the overall performance
and efficiency of PV systems. Therefore, a model is developed in MATLAB, which analyses the
performance of the PV systems under real irradiance profiles and temperatures for various available
mismatch mitigation methodologies, i.e., bypass diode, DC power optimizer, and differential power
processing (DPP). More specifically, this study will help to understand the best mismatch reduction
methodologies for a solar PV system under different scenarios. The results also are validated by
comparing them with a similar PV system installed in SolarTechLAB, which also operates under the
same irradiance and temperature conditions under which these models are tested. This study also
presents novel results, covering discussions on the reverse voltage distribution under mismatch
scenarios among bypass diode, DC power optimizer, and DPP techniques.

Keywords: partial shading; photovoltaic (PV) system; mismatch mitigation techniques; bypass diode;
DC power optimizer; differential power processing (DPP)

1. Introduction

Over the years, the price of solar photovoltaic (PV) modules are continuously decreas-
ing [1,2]. Therefore, the installed capacity of PV systems is growing continuously, as shown
in Figure 1, reaching the worldwide installed PV capacity of 942 GW in 2021 [3]. Solar
energy harvesting is weather-dependent. The maximization of PV energy requires the
operation of the PV generator close to the ideal conditions, namely without mismatches
among PV cells, as well as among PV modules and PV strings. Mismatches arise from
the connection among PV cells that do not have identical electrical characteristics, namely
that are characterized by different IV curves. Mismatches are the result of several non-
ideal conditions, such as partial shading, variable dust accumulation, PV cell degradation,
replacement of an old damaged module with the new module bringing manufacturing
variations, etc. [4–9]. These electrical connections among mismatched PV cells, as well as
mismatched PV modules and PV strings, cause power losses [10–14]; the maximum PV
generator output power is less than the sum of the maximum power that can be produced
by each of the cells that compose it if they were electrically independent. The most common
causes of mismatch and their effects are summarized in Figure 2. In addition to power
loss, the mismatch also causes hotspots in solar PV, as shown in Figure 3 [15,16], where
a group of PV cells operates as a load powered by the other PV cells of the PV generator.
Hotspots are one of the main causes of PV modules’ performance loss, and they also can
cause permanent damage [17]. Therefore, it is necessary to avoid a mismatch in a solar
PV system.
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Figure 1. Solar PV global capacity and annual additions, 2011–2021 [3].

Figure 2. Mismatch incidents and their causes.

Figure 3. Infrared images: (a) shadow from front row PV modules and (b) damage PV cell in a
PV module.

Usually, a PV module consists of series-connected solar PV cells; as a result, a mis-
match caused by a single cell affects the whole PV module. In order to limit the effect of
mismatch, there are various solutions, e.g., bypass diodes method [18] (shown in Figure 4a),
DC optimizers [19,20] (shown in Figure 4b), and differential power processing (DPP) con-
verters [21–25] (shown in Figure 4c). The traditional method to limit mismatch effects is
the inclusion of bypass diodes into the PV module. Bypass diodes are parallel-connected
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to a group of series-connected PV cells [26], dividing the whole PV module into more
sub-modules.

Figure 4. Mismatch reduction techniques: (a) bypass diodes, (b) DC optimizers, and (c) differential
power processing (DPP) converters.

Despite the optimal solution consisting of the connection of a bypass diode across
each PV cell, the number of bypass diodes, or the number of PV cells in each sub-module,
results in a tradeoff between PV cell protection against hotspot and techno-economical
issues; from this perspective, it is not necessary to connect a bypass diode across each
cell [27]. Normally, 60–72 PV cells are connected in a series in commercially used PV
modules, and they consist of three bypass diodes [28]. Each bypass diode is connected
across 20–24 series-connected PV cells, which is known as the PV sub-module, as shown
in Figure 4a. Bypass diodes become forward biased when the voltage across the group
of mismatched cells reverts; this prevents the sub-module to operate as a load. Bypass
diodes protect PV cells from partial shading scenarios, but being passive and uncontrollable
power semiconductor devices, they do not allow any kind of regulation and optimization
of energy production. Additionally, the bypass diodes also cause power losses when they
are in ON-state.

In addition to bypass diodes methodology, distributed maximum power point tracker
(dMPPT) methods have been used to eliminate the electrical characteristic mismatch prob-
lems in the solar PV systems [29–32]. The commonly used dMPPT methodologies are DC
optimizers [33–35] and DPP converters [24,36–40]. The general schematic of DC optimizer
and DPP converters are shown in Figure 4b,c. In DC optimizers each PV sub-module is con-
nected to a DC-DC converter, which processes a complete power, and each PV sub-module
is operating at its maximum power point (MPP). However, the DC optimizer’s power
losses reduce the overall efficiency when there is no mismatch [41], which is when the DC
optimizers would not be necessary. Additionally, DC optimizers also increase the cost of
the system and could reduce long-term reliability. PV modules, including DC optimizers,
may be suitable solutions for residential PV systems, which are prone to heavy mismatch
losses due to partial shading, but they are not the best solution for large PV generators due
to the increased cost and the low probability of mismatch.

The DPP converters methodology represents an evolution that allows overcoming some
drawbacks of the DC optimizers. DPP converters process a fraction of the whole power
generated by the PV sub-modules, which is known as mismatched power, instead of full
power as compared to DC optimizers. Therefore, DPP converter topologies provide an overall
improved efficiency by using smaller and low-cost power electronic solutions with a rating
equal to the mismatched power. Furthermore, the DPP converters maintain a constant voltage
across the PV sub-modules. This will reduce the hotspot issues in the PV system, which occur
when the negative voltage is applied to a PV cell. Additionally, the overall performance and
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lifetime of the system are improved. The converters in the DPP configuration must be controlled
together, instead of DC optimizers that operate independently.

There are several advantages of DC optimizers and DPP converters as compared to
traditional architecture, i.e., the bypass diode method, which is highlighted and compared
in many research studies [42]. However, the comparison among three of these topologies
is missing along with the effect of mismatch, which is not discussed in much detail by
considering the cell level. The objective of this study is to cover several questions, i.e., the
detailed comparison among three mismatch mitigation techniques, validation of simulation
results by comparison through real PV systems, and analysis of voltage distribution at a
cell level to analyze the effect of mismatch among DC optimizers, DPP converters, and
bypass diode methodologies.

The paper is organized as follows: Section 2 describes the PV architectures/mitigation
techniques that are taken as a reference for comparison; Section 3 introduces the PV system
and SolarTech Lab; Section 4 introduces the evaluation procedure and mismatch scenarios
that are used for the evaluation; Section 5 analyzes the results and the main findings; and
in the end, Section 6 presents the conclusions of the study.

2. Mismatch Mitigation Methodologies

Various PV architectures/mitigation techniques/methodologies that are taken as a
reference for comparison are described in detail in this section. These methodologies have
variations in the circuit arrangement and working principle. However, these methodolo-
gies are working on the same issues to reduce the effect of mismatch and maximize the
PV system output power. These various mismatch reduction/mitigation techniques are
discussed below.

2.1. Bypass Diode Methodology

In commercial PV modules, parallel-connected bypass diodes are installed and divide
the PV module into more sub-modules, as shown in Figure 5a. Bypass diodes reduce the
mismatch effect mainly under partial shading scenarios; however, they also can be effective
in other non-ideal conditions, which are discussed above. Without mismatch, bypass
diodes are reverse biased and the same current Imod flows through all the sub-modules,
as depicted in Figure 5a. When partial shading affects a sub-module, its photogenerated
current Imod1 drops, and the voltage across its terminals usually becomes negative (if there
was no bypass diode); the latter condition depends on the actual operation of the unshaded
cells and the load connected to the whole PV module. As soon as the voltage across the
shaded PV sub-module tends to become negative, the corresponding bypass diode becomes
forward biased; the shaded PV sub-module is bypassed and current Ibyp flows through the
bypass diode, as shown in Figure 5b. However, the different states of the bypass diodes
result in more peaks in the power-voltage (P-V) curve [43], as shown in Figure 5c; the
maximum number of peaks corresponds to the number of bypass diodes. Hence, the
traditional maximum power point tracking (MPPT) techniques are generally not capable of
differentiating among local and global power peaks in the P-V curve of PV systems, which
also impacts the performance of the whole system. Therefore, the global maximum power
point tracking (GMPPT) algorithms are required to identify the global power peak from
many local peaks [44–49].

2.2. DC Power Optimizers

The DC power optimizers are DC-DC converters, which are designed to extract
maximum power from a solar PV sub-module/module using MPPT. Normally, the DC
optimizers are connected with each PV module or sub-module, as shown in Figure 6. The
output coming from each of these DC optimizers is connected in series with each other.
Overall, several optimizers are arranged in series making a string connection (see Figure 6).
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Figure 5. Solar PV module with three bypass diodes: (a) no shading, (b) sub-module1 shaded, and
(c) power-voltage (P-V) characteristic curve under mismatch.

Figure 6. (a) DC power optimizer with boost converters and (b) power-voltage (P-V) characteristic
curve under mismatch.

Afterward, the string of series-connected DC optimizers is connected to the main
central inverter. The number of optimizers is designed by considering that the output
voltage of the string matches with the input voltage range of the central inverter. The P-V
characteristic curve of systems with DC optimizer is shown in Figure 6b, which depicts
that in DC optimizer there is only a single power peak named as a global maximum power
point (GMPP) instead of multiple peaks as in bypass diode.

Various DC-DC converter topologies can be used in DC optimizers. Normally, buck,
boost, and buck-boost converter topologies are considered for DC optimizers. In this study,
a boost converter is used, and each converter is equipped with MPPT tracking capability
to extract maximum power at the sub-module level. The working principle of the boost
converter is given in [50,51].

2.3. Differential Power Processing (DPP) Converter

The main feature of the DPP methodology is that the power converters only process
the mismatched power instead of the full power as compared to DC power optimizers. In
the literature, there are various DPP converter topologies [52–57]. In these DPP converters,
only a fraction of the whole power generated by each sub-module, the so-called mismatched
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power, is processed by the converters, reducing the power loss in DPP converters and,
therefore, increasing the overall efficiency. In [54,55], it is mentioned that the DPP converters
configuration allows obtaining about a 7% higher efficiency than the ones achieved by using
DC optimizers. As the DC optimizer configuration, the DPP converter configuration does
not result in the multiple-peak P-V curve, which arises in the bypass diode configuration,
avoiding the issue related to the search for the global maximum power peak.

Furthermore, there are various kinds of DPP converter topologies from which the PV is
connected to another PV (PV-PV) DPP converter topologies, and they are the most famous
because they require fewer power converters than the other DPP converters. Additionally,
the PV-PV DPP converters are independent of bus voltage and do not need to withstand the
high-voltage stresses, as compared to other DPP topologies. Generally, each DPP converter
is connected between two PV sub-modules, as shown in Figure 4c. Furthermore, these
DPP converters are bidirectional and can supply as well as remove the current, which
is needed for PV sub-modules to maintain their operation at their MPPs. Some of the
commonly discussed PV-PV DPP topologies are energy recovery [58], buck-boost [59], and
switched-capacitor (SC) [60]. In this study, SC-based DPP converter topology is considered
for analysis, and the general schematic of the topology is shown in Figure 7a. The SC-based
DPP topology has two states of operation, as shown in Figure 7b (state/mode 1) and in
Figure 7c (state/mode 2). In state 1, the even-numbered switches (Q2, Q4, and Q6) are ON
and the odd-numbered switches are OFF (Q1, Q3, and Q5), as depicted in Figure 7b. During
that state, the mismatched energy is stored by the capacitors (C). However, this energy is
released in the second state/mode of operation of the SC-based DPP converter, where the
odd-numbered switches (Q1, Q3, and Q5) are ON and even-numbered (Q2, Q4, and Q6) are
OFF, as shown in Figure 7c. The more detailed working principle is given in [60].

Figure 7. Switched-capacitor (SC)-based differential power processing (DPP) converter: (a) general
schematic, (b) switching state/mode 1, and (c) switching state/mode 2.

3. Introduction of the PV System and SolarTechLab Test Facility

This study makes use of real data collected at the SolarTechLab, which is a research
laboratory located on the rooftop of the Department of Energy of Politecnico di Milano,
Milan, Italy [61]. Different technologies of PV modules, which are monocrystalline and
polycrystalline silicon, CIGS, and thin-film, are installed at the SolarTechLab. Some silicon
PV modules are equipped with thermal recovery systems. All PV modules are oriented
toward the south-east, the azimuth angle is −6◦30′ (0◦ in the south direction and azimuth
increase clockwise), and the tilt of most structures is 30◦. The latter pair of angles define the
orientation of the conventional plane of array (POA) of the test facility. From the electrical
point of view, each PV module is connected with the low-voltage AC distribution grid
(230 V single phase, 50 Hz) through micro-inverters; this configuration allows to avoid
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mismatches between PV modules that are operated individually at their specific maximum
power point. In addition to the power conversion function, micro-inverters make available
several measurements, such as voltage, current and power on the DC side, RMS voltage,
RMS current, active power, power factor, and frequency on the AC side; their averaged
values per minute are stored in a database.

The environmental conditions are measured with a meteorological station, including
solar irradiance sensors, wind speed and direction sensors, temperature and humidity
sensors, and rain collector [62], as shown in Figure 8. Global horizontal irradiance (GHI),
POA, and diffuse horizontal irradiance (DHI) are measured using spectrally flat pyranome-
ters, in which an occultation band fits out the pyranometer that measures the DHI. The
metrological characteristics and orientation of irradiance sensors are reported in Table 1.
The meteorological station makes measurements of each environmental parameter every
10 s, and then the average, maximum, minimum, and standard deviations over a 10-min
time range are calculated and stored in the meteorological database.

Figure 8. SolarTechLab weather station.

Table 1. Technical specifications of pyranometers connected to the weather station and available in
the test facility.

Pyra #1 Pyra #2 Pyra #3

ISO9060 classification Secondary standard First Class

Achievable accuracy
(95% confidential level) ±2% ±5%

Non linearity % (1000 W/m2) <±0.2% <±1%

Tilt 30◦ 0◦ 0◦

Azimuth −6◦30′ - -

Measurement Plane-Of-Array
(POA)

Global Horizontal
Irradiance

(GHI)

Diffuse Horizontal
Irradiance

(DHI)

To compare different mismatch reduction techniques with a real PV system in a field,
the group of five 245 Wp monocrystalline PV modules, shown in Figure 9, is considered [63].
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These modules are identified by the labels Array 2.1, Array 2.2, Array 2.3, Array 2.4, and
Array 2.5, and their ratings are given in Table 2. The DC power recordings taken during
the year 2017 are considered and compared with the model presented in the next section by
considering similar irradiance and temperature profiles.

Figure 9. PV modules installed at SolarTechLab, Politecnico di Milano.

Table 2. Ratings of the PV module under test.

Parameter Value

Maximum Power Rating (Pmax) 245 W
Voltage at maximum power (Vmp) 31.30 V
Current at maximum power (Imp) 7.84 A

Open-Circuit Voltage (Voc) 37.10 V
Short-Circuit Current (Isc) 8.48 A

4. Evaluation Procedure and Mismatch Scenarios

For the performance evaluation of the traditional bypass diode, DC power optimizer,
and DPP converter, a model is built in MATLAB, which is shown in Figure 10. In this
model, each PV system consists of a single PV module, which compromises three PV
sub-modules. The pairs of terminals of these PV sub-modules are labeled T1, T2, and T3, as
shown in Figure 11. These devices for the mismatch reduction/mitigation methodologies
are connected at these pairs of terminals. Three models are evaluated by creating various
non-ideal conditions or mismatched scenarios, as shown in Figure 11. Overall, a total
of twelve mismatched scenarios are created by considering various real-time expected
shading scenarios discussed below in these studies, e.g., a shadow from the front row of
PV modules, pole, etc.

Furthermore, the ratings of the solar PV module used in the models are exactly the
modules used at SolarTechLab, Politecnico di Milano, and given in Table 2. Additionally,
the model also is compared with the results obtained from the solar PV system installed
at SolarTechLab, Politecnico di Milano, by using the similar irradiance and temperature
profiles obtained from the weather station. The obtained temperature profile was in ambient
temperature (Tamb), and it was converted to cell temperature (Tc) by using Equation (1) [63].

Tc = Tamb +
(NOCT − Tamb@NOTC)

GNOCT
GTOT (1)

Here, NOCT is the nominal operating cell temperature, Tamb@NOCT represents the
ambient temperature at NOCT, and GNOCT is irradiance at NOCT.



Electronics 2022, 11, 1938 9 of 19

Figure 10. General layout of MATLAB model.

Figure 11. Cont.
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Figure 11. Mismatch scenarios: (a) Scenario 1, (b) Scenario 2, (c) Scenario 3, (d) Scenario 4, (e) Scenario
5, (f) Scenario 6, (g) Scenario 7, (h) Scenario 8, (i) Scenario 9, (j) Scenario 10, (k) Scenario 11, and
(l) Scenario 12.

5. Results and Discussion

In this section, a comparison among three different mismatch reduction/prevention
methodologies, which are bypass diodes (Figure 5), DC optimizers (Figure 6), and the
switched-capacitor-based DPP (Figure 7), is presented.

These methodologies are applied at the sub-module level, as depicted in Figure 11.
The rating of a PV module used for the evaluation is given in Table 2. The PV module
consists of three sub-modules named sub-module1, sub-module2, and sub-module3. Each PV
sub-module comprises 20 series-connected PV cells, as shown in Figure 11. The partial
shading scenarios that are considered for the evaluation of the three methodologies under
similar conditions are given in Figure 11. The mismatched scenarios were developed by
varying the irradiances over the PV cells.

The results obtained from the above-discussed three systems under various mis-
matched scenarios are shown in Figure 12, which shows the amount of power generated
and lost under specific scenarios by these three methodologies. Considering the mismatch
in Scenario 3 in Figure 12, the power generated by the DPP converter (152.23 W) was more
than the other two topologies (120.44 W for the bypass diode method and 136.34 W for the
DC optimizer method). The result of the lower power losses in DPP converters is due to
only processing of mismatched power. However, in Scenario 5, the overall power from the
DC optimizer was 157.61 W while the power from the DPP converter and bypass diode
was 156.44 W and 154.02, respectively. The output power in the DPP converter is slightly
lower than DC optimizer because the power is flowing from the bottom to the top like
a ladder. Therefore, overall power was affected as one of the PV cells in a sub-module
completely blocks the flow of power, which in turn also affects the power of the other
two PV sub-modules connected in series. Similarly, the PV sub-module is completely
circumvented by a bypass diode in Scenario 5. Therefore, the power is completely lost from
this sub-module. Furthermore, in Scenario 10 shown in Figure 11j the bottom two cells of
each PV sub-module are completely covered (irradiance over these six cells is 0 W/m2). The
output power in Scenario 10 is 0 W for all three mismatch reduction/mitigation techniques,
which can be seen in Figure 12b, because, in any scenario, the completely shaded cell
constrains the sub-module current to be 0 A.
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Figure 12. Power generated and lost under mismatch cases: (a) Cases 1–6 and (b) Cases 7–10.

The voltage across the terminals T1, T2, and T3 are given in Tables 3–5 for bypass
diode, DC optimizer, and DPP converter, respectively. These tables show the results from
Scenarios 5, 9, 10, 11, and 12, where the voltage stresses are much more severe across the
shaded PV cell(s). Under these mismatched scenarios, the voltage across the individual
cells is analyzed, which gives the voltage distribution among the cells within a PV sub-
module. In Tables 3–5, the voltages VT1, VT2, and VT3 are the voltages at the terminals of
the sub-modules, T1, T2, and T3, respectively. Similarly, Vnscells, are the voltage across the
non-shaded cells in a sub-module, while Vscell is the voltage across the shaded cell(s) within
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a sub-module for Scenarios 5, 9, 10, 11, and 12, as shown in Figure 11. It can be seen from
the Tables, the Vscell for Scenario 5 is−13.62 V,−12.92 V, and−4.48 V, respectively. It shows
that the reverse voltage in DPP converter topology is reduced to 32.89% as compared to
bypass diode and 27.75% compared to DC optimizers. Similarly, the reverse voltage across
the shaded cells is reduced by 28.17% and 23.72%, using the DPP converter as compared to
the bypass diode and DC optimizer methodology, respectively. Overall, the reverse voltage
reduction will help to reduce the stresses over the shaded cells along with the hotspot
temperature, which will help to improve the life of the module thereafter and the overall
PV system life.

Table 3. Voltage across shaded PV sub-modules and PV cell(s) equipped with bypass diode.

Mismatch Cases VT1 VT2 VT3 Vnscells Vscell

5 −0.7 10.56 10.56 12.95 −13.62

9 −0.7 −0.7 10.57 12.36 −13.06

10 0.012 0.012 0.012 12.36 −12.51

11 11.24 11.24 11.24 10.67 0.60

12 11.89 11.82 11.82 11.27 0.62

Table 4. Voltage across shaded PV sub-modules and PV cell(s) equipped with DC optimizers.

Mismatch Cases VT1 VT2 VT3 Vnscells Vscell

5 −0.0017 10.42 10.42 12.92 −12.92

9 −0.12 −0.12 11.00 12.36 −12.48

10 0.0033 0.0033 0.0033 12.36 −12.33

11 11.33 11.33 11.33 10.68 0.65

12 11.97 11.97 11.97 11.27 0.69

Table 5. Voltage across shaded PV sub-modules and PV cell(s) equipped with DPP converters.

Mismatch Cases VT1 VT2 VT3 Vnscells Vscell

5 8.44 10.01 10.13 12.92 −4.48

9 8.69 8.74 10.38 12.38 −3.68

10 0.035 0.035 0.035 12.36 −12.32

11 11.23 11.23 11.23 10.66 0.57

12 11.96 11.96 11.96 11.26 0.69

The model also is verified through the five different PV systems installed at SolarTechLab.
The PV modules output is recorded and compared under the same irradiance and temperature
with the PV model built-in MATLAB, as shown in Figure 10. The PV models consist of similar
systems equipped with bypass diode, DC power optimizer, and DPP converter. For evaluation,
four different irradiance profiles of various days are used from a year, which is shown in
Figure 13. The power output of the system under these irradiance and temperature profiles at a
specific instant of the day is given in Figure 14, Figure 15, Figure 16 and Figure 17 for 1 January,
6 June, 8 June, and 1 September, respectively. The maximum output power for the 1st January
was achieved at 12:00 (noon) hour when the recorded irradiance was 683W/m2 by the weather
system at SolarTechLab. The output powers are 152.21 W from Array 2.1, 156.46 W from Array
2.2, 149.94 W from Array 2.3, 153.27 W from Array 2.4, and 150.21 W from Array 2.5. Similarly,
the output power from the developed models is 157.03 W for the bypass diode system, 155.39 W
for the DC optimizer system, and 156.97 W for the DPP converter system, as shown in Figure 14.
The results in Figure 14, as well as in Figures 15–17, depict that the real system and model
performance is close.
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Figure 13. Recorded irradiance profile.

Figure 14. PV system outputs over a day under irradiance data on 1 January shown in Figure 13.

In continuation, a comparison among the above-discussed topologies in terms of the
number of electrical components, complexity in their circuit, analysis of the cost of the
topology, the complexity required to control the converter, requirement of local or global
MPPT control strategy, and losses/overall efficiency are given in Table 6. The parameters
discussed in Table 6 depend upon the number of circuit components in each topology,
including both active as well as passive. The increase in circuit components also enhances
the control complexity, which becomes a reason for using complex control strategies. The
number of the component includes both active and passive circuit elements of the mismatch
mitigation topologies, which are based on the implementation of a single solar PV module
containing three series-connected PV sub-modules. As depicted in Table 6, 12x components
are required for DC optimizers and 8x for SC-based DPP topology, where p is the number
of PV modules in the system. Overall, the cost and losses in the system are increasing
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because they are directly dependent on the number of electrical components, i.e., passive
as well as active. Finally, the efficiency of the topologies depends on the overall power seen
at the output after all losses, considering the system is under mismatch and no mismatch.
Furthermore, the number of bypass diodes, capacitors, inductors, and MOSFETs required
for the 2.2 kW PV system equipped with bypass diode, DC optimizer, and DPP converter
methodologies are given in Table 7. Overall, there are nine 245 W PV modules in the system,
and the total electrical component count distribution among them is shown in Figure 18. In
Figure 18, the maximum numbers of components are in DC optimizers (52%), while the
bypass diode and DPP converter are 13% and 35%, respectively.

Figure 15. PV system outputs over a day under irradiance data on 6 June shown in Figure 13.

Figure 16. PV system outputs over a day under irradiance data on 8th June shown in Figure 13.
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Figure 17. PV system outputs over a day under irradiance data on 1 September shown in Figure 13.

Table 6. Evaluation of various mismatch reduction/mitigation methodologies for a PV module
consisting of three sub-modules.

Ref. Topologies Electrical
Components

Complexity Cost
Operating
Strategy

Local
Maxima’s

Efficiency

No
Mismatch Mismatch

[16] Bypass diode 3x Low Low None Yes High Low

[17] DC Power
optimizer 12x High High Complex No Low Medium

[46]
Switched-
Capacitor-
converters

8x Medium Medium None/Complex No Medium High

x is representing overall number of PV modules containing three sub-modules in the system.

Table 7. Number of components required for 2.2 kW system containing nine 245 W PV modules and
equipped with bypass diodes, DC optimizers, or DPP converters.

Methodologies Diodes Capacitors Inductors MOSFETs Total Electrical
Components

Bypass diode 27 0 0 0 27

Dc optimizer 27 27 27 27 108

DPP converter 0 18 0 54 72
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Figure 18. Total electrical component count distribution among bypass diode, DC optimizers, and
DPP converter in 2.2 kW PV system.

6. Conclusions

In this study, three various mismatch reduction/mitigation techniques, i.e., bypass
diode, DC power optimizer, and differential power processing (DPP) converter for solar
PV modules, were discussed, compared, and evaluated through models built in MATLAB.
The models were evaluated with an infield-installed solar PV system. The presented
outcomes of the study confirm that the traditional bypass diodes are simple in operation
and are more economical but can only limit the effect of mismatch to some extent, instead
of mitigating them as DC optimizers and DPP converters. However, the DC optimizers
and DPP converters maximize the output power, but the system becomes complex and
expensive. It is confirmed from the results that the DPP converters perform better in most
of the mismatch conditions as compared to DC optimizers. However, under the severe
mismatch, the performance of DPP converters is degraded.

These solutions are analyzed in detail, which shows that the reverse voltage across
the shaded cells is much worse with the bypass diodes and DC optimizers. However, the
DPP converter greatly reduces the reverse voltage across the shaded cell(s) up to 32.89%,
when compared to the bypass diode scenarios and 27.75% compared to DC optimizers.
These topologies also were analyzed in terms of electrical components, cost, complexity,
operating strategy, local maxima, and efficiency, which show that for large PV systems, it
is better to use bypass diodes because of the lower cost and lower chances of mismatch.
However, it is better to use DPP and DC optimizers in small PV systems.
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