<> sustainability

Article

Switched-Capacitor-Based Hybrid Resonant Bidirectional
Buck-Boost Converter for Improving Energy Harvesting in
Photovoltaic Systems

Caio Meira Amaral da Luz ©, Kenji Fabiano Avila Okada %, Aniel Silva Morais 2(, Fernando Lessa Tofoli 1-*

and Enio Roberto Ribeiro 3

check for
updates

Citation: Amaral da Luz, C.M.;
Okada, K.EA.; Morais, A.S.; Tofoli,
EL.; Ribeiro, E.R. Switched-
Capacitor-Based Hybrid Resonant
Bidirectional Buck-Boost Converter
for Improving Energy Harvesting in
Photovoltaic Systems. Sustainability
2024, 16, 10142. https://doi.org/
10.3390/5u162210142

Academic Editor: Luis

Hernandez-Callejo

Received: 5 October 2024
Revised: 12 November 2024
Accepted: 19 November 2024
Published: 20 November 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, Federal University of Sao Joao del-Rei,

Sao Joao del-Rei 36307-352, Brazil; caiomeiramaral@hotmail.com

2 Faculty of Electrical Engineering, Federal University of Uberlandia, Uberlandia 38408-100, Brazil;
kenji_okada@ufu.br (K.E.A.O.); aniel@ufu.br (A.S.M.)

Institute of System Engineering and Information Technology, Federal University of Itajuba,
Itajuba 37500-903, Brazil; enio.k@unifei.edu.br

*  Correspondence: fernandolessa@ufsj.edu.br

Abstract: Photovoltaic (PV) modules are often connected in series to achieve the desired voltage
level in practical applications. A common issue with this setup is module mismatch, which can be
either permanent or temporary and is caused by various factors. The differential power processing
(DPP) concept has emerged as a prominent solution to address this problem. However, a significant
drawback of current DPP topologies is their reduced performance under certain conditions, par-
ticularly in cases of permanent mismatch. As a result, applications involving the DPP concept for
permanent mismatches remain underexplored. In this context, the goal of this work is to develop
and implement a novel DPP topology capable of increasing energy harvesting in PV systems under
permanent mismatch. The proposed hybrid architecture combines features from both bidirectional
buck-boost (BBB) and resonant switched capacitor (ReSC) converters. The ReSC converter operates
under soft-switching conditions, minimizing undesirable losses. Key advantages of the proposed
converter include fewer switches, lower voltage stress, and soft-switching operation, making it
suitable for PV systems with mismatched modules. Experimental tests showed an energy harvesting
improvement under the assessed conditions.

Keywords: energy harvesting; mismatch; differential power processing; photovoltaic systems; switched
capacitors

1. Introduction

Photovoltaic (PV) systems consist of several interconnected modules designed to
convert sunlight into electrical energy. Each module, typically comprising multiple solar
cells, captures solar energy and generates direct current (DC) electricity. These modules are
connected to form PV arrays, which are further integrated with power electronic converters
to manage power flow and convert DC into alternating current (AC) for grid connection or
direct usage.

In many situations, PV modules must be connected in series to achieve the required
DC voltage level for a specific application [1]. This type of connection is referred to as a
PV string. Since the modules are connected in series, the current flowing through all of
them must be identical. Since the output current of PV modules increases with the incident
solar irradiance, when all elements in a PV string are exposed to the same irradiance level,
the power output behaves almost linearly with irradiance [2]. However, if one or more
modules generate different currents, a phenomenon known as a mismatch occurs. As
a result, the output power of the PV string no longer follows a linear relationship with

Sustainability 2024, 16, 10142. https:/ /doi.org/10.3390/su162210142

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su162210142
https://doi.org/10.3390/su162210142
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-4623-2515
https://orcid.org/0000-0002-1592-8544
https://orcid.org/0000-0002-9707-115X
https://orcid.org/0000-0001-7313-9060
https://orcid.org/0000-0003-0347-0991
https://doi.org/10.3390/su162210142
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su162210142?type=check_update&version=2

Sustainability 2024, 16, 10142

2 of 26

irradiance but instead depends on the operating point of each module. Mismatch generally
reduces the output power and, in severe cases, can damage the affected module [3].

Mismatch among PV modules is a common issue in PV systems and can be classified
as either temporary or permanent. Temporary mismatches are brief and inconsistent,
often caused by factors like partial shading or uneven dirt on the module surface [3].
Permanent mismatches, however, result from factors such as differing module orientations,
manufacturing variations, aging-related degradation, or connecting modules with different
specifications [4].

All of the aforementioned factors lead to a current reduction in the affected modules.
As a result, a mismatch occurs when PV modules in a series generate unequal currents.
According to Kirchhoff’s current law, the current through each module in the series must
be the same. Consequently, two key scenarios can arise, depending on the current drawn
by the load connected to the PV system.

In the first situation, the current of the shaded PV module limits the entire string,
reducing the total energy harvested. However, this scenario does not pose a risk to the
module’s integrity [5,6]. In the second situation, the current of the PV string is determined
by the modules generating a higher current. This forces the affected module into the reverse
bias region, where it operates with a positive current and a negative voltage. Thus, the
module behaves like a resistor, consuming energy from its neighboring counterparts. This
energy is dissipated as heat, leading to the formation of hot spots [3]. In more severe
mismatch conditions, this can cause irreparable damage to the PV modules in the string.

The bypass diode is the most widely adopted strategy to prevent the formation of
hot spots [7]. It is connected in anti-parallel to the strings of PV cells in a module, or
even to the entire module. When a mismatch occurs and one or more modules enter
the reverse bias region, the bypass diode becomes forward-biased [5,8]. This provides a
low-resistance path for the current, bypassing the mismatched module. Consequently, the
power from the affected module is lost, reducing the overall efficiency of the PV system [9].
Additionally, the mismatched module will operate at a different voltage level, leading to
the generation of multiple peaks, with one global maximum power point (GMPP) and
several local maximum power points (LMPPs). As a result, conventional maximum power
point tracking (MPPT) algorithms, such as perturb and observe (P&O) and incremental
conductance (InC), are unable to track the GMPP, leading to further energy harvesting
losses [10-12].

In recent years, various mismatch mitigation strategies based on power electronics
have been proposed [3,13,14]. These solutions typically include DC optimizers [14,15],
microinverters [16], and partial or differential power processing (DPP) converters [17-20].
The main advantage of these distributed power electronics approaches is their ability
to mitigate mismatch effects, thereby increasing the overall energy harvested by the PV
system. Additionally, they improve system reliability by reducing the risk of hot spots.
However, a significant drawback of DC optimizers and microinverter architectures is their
reliance on full power processing (FPP), requiring each converter to handle the full output
power of its corresponding PV module, which increases losses and size. In contrast, the
DPP concept has emerged as a promising solution due to its advantages in energy recovery,
simple implementation, and cost-effectiveness [20,21]. This approach was introduced
in [22], with its mathematical analysis and practical feasibility assessed in [23]. Notably,
partial power processing (PPP) converters are generally inferior to DPP architectures in
PV systems because PPP converters process a larger proportion of the total power flow
compared to DPP.

The DPP concept has emerged as a promising alternative, offering significant im-
provements in efficiency, reliability, and cost compared to conventional solutions. It was
introduced in [22], with its first experimental validation conducted in [23]. In this approach,
bidirectional DC-DC converters, known as DPP converters, are connected in parallel with
the PV modules in the string. Unlike FPP, DPP converters operate only when needed and
process only a small fraction of the total system power, typically a small percentage of
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the overall output [24]. This results in higher system efficiency, smaller size, and reduced
power ratings for the power electronics components. Depending on the arrangement of
DPP converters in the PV string, three main architectures can be identified: PV-to-PV,
PV-to-bus, and hybrid, as shown in Figure la—c, respectively [25,26].
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Figure 1. DPP arrangements: (a) PV-to-PV architecture, (b) PV-to-bus architecture, and (c) hybrid
architecture.

In the PV-to-PV architecture depicted in Figure 1a, DPP converters are modularly
connected to the PV modules, which are in turn connected series [23]. In this setup, the
number of DPP converters is always one less than the number of PV modules. A key
advantage is that the maximum voltage stress on the switches is only twice the open-circuit
voltage of the PV modules [13]. However, due to the modular nature of the PV-to-PV
architecture, energy is shared among a given PV module and its neighboring modules.
This results in the diverted current accumulation phenomenon [27], where all converters in
the PV-to-PV system are activated even if only one module is mismatched. The two most
commonly used DC-DC converters in this architecture are the bidirectional buck-boost
converter [26-28] and the switched-capacitor converter [29,30].

In the PV-to-bus architecture represented in Figure 1b, DPP converters are connected
between each PV module and the main bus, resulting in the number of DPP converters
being equal to the number of PV modules. In this architecture, power is exchanged directly
between the PV module and the main bus, so only one converter is required to compensate
for a mismatch. Consequently, the phenomenon of diverted current accumulation does
not occur in this setup [27]. However, a drawback is that the secondary-side switches of
the converter must be rated for the full bus voltage, and under certain conditions, more
power is processed [24,31]. To reduce the high voltage stress, some studies have proposed
an improved architecture called PV-to-Isolated-Bus, where the secondary side of the DC
converter is decoupled from the main bus [32]. In this case, when a mismatched module
needs compensation, matched modules deliver power through two converters: their own
and the mismatched module’s converter [32,33]. However, this limits their energy transfer
capability and still requires an isolated DC-DC topology, typically a flyback converter,
which increases losses, size, and cost [13].

To address the drawbacks of the two aforementioned architectures, some studies
have proposed a hybrid architecture, as shown in Figure 1b [34-36]. In this approach,
n — 1 DPP converters are required for n PV modules. This configuration mitigates both
the issue of diverted current accumulation found in the PV-to-PV architecture and the
high voltage stress problem associated with the PV-to-bus architecture. Consequently, this
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hybrid architecture is suitable for applications involving permanent mismatch types, as
demonstrated in this work.

Despite their constructive differences, these configurations share a fundamental op-
erational principle: equalizing the voltages of the modules around a specific operating
point [13]. The converters in these architectures, referred to as DPP converters, temporarily
store energy from mismatches in their inductors or capacitors and then release it as current
at the PV string output, compensating for current mismatches between modules. This
strategy is also known as current diverters [37] and voltage equalizers in [13]. A key
advantage of this approach is that when there is no mismatch, the entire system’s power is
processed solely by a central converter, while DPP converters handle only the differential
power resulting from mismatches, typically a fraction of the total PV string power. This
results in higher efficiency, reduced size, and lower current and voltage stresses on the
components used in DPP converters [38].

Although the DPP concept offers many advantages for mismatch mitigation, few
studies focus on permanent mismatches, especially those arising from modules with
different specifications. This study is significant because various factors may necessitate the
replacement of individual modules over the lifetime of a PV system. In cases of permanent
mismatch, the traditional bypass diode strategy is ineffective. To address the challenges
posed by permanent mismatches, particularly in PV modules with differing specifications,
this work proposes an enhanced DPP topology. Notably, DPP converters in PV systems
contribute to sustainability by increasing energy efficiency, extending system lifespan,
reducing material use, enhancing energy storage integration, and enabling the scalable
deployment of solar energy solutions.

The design is based on the topology developed in [35], which offers significant ad-
vancements over previously reported structures. It features a hybrid architecture that
combines bidirectional buck-boost (BBB) and SC converters. Its key advantages include
eliminating the need for coupled inductors and attenuating the diverted current accumula-
tion. Additionally, unlike most DPP topologies, which are implemented at the sub-module
level, this design can be applied at the PV module level. However, a notable drawback of
the topology reported in [35] is hard-switching operation, which is due to the switched
capacitors. To address this issue, the proposed topology incorporates a simple inductor in
series with the capacitor, creating a resonant circuit that operates similarly to a resonant
switched-capacitor converter (ReSC). This enables zero-current switching (ZCS) operation
and mitigates switching losses.

The remainder of this article is organized as follows. The theoretical analysis of the
proposed topology is presented in Section 2. Section 3 describes the experimental setup and
discusses the results obtained from a four-module string under two mismatch conditions.
Additionally, extending the DPP architecture to larger strings is investigated. A thorough
analysis of the solution, including its potential advantages and disadvantages, is also
provided. Finally, the conclusion is given in Section 4.

2. DPP Converters

Figure 2 shows the proposed topology, which includes an inductor placed in series
with a flying capacitor, forming a resonant circuit that allows the switches to operate under
ZCS conditions. To clarify the converter’s operating principle, let us consider a PV string
divided into two groups: PVG1 and PVG2, each containing two PV modules. Each group
is connected in parallel with a BBB converter. The connection between the PV groups is
established through a resonant circuit that functions similarly to the ReSC converter.
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Figure 2. Proposed topology.
2.1. BBB Converter

Figure 3a shows the BBB converter associated with group PVG1 in Figure 2. Assuming a
mismatch condition where the current generated by PV module PV2 is less than the current
of PV module PV1 at its maximum power point (MPP), corresponding to Ipy> < Ipy1, the
following operating modes are observed:

PV2

Node i;

PV1

Ipyi Useries

Oy O
Ipvi  Lseries

(b) (©)

Figure 3. BBB converter operation: (a) PV string connected to the BBB converter; (b) first stage; and
(c) second stage.

e  First stage [ty, t1], Figure 3b: switch S; is on and switch S, is off. The differential current,
given by Al = Ipy; — Ipyp, flows through inductor L; and S as observed in Figure 4. As
a result, inductor L; stores part of the energy harvested by the unshaded module.

e  Second stage [t;, t], Figure 3c: switch S; is off and switch S; is on, while the energy
stored in inductor L; is released through the diode body of S;, according to the
waveforms depicted in Figure 4.

The average current I 1(avg) through the filter inductor of the BBB converter can be
determined by the difference in currents between adjacent PV modules, i.e., IL1avg) = Al =
Ipy1 — Ipyo. The current ripple, denoted as Aly; in (1), is expressed in terms of the duty cycle
D, the open-circuit voltage V¢, the filter inductance L1, and the switching frequency fs.
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Figure 4. Main waveforms of the BBB converter.
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Since the duty ratio is D = 0.5, the BBB converter behaves as a voltage equalizer. As
a result, each switch only remains on for half of the switching period Ts according to
the behavior of the instantaneous currents through D, and S, represented by ip; and is;,
respectively, in Figure 4. Thus, it is possible to determine the root mean square (RMS)
current through the inductor and the switches from (2) and (3), respectively.

It1rms) = 111 (avg) 2)

I av,
Isirms) = Ip2(rms) = \(/Eg) 3)

Capacitors Cp1...Cpy act as filter elements in steady state, while the voltages across
the modules are constant, and the average currents through the capacitors are zero. Thus,
by applying Kirchhoff’s current law to node 1 in Figure 3a, the average current through the
PV string can be given by (4).

I + Ip
Istring - % 4)

It can be concluded that the average current through the PV string consists of the
combined contribution of the currents from both PV modules. Unlike the bypass diode
strategy, which only protects the module, the DPP converter enables the output power of
the PV string to benefit from the energy harvested from both modules.

2.2. ReSC Converter

Figure 5 shows the ReSC converter associated with the group of PV modules. For the
sake of simplicity, part of BBB converter formerly illustrated in Figure 1 is omitted in Figure 5,
as this circuit is not involved in the ReSC converter operation. Notably, the ReSC converter is
not capable of perfectly equalizing the voltage between the PV groups. This is due to the
inherent effective impedance that arises as a result of its operation. Therefore, for an initial
analysis, a mismatch condition is assumed, where the voltage on PVG2 is given by the sum
of the voltages of the two PV modules that compose it, i.e., Vpygo = Vpys + Vpyy is lower
than the voltage across group PVG2, given by Vpyg1 = Vpy1 + Vpyo. Since Vpyga < Vpyei,
the following conditions exist:
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PVG2

PVG1

e  First stage [to, t1], Figure 5b: switches 51 and Ss are on, and switches S, and Sy are off.
The resonant circuit is connected in parallel with group PVG1 and part of its energy is
temporarily stored in the resonant tank, consisting of L, and C;.

e  Second stage [t1, t;], Figure 5b: switches S1 and S3 are off, and switches S, and S4 are
on. The resonant circuit remains in parallel with the modules of group PVG2. The
energy stored in the resonant tank in the previous stage flows through the body diode
of S4 and to balance the current of the mismatched modules, as illustrated in Figure 6.

2524

- 0 O 0 3 O
LpvGi  Useries IPVGI  Lseries

(b) (c)

Figure 5. ReSC converter operation: (a) PV string connected to the ReSC converter; (b) first stage;
and (c) second stage.
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Figure 6. Main waveforms of the ReSC converter.

Since the voltages of the PV modules are unequal, the voltage across the resonant
tank has a square waveform, illustrated by v crin Figure 6. In this case, the instantaneous
voltage across the resonant tank vgesc(f) must be determined using the Fourier series
represented in (5), where h is the harmonic order, while Vpyg; and Vpyg; stand for the
voltages across groups PVGI1 and PVG2, respectively.

Vi +V 2(V, -V — 1 . (2hm
Resc(t) = “BVGLT YPVG2 | (Vever — Vevea) y , Sm( t) ®)
h=1

2 T T
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Considering that the resonant circuit has a high quality factor and operates at the
fundamental resonant frequency expressed by (6), it is possible to simplify (5) as (7).

1

fo=—"— (6)
27‘[1 /Lfo
2 — 2
opesc (t) = Vpvei er Vpvea n (VPVG17T Vpvea) sin(ft) @)
S

The current flowing through the switches and the resonant tank can be obtained using
Ohm'’s law, by dividing (7) by the respective impedances of the resonant circuit for the
various frequencies involved. The first harmonic component of vresc(f) has a frequency of
zero, so the impedance of the resonant circuit for this component is infinite, resulting in no
DC current flow. Conversely, an AC component at a frequency f(, for which the impedance
is | Rgot I . Thus, the AC current is given by (8).

, _ 2(Vpyve1 — Vpvga) . (27
icf(t) = R sin T—St (8)

The instantaneous current ic(f) shown in Figure 6 exhibits a purely sinusoidal be-
havior. Thus, it is possible to calculate the peak and RMS values of the current through the
resonant tank from (8), yielding (9) and (10), respectively.

2(Vpvet — Vpvee) )

I _ 1 2(Vpve1 — Vpveo)
CLARMS) = 75 R

where Ry, represents the sum of resistances from the components constituting the resonant
tank, as illustrated in Figure 5a.

According to the waveforms of ig; and isy, corresponding to the instantaneous currents
through the switches in Figure 6, each switch is on for only half of the switching period.
Consequently, the peak, RMS, and average currents through the switches are expressed by
(11)-(13), respectively.

(10)

2(Vpyc1 — Vpvea)
Is1pk) = Is2(pk) = Is3(pk) = Isa(px) = R (11)
Vpve1 — Vevee
Isyrms) = Iso(rms) = Isarms) = Isarms) = ( Rror ) (12)
2(Vpyg1 — Vevea
ISl(avg) = ISZ(avg) = IS3(avg) = IS4(avg) = ( 2R o1 ) (13)

For PV system applications, it is useful to express the diverted current as a function
of the differential current between the PV modules. To do this, determining the effective
impedance of the ReSC converter is crucial. According to [39], this parameter is given by
Zerr = (Rior ) /4. Thus, using Ohm’s law, one can obtain (14).

2
Vevet = Vevea = Zerr(sc) (Ipver — Ipvez) = Reot - Blpve (14)

where Alpy is the differential current between the average current from groups of modules
PVG1 and PVG2.
Substituting (14) in (9)—(13) yields (15)—(19).

7T
leLspry) = 5 Mpve (15)
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Iepf(rms) = _Alpye (16)
2V2
Is1pk) = Is2(pk) = Isa(pk) = Isa(px) = gAfpvc (17)
Isirms) = Isa(rms) = Iszrms) = Isarms) = gAIPVG (18)
Isi(avg) = Is2(avg) = Is3(avg) = Isa(avg) = %AIPVG (19)
2.3. Proposed Topology

After analyzing each converter individually, the operation of the proposed topology can

be investigated. It is important to note that since both converters in the architecture share the
same switches, the current stress on these switches will depend on the mismatch conditions.
For a clearer understanding, two important mismatch situations need to be analyzed:

>

In the first case, the two PV modules within one of the PV groups match each other,
but mismatch the modules in the other PV group. Since there is no mismatch between
the modules within the PV group, the BBB converter will not operate, and only the
ReSC will function. Consequently, the behavior of the proposed circuit will be similar
to that of the ReSC converter alone. Thus, the current stress on the switches and the
resonant tank is described by (15)—(19).

In the second case, the PV modules within one of the groups are mismatched. As
a result, both the BBB and ReSC converters will operate. Consequently, the current
stress on the switches is the sum of the currents from both converters. This situation
is illustrated in Figure 7 for switch S;, whose peak, RMS, and average currents are
given by (20) and (21), respectively.

Is1(pk) = Is1 Resc(pk) T IL1_BBB (avg) (20)
Is1(avg) = Is1_Resc(avg) T Isi(avg) (21)
Isy(rms) = Is1_resc(rms) + IL1_BBB (avg) (22)

D-T; (1-D)-T;
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Figure 7. Main waveforms of the proposed topology.
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It is important to note that this situation assumes that module PV1 is mismatched. For
other mismatch conditions, the peak currents will occur in different switches. Consequently,
all switches must be rated for the worst-case scenario, as described by (20) and (21). The
voltage stress on the active semiconductors will be the sum of the open-circuit voltages of
the adjacent PV modules.

3. Results and Discussion
3.1. Experimental Results Obtained from a Four-Module String

As mentioned, a significant cause of permanent mismatch stems from connecting
PV modules with different characteristics. Consider a PV string composed of four 10 W
modules, whose total power at standard test conditions (STC) is 40 W. If one element is
damaged and must be replaced with a 20 W module due to the unavailability or higher
cost of 10 W units, for instance, the dynamics of the string will change.

To demonstrate the operation of the proposed topology and verify the theoretical
analysis, an experimental prototype for a PV string with four modules was designed and
tested. A mismatch condition involving two PV modules from different manufacturers
was considered in terms of one PV module model RSM020P by Resun and one PV module
model KS-10 by Kyocera. The main specifications at STC for both elements are presented
in Table 1.

Table 1. Electrical characteristics of RSM020P and KS-10 modules.

Parameter RSMO020P KS-10
Open-circuit voltage Voc=21.60V Voc=217V
Short-circuit current Isc =123 A Isc =0.62 A

Voltage at the MPP VMPP =182V VMPP =174V
Current at the MPP Impp =112 A Ippp =057 A
Maximum power Pypp =20 W Pypp =10 W

To design the proposed converter, the equations derived in the previous section can be
used. According to (1), the main parameters for designing the inductor of the BBB converter
include the duty ratio, which for a voltage equalizer is D = 0.5, the open-circuit voltage
Voc, the current ripple Al11, and the switching frequency f;. In the tests, the following
parameters have been adopted: fs = 50 kHz and V¢ = 21.7 V. To calculate the current ripple,
the average current is required, which is the difference between the MPP currents of the
adjacent mismatched PV modules. In this case, the average current I1 1 (ayg) = 0.55 A is obtained
from Table 1. Adopting a maximum current ripple of 10% yields Al = 10%-I1.1(avg). Based on
these specifications, the resulting inductance is L = 3.2 mH.

According to Equation (6), the main parameter needed to calculate the resonant
tank elements is the switching frequency fs. Since the BBB and ReSC converters share the
same switches in the proposed topology, the switching frequency for both converters is
fs =50 kHz, as mentioned earlier. With a flying capacitance Cs=1 pF, a flying inductance
Ly=10 pH is obtained. The voltage stress across the switches is twice the voltage of
the adjacent PV modules, with the maximum voltage stress Vimax = 43.3 V obtained
from Table 1. Therefore, the metal-oxide-semiconductor field-effect transistor (MOSFET)
model IPPO82N10NF2 by Infineon was selected, as its specifications meet the design
requirements. All parameters relevant to the implementation of the proposed topology
are listed in Table 2, and Figure 8 shows the experimental prototype, which has the same
specifications as the setup used in [40].
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Table 2. Specifications of the experimental prototype [40].

Parameter

Specification

Switching frequency

Maximum current ripple and characteristics of
the filter inductors of the BBB converters

Filter capacitor C;,

Resonant capacitor C,
Resonant inductor L,

Switches

fs=50kHz
AILl = 100/°'IPV(maX)/ L1 = L2 = L3 =3.2mH,
ferrite core NNE-30/15/7 by Thornton,
8 x AWG30, 42 turns, R} ~ 0.15 Q)

AV p = 5%:Vpy (min), electrolytic capacitor
model B41822 by Siemens, 150 uF/100V,
ESR ~ 300 mQ)

Metalyzed polyester capacitor model MKT368
by Philips, 1 uF/100 V, ESR = 48 mQ)

Ly = Lyp = 10 uH, ferrite core NT-27/16/12 by
Thornton, 10 x AWG30, 10 turns, R ~ 22 mQ)
MOSFET IPP082N10NEF2 by Infieon,
Rds(on) =82mQO

Figure 8. Experimental prototype.

The test bench illustrated in Figure 9 also comprises a PV string composed of four
modules, subjected to two mismatch scenarios:
e Scenario 1: connection of two PV modules, model RSMO020P, each rated at 20 W, in
the PVG1 group, and two PV modules, model KS-10, each rated at 10 W, in the PVG2
group. As a result, the total maximum power of the PV string, which is the sum of the

power from all modules, is 60 W.

e  Scenario 2: connection of one PV module, model RSM020P, rated at 20 W, at the bottom
of the PV string, while the other PV modules in the string are model KS-10, each rated
at 10 W. As a result, the maximum power output of the PV string is 50 W.

It is well known that the operating point of the PV string varies with weather condi-
tions, such as irradiance and temperature. To ensure that the PV system operates at its MPP
during testing, a variable resistor is used for simplicity.
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Figure 9. Experimental setup.

3.1.1. Scenario 1

Considering the current at the MPP as mentioned in Table 1, the differential current
between the PV module groups is Alpyg = 550 mA, which is also reflected in the current
versus voltage (I-V) curve of the PV modules during testing, as shown in Figure 10. The peak
current in the resonant circuit can be determined using (15), resulting in Icif(k) = 864 mA. This
calculated value is consistent with the experimental result corresponding to the waveform
of the resonant tank current in Figure 11a. Other current ratings were also calculated and
compared with the experimental results presented in Table 3. Notably, ZCS commutation was
observed. Additionally, Figure 11a shows that the voltage stress on the switches is 33.6 V,
which aligns with the theoretical analysis, as this value corresponds to the sum of the operating
voltages of the modules adjacent to each switch.

Figure 11b shows the voltages of the PV groups PVG1 and PVG2. As expected, the
voltages across the groups are nearly identical due to the voltage equalization process
achieved by the switch operation at a duty ratio of 50%. Since there is no mismatch
between the PV modules within each group, the average current in the inductors of the
BBB converters is zero. This characteristic is evidenced by the current waveform shown in
Figure 11c.
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N TN S SO S S foeeiioe..i..b.1..1  Folder
......... About
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Figure 10. The I-V characteristic of the two PV modules measured during the tests.
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Figure 11. Experimental results: (a) current in the resonant circuit (red), drain-to-source voltage on
switch Sq (green), drain-to-source voltage on switch S, (blue); (b) voltage of groups PVG1 (green) and
PVG2 (blue). (c) current through the inductor of the BBB converter associated with group PVGI (red);
and (d) voltage (blue), current (red), and power (cyan) of the PV string before and after operation of
the BBB-ReSC topology.

Table 3. Comparison of calculated, simulated, and experimental currents for the first scenario.

Quadro
Parameter
Calculated Simulated Experimental
Lerfpi 0.864 A 0.841 A 0.840 A
Ierprms) 0.611 A 0.581 A 0.586 A
Is1pkys Is2(pkys Is3(pk), Isapk 0.863 A 0.871 A 0.840 A
Is1rms), Is2rMms), Is3®Ms), Isa®ms) 0.432 A 0.433 A 0.420 A
Is1(avg), Isa(avg): Is3(avg), Isa(avg) 0.367 A 0.371 A 0.370 A
IL1(avg), IL2@avg) 0A 0A 0A

Figure 11d illustrates the voltage, power, and current waveforms before and after the
operation of the proposed converter. Initially, the load is adjusted to operate at the MPP of
the PV string without the proposed topology connected. In this condition, the maximum
output power of the PV string is 38.4 W at an irradiance of 1050 W/m? and a temperature of
45 °C. After activating the topology, the harvested power increases from 38.4 W to 57.6 W,
resulting in an increase of 19.2 W, or approximately 50%. Given that efficiency is the ratio
of actual output power to the maximum theoretical power that can be harvested from the
string, this leads to an increase in efficiency from 64% to 96%.
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3.1.2. Scenario 2

Since the PV modules of group PVGI are mismatched, the respective BBB converter
will operate, diverting the differential current caused by the mismatch. This is illustrated in
Figure 12c, where the average measured diverted current is 544 mA. The current provided
by the mismatched PVGI1 group must be determined to calculate the peak current in
the resonant tank. The resulting value, obtained from the average current of the two PV
modules in the PVG1 group according to (4), is approximately 810 mA, as shown in Table 1.
Thus, the differential current between the groups is Alpyg = 290 mA. Consequently, using
(15), the peak current in the resonant tank is Icpk) = 455 mA, which aligns with the
experimental results presented in Figure 11a.
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27-Nov=-22 1158 50.5873kHz <10Hz
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Figure 12. Experimental results: (a) current in the resonant circuit (red), drain-to-source voltage
on switch S (green), drain-to-source voltage on switch S, (blue); (b) voltages on groups PVG1
(green) and PVG2 (blue); (c) current through the inductor of the BBB converter associated with group
PVGI1 (red); and (d) voltage (blue), current (red), and power (cyan) of the PV string before and after
operation of the BBB-ReSC topology.

According to (20), the sum of the average currents diverted by the BBB and ReSC
converters is equal to the peak current in the switches of group PVG1. The peak current of
the PVG2 group remains equal to that of the resonant tank, as given by (17). Table 4 com-
pares the calculated, simulated, and experimentally measured current values. Additionally,
Figure 12a shows that the voltage stress on all the switches in the topology is approximately
33.6 V, which is consistent with the values predicted by the mathematical analysis.
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Table 4. Comparison of calculated, simulated, and experimental currents for the second scenario.

Quadro
Parameter
Calculated Simulated Experimental
Ierfp) 0.455 A 0.446 A 0.420 A
Icrfrms) 0314 A 0.305 A 0.297 A
I11(avg) 0.550 A 0.550 A 0.544 A
Is1(pky 0.982 A 0.996 A 0.964 A
Is1(RMs) 0.690 A 0.600 A 0.590 A
Is1(avg) 0.09 A 0.1A 0.110 A
Is®MS) 0.170 A 0218 A 0.201 A
Is2(avg) 0.460 A 0.468 A 0.456 A
Is3(pky, Tsa(piy 0.432 A 0.442 A 0.418 A
Is3rms), Isarms) 0.216 A 0.220 A 0.209 A
Is3(avg), Is4(avg) 0.138 A 0.147 A 0.133 A

Figure 12b represents the voltages across PVG1 and PVG2. As expected, the converter
operation with a fixed duty ratio of 50% enables voltage equalization. In turn, Figure 12¢c
illustrates the current through the BBB converter inductor from the group PVG1. As
predicted by theory, it results from the difference between the currents of the PV modules
adjacent to the inductor, with the theoretical value of 550 mA closely aligning with the
measured value of 544 mA.

Figure 12d shows the voltage, power, and current waveforms before and after the
operation of the proposed converter. Initially, the load is set to operate at the MPP of
the PV string without the proposed topology. In this case, the maximum output power
is 36 W at an irradiance of 1050 W/m? and a temperature of 45 °C. After activating the
topology, the harvested power increases to 49.6 W, resulting in an increase of 13.6 W, or
37.8%. Additionally, the efficiency increases from 72% to 99.2%.

3.2. DPP Converter Applied to Larger PV Strings and Distinct Mismatch Conditions

The proposed architecture was applied to the six- and eight-module strings shown
Figure 13a,b, respectively, connected to a variable resistor set to achieve the MPP. Due
to limited resources, the tests were conducted through simulations in Simulink rather
than experimentally.

3.2.1. Six-Module String

The first scenario comprises two 20 W modules in PVG1, with 10 W modules forming
the other groups, resulting in a maximum available power of 80 W. The main waveforms
for this condition are shown in Figure 14. Since all modules in the groups are identical, the
BBB converters will not operate, meaning the average current through the BBB converter
inductors is zero. Figure 15 shows the voltage, current, and power waveforms in the string.
The maximum harvested power without the proposed topology is 55.18 W. However, at
t = 0.2 s, the converter is activated, as the power increases to 79.85 W.

In the second scenario, only PV1 in the PVG1 group consists of a 20 W module, while
the other elements in the string are rated at 10 W. As a result, the maximum available
power is 70 W. The main waveforms for this condition are illustrated in Figure 16. Since the
modules in PVG1 are mismatched, an average current of 0.55 A flows through the inductor
of the BBB converter in this group. The maximum power extracted from the string without
the proposed topology is 54.18 W, as demonstrated in Figure 17. However, at t = 0.2 s, the
converter is activated, increasing the power to 69.65 W.
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Figure 13. Proposed architecture associated with: (a) a six-module string and (b) an eight-module string.
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Figure 14. Main waveforms obtained in the DPP converter in the first scenario.
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Figure 15. Voltage, current, and power obtained in the six-module PV string in the first scenario.
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Figure 16. Main waveforms obtained in the DPP converter in the second scenario.
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Figure 17. Voltage, current and power obtained in the six-module PV string in the second scenario.
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Table 5 summarizes some key parameters describing the aforementioned simulation
results. In both conditions, the DPP converter can significantly enhance energy harvesting
from the string.

Table 5. Summary of the simulation results obtained from a six-module string.

Extracted Power Efficiency
. . . Maximum
Scenario Tracking Time Theoretical Power Turned-off Turned-on Turned-off Turned-on
Converter Converter Converter Converter
#1 25 ms 80OW 799 W 98.8 W 79.9% 98.8%
#3 50 ms 70W 58.0W 90.8 W 63.0% 98.7%

3.2.2. Eight-Module String

The first scenario comprises only permanent mismatch, in which the string consists
of four groups of PV modules PVG1.. . PVG4 operating in STC, resulting in a maximum
available power of 100 W. Group PVGI1 relies on two 20 W modules, whereas groups
PVG2...PVG4 employ two 10 W modules each. The waveforms in Figure 18a provide
evidence that the BBB converters will not operate under this condition because the average
inductor currents are null, as there is no mismatch involving the modules of a given group.
Figure 18b also shows that initially the extracted power is 79.9 W, but it increases to 99.8 W
after the converter is activated at t = 0.2 s.
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Figure 18. PV system under permanent mismatch conditions: (a) main waveforms of the BBB-
ReSC converter and (b) voltage, current, and power of the PV string before and after the BBB-ReSC
converter operation.
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The second scenario involves only a temporary mismatch, with all modules being
identical and rated at 10 W. Modules PV1 and PV8, belonging to groups PVG1 and PVG4,
respectively, are subjected to non-uniform irradiance levels of 500 W/m? and 700 W/m?. In
turn, the remaining modules operate in STC, resulting in a maximum total available power
of 58.2 W. Figure 19a shows that only the BBB converters associated with PVG1 and PVG4
will operate under this condition, as these groups contain mismatched modules. After the
converter is activated at t = 0.2 s in Figure 19b, the extracted power increases to 71.2 W.
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Figure 19. PV system under temporary mismatch conditions: (a) main waveforms of the BBB-
ReSC converter and (b) voltage, current, and power of the PV string before and after the BBB-ReSC
converter operation.

The third scenario involves a more severe condition where temporary and permanent
mismatches occur simultaneously. PV1 and PV8 are two 20 W modules that belong to
groups PVG1 and PVG4, respectively, while the remaining ones are rated at 10 W. Besides,
modules PV3 and PV5, associated with groups PVG2 and PVG3, respectively, are subjected
to distinct irradiance levels of 500 W/m? and 700 W/m?. All the remaining modules
operate in STC, resulting in a maximum total available power of 58 W for the string.
Figure 20a shows that all BBB converters are required to operate because all PV groups
are under some sort of mismatch, either permanent or temporary. After the converter is
activated at t = 0.2 s in Figure 20b, the extracted power increases to 90.8 W.
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Figure 20. PV system under simultaneous permanent and temporary mismatch conditions: (a) main
waveforms of the BBB-ReSC converter and (b) voltage, current, and power of the PV string before
and after BBB-ReSC converter operation.

Table 6 presents some key parameters describing the simulation results. Overall, it is
reasonable to state that the DPP converter plays a significant role in maximizing energy
harvesting during both temporary and permanent mismatch conditions.

Table 6. Summary of the simulation results obtained from an eight-module string.

. Extracted Power Efficiency
. King Ti Maximum
Scenario Tracking Time Theoretical Power Turned-off Turned-on Turned-off Turned-on
Converter Converter Converter Converter
#1 25 ms 100 W 799 W 98.8 W 79.9% 98.8%
#2 50 ms 72W 582 W 712 W 80.8% 98.8%
#3 50 ms 92 W 58.0W 90.8 W 63.0% 98.7%

3.3. Discussion

This section compares the proposed topology with two other PV-to-PV architectures:
one using BBB converters [23], and a hybrid approach with BBB converters and switched
capacitors, also known as the energy recovery circuit (ERC) [35]. These two structures were
chosen because they are widely referenced in the literature and share similar characteristics
with the solution introduced in this work. Consequently, the sizing of their components is
done similarly, ensuring a fair comparison since both use identical elements. Initially, the PV
string, composed of mismatched modules, operates individually without DPP converters.
Then, at a given moment, the DPP converters are activated to recover energy from the PV
string. This procedure allows for assessing the energy recovery, followed by a comparison
between the topologies. Thus, it is possible to identify advantages, disadvantages, and
applicability of such converters in specific scenarios.

For this purpose, consider a permanent mismatch condition in an eight-module string.
Case 1# reflects a condition in which two 20 W modules are placed in PVG1, while the
remaining elements are rated at 10 W, yielding a maximum theoretical power of 100 W. In
case #2, a single 20 W module exists in PVG1 instead, corresponding to a maximum power of
90 W. The same temperature and irradiance conditions mentioned in Sections 3.1.1 and 3.1.2
are adopted in the tests.

3.3.1. Energy Recovery

Figure 21 represents the output power of the PV string for case #1, both before and
after the activation of the DPP converters for the three strategies used. Between 0.3 s and
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0.5 s, the PV string operates without the converters disabled, during which the maximum
extracted power is 76 W. From 0.5 s to 0.7 s, the converters are activated and recover energy
from the PV string. The maximum harvested power with the proposed BBB-ReSC converter
is 99.8 W, while the PV-to-PV architectures with BBB and BBB-SC converters achieve 94.7 W
and 99.5 W, respectively. Thus, compared to the condition in which no DPP converters are
used, there is a percent energy recovery of 31.3% with the BBB-ReSC converter, 30.9% with
the BBB-SC converter, and 24.6% with the PV-to-PV architecture based on BBB converters.
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Figure 21. Energy recovery obtained with DPP converters for case #1.

Figure 22 shows the energy recovery achieved in case #2 for each topology. The
maximum power harvested from the string between 0.3 s and 0.5 s is 78.5 W. After, the
BBB-ReSC converter is activated, it increases to 89.65 W, accounting for a 14.2% increase. In
turn, the maximum power extracted by the PV-to-PV topology with BBB converters and
the ERC are 89.5 W and 87.82 W, respectively, corresponding to 14% and 11.87%.
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Figure 22. Energy recovery obtained with DPP converters for case #2.

3.3.2. Comparison of the Topologies

In terms of scalability, the PV-to-PV architecture based on BBB converters presents the
best performance as it can be implemented with any number of modules. Additionally,
the maximum voltage stress on the switches is equivalent to the sum of the voltages of
the adjacent modules. However, this architecture faces two main issues: the large number
of switches, totaling 2N + 2, and the accumulation of diverted current, where N is the
number of converters. These two factors significantly reduce the power extracted from the
PV string, as observed in the power waveforms. In this regard, as previously discussed in
the literature [27,41], this structure is particularly suitable for temporary mismatches, such
as partial shading, and at the submodule level involving lower power applications.
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On the other hand, the ERC does not suffer from the accumulated diverted current
phenomenon. Thus, the extracted power increases significantly. As a result, this structure
becomes suitable for application at the module level. However, it is important to highlight
some important issues:

e  Scalability: The BBB-SC converter can only be implemented with N = 2.k modules,
k=1, 2,.... This significantly reduces the applicability of the structure, making it
unfeasible for strings composed of six, 10, or 12 modules, for example.

e  Hard-switching operation of semiconductors: This characteristic contributes to a
reduction in system efficiency, especially when high switching frequencies are required
to achieve the full-scale load (FSL).

e High voltage stress on the switches of the central BBB converter: As mentioned, the
voltage stress on the switches of the BBB converter experience is the sum of the voltages
of the adjacent modules. Since the central BBB converter is connected between a group
of modules and the main bus, the voltage across the semiconductors is equivalent to
the sum of the voltages of all modules in the PV string.

e Need for high switching frequencies or large capacitors for FSL operation: To achieve
the FSL, high switching frequencies are necessary, which increase switching losses.
An alternative is to use large capacitors. However, this is inappropriate because
electrolytic capacitors would be necessary. Such elements have a high equivalent
series resistance (ESR) that affects voltage equalization in the PV string.

It is observed that the BBB-ReSC topology does not have the same level of scalability
as the PV-to-PV architecture, meaning it can be implemented with N = 2-k modules,
k=1,2,.... However, compared to the ERC, it shows enhanced performance. Although this
solution also experiences accumulated diverted current issues, this problem is significantly
mitigated, as it is not as severe as in the PV-to-PV architecture. This is because this
phenomenon affects only one group of two modules, which prevents high currents flowing
through the semiconductors. Additionally, due to its resonant characteristic, hard-switching
operation is eliminated in most cases. This is only likely to occur in specific situations, and
only in the switches of the group affected by the mismatch. Given the above, the BBB-ReSC
converter shows similar or even superior efficiency compared to the ERC, as demonstrated
in Figures 21 and 22.

Figure 23 compares the DPP solutions discussed thus far. A limitation of the proposed
topology is that, in high-power PV modules, it is necessary to connect bypass diodes at the
substring level. Thus, if partial shading affects only part of the module, the distortion of
the P-V curve will impact the operation of the DPP converter. Another important issue is
the implementation cost, which becomes crucial, especially in large plants.

10

DPPconverter

PV-to-PV architecture (BBB converter)
= Energy recovery circuit (ERC)
= Proposed converter

Figure 23. Comparison of DPP converters.
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An interesting extension of this study could involve investigating the possibility of
replacing some MOSFETs in the structure with diodes. This is feasible because, under
permanent mismatch conditions, it is possible to accurately determine where the mismatch
will occur. Consequently, the current flow through certain switches in the topology will
consistently follow the same direction. Through a comprehensive mathematical analysis,
it would be possible to evaluate the positions of the modules in the PV string that lead to
decreased harvested power and reduced current stress on the converter elements, resulting
in higher efficiency and lower losses.

4. Conclusions

This work has proposed a novel DPP topology to address the issues associated with
permanent mismatch. This circuit is based on a hybrid architecture, incorporating both the
BBB and ReSC converters. As a result, the problems related to diverted current accumula-
tion from the PV-to-PV architecture and high voltage stress from the PV-to-bus architecture
are mitigated. Moreover, compared to other well-known topologies, the number of active
switches is reduced to just one per module. An additional significant feature is the elimina-
tion of hard switching issues in the SC converter by replacing it with the ReSC converter.
Consequently, the losses associated with this topology are reduced, making it suitable for
applications involving permanent mismatch.

The proposed approach was analyzed to address hard-switching issues found in
existing structures. A thorough mathematical analysis was conducted to determine the
voltage and current stresses on the converter elements, facilitating their proper sizing.
Experimental tests were performed to verify the equations and validate the operation of the
proposed solution. The simulation and experimental results showed a significant energy
recovery of the PV string’s power. It is important to note that this recovery rate may vary
depending on the mismatch level between modules, irradiance, and the number of modules
in the PV string.
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