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The only way to solve the problem of nature is to solve it. Otherwise,
nature will solve it.

Shahrokh Farhangi
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SUMMARY
This thesis introduces and develops advanced Differential Power Pro-
cessing (DPP) architectures to enhance the performance and efficiency
of photovoltaic (PV) systems by addressing mismatches among PV
modules and strings. The work focuses on mitigating power losses
due to voltage and current mismatches due to factors such as partial
shading, panel misalignment, dust, and degradation. The research
proposes novel architectures designed to reduce component voltage
and power ratings, potentially lowering costs while maintaining high
efficiency.

PV to Virtual Bus Parallel Differential Power Processing (PV2VB
PDPP) Architecture: A new PV2VB PDPP architecture is introduced,
leveraging a virtual bus as the input for string-level converters (SLCs).
This design allows for reduced components’ voltage ratings by operating
the virtual bus at a lower voltage than the main bus or PV strings.
The architecture employs Dual Active Bridge converters connected to
Bridgeless converters as SLCs to provide isolation and handle both
positive and negative outputs. Experimental results demonstrate system
efficiency ranging from 96.4% to 99%.

Dynamic Analysis and Stability: The thesis includes a compre-
hensive dynamic analysis of the PV2VB PDPP architecture, deriving
small-signal models, transfer functions, and frequency responses. These
analyses aid in understanding the system’s dynamic behavior, enabling
effective controller design and stability studies. Experimental validation
confirms fast stabilization of the virtual bus voltage (0.6 seconds) and
intermediate bus voltages (15 milliseconds), ensuring efficient Maximum
Power Point Tracking (MPPT) for each PV string.

Battery Integration in PV2VB PDPP Architecture: The work
extends the PDPP architecture to include battery integration at the
virtual bus, facilitating energy storage and management while perform-
ing MPPT. The battery integration reduces component voltage ratings
and allows for efficient charging and discharging control by the central
converter. Experimental evaluations show system efficiencies between
95.5% and 99%.

PV to Virtual Bus Series-Parallel Differential Power Process-

xi



xii Summary

ing (PV2VB SPDPP) Architecture: To address mismatches in both
series-connected modules and parallel-connected strings, a PV2VB
SPDPP architecture is proposed. This architecture uses a combination
of SLCs and module-integrated converters (MICs), processing only a
fraction of the total power. By leveraging virtual buses for both
SLCs and MICs, the architecture reduces voltage and power stress
on components, improving cost-effectiveness and reliability. Real-time
simulations validate the system’s ability to balance power flow, ensure
stable operation, and optimize PV module performance under mismatch
conditions.



SAMENVATTING
Dit proefschrift introduceert en ontwikkelt geavanceerde Differentiële
Stroom Verwerking (DPP)-architecturen om de prestaties en efficiëntie
van fotovoltaïsche (PV) systemen te verbeteren door verschillen tussen
PV-modules en strings aan te pakken. Het werk richt zich op het
verminderen van vermogensverliezen door spannings- en stroomver-
schillen veroorzaakt door gedeeltelijke schaduw, paneelafwijkingen,
stof en degradatie. Er worden nieuwe architecturen voorgesteld die
de spannings- en vermogensvereisten van componenten verlagen,
waardoor potentieel de kosten verlaagd kunnen worden, terwijl hoge
efficiënties behouden kunnen blijven.
PV naar Virtuele Bus PDPP-architectuur: Een nieuwe Parallel Dif-
ferentiële Stroom Verwerking (PDPP)-architectuur wordt geïntroduceerd,
waarbij een virtuele bus wordt gebruikt als invoer voor string-niveau
omvormers (SLC’s). Dit ontwerp maakt lagere spanningsvereisten voor
componenten mogelijk door de virtuele bus op een lagere spanning te
laten werken dan de hoofd-bus of PV-strings. De architectuur maakt
gebruik van dubbele actieve brug-omvormers die zijn verbonden met
brugloze omvormer als SLC’s om isolatie te bieden en zowel positieve
als negatieve uitgangen te verwerken. Experimentele resultaten tonen
een systeem efficiëntie van 96,4% tot 99%.
Dynamische Analyse en Stabiliteit: Het proefschrift omvat een
uitgebreide dynamische analyse van de PV2VB PDPP-architectuur, waar-
bij kleine-signaalmodellen, overdrachtsfuncties en frequentieresponsen
worden afgeleid. Deze analyses bieden inzicht in het dynamische
gedrag van het systeem, waardoor effectieve controllerontwerpen en
stabiliteitsstudies mogelijk worden. Experimentele validatie bevestigt
een snelle stabilisatie van de virtuele bus-spanning (0,6 seconden) en
tussen-bus-spanningen (15 milliseconden), wat zorgt voor een efficiënte
Maximaal Vermogenspunt Volger (MPPT) van elke PV-string.

Batterijintegratie in de PV2VB PDPP-architectuur: Het werk
breidt de PDPP-architectuur uit met batterij-integratie op de virtuele
bus, wat energieopslag en -beheer mogelijk maakt tijdens het uitvoeren
van MPPT. De batterij-integratie verlaagt de spanningsvereisten van
componenten en stelt de centrale converter in staat om efficiënt te
laden en ontladen. Experimentele evaluaties tonen systeem-efficiënties
van 95,5% tot 99%.
PV naar Virtuele Bus SPDPP-architectuur: Om verschillen in zowel
serie geschakelde modules als parallel geschakelde strings aan te

xiii



xiv Samenvatting

pakken, wordt een Series-Parallel Differentiële Vermogens Verwerking
(SPDPP)-architectuur voorgesteld. Dit systeem maakt gebruik van een
combinatie van SLC’s en module-geïntegreerde omvormers (MIC’s) die
slechts een fractie van het totale vermogen verwerken. Door gebruik
te maken van virtuele bussen voor zowel SLC’s als MIC’s, vermindert
de architectuur de spannings- en vermogensbelasting op componenten,
waardoor de kosteneffectiviteit en betrouwbaarheid verbeteren. Real-
time simulaties bevestigen dat het systeem in staat is om het
vermogensverloop te balanceren, stabiele werking te garanderen en de
prestaties van PV-modules onder verschilcondities te optimaliseren.
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1
INTRODUCTION

Today, fossil-fuel-based power generators continue to be extended
and modernized. These power generators burn fuel to release
thermal energy which is then converted into electricity for nationwide
distribution. The substances emitted during this process harm the
environment, making it imperative to transition to more sustainable
and eco-friendly energy sources. Solar energy is one such renewable
source that plays a significant role in the modern energy mix. To
convert solar energy into electricity, Photovoltaic (PV) technology is
well-established and widely used. PV cells are the smallest devices
responsible for converting solar energy into electricity in a PV power
generators. However, their output power is so low that multiple cells
need to be connected in series forming PV modules to achieve the
required voltage.

Unlike traditional power generators, PV power generators can generate
electricity closer to the point of consumption, providing a smarter and
more convenient alternative. Currently, PV power generators focus on
installing PV systems in non-residential and urban environments. In
urban environments, there is significant potential for expansion, as
nearly every suitable building roof and facade could eventually host PV
modules. While PV technology is well-established, they are still needed
to address the unique challenges posed by urban environments.

PV systems face a significant challenge of non-uniformity, especially in
terms of received irradiance, in urban environments. When PV modules
are connected in series, non-uniformity caused by factors such as the PV
modules’ orientation, tilt, and environmental conditions (e.g., shading,
soiling) can result in some PV modules receiving less irradiance than
others, leading them to generate less current. The current of the
PV modules receiving the lowest irradiance will determine the current
for the entire string. Consequently, the PV modules receiving higher
irradiance will be limited by the lower current, preventing them from
generating their maximum potential power. As a result, the output

1
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power of the PV system will decrease, leading to an increase in the
levelized cost of energy (LCOE). To reduce the LCOE and make PV
systems more attractive to investors, thereby enabling their expansion
in urban environments, it is essential to focus on efficiently extracting
the maximum power from each individual PV module.

1.1. THE PROBLEM

PV system has broad applications, spanning from small-scale wearable
devices to large utility-scale power stations [1–3]. The generated

current and voltage from PV cells may not always meet the load’s needs.
Moreover, to reduce the LCOE, PV cells must work at their maximum
power point (MPP), which varies with operating conditions. Therefore,
PV systems must employ DC-DC and DC-AC converters to connect the
PV generator to loads or the grid, ensuring efficient power delivery [4].

Fig. 1.1 illustrates the hierarchy of PV groups, starting from individual
PV cells and progressing through PV submodules, modules, strings,
and arrays [5–7]. PV cells, typically 20, 24, or 32 [8], are electrically
interconnected to form PV submodules, which are then combined to
create PV modules via lamination processes as we find them on the
market. Multiple PV modules are often connected in series to create
PV strings, and parallel PV string connections form PV arrays. Yet, to
effectively connect these PV groups to the load or the grid and operate
at MPPs, power converters are essential. These converters can operate
at various levels within the PV system, including the cell, submodule,
module, string, and array levels, named cell integrated converters
(CIC) [9, 10], submodule integrated converters (SMIC) [11, 12], module
integrated converters (MIC) [13, 14], string level converters (SLC) [15,
16], and array level converters (ALC) [17–19], respectively.

The early approaches to connecting PV arrays to the grid involved
using ALCs (Fig. 1.2(a)), also known as central inverters, which connect
the entire PV array to the grid [17]. However, conventional PV systems
with a single ALC track only the MPP of the entire PV array, leading
to mismatch losses. These losses arise due to variations in the output
of PV modules caused by factors such as partial shading, differing tilt
angles, dust accumulation, or PV cell degradation [20]. For instance,
partial shading can lead to significant power losses across the array due
to the activation of bypass diodes in parallel to the shaded PV cells. This
also results in local MPPs, complicating the operation of the maximum
power point tracking (MPPT) algorithm. Moreover, parallel connection of
PV strings can further exacerbate mismatch-related losses by forcing PV
string’s voltage to operate away from their MPP [21].

To mitigate mismatch losses and optimize energy yield, various
Distributed Maximum Power Point Tracking (DMPPT) architectures have
been developed. DMPPT can mitigate mismatches among PV groups
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Figure 1.1.: Visual description of the various PV groups: (a) PV cell, (b)
PV submodule, (c) PV module, (d) PV string, and (e) PV array.

and perform MPPT at different levels of granularity. These levels range
from multi-string inverters, which track the MPP of PV strings individually
(Fig. 1.2(b)), to PV optimizers or micro-inverters, which perform MPPT at
the module level (detailed in Chapter 2). Although these architectures
are mature, proven, and consolidated technologies with a wide variety
of power converters already available in the market, they are Full
Power Processing (FPP) architectures. FPP architectures increase power
conversion losses, size, and cost of the converters while reducing
reliability, ultimately leading to a higher LCOE [20, 22] due to two main
reasons: (i) they process all the power generated by the PV groups,
and (ii) PV groups voltage and current will determine the voltage and
current rating for the converters’ components. These two reasons will
be detailed in Chapter 2.

Another challenge facing PV systems is their fluctuating power output,
which is driven by the inherent intermittency of solar energy. Power
output variability can complicate the coordination between supply and
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Figure 1.2.: PV system using: (a) Centralized, and (b) Multi-string
architectures.

demand, making it difficult to maintain a stable power grid. In a future
power system with a high penetration of PV systems, the need for
additional energy storage devices (ESDs) becomes critical to effectively
manage the challenges associated with intermittent energy supply.

In
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Figure 1.3.: PV system with ESDs

As illustrated in Fig. 1.3, ESDs, such as batteries, are commonly
integrated into PV systems. This integration helps to stabilize the output
power by storing excess energy during periods of high power generation
and discharging it when power generation is low, thus enhancing the
overall consistency of the system. As a result, the architecture of PV
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systems must evolve to not only address mismatches among individual
PV components, such as PV modules and PV strings, but also to enable
the seamless integration of ESDs. This ensures that the system can
effectively balance energy production with consumption, even in the
face of fluctuating environmental conditions.

1.2. ONE WAY TO SOLVE THE PROBLEM

A promising concept contributing to reduce the LCOE of PV systems in
the urban environment is the family of Differential Power Processing

(DPP) architectures (Fig. 1.4). What distinguishes DPP architectures from
other DMPPT approaches is their ability to efficiently handle mismatch
conditions. In such architectures, converters are adept at processing
only a portion of the generated power, allowing the bulk of the power
produced by PV groups to pass through to the output without undergoing
local processing. Besides, they are able to support the integration of
ESDs. The following analysis illustrates the substantial potential for
reducing the LCOE in PV systems using the DPP architectures instead of
their FPP counterparts in the future.
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Figure 1.4.: General schematic of a DPP architecture: The primary
sides can be connected to various points, including PV
modules, the virtual bus, or the central inverter input. These
connections and their implications will be discussed in detail
in the following chapters.

1) Initial cost analysis: The complexity of the DPP architecture,
particularly in terms of topologies and controllers, may be greater than
that of FPP architectures. However, as described in Chapter 2, the
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components’ voltage and/or current ratings may be lower than those
found in FPP systems, leading to reduced initial costs.

2) Financial losses due to downtime: Generally, DPP architectures
have the advantage of processing only a portion of the power generated
by the PV strings, allowing most of the power to be directly delivered to
the output, so DPP architectures reduce stress on the components. This
reduces stress on components, resulting in a higher mean time between
failures (MTBF) and improved system availability, thereby minimizing
financial losses associated with downtime. [23, 24].

3) Repair costs: The repair cost in DPP architectures can be reduced
for two main reasons: (i) In DPP architectures, the components typically
have lower voltage and current ratings compared to FPP systems,
making them less expensive and (ii) the mean time to failure [25] is
lower due to the high reliability resulting from the reduced stress on
components.

4) Financial losses due to conversion losses: DPP architectures
result in lower conversion losses by processing only a portion of the
power generated by the PV strings. Consequently, as reported in [20,
22], such architectures achieve high system efficiency, which helps
reduce financial losses associated with conversion losses.

These features highlight the potential to reduce the LCOE of PV
systems when employing DPP architectures.

1.3. THE OBJECTIVES

T he primary focus of this dissertation is to present a novel DMPPT
architecture for PV systems based on DPP architectures. As detailed

in subsequent chapters, DPP architectures are generally categorized into
three types: SDPP (Series Differential Power Processing), PDPP (Parallel
Differential Power Processing), and SPDPP (Series-Parallel Differential
Power Processing). While SDPP architectures address mismatches among
series-connected PV groups (typically PV modules or submodules), PDPP
architectures mitigate mismatches among parallel-connected PV groups
(primarily PV strings).

Compared to series connections, parallel connections of PV groups
inherently experience lower power losses due to mismatches. This
results in the existing literature on PDPP being relatively limited,
especially when compared to SDPP. When the voltage of a PV string
in a PV array drops due to temperature and irradiance differences,
bypass diode activation, a short circuit in PV modules, or a module-level
converter, the affected PV string’s voltage changes. As a result, it differs
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from the voltage of the other PV strings in the PV array. This discrepancy
clamps the voltage of the other PV strings, forcing them to operate away
from their MPP. Therefore, PDPP becomes an indispensable part of a PV
system designed for high efficiency. Most PDPP architectures described
in the literature require power electronic components tolerating the
whole voltage of the PV string. To address this limitation, this
dissertation focuses on developing a PDPP architecture that utilizes
converters’ components with voltage ratings lower than the PV strings’
voltage. Furthermore, the research aims to extend this architecture into
an SPDPP architecture capable of mitigating mismatches across both
series- and parallel-connected PV groups. This leads to the following key
research objectives:

• Is it possible to lower the voltage ratings of SLCs in PDPP
architectures below the PV string voltages while still ensuring
effective MPPT and high system efficiency?

• Is the proposed architecture stable and robust when using
conventional Proportional–integral (PI) controllers, or does it require
advanced control strategies?

• Can an energy storage device (ESD), such as a battery, be
integrated into the proposed architecture, and if so, how can its
charging and discharging rates be effectively controlled?

• Can the principles underlying the PDPP architecture be extended to
develop a robust SPDPP system capable of eliminating mismatches
across both series- and parallel-connected PV elements?

1.4. DISSERTATION OUTLINE

T he outline of this dissertation is structured to address the research
objectives posed in the previous section comprehensively. Before

tackling these objectives, Chapter 2 lays the foundation by thoroughly
reviewing DMPPT technology. It explores existing architectures,
converter topologies, and control strategies, offering insights into their
role in enhancing PV system performance. This chapter is crucial
for understanding the advantages and novelty of the proposed SPDPP
architecture.

Chapter 3 introduces the proposed architecture named PV to Virtual
Bus (PV2VB) PDPP architecture, emphasizing its innovative features and
benefits over conventional approaches. Key topics include the roles and
responsibilities of the central converter and SLCs, SLC power ratings,
and the design of the virtual bus voltage under steady-state conditions.

Chapter 4 delves into detailed modeling and dynamic analysis of the
proposed PV2VB PDPP architecture, which are essential for predicting
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circuit behavior under various conditions, designing robust controllers,
interpreting experimental results, selecting appropriate components,
and exploring new control methodologies.

Then, to address issues related to intermittency, Chapter 5 investigates
the integration of batteries into the PV2VB PDPP architecture. This
chapter focuses on effective energy storage management, including the
control of battery charging and discharging rates.

Chapter 6 expands the proposed system into a fully realized
PV2VB SPDPP architecture, enabling module-level MPPT. It provides a
comprehensive explanation of the roles and functions of all converters
within the system.

Finally, the conclusions of this dissertation are presented in Chapter 7,
where the key findings of the research are summarized. Additionally,
this chapter provides detailed recommendations for future research,
identifying unexplored areas, potential challenges, and opportunities to
build upon the work conducted in this study.
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2
CLASSIFICATION OF DMPPT

ARCHITECTURES FOR
PHOTOVOLTAIC SYSTEMS

In PV systems, unavoidable factors such as partial shading, non-optimal
mounting angles of PV modules, and accumulation of dust result
in mismatches, consequently diminishing energy yield. A promising
solution to mitigate these issues is to use Distributed Maximum Power
Point Tracking (DMPPT) architectures. To alleviate mismatch-related
losses, many DMPPT architectures, including Full Power Processing
(FPP) and Differential Power Processing (DPP), have been documented
in the literature. FPP encompasses techniques like microinverters,
Modular Multilevel Cascade Inverters, and DC architectures such as
parallel, series, and total cross-tied. DPP variants include series DPP,
parallel DPP, and series-parallel DPP architectures. Moreover, novel
DMPPT architectures like hybrid and hierarchical architectures and
advancements in converter topologies and control strategies continue
to emerge, aiming to improve the LCOE. Each novel solution brings
distinct advantages and challenges, but the extensive number of
architectures, power converter topologies, and control methods have
led to confusion and complexity in navigating the literature. This
chapter systematically categorizes, reviews, and compares various
DMPPT architectures, associated converters, and control strategies,
providing a comprehensive overview of the evolving landscape of
DMPPT development.

Parts of this chapter are currently under review [1].
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2.1. INTRODUCTION

A s briefly discussed in Chapter 1, DMPPT can minimize mismatch-
related losses by enhancing the granularity of power conversion

[2, 3]. The literature introduces DMPPT architectures at various levels
of granularity, including string, module, submodule, and cell levels
[4–14]. However, each level has limitations in addressing mismatches
among PV groups with higher granularity. For instance, while SLCs
can mitigate mismatches among PV strings, they are ineffective at the
module level. On the other hand, CICs have low DC-AC conversion
efficiency due to technological limitations in efficiently amplifying a PV
cell’s very low voltage. Moreover, having one converter per cell would
escalate system complexity and cost. Generally, higher granularity
reduces mismatch-related losses but increases power conversion losses.
Thus, MIC and SMIC have got significant attention from researchers and
industry.

Research on DMPPT has primarily focused on two main architectures:
full power processing (FPP) [15–18] and differential power processing
(DPP) [19–21]. FPP comprises AC-FPP and DC-FPP, with microinverters
and multilevel cascade inverters (MMCI) belonging to the former
and parallel, series, and total cross-tied (TCT) architectures to the
latter. DPP is further divided into series DPP (SDPP), parallel DPP
(PDPP), and series-parallel DPP (SPDPP) architectures. Also, hybrid
and hierarchical DMPPT solutions have been proposed [22], leading
to a plethora of new architectures. Various converter topologies and
controllers have been developed for these architectures, each with
unique advantages and drawbacks. The selection of the most suitable
architecture depends on the specific application’s requirements, such
as reliability, simplicity, efficiency, and cost-effectiveness, which vary
across different PV applications. Navigating the extensive literature
on DMPPT architectures, converter topologies, and controllers can be
confusing due to the multitude of options available. Therefore, there is a
critical need for a comprehensive survey that provides a broad overview
of these techniques.

As shown in Fig. 2.1, this chapter aims to fulfill this need by
presenting and categorizing recent DMPPT techniques along with their
associated converters and controllers. It also discusses the advantages
and challenges for each architecture and gaps in the literature.
This chapter begins with an overview of MPPTs at the array and
string levels (Section 2.2), then explores module- and submodule-level
DMPPT through FPP converters (Section 2.3). Section 2.4 delves into
different DPP-based DMPPT architectures, while Section 2.5 discusses
the integration of these architectures to create hybrid and hierarchical
DMPPT PV systems. Finally, Section 2.6 summarizes this chapter and
discusses its findings.
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2.2. MPPT AT ARRAY LEVEL AND DMPPT AT STRING
LEVEL

F ig. 2.2(a) shows a PV array connected to an ALC. These systems are
known for their simplicity and low construction costs [12], making

them attractive and widely used in open areas with uniform sunlight
and minimal mismatches, as they can achieve a low LCOE. ALCs are
often categorized into single-stage and double-stage topologies [14,
23]. In a double-stage topology, a DC-DC converter tracks the PV
array’s MPP. In contrast, a DC-AC converter keeps a fixed DC link
voltage vS. It ensures that grid requirements such as power quality,
islanding operation detection, and grounding are met [13]. The high
capacitance of the DC link decouples the performance of DC-DC and
DC-AC converters. Conversely, a single-stage ALC integrates both
DC-DC and DC-AC functions into a single converter, thus performing all
duties in a unified manner [24, 25].

In DC-AC converters, maintaining a sufficiently high DC link voltage
(vS) is crucial to avoid entering the over-modulation region of PWM. In
single-stage architectures, the PV array’s voltage (vPV in Fig. 2.2(a))
corresponds to the DC link, potentially leading to over-modulation if
the PV array’s MPP voltage is too low. In contrast, double-stage
topologies incorporate a DC-DC converter between the PV array and
the DC-AC converter, broadening the MPPT range. Additionally, the
fixed DC-link voltage in double-stage architectures enables designers to
optimize components for the DC-AC stage, enhancing efficiency [26–28].
However, processing power twice through both converters in double-
stage architectures results in additional losses and complexity. Efforts
to improve efficiency include proposals for partial power processing
converters in the DC-DC stage [26, 29]. Conversely, single-stage
topologies offer reduced component count, cost, and size, albeit with a
variable DC link voltage [24, 25].
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Figure 2.2.: Array- and string-level MPPT architectures. (a) MMPT at
array level with a double-stage ALC, (b) DMPPT at string
level with a double-stage SLC, and (c) DMPPT at string level
with SLCs and a central inverter.

In array-level MPPT, mismatches within the PV array lead to the
reduction of energy yield. Additionally, challenges such as high-voltage
DC cables, losses in string blocking diodes, and limited scalability further
diminish the effectiveness of array-level MPPT [30–32]. These obstacles
can be addressed through two main string-level MPPT architectures.
The first involves connecting each PV string directly to the grid via
SLCs (Fig. 2.2(b)) [33], also known as string inverters, which come in
both single-stage and double-stage topologies [10, 34]. Alternatively,
the PV strings can be connected to a common DC link through SLCs
before being connected to the grid via a central inverter, in the so-called
a multi-string architectures (Fig. 2.2(c)) [11, 35, 36]. As shown in
Fig. 2.3, various converter topologies, including two-level voltage source
inverter (2L-VSI), three-level neutral-point-clamped (3L-NPC), T-type,
and three-level active neutral-point-clamped (3L-ANPC), are commonly
employed for the three-phase DC-AC stage in both SLCs and ALCs,
with associated power module packages commercially available for PV
applications [37, 38]. While three-level power converters offer higher
efficiency, the 2L-VSI topology has higher reliability due to its lower
component count [35, 39]. Notably, MMCIs, which will be discussed in
Section 2.3, can be used as SLCs or ALCs.

Infineon has introduced power modules for four popular topologies
used in the single-phase DC-AC stage of SLCs (Fig. 2.4) [40]. The
conventional Full-Bridge topology, while simple in structure, suffers
from high power losses, Total harmonic distortion (THD), and leakage
current, necessitating larger cooling systems and AC filters, increasing
inverter size and weight. To address these issues, other topologies
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Figure 2.3.: Three-phase DC-AC stage converter topologies for SLC or
ALC. (a) 2L-VSI, (b) 3L-NPC (c) T-type (d), and 3L-ANPC.

like Multilevel, HERIC, and H6 have been developed, offering reduced
filter size, Electromagnetic interference (EMI), improved power quality,
and higher efficiency and lower system cost, size, and weight. Further
details can be found in relevant literature [40, 41].

+

-
(a) (b) (c) (d)

vs

+

-

vs

+

-

vs

+

-

vs

 

Figure 2.4.: DC-AC stage of string inverter for single-phase topologies:
(a) Full-Bridge, (b) Multilevel, (c) HERIC, and (d) H6.

2.3. DMPPT AT MODULE LEVELS WITH FPP MICS

T he limitations of string-level DMPPT architectures in addressing
mismatches among PV modules within the same string have led

to exploring module- and submodule-level DMPPT architectures as a
solution. Literature highlights energy yield improvements achieved
through the use of SMICs and MICs. For instance, SMA reports efficiency
gains of approximately 1%-4% with microinverters compared to SLCs
[42]. The report indicates that when considering cost, expenses, and
reliability factors, a microinverter typically offers a shorter payback
time compared to a string inverter system for PV systems under 3
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kW. However, it is important to note that this is not a universal
conclusion; results can vary significantly based on different testing areas
and considerations. For example, another study has shown significant
energy yield enhancements with SMICs and MICs, reporting increases
of up to 9.13% and 4.01%, respectively, compared to SLCs [2]. This
suggests that the energy yield enhancements reported in [2] are higher
than those indicated by SMA, leading to different outcomes.

Besides, MICs offer better-enhanced protection, monitoring, and fault
diagnosis capabilities, facilitating quicker repairs and improving system
availability [43, 44]. Furthermore, MICs and SMICs help prevent system
interruptions in case of a single failure, and manufacturing costs are
expected to be reduced with mass production. MICs, in particular,
simplify the MPPT algorithm by reducing the number of local MPPs,
making them suitable for complex environments such as building-
integrated PV systems. Consequently, many industrial companies have
introduced and continue to innovate these technologies in the market
[45–57]. The most straightforward way to implement (S)MICs is through
FPP converters. A general classification of FPP solutions is presented in
Fig. 2.5. They can be subdivided into two main categories: (i) AC-FPP
and (ii) DC-FPP.

FPP (S)MICs

AC-FPP

MMCI

Single-Arm

Delta 

Connection

Star 

Connection

Micro Inverters

Single Stage Double Stage

Parallel Series TCT

DC-FPP

Double-Arm

Half-bridge 

Based

Full-bridge 

Based

Figure 2.5.: Taxonomy of FPP (S)MICs, branching out AC-FPP and DC-FPP
solutions.

2.3.1. AC-FPP

AC-FPPs convert DC input voltage to AC, allowing direct connection
to the AC grid without requiring a central converter. AC-FPPs are
categorized into (i) microinverters and (ii) MMCIs.
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MICROINVERTERS
Microinverters represent one of the earliest approaches to achieving
DMPPT at the module level, as depicted in Fig. 2.6. They offer
several unique advantages, including easy attachment to the back of
PV modules, independent tracking of the MPP of each module without
cross-coupling effects, and resilience to failure or shading of individual
modules or microinverters, ensuring continued system operation with
minimal reduction in total power production [15]. Microinverters also
have plug-and-play functionality, facilitating straightforward installation
and maintenance of PV systems. These features enhance system
flexibility, modularity, scalability, and reduce installation costs [15, 58,
59]. Such benefits have led companies [45–53] to industrialize and
researchers stage [60–68] to explore and propose new microinverter
topologies for this architecture.

Despite their promising advantages, microinverters face challenges
such as the need for high voltage gain, which results in increased com-
plexity and conversion losses. Moreover, in single-phase microinverters,
grid power ripple flows in the DC link, causing a double line frequency
ripple at the DC link voltage [69]. This disturbance in the ripple
deteriorates MPPT performance and efficiency. To mitigate this issue,
the use of electrolytic high-capacitance capacitors for power decoupling
is essential, but these capacitors shorten the lifetime of microinverters
and reduce their power density [15, 58].
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Various converter topologies have been proposed for microinverters,
which can be categorized into four classes: (i) non-isolated single-
stage (Fig. 2.6(b)) [60, 61], (ii) isolated single-stage (Fig. 2.6(c))
[62–64], (iii) non-isolated double stage (Fig. 2.6(f)) [65, 66], and (iv)
isolated double stage topologies (Fig. 2.6(g)) [67, 68]. In single-stage
topologies, one stage fulfills various microinverter duties, including
MPPT, voltage amplification, current grid control, DC-AC conversion,
and compliance with grid requirements. The non-isolated single-stage
topology, requiring fewer components and no transformers, offers a
low-cost, low-complexity, and highly efficient solution [60, 61]. However,
capacitors must be decoupled on the PV modules’ side, where the
nominal voltage is relatively low. Thus, to enhance MPPT efficiency,
voltage ripple should be limited to a small amplitude, necessitating
a large decoupling capacitance in non-isolated single-stage topologies,
thereby shortening their lifetime.

The literature proposes decoupling circuits for isolated single-stage
microinverters, which usually come in two types [70]: series power
decoupling (Fig. 2.6(d) or parallel power decoupling (Fig. 2.6(e)) [63,
64] with a PV module. These auxiliary circuits, positioned between
the PV module and inverter, reduce decoupling capacitance while
introducing extra components and associated power losses. They
enable the replacement of high-capacitance electrolytic capacitors
with high-reliability film capacitors, thereby enhancing the lifetime of
microinverters [59].

In double-stage microinverters, two cascaded converters are utilized.
The first stage, a DC-DC converter connected to the PV modules,
handles MPPT and voltage amplification. In contrast, the second stage,
a DC-AC converter, manages current grid control, DC-AC conversion,
and grid requirements. In this architecture, decoupling capacitors are
typically placed at the DC-Link, benefiting from its high voltage to reduce
the required capacitance. Utilizing a transformer is a straightforward
solution in double-stage microinverters to eliminate leakage current
and meet the National Electrical Code (NEC) standard’s dual-grounding
requirement [71]. Moreover, isolated microinverter topologies exhibit
lower THD in the output current compared to non-isolated ones [15].
Isolation with line-frequency and high-frequency transformers (HFT) are
the two basic families of isolated microinverters. While HFTs offer
greater efficiency, compactness, and cost-effectiveness compared to
line-frequency transformers, it still introduces losses, costs, and space
constraints. Thus, research also explores non-isolated double-stage
topologies to reach high efficiency, compactness, and low cost. A
comparison of microinverter topologies is summarized in Tabel 2.1.
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Table 2.1.: Comparison of microinverters topologies

Topologies Efficiency Power density Lifetime Cost THD

Non-isolated single-stage [60, 61] High High Short Low Moderate

Isolated single-stage [62] High Moderate Short Moderate Good

Isolated single-stage with decou-
pling circuit [63, 64]

Moderate Moderate Long High Good

Non-isolated double-stage High High Long High Moderate

Isolated double-stage [65, 66] Moderate Moderate Long High Good

Microinverter with low-
frequency transformer [67,
68]

Low Low Variable∗ High Good

* it depends on the location of the decoupling capacitor.
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MMCI
In the 1990s, MMCIs debuted for high-power motor drives, featuring
multiple series-connected DC-AC inverters known as inverter cells
(Fig. 2.7). These systems have advantages like reduced EMI, THD,
acoustic noise, switching stress, compact AC filter size, high power
density, modularity, and scalability. Many companies, including
ABB, TMEIC GE, and Siemens, swiftly integrated MMCIs into various
applications such as Static Synchronous Compensator (STATCOM), active
power filters, and electric drives.
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Figure 2.7.: MMCI in PV applications. (a) MMCI inverter cells as MICs,
SLCs, and ALCs, and (b) MMCI as an ALC.

A key drawback of MMCIs lies in their requirement for isolated multiple
DC voltage sources, necessitating complex multi-winding phase-shifted
line-frequency transformers to distribute electric power among the
floating inverter cells [72]. Despite this limitation, MMCIs prove
beneficial for PV systems, enabling DMPPT due to the availability of
multiple independent and isolated DC sources like PV modules, strings,
or arrays. Additionally, as shown in Fig. 2.7 (b), MMCIs can serve as
ALCs with a common bus, offering potential cost, weight, and volume
savings by eliminating conventional medium voltage transformers [73,
74]. Thus, MMCIs present a promising solution for both DMPPT and ALC
architectures.

MMCI architectures are classified based on the number of leg inductors
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per phase. In terms of leg inductors, architectures include single-leg
(Fig. 2.8 (a) and Fig. 2.8 (b)) [75–78] and double-leg (Fig. 2.8(c)) [79–81].
The appropriate inverter cell topologies for MMCIs are further categorized
based on: (i) the number of power processing stages, and (ii) the use of
HFTs for isolation. In medium and high-voltage PV systems, the utilization
of [81] HFT [81–83] becomes indispensable due to the Maximum System
Voltage specified in PV module datasheets. This voltage parameter is
determined by the sum of the maximum open-circuit voltages of all PV
modules within a string, typically ranging from 600V to 1500V. However,
in architectures like MMCI with single-stage [76, 77] or non-isolated
inverter cells [75, 84], PV modules are interconnected in series through
certain switching sequences. Consequently, if the total string voltage
exceeds the maximum system voltage threshold, which is common in
medium- and high-voltage PV systems, not only does the PV system fail
to meet standards, but it also risks damaging the PV modules [82, 83].

(a) (b) (c)

U
p
p
er

 L
eg

L
o
w

er
 L

eg

N

P

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

DC

AC

Figure 2.8.: MMCI architectures. (a) SSFC, (b) SDFC, and (c) DSFC and
DSHC.
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Table 2.2.: Comparison among the four MMCI architectures, assuming identical blocking voltage and power
ratings for components.

Config. Number of
Switches

Number of
Inverter Cells

Circulating
Current

Balancing
Control

Balancing
Limitation

Balancing
Capability

SSFC
[74, 85]

N 4N No ZSV Maximum available
DC-link voltage

Average

SDFC
[86, 87]

p
3N 4

p
3N Yes ZSC Maximum inverter cell

current
Good

DSFC
[88]

2N 4N Yes ZSV or
Circulating

current
injection

Maximum available
DC-link voltage or

maximum inverter cell
current

Good

DSHC
[89, 90]

N 4N Yes ZSV or
Circulating

current
injection

Maximum available
DC-link voltage or

maximum inverter cell
current

Good

* All architectures have the same grid voltage and inverter cell voltage.
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Focusing specifically on the DC-AC processing stage, as illustrated
in Fig. 2.9, two main topologies are commonly used: half-bridge and
full-bridge inverters. Half-bridge cells generate only zero and positive
voltages, leading to a DC component in single-leg architectures. In
contrast, double-leg architectures, which utilize two legs per phase,
mitigate DC components and can accommodate both full-bridge and
half-bridge topologies. [79, 88]. Another difference between single-leg
and double-leg architectures is the presence of a common DC link,
connected to the phases’ upper (P) and lower (N) sides (Fig. 2.8 (c))
in double-leg architectures, enabling their application as ALC without
additional components, as shown in Fig. 2.7 (b) [89]. Given that
three single-leg architectures can be connected in either star or delta
connection, MMCI architectures are classified into four groups [91]:
(i) single-star full-bridge cell (SSFC) [74, 85], (ii) SDFC [86, 87], (iii)
double-star full-bridge cell (DSFC) [88], and (iv) double-star half-bridge
cell (DSHC) [89, 90]. Table 2.2 compares three-phase MMCIs based on
the assumption that components with the same voltage and current
ratings are used in the four architectures.
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Figure 2.9.: MMCI cells. (a) Full-Bridge, and (b) half-bridge DC-AC
converter topologies.

MMCIs face various challenges caused by mismatches, including
power imbalances among inverter cells or phases, called inter-bridge
and inter-phase power imbalances [73, 92]. Additionally, in double-
star architectures, inter-leg power imbalances arise [16]. Addressing
inter-phase power imbalances necessitates injecting additional Zero-
sequence voltage (ZSV) or Zero-sequence current (ZSC) into each
phase, with their application varying depending on the architecture.
However, the severity of power imbalances dictates the injected
ZSV/ZSC and subsequently impacts the inverter cell’s required voltage
or current rating. The SSFC architecture exhibits the narrowest range
in addressing power imbalances [16, 86]. Eventually, MMCIs face the
challenge of necessitating high capacitance when utilized for DMPPT,
as the structure must filter the double-line frequency for each floating
inverter cell, regardless of whether it is three-phase or single-phase.
Therefore, their complexity is only justified when the PV plant is directly
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connected to a medium-voltage grid without a transformer. However,
as previously discussed, this scenario presents significant isolation
coordination challenges. Consequently, despite being a research topic,
the practical application of MMCIs in PV systems remains limited.

Table 2.3.: Comparison of AC-FPP/DC-FPP Architectures.

Features Microinverters/
Parallel DC-FPP*

[60–62, 65, 67, 68,
93, 94]

MMCIs/ Series
DC-FPP* [32,

85–87, 95, 96]

Phase Number Single phase Single/or Three
phase

EMI** High Low

AC filter size Large Small

Switching frequency** High Low

Power processing** Full Full

Applicable in medium-
voltage PV system**

No Yes

High gain converters** Required Not required

Improving efficiency of
switching converters**

Challenging Easy

Cross-Coupling Ef-
fects**

No Yes

Availability against
failure of several mod-
ules **

Excellent Vulnerable

Flexibility High Low

Elements voltage rat-
ing **

High voltage Low voltage

* While microinverters and parallel DC-FPP share similar features, MMCIs
and series DC-FPP also have comparable characteristics. Therefore, the com-
parison of microinverters with MMCIs and parallel DC-FPP with series DC-FPP
is presented in a single table.
** These features can be extended to compare parallel with series DC-FPP.

In this section, we have introduced two approaches for AC-FPP:
microinverters and MMCIs, each with its distinct characteristics outlined
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in Tabel 2.3. MMCIs offer advantages such as generating multilevel
output voltages, enabling low switching frequency, small AC filter size,
and low electromagnetic interference. However, their series connection
of inverter cells can lead to increased conduction loss and issues with
power imbalances during mismatch conditions. On the other hand,
microinverters provide benefits such as resilience to single failures or
mismatch conditions, ensuring continuous operation with only a slight
reduction in power production. In contrast, MMCIs require careful
attention to fault detection, redundancy, and their impact on system
performance to ensure that a failure of a single device does not
compromise the overall system [97, 98]. Additionally, while installing
microinverters is typically plug-and-play, MMCIs demand more extensive
considerations such as electrical integration, control, communication,
and compliance with standards like NEC. As a result, microinverters
provide greater modularity and flexibility than MMCIs. Eventually, while
MMCIs consist of series-connected inverter cells that necessitate low-
voltage components, microinverters require high-voltage components.
These factors must be considered when selecting the most suitable
approach for a given PV system.

2.3.2. DC-FPP

In DC-FPP architectures, the requirement to comply with distributed AC
grid connection standards—such as filtering, protection, control, and
double-line frequency ripple—has been effectively addressed. However,
DC-FPP architectures require a central DC-AC converter, which could
potentially pose a bottleneck for the PV installation due to the single-
failure-point problem [99, 100]. Generally, DC-FPP architectures can be
categorized as parallel, series, and TCT architectures (Fig. 2.10).

PARALLEL DC-FPP

In a parallel DC-FPP architecture, illustrated in Fig. 2.10 (a), MICs,
also known as parallel optimizers, are connected to PV modules and
share a common DC bus. They have traits similar to microinverters,
including immunity to the cross-coupling effect, flexibility, modularity,
and scalability [32, 94]. Additionally, with only a single stage for DC-DC
conversion, they require fewer components. EIQ Energy and other
companies have industrialized this solution [54]. However, challenges
include the need for high step-up DC-DC conversion and high efficiency.
To address these challenges, literature has reported on many high
step-up converters [101].
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Figure 2.10.: DC-FPP architectures. (a) Parallel, (b) Series and (c) TCT.

SERIES DC-FPP

In series DC-FPP architecture, depicted in Fig. 2.10 (b). MICs, also known
as series optimizers, are in series to create a DC bus. This architecture
offers several benefits, including reduced voltage gain requirements for
MICs due to the stack structure. This results in more efficient, smaller,
less expensive, and simpler MICs than that of parallel architectures[17].
Notably, Series DC-FPP has been industrialized by several companies
like SolarEdge [56], Tigo Energy [55], Taylor [102], and Xandex [57].
Converters employed in series DC-FPPs can be classified into three
categories: (i) buck-based [95], (ii) boost-based [32, 96], and (iii)
buck-boost-based [9, 103]. These categories differ primarily in their
response to partial shading and their ability to maintain matching
between the current of shaded PV modules and the string current (iS).

During mismatch conditions, buck-based converters regulate the
voltages of shaded PV modules downward, increasing their output
currents to match those of unshaded PV modules. This process lowers
the DC link voltage (vS) compared to uniform operating conditions,
necessitating a minimum number of PV modules per string to maintain
a specified minimum DC link voltage during mismatch. Additionally,
the string current must consistently exceed the currents of all PV
modules to ensure that those with MPP currents higher than the string
current operate at their MPP. The converters’ maximum output current
rating determines the maximum number of PV modules with associated
buck converters per string for a given DC-bus voltage. Boost-based
converters increase the voltage of unshaded PV modules, reducing their
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output currents to match those of shaded modules. This results in
an increase in converter output voltage. The maximum number of PV
modules per string is determined by the converters’ maximum output
voltage for a given string voltage. However, to ensure maximum power
extraction, the string current must always be lower than the currents
of individual PV modules. Failure to meet this criterion may prevent
PV modules with lower MPP currents from operating at their maximum
power point.

In buck-based and boost-based architectures, the PV string voltage
varies to achieve the MPP, so even in DC grids, an additional stage
is necessary to maintain a constant output voltage equal to the DC
grid voltage. Buck-boost-based converters offer a solution to this
issue. Without limitations on the PV string current range, the total
voltage of series-connected converters can remain constant, allowing
for a wider range of PV modules per string. The upper and lower
limits for the number of PV modules per string are determined by the
maximum output current and voltage ratings of the MICs [9, 104]. These
advantages come with typical disadvantages associated with buck-boost
converters: lower converter efficiency, increased complexity, more
components, and susceptibility to load variation [104].

The features of parallel and series DC-FPPs share similarities with
microinverters and MMCI. Hence, the star-marked features represented
in Table 2.3 can be extended to compare parallel and series DC-FPP
architectures.

TCT DC-FPP
Series and parallel DC-FPP architectures have their own advantages
and challenges. On the one hand, series DC-FPPs are susceptible
to cross-coupling effects, potentially leading to PV modules operating
away from their MPP and reducing system output power [18, 32]. On
the other hand, parallel DC-FPPs are immune to cross-coupling but
require high voltage step-up ratios for MICs, leading to higher voltage
stress on switches and reduced conversion efficiency. To address these
challenges, the recently proposed TCT DC-FPP architecture (Fig. 2.10
(c)) [18] offers a potential solution claimed reducing cross-coupling
compared to series DC-FPP. However, the TCT architecture introduces
complexities due to its combination of series and parallel connections
among MICs, making scalability and implementation challenging.

Both non-isolated and isolated topologies can be applied to DC-FPP
architectures. Non-isolated topologies include buck, boost, buck-boost,
zeta, SEPIC, Ćuk, and derivatives. Isolated topologies mainly consist
of forward, push-pull, flyback, half-bridge, full-bridge and resonant
converters [17, 99]. Notably, it is possible to use partial power
converters in the architectures shown in Fig. 2.10 to enhance overall
system efficiency and reduce system costs. In this case, they are
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classified as Partial Power Processing (PPP) architectures [99, 105].

2.4. SDPP (S)MICS AND PDPP SLCS

I n FPP architectures, while mismatch-related losses among PV modules
or submodules are eliminated, the MICs handle all the power

generated by the PV modules even under uniform conditions. This
leads to increased power conversion losses, size, and cost of MICs.
To address these issues, the concept of DPP, initially proposed for
electric vehicle battery charge equalization, has been extended for PV
applications. DPPs are categorized into SDPP, PDPP, and SPDPP, as
depicted in Fig. 2.11. Further details on these approaches are provided
in the following subsections, primarily discussing module-level MICs and
occasionally SMICs depending on the focus. However, the described
approaches, architectures, topologies, and methods, along with their
advantages, drawbacks, and challenges, are equally relevant at both
module and submodule levels.

DPP-(S)MIC

S-DPP

PV2PV PV2VB

MISO

MIMO  

SP-DPPP-DPP

PV2B PV2VBPV2B

 

Inductor based

Capacitor based 

Figure 2.11.: Taxonomy of DPP architectures, branching out SDPP, PDPP,
and SPDPP solutions.

2.4.1. SDPP
In SDPP architectures, depicted in Fig. 2.12(a), MICs specifically manage
the differential current between individual PV modules and the overall
PV string current (iS). Under uniform conditions where there is no
mismatch among PV modules, MICs remain inactive, reducing their
operational load and enhancing their reliability and lifespan. During
mismatch conditions, MICs only process a fraction of the power, while
most of the power generated by the PV modules flows directly to the
output without local processing. This offers two key advantages: firstly,
it reduces MICs’ operational time and increases system efficiency, even
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if the efficiency of SDPP MICs is lower than FPP MICs. Secondly, it
alleviates stress on components, resulting in improved reliability and
lifespan. Although the concept is new, due to its advantages, SDPP has
already been patented [106–108] and industrialized by the company
Optivolt [109].
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Figure 2.12.: PV systems using DPP architectures: (a) SDPP, (b) PDPP.

In SDPP architectures, the need to increase the power rating of MICs
to address heightened mismatch conditions can lead to an increase in
the size and cost of the MICs. However, severe mismatch conditions are
rare, rendering it economically unjustifiable to increase the power rating
of MICs. When MICs are assigned an infinite power rating, the current-
voltage (I-V) curve at the central inverter’s input simplifies, featuring
only a single peak, streamlining its MPPT algorithm. Conversely, when
the converter rating is restricted to a fraction of PV modules’ MPP,
MICs’ operation is confined to nominal power during severe mismatch
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conditions. This limitation prompts the appearance of local peaks in the
I-V curve at the central inverter, necessitating MPPT algorithms capable
of tracking the global peak and introducing mismatch losses. Thus,
research endeavors to determine the optimal MIC ratings for designing
SDPP PV systems [2, 110].

The ideal operation for SDPP MICs ensures each PV module operates
at its true MPP. Achieving true MPP tracking often involves additional
local sensors or complex communication systems, both of which come
with drawbacks such as increased power losses, higher costs, reduced
reliability, and added complexity [111, 112]. An alternative approach,
voltage equalization (VE), forces all PV modules to operate at the same
voltage level, minimizing mismatch losses. While VE methods still
encounter some mismatch losses, they benefit from the low sensitivity
of PV modules’ MPP voltage to changes in environmental conditions,
keeping modules near their MPP. Indeed, as demonstrated in [2], VE
at the submodule level results in additional energy yield losses of less
than 2% compared to True MPPT, even in extreme worst-case scenarios.
For instance, even with a significant temperature difference of 25°C
between PV submodules, power losses lower than 1.7% were achieved
experimentally. Furthermore, the effects of reduced irradiance and lower
temperature tend to offset each other, leading to smaller power losses
in PV systems.

VE strategies can be either open-loop [113] or closed-loop [7].
Open-loop control, though simple and cost-effective, lacks the ability to
limit MIC power during extreme mismatch conditions and is susceptible
to inaccuracies and external disturbances. Closed-loop control offers
the advantages of precise regulation but requires additional sensors
or communication capabilities. The choice between VE and true MPP
approaches depends on factors such as system complexity, cost, and
reliability. Tabel 2.4 provides a comparison of these methods.

All DPP MICs are linked directly to PV modules. The SDPP architecture
varies based on where each MIC’s primary is connected, resulting in three
subcategories: (i) PV2PV, (ii) PV2B, and (iii) PV2VB. These architectures
will be thoroughly examined in the subsequent sub-subsections.

PV2PV
In the PV2PV architecture (Fig. 2.13(a)), each SDPP MIC’s secondary is
connected to a PV module, while its primary connects to the subsequent
PV module in the string. It ensures that each MIC regulates the
operating point of only one PV module, focusing solely on achieving MPP
operation for that PV module. One advantage of this architecture is
that the voltage rating of the MIC components is determined solely by
the PV module’s voltage. Additionally, non-isolated MICs can be utilized,
improving efficiency and reducing cost and size. However, despite
these benefits, this architecture faces a significant drawback known as
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Table 2.4.: Comparison of VE and true MPPT.

Features VE True MPPT

[7, 113] [111, 112]

Control Open loop Closed loop Closed loop

Dynamic Perfor-
mance

Quick Medium Slow

Complexity Low Medium High

Impact on Reliabil-
ity

No Low High

Cost Low Medium High

Type of Loss Mismatch
losses

Mismatch &
sensors
losses

Sensors
losses

Steady-state per-
turbation oscillation

No No Yes

Ability to limit pro-
cessed power

No Yes Yes

the accumulation effect (Fig. 2.13(a)). This effect arises from power
transfer occurring exclusively between adjacent PV modules, causing
the MICs to process the same power multiple times as it is transferred
from unshaded to shaded modules. This effect is exacerbated in longer
PV strings, resulting in increased power ratings, losses, and costly MICs
[110, 114].

Controlling a PV string with N PV modules requires defining N
objectives, necessitating at least N actuators. In PV2PV, with N − 1
MICs serving as actuators, an additional actuator is required. The
central converter can serve as the Nth actuator, tracking the maximum
power point of the Nth PV module. In the PV2PV SDPP architecture,
two main MIC topologies are commonly utilized: switched-inductor
[111, 112, 115–117] and resonant switched-capacitor [118–120]. The
switched-inductor architecture, shown in Fig. 2.13(b), comprises two
switches, one inductor, and two capacitors. In PV2PV SDPP architectures
with switched-inductor topologies, when employing the VE technique for
MPPT, the duty cycle of the switches must be set to 0.5, achievable
without additional control mechanisms. A closed-loop controller adjusts
the duty cycle for true MPP based on the PV module voltages.
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Figure 2.13.: PV2PV SDPP architecture with N PV modules. (a)
Accumulation effect on MICs power processing in PV2PV
SDPP with N PV modules (PV module MN is shaded whereas
the others are unshaded). (b) Switched-inductor and (c)
resonant switched-capacitor MICs.

Given the widespread adoption of switched-inductor topologies,
various approaches have been proposed to achieve MPPT. Starting
with the centralized approach [112], it does not require local sensors
but necessitates communication with the central control unit. In this
method, 2N duty ratio perturbations are required during each tracking
step to locate the MPP. This becomes less practical for long PV strings
due to the high number of perturbations per step, potentially leading
to slower MPP tracking. Moreover, failures of the control unit or
communication links could lead to malfunctions at best and complete
system faults at worst. This limitation impacts the reliability of such an
approach.

In [111], a distributed algorithm that relies solely on neighbor-to-
neighbor communication between adjacent MICs is proposed to achieve
true MPPT at the submodule level. This approach eliminates the need
for a central control unit and local current sensors, enhancing reliability
by removing the single point of failure. Although only N duty ratio
perturbations are needed per DPP tracking step, the tracking process
is slower with longer PV strings. [117] introduces a Multilevel DMPPT
control for DPP-based systems, which is claimed to converge in less than
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20 perturbations regardless of PV string length, improving algorithm
speed. Although it reduces communication requirements compared
to [112], synchronization between power converters is necessary, and
local current sensing is still needed for the first MIC. Another strategy
suggested in [116] is a flexible double-stage time-sharing MPPT control,
ideal for SMICs, where the MIC acts as the central controller. This
approach eliminates the need for communication but requires central
current and voltage sensors and additional sensors in two out of three
PV submodules, leading to extra costs and losses. Additionally, [121]
presents a solution achieving fast transient response and accurate
steady-state MPP without requiring communication between converters
or distributed current sensing. However, it relies on optical cameras per
PV module to estimate irradiances. Table 2.5 compares these true MPP
approaches with VE.

In both LSCC [122–124] and DSCC [125, 126] topologies (depicted
in Fig. 2.14(b) and Fig. 2.14(c)), a set of 2 · N switches and N − 1
capacitors in addition to the capacitors in parallel with PV modules are
employed. These topologies operate with a fixed 50% duty cycle in a
complementary manner. In LSCC, the voltage ratings of switches and
capacitors match that of a single PV module, allowing for easy extension
of the ladder structure by adding new rungs. This modularity aids the
rapid extension of the PV string by connecting additional PV modules.
However, similar to other PV2PV SDPPs, LSCC suffers from accumulation
effects. To tackle this issue, DSCC is introduced, where all capacitors are
connected to a common node, enabling direct power transfer between
any two PV modules through two capacitors. This direct power transfer
enhances efficiency but results in higher voltage stresses on capacitors,
which escalate with the number of PV modules [125, 126].

A combination of switched-inductor and switched-capacitor MICs,
as depicted in Fig. 2.15, is proposed by [127, 128]. In [127],
switched-inductor MICs are employed for VE in a downward path, while
switched-capacitor converters facilitate power transfer in an upward
path. In [128], the proposed architecture combines switched-inductor
and switched-capacitor MICs to form a VE. The operating principle of
the VE can be categorized into two parts: (i) Charging and discharging
of the inductor, similar to the switched-inductor MICs, and (ii) Charging
and discharging of the capacitor, similar to the switched-capacitor
MICs. While [128] reports high efficiency and reduced switch count, the
solution lacks modularity.



2.4. SDPP (S)MICs and PDPP SLCs

2

37

Q1

L1

Q2

L2

Q3

L3

QN

Q1

Q2

Q3

Q4

Q5

Q6

LN-1

C1

C2

C3

CN-1

Q2N-1

Q2N

Q1

Q2

Q3

Q4

Q5

Q6

Q2N-1

Q2N

C1

C2

C3

CN-1

(b)(a) (c)

MIC1

MIC2

MIC1

MIC2

M1

M2

M3

MN

M1

M2

M3

MN

M1

M2

M3

MN
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Table 2.5.: Comparison of DPP control approaches for the bidirectional switched-inductor topology in PV2PV
SDPP architecture.

Features VE Centralized
[112]

Neighbour to
Neighbour

[111]

Time-
sharing
[116]

Multilevel
MPPT
[117]

Image-
Based[121]

Tracking Near MPP true MPP true MPP true MPP true MPP true MPP

Distributed al-
gorithm

No No Yes Yes Yes Yes

Local cur-
rent/voltage
sensors

No/No No/No No/Yes Yes*/Yes No**/Yes No/Yes

Central cur-
rent/voltage
sensors

Yes/Yes Yes/Yes Yes/Yes Yes/Yes Yes/Yes No/No

Requiring com-
munication

No Yes Yes No Yes No

Algorithm
tracking speed

Fastest Slow Slow Slow Medium Fast

Steady-State
Oscillation

No Yes Yes Yes Yes No

* Some of the (S)MICs require local sensing
** Only the first MIC requires current sensing.
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PV2B

In the PV2B SDPP architecture, illustrated in Fig. 2.16, SDPP MIC’s
primaries are connected to a DC Bus, which can be either the input or
output of the central converter DC-DC stage. This architecture allows N
MICs and an SLC to act as actuators for a string of N PV modules, offering
a degree of freedom in architecture control to reduce converter size and
cost. To effectively utilize this degree of freedom, the architecture must
feature bidirectional MICs. This allows some MICs to transfer power from
PV to the bus, while others transfer power in the opposite direction at
the optimal point [3, 7, 8, 129–131].

QS1

(a)

CPV

QP1

(b)

SLC

iS

DC

DC

DC

DC

DC

DC

DC

AC

DC

AC

DC

DC

id

DC

DC

DC

DC

SLC

Figure 2.16.: PV2B SDPP (a) MIMO with an exemplary flyback MIC
topology, and (b) MISO architectures. SDPP MICs’ primary
can be connected either to the input (blue continuous lines)
or to the output (dashed red lines) of the DC-DC stage of
the SLC.

Regarding the connection of MICs primaries, two approaches are
common: direct connection to the input of the SLC’s DC-DC stage
[132–140] or the output of the SLC’s DC-DC stage [3, 7, 129–131].
The former ties the PV string’s current (iS) to the PV modules’ current,
limiting the utilization of the SLC’s additional degree of freedom. To
utilize this degree of freedom, in [8], the output current flowing from
PV modules (id in Fig. 2.16(a)) is controlled. The latter offers the
advantage of decoupling PV modules and PV string currents, enhancing
control flexibility [141]. Yet, connecting to the SLC’s output results in
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higher voltage requirements for the MIC components due to the typically
elevated voltage level at the output of the DC-DC stage of the SLC
compared to its input.

Generally, two main PV2B SDPP architectures exist: Multi-input–multi-
output (MIMO) and Multi-input–single-output (MISO). MIMO requires
isolated MICs to prevent short-circuiting PV modules during operation.
A potential MIC topology for MIMO is the dual active full-bridge, albeit
complex due to many switches. Alternatively, flyback converters, known
for high voltage gain, simplicity, and galvanic isolation, are suitable.
Both unidirectional [132, 142] and bidirectional [3, 7, 129–131] flyback
MICs have been reported for MIMO PV2B SDPP architectures. For the
latter, some control approaches divided into two levels, DMPPT and
central controller, have been proposed. DMPPT, managed by the MICs,
tracks the MPP of each PV module, while the central controller adjusts
the PV string current for overall power optimization [3, 7, 129–131].

In the least power point tracking (LPPT) method [129, 131], the central
controller aims to minimize total power processing by setting the PV
string current. This technique employs independent MPPT control for
each PV module, but it faces issues such as uneven power distribution
in DPP converters and steady-state oscillations. The unit-minimum LPPT
control [130] addresses the former problem by distributing power evenly
among the converters, albeit still exhibiting steady-state oscillations.
A hybrid control approach combining LPPT and power rating balancing
based on VE has been proposed to mitigate oscillations [7]. However,
it falls short of achieving true MPP operation of the PV modules. An
improved power-rating balance control technique ensures true DMPPT
using finite-state-machine-based MPPT while also providing power rating
balancing but increasing complexity [3]. Moreover, a distributed digital
controller has been developed to achieve DMMPT for unidirectional
flyback MICs [132], but it sacrifices optimal power processing. Table 2.6
compares various MIMO PV2B SDPP architecture control techniques.
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Table 2.6.: Comparison of MIMO PV2B SDPP Architectures control techniques with Bidirectional Flyback
topology.

Features Hybrid
control

[7]

Least
power
point

tracking
[8, 129]

Direct
power
point

tracking
[131]

Unit-least
power
point

tracking
[130]

Improved
power
rating

balance [3]

Distributed
Coordina-
tion [132]

Module level track-
ing

Near
MPP

True MPP True MPP True MPP True MPP True MPP

Power distribution
among MICs

Even Uneven Uneven Even Even Uneven

Local current/ volt-
age sensing

Yes/No Yes/Yes Yes/Yes Yes/Yes Yes/Yes Yes/Yes

Central current/
voltage sensing

Yes/No Yes/No Yes/No Yes/No Yes/No —-

Algorithm tracking
speed (Module/ Sys-
tem level)

Fast/Fast Slow/Medium Medium/Fast Slow/Medium Medium/Fast Fast/Fast

Interfacing between
algorithms at (mod-
ules and system)

No Yes Yes Yes No Yes

Steady-state os-
cillations (Module/
System level)

No/No Yes/Yes Yes/No Yes/Yes No/No Yes/—

* This reference used unidirectional flyback topology in the architecture.
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Fig. 2.17 shows several potential MIC topologies for MISO PV2B
SDPP. Examples include multi-winding transformer flyback [140], multi-
stacked topologies [133, 134], and resonant-based topologies [136–
139]. Literature also reported the multi-winding transformer active
full-bridge [143]. While the multi-winding flyback and active full-bridge
exhibit fewer switches than their MIMO counterparts, they require a
multi-winding transformer, complicating implementation and scalability.
In the multi-stack topology, MICs utilizing two inductors like SEPIC,
Zeta, and isolated Ćuk are applicable [133, 134]. However, the
Zeta-based topology necessitates a floating gate driver, and the Ćuk-
based one is unfeasible without a transformer, favouring the SEPIC-
based option. For resonant-based topologies, two-switch [135, 136]
or four-switch [137]voltage equalizers using a resonant converter and
voltage multiplier have been proposed, offering simplified architectures
but suffering from limitations such as the inability to work with true MPPT
algorithms, unidirectional power flow, component rating dependence on
position in the PV string, and poor scalability.

Q1

Q2

CrLr

Q1

(b) (c)(a)

Figure 2.17.: Possible MIC’s topologies for MISO PV2B SDPP. (a) Multi-
winding transformer flyback, (b) Multi-stacked, and (c)
Resonant-based topologies.

Unlike PV2PV architectures, PV2B avoids the accumulation effect,
ensuring that MICs’ maximum power ratings remain below the PV
module’s MPP, even in worst-case scenarios. Yet, the primary challenges
in PV2B SDPP architectures revolve around high voltage step-up ratios
required by MICs, posing hurdles in designing efficient and cost-effective
MICs. Additionally, components on the MICs’ DC Bus side face
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heightened voltage stress, leading to increased power losses and costs.
Moreover, scalability is limited as expanding the system with more
PV modules necessitates MIC redesign. A solution to mitigate these
challenges is the segmented PV2B SDPP structure [144].

PV2VB
In the PV2VB SDPP architecture, the MICs primaries and secondaries are
connected to a common virtual bus and PV modules, respectively, as
shown in Fig. 2.18 In this architecture, MICs connected to PV modules
with high power generation inject power into the virtual bus while the
others draw power. The virtual bus incorporates either capacitive or
inductive storage elements. In capacitive PV2VB architectures (Fig. 2.18
(a)), bidirectional current and isolated MICs are essential to manage
power flow and prevent short-circuiting among PV modules. In a
PV string with N PV modules, N+1 actuators consisting of N MICs
and one SLC exist; the latter enables regulation of the virtual bus
voltage to maintain the power balance and stabilize its voltage, whereas
the N MICs track the MPP of the N PV modules. Therefore, unlike
PV2B architectures, PV2VB architectures lack extra freedom for power
optimization. Moreover, capacitive PV2VB systems require high-energy
storage capacity to mitigate voltage fluctuations, necessitating high-
capacitance capacitors. However, PV2VB offers advantages over PV2B,
such as setting an appropriate voltage for the virtual bus independently
of PV module characteristics. Besides, unlike PV2PV, PV2VB architectures
are unaffected by the accumulation effect. Consequently, the maximum
required MICs power rating in the worst-case scenario aligns with PV2B
counterpart [144]. In PV2VB SDPP architectures, bidirectional isolated
MICs are required [2, 113, 145–148], and bidirectional flyback topologies
are commonly preferred due to their noted advantages.

Various control strategies have been explored in the literature to
achieve both VE and True MPP using flyback topologies. In one
approach [113], VE with open-loop control is implemented for each
SDPP converter, employing bidirectional flyback topologies with a HFT
ratio of 1. Moreover, a near MPPT closed-loop control approach is
introduced in another study [145], where the current flow in the MICs
is regulated based on the voltage error between the primary side (PV
modules) and secondary side (virtual bus) voltage with a DC gain
(pri = K(VVB − VPVi)). In [2], authors emphasize the importance of the
DC gain for proper balancing and efficiency of MPP tracking. A similar
closed-loop control strategy is proposed by [146], where the switch
duty cycle is adjusted proportionally to the voltage difference between
the PV modules and the virtual bus (Dpri = K(VVB − VPVi)). Additionally,
[147] suggests a distributed asynchronous algorithm to achieve True
MPP, reducing cross-coupling effects among MICs with a sufficiently
large bus capacitance. In [147], an approach in which an inner loop
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Figure 2.18.: PV2VB SDPP architecture with (a) capacitive virtual bus
or (b) inductive virtual bus with corresponding appropriate
MICs.

tracks the MPP of PV submodules by adjusting the operation of the MICs.
In contrast, a proposed outer loop regulates the virtual bus voltage
over a slower perturbation period. In all these control approaches
[113, 145–147], maintaining the average power of the virtual bus
at zero is crucial for achieving a constant virtual bus voltage and
stable operation. A comparison among capacitive PV2VB SDPP control
techniques is presented in Table 2.7. The inductive PV2VB architecture
proposed in [149–151](Fig. 2.18 (b)) offers an alternative approach to
capacitive PV2VB architectures. Here, unshaded PV modules charge an
inductor, redistributing stored energy to support shaded PV modules
by connecting them in parallel. This method allows all PV modules
to operate at their MPP by providing an alternative path for excess
MPP current. By replacing capacitors with inductors at the virtual bus,
this architecture helps to enhance reliability. Additionally, it eliminates
the need for HFTs, thereby improving both the cost-effectiveness and
efficiency of the MICs. However, implementing this architecture requires
highly complex control algorithms to manage switching strategies, set
duty cycles, and detect shadows. In some instances, optimizing the
switching architecture may be time-consuming, leading to challenges
adapting to rapidly changing mismatch conditions. Moreover, the
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inductor’s size depends on the length of the PV string, and the presence
of diodes at both ends of the PV string can hinder scalability.
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Table 2.7.: Comparison of control approaches for capacitive PV2VB SDPP Architectures with Bidirectional
Flyback topology.

Features VE [113] ipri = K · (VVB-VPVi)
[145]

Dpri = K · (VVB-VPVi)
[146]

Distributed
asynchronous MPPT

[147]

MPPT Near MPP Near MPP Near MPP True MPP

Local current/ volt-
age sensor

No/No No/Yes No/Yes Yes/Yes

Central current/
voltage sensor

Yes/Yes Yes/Yes Yes/Yes Yes/Yes

Steady state pertur-
bation oscillation*

No No No Yes

Communication re-
quirement

No No No No

Algorithm tracking
speed

Fast Fast Fast Slow

Capacitance of Vir-
tual Bus per SMIC

2200 uF 40 uF 66 uF 17 mF

* Here, only the oscillation arising from DMPPT controllers is considered. Any possible oscillations due to the central
controller are not accounted for.
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A summary outlining the primary advantages and challenges of
various SDPP architectures is presented in Table 2.8. In [2, 110], it is
shown that even when considering 98% efficiency for DC-FPP converters
and 90% efficiency for SDPP converters, the PV2PV, PV2B, and PV2VB
architectures exhibit efficiency improvements of 0.3%, 1.6%, and 1.3%,
respectively, over their FPP architecture counterparts. Furthermore,
these efficiency gains are achieved while the power ratings of SDPP
converters in PV2PV, PV2B, and PV2VB are 33%, 16%, and 33% of those
of the DC-FPP converters. These results demonstrate the potential for
reducing initial costs and improving the LCOE of PV systems through
SDPP architectures.
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Table 2.8.: Comparison of SDPP Architectures

Architecture Advantages Challenges

PV-PV [111,
112, 116,
117, 121]

1. Voltage rating depends only on PV
module’s voltage.
2. Allows using non-isolated converter
topologies.
3. High efficiency and compact MICs.

1. Accumulation effect.
2. Cross-coupling effect.

PV2B (Bidi-
rectional)
[3, 7, 8, 129–
131]

1. Extra degree of freedom to optimize
size, cost, and losses.
2. No accumulation effect.
3. Low current at the MICs’ DC Bus.

1. Complex converter topologies.
2. Requires high voltage gain.
3. Voltage rating depends on Bus voltage.
4. Poor scalability.
5. Cross-coupling effect.

PV2B (Unidi-
rectional)
[132–137]

1. Simpler topologies compared to
Bidirectional counterpart.
2. No accumulation effect.
3. Low current at the MICs’ DC Bus.

1. Unable to optimize overall power
processing.
2. Requires high voltage gain.
3. Voltage rating depends on Bus voltage.
4. Poor scalability.
5. Cross-coupling effect.

PV2VB (Ca-
pacitive VB)
[113, 145–
147]

1. Lower component voltage rating
compared to PV2B.
2. Lower power processing than PV2PV
architecture (in long PV strings).

1. Requires isolated converters.
2. High-capacitance capacitors are re-
quired in Virtual Bus.
3. Cross-coupling effect.

PV2VB (In-
ductive VB)
[149–151]

1. High reliability.
2. Allows using a non-isolated converter.

1. Complex controller.
2. Unable to cope with fast-changing
mismatch conditions.
3. Cross-coupling effect.
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2.4.2. PDPP
In a PV system, each PV group must operate under the same voltage
when connected in parallel. However, varying operating conditions
may lead to different MPP voltages, making it impossible to reach
all PV groups’ MPP simultaneously. As shown in Fig. 2.12 (b),
PDPP architectures provide the required differential voltage between
PV groups and a common bus to eliminate mismatch losses among
parallel-connected PV groups. Since parallel connections suffer lower
power losses due to mismatches compared to series connections,
limited literature is available about PDPP, especially compared to
SDPP. Nonetheless, PDPP architectures offer promising advantages over
traditional FPP SLCs. They typically require lower component ratings,
resulting in reduced system costs, and operate with lower primary-
side voltages or secondary-side currents, thereby enhancing system
efficiency [20]. It’s important to note that PV string current passes
through DPP converters in PDPP architectures, resulting in conduction
losses even under uniform operating conditions.

Although PDPP can be implemented at various granularity levels, it is
primarily associated with the SLC. The literature has introduced PV2B
and, in this dissertation, PV2VB PDPP architectures; however, PV2PV
architectures remain unexplored. The advantages and disadvantages of
PDPP architectures closely resemble those of their SDPP counterparts.
Chapter 3 will provide a concise overview of PDPP.

2.4.3. SPDPP
SDPP strings cannot be paralleled effectively due to voltage mismatch
issues, reducing power production. One solution is connecting each
SDPP string to a separate FPP SLC, which adds losses and cost to
the system [7, 152]. Similarly, PDPP architectures face challenges in
effectively connecting PV modules in series due to current mismatch
issues. An emerging solution to these challenges is the SPDPP
architecture, depicted in Fig. 2.19. SPDPP allows optimal power
extraction from a PV array under mismatch conditions while ensuring
that MICs and SLCs process only a fraction of the total power. Despite
being relatively underexplored, the SPDPP concept holds promise for
high-power PV systems with enhanced efficiency. Various architectures
can be implemented within the SPDPP framework, for example,
combining PV2PV SDPP and PV2B PDPP converters to achieve an SPDPP
architecture, as demonstrated in [153, 154].

A distinct SPDPP topology, based on a modular DPP concept, has been
presented in [21, 155, 156] (Fig. 2.20). This architecture enhances
modularity and scalability by utilizing switched inductors in all SPDPP
MICs and SLCs. However, the component ratings of the SLCs differ
from those of the MICs [21]. In this architecture, PV2PV SDPP MICs are
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deployed to mitigate mismatches among series-connected PV modules.
At the same time, the inputs of the SLCs are connected to one of
the PV modules to allow for parallel connection of PV strings. The
top converter (SLC) handles the full string current and the differential
voltages between the PV and bus voltage in parallel strings. Meanwhile,
all other converters (MICs) manage the differential currents between the
series PV modules. Moreover, to diminish cross-coupling effects among
the PV modules, a novel control strategy employing a voltage inner loop
and a power outer loop has been proposed for tracking the PV modules’
MPP [21, 155].
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Figure 2.19.: SPDPP architecture

2.5. HYBRID & HIERARCHICAL DMPPT ARCHITECTURE

DMPPT operates at various levels within PV systems, each with
unique requirements. For instance, the number of PV modules per

PV string can vary based on the application, while PV modules typically
consist of three fixed PV submodules. Hence, modularity and scalability
are often desired at the module level rather than the submodule level.
Another crucial distinction among different levels is their power and
voltage ratings, resulting in varying rated voltages for SMICs, MICs, and
SLCs components. These distinctions can be leveraged to devise hybrid
and hierarchical DMPPT architectures that operate at different levels,
streamlining the design and operation of PV systems.

Sections III and IV have provided detailed insights into various DMPPT
techniques, each presenting distinct advantages and challenges. For
instance, microinverters exhibit immunity to cross-coupling effects and
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Figure 2.20.: Modular SPDPP architecture

offer robustness against MIC and PV module failures. However, they
necessitate high-gain converters, with the required gain escalating
as granularity increases, particularly at the submodule or cell level.
Conversely, PV2PV SDPPs are more suitable when the number of PV
groups is low due to the accumulation effect, such as at the level of PV
submodules. To leverage the strengths of both approaches, a hybrid
solution is proposed that integrates PV2PV SDPP architectures with
switch inductance topology as SMICs. This architecture aims to reduce
mismatch-related losses at the submodule level while incorporating
microinverters as MICs to enhance modularity within the PV system
(Fig. 2.21(a)) [116, 157].
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Figure 2.21.: Combination of different DMPPT techniques at different hierarchies (a) PV2PV with microinverter,
(b) PV2B with MMCI, (c) PV2PV with PV2PV, hierarchies architecture proposed (d) by [22] ,and
(e) [125, 126]
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In architectures where PV2B SDPPs are employed as SMICs, connected
directly to the PV string, challenges associated with high voltage PV
string emerge. Addressing these challenges, a recent study proposed
a novel approach combining MMCIs with PV2B SDPP (Fig. 2.21(b))
[158]. In this architecture, PV2B SDPPs function as SMICs, while MMCI
serves as MICs, facilitating power injection into the grid. Each SDPP
output is connected to an inverter cell within the MMCI. This innovative
architecture mitigates the demand for high voltage gain and the need
for components with elevated voltage ratings.

In [159], an architecture resembling PV2PV SDPPs is proposed,
operating at both module and submodule levels (Fig. 2.21(c)). This
architecture aims to alleviate accumulation effects inherent in conven-
tional PV2PV SDPP approaches for two primary reasons. Firstly, MICs
handle differential power among PV modules, while SMICs manage that
of PV submodules. Additionally, SMICs associated with different PV
modules operate independently, reducing overall power processing and
converter ratings.

In [22], a hierarchical architecture is proposed, utilizing PV2PV SDPP
switched-inductor topologies in combination with resonant switched-
capacitor concepts, shown in Fig. 2.21(d). This architecture connects
PV groups at different hierarchies, reducing the number of switches by
sharing them between adjacent levels. However, a key limitation is
its applicability only when the number of PV groups is a power of 2,
leading to constraints on scalability. Moreover, varying voltage ratings
across hierarchies diminish modularity, posing component selection and
system design challenges.

In [125, 126], a hierarchical DMPPT approach is introduced utilizing
various SDPP architectures at different levels. At the submodule level,
SDPP is employed, while PV2PV SDPP architecture with DSCC MICs is
used for groups of four PV modules. These groups are interconnected
using either a switchless group-level converter (GLC) SDPP [125] or a
modular SDPP [126] architecture (Fig. 2.21(e)).

The hierarchical DMPPT approach is innovative and offers distinct
advantages, indicating significant potential for future research to delve
deeper into its capabilities and applications.

2.6. SUMMARY AND FUTURE DIRECTIONS
2.6.1. SUMMARY
This chapter classifies, reviews, and compares the various state-of-the-
art DMPPT architectures for PV applications, which can be applied with
different levels of granularity, from string-level DMPPT down to module-,
submodule-, and cell-level. In modern and customized PV systems for
integration in both urban and open environments, a highly granular
control of PV (sub)modules—when economically feasible—is inherently
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able to minimize the effect of any non-uniformity and maximize the
system’s energy yield. Highly granular control is not only beneficial
for those sources of non-uniformity related to the position of the sun
or to the geometry of the surroundings but also to other conditions,
such as fouling, soiling, and uneven degradation. Some studies [160,
161] indicate that microinverters achieve a more favorable LCOE,
while other [162] suggests that string inverters can provide a lower
LCOE. Generally, microinverters tend to perform better in complex
or shaded environments, whereas string inverters may offer a more
advantageous LCOE in simpler installations with uniform illumination
over the PV modules. Fig. 2.22 (a) compares DMPTT at the string level
with module-level architectures. Therefore, selecting the best-suited
architecture and the required level of granularity depends strongly on
the application, the characteristics of the PV system, and its expected
operating conditions.



2

5
6

2
.

C
la

ssifica
tio

n
o
f

D
M

P
P
T

A
rch

ite
ctu

re
s

fo
r

P
h
o
to

v
o
lta

ic
S

y
ste

m
s

Conversion 

efficiency

Mismatch 

efficiency

Lower

repair cost

Module-Level 

DMPPT

Maturity

Monitoring and 

diagnostics

Cost-effectiveness

Conversion 

efficiency

Mismatch 

efficiency

Monitoring and 

diagnostics

Cost-effectiveness

Simplicity 

Fault 

tolerance

Scalability

System size

Less 

component 

stress

String-Level 

DMPPT

FPP

DPP

Lower 

component rating

(a) (b)

Figure 2.22.: Comparison between (a) module-level MPPT and string-level MPPT (b) FPP and DPP.



2.6. Summary and future directions

2

57

The lower level of granularity of DMPPT is the string level, in which
typically string/multi-string inverters are used to control the different
PV strings within a PV system independently. Like the centralized
MPPT through central inverters, string-level DMPPT architectures offer
advantages such as low complexity, cost-effectiveness, and high system
efficiency in open environments when non-uniformities within the PV
system arise mostly among different PV strings. In contrast, each
string is subject to (quasi-)uniform conditions. One example of such
an application is east-west-oriented PV systems installed in an open
environment, which does not cast dynamic shades over the PV systems
most of the day.

The efficiency of string-level DMPPT architectures significantly de-
creases in environments like building-integrated PV systems, where
different PV modules in a PV string are subject to different operating
conditions, e.g., due to substantial dynamic partial shading. Similarly, in
vehicle-integrated PV applications, non-uniformities within small groups
of cells may arise owing to (i) curvature of the modules, (ii) different
locations of cells on the vehicle surface, (iii) movement of the vehicle and
corresponding changes in the irradiation of the various cells due both
the variation of the relative position of the cell with respect to the sun
and dynamic shading from the varying surroundings. To increase system
efficiency, the granularity of DMPPT must be increased, and module-
or submodule-level architectures are preferable. MICs and SMICs have
gained significant attention in the last decades to increase the energy
yield in these applications. They mitigate mismatch-related losses
and offer enhanced protection, monitoring capabilities, modularity,
scalability, and simplification of the MPPT algorithm.

DMPPT architectures at the module and submodule levels are classified
into two main categories: FPP and DPP. Focusing on FPP solutions,
microinverters, and parallel DC-FPP architectures, which rely on the
parallel connection of the converters’ output either to the AC grid
(microinverters) or to a common bus/DC grid (parallel DC-FPP), offer
independent tracking of the MPP of each module without cross-coupling
effects, remarkable resilience to failure, high flexibility, modularity,
scalability, plug-and-play functionality, and high availability. These
features make them suitable for applications in which PV modules are
often subject to non-uniform conditions and high availability and low
installation costs are crucial (see Table 2.3). On the other hand, the
converters’ output can be connected in series. The corresponding
AC-FPP architectures are based on MMCIs, which generate multilevel
output voltages, enabling low switching frequency, small AC filter size,
and low electromagnetic interference. MMCIs are highly desirable in
AC applications where high efficiency and power quality are critical
(see Table 2.3). Their ability to reduce harmonic distortion, improve
efficiency, and handle higher voltage levels makes them suitable
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for various PV system applications, from utility-scale installations to
residential and industrial uses. In applications where the PV system is
connected to a common bus or a DC grid, series DC-FPP systems offer
higher efficiency and cost-effectiveness than their parallel counterparts,
eliminating the need for high step-up voltage converters. However,
both MMCIs and series DC-FPP architectures require series-connection of
the converters’ output, which results in cross-coupling effects and may
require more complex controllers (see Table 2.3).

As an alternative DMPPT approach, DPP architectures have attracted
attention due to their ability to reduce power conversion losses, size,
and cost of converters. DPP architectures are primarily divided into three
groups: (i) SDPP, (ii) PDPP, and (iii) SPDPP. In DPP-based architectures,
SDPP can only mitigate mismatches among series-connected PV groups.
The advantages of SDPP PV2PV architecture include low voltage rating
and the use of non-isolated MICs, which lead to improved efficiency
and reduced cost and size. However, this architecture suffers from
the so-called accumulation effect, making it undesirable for long PV
strings. Yet, it may suit well PV wearable applications with low
power and short PV strings. Unlike SDPP PV2PV architectures, PV2B
avoids the accumulation effect but requires a high voltage rating and
isolated MICs. PV2VB architecture can eliminate the accumulation effect
using low voltage rating MICs, but it still requires isolated converters
and extra components, mostly capacitors, at the virtual bus (see
Table 2.8). On the other hand, PDPP architectures can only mitigate
mismatch among PV groups connected in parallel, like string/multi-
string inverters. PDPP architectures, especially PV2VB, need lower
voltage SLCs and offer superior scalability, facilitating mass production
compared to conventional counterparts. These features make them a
suitable alternative for applications where string/multi-string inverters
are typically used. SPDPP, combining the features of SDPP and PDPP,
allows for optimal power extraction from PV groups connected in either
series or parallel under mismatch conditions. This makes SPDPP
more suitable for large PV systems in complex environments where
partial shading occurs regularly. Fig. 2.22 (b) compares FPP with DPP
architectures.

2.6.2. FUTURE DIRECTIONS AND EMERGING TRENDS
All those solar cells must be connected in an increasingly smart way,
especially in cities, where dynamic shading through the day leads to
a deterioration of conversion performance and, thus, of the LCOE. If
some solar cells have been connected in parallel or series and if some
of them are in shadow, the PV module generates less power, and
that can affect performance if it happens for a long time. This can
be improved by using DMPPT architectures, which react immediately
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if an individual component is not working properly. The DMPPT can,
therefore, increase the energy yield and consequently reduce the LCOE.
While FPP architectures are established, proven technologies with a
wide range of power converters available for both DC- and AC-FPP at the
submodule, module, string, and array levels, DPP is still in the research
phase. However, some initial industrial products have emerged, and the
market for DPP solutions is anticipated to expand, catering to both mass
production and mass customization of PV modules and systems.

In conclusion, a comprehensive analysis and classification of various
DMPPT architectures have been provided, and their advantages and
challenges have been discussed. Examining the associated converter
topologies and controllers offers researchers valuable insights for future
studies and aids designers in choosing the most suitable architecture
candidates for their specific applications and needs. In the final analysis,
the designers can quantitatively analyze LCOE among a few candidates
and select the best architectures, corresponding topologies, and controls
for that specific application.
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[10] B. Stevanović, E. Serban, S. Cóbreces, P. Alou, M. Ordonez, and
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3
PV2VB PDPP

ARCHITECTURE(STATIC
ANALYSIS)

This chapter analyses the PV to virtual bus (PV2VB) Parallel Differential
Power Processing (PDPP) architecture designed to mitigate the effect
of mismatch among photovoltaic (PV) strings. The proposed PV2VB
PDPP architecture leverages a virtual bus as the input for all string-level
converters. Notably, this approach reduces components’ voltage rating
since the virtual bus voltage can be set lower than the main bus
or PV strings voltage. In this architecture, crucial requirements for
the String-Level Converters (SLCs) include the capability to generate
positive and negative output voltages and to provide isolation. To fulfill
these requirements, a Dual Active Bridge converter connected to a
bridgeless converter is considered an SLC. In this architecture, while
SLCs ensure Maximum Power Point Tracking (MPPT) for each PV string
using conventional MPPT algorithms, the central converter controls the
virtual bus voltage. Experimental results validate the performance of the
proposed PV to virtual bus PDPP architecture with a system efficiency
(excluding the power losses due to the MPPT algorithm) ranging from
96.4% to 99%.

Parts of this chapter have been published in IEEE Transactions on Industrial Electronic
[1] and Mathematics and Computers in Simulation [2] journals.

77



3

78 3. PV2VB PDPP Architecture(Static Analysis)

3.1. INTRODUCTION

A s discussed in Chapter 2, SDPP architectures regulate the differential
current between individual PV modules (PVMj

) and the PV string

current (PVS
), effectively mitigating mismatch-related losses within

series-connected PV groups (Fig. 3.1(a)). Yet, they are insufficient in
addressing mismatch losses among parallel-connected PV strings [3,
4]. Thus, the concept of PDPP has emerged (Fig. 3.1 (b)) [5–13].
PDPP architectures compensate for the differential voltage between PV
strings and a main bus, eliminating mismatch losses among parallel PV
strings. Despite all the current from the jth PV string flowing through the
respective String Level Converters (SLC), the voltage across the jth SLC
(VSLCj) may be lower than the PV string voltage. This suggests that the
power handled by the SLCs may be less than that of conventional FPP
multi-string architecture, allowing for potential reduction in converter
rating and conversion losses. PDPP architectures are categorized based
on the connection of the primary side of the SLCs.

In PDPP architecture, with NPV PV string, there are NPV control
objectives and NPV + 1 control actuators (NPV SLCs and central
converter). Consequently, ith PV string operates at its MPP by adjusting
the duty cycle of the ith SLCs, while the additional degree of freedom
from the central converter helps minimize power losses by regulating
the DC Bus voltage. To the best of the authors’ knowledge, only
SLCs generating positive voltage have been proposed for PV2B PDPP
architectures [5, 14–17]. However, with SLCs exclusively generating
positive voltage, the DC Bus voltage must consistently exceed the
voltage of the PV string with the highest MPP voltage. Ideally, the DC
Bus voltage should match the highest actual MPP string voltage. While
this assumption can reduce processed power, achieving it is challenging
as it necessitates some SLCs to operate at extremely low duty ratios.
To overcome this issue, the DC Bus voltage must increase, leading to
a significant rise in processed power [15]. Consequently, despite the
additional degree of freedom, when SLCs only operate with positive
voltages, optimization of power processing remains unrealized. DPP
architectures are classified based on how the primary side of the SLCs
is connected. The commonly analyzed PV2B architectures are further
divided into two types: PV2B-I [5–9] and PV2B-II [10–13]. In PV2B-I, the
primary side of the SLCs connects to the main bus (Fig. 3.1 (c)), whereas
in PV2B-II, the primary side connects directly to the PV strings (Fig. 3.1
(d)). The optimal architecture for any application is the one that results
in the lowest maximum power processing losses [18].

In [10], a buck-boost converter was chosen as the SLC for the PV2B-II
architecture. While these SLCs are designed to compensate for the
voltage differences between the PV strings and the main bus, they
must also manage the full current produced by the PV strings. This
requirement necessitates that the components endure the voltage from
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Figure 3.1.: PV system using: (a) general SDPP architecture, (b) general
PDPP architecture with primary side connection to (c) main
bus (PV2B-I PDPP architecture) or to (d) PV string (PV2B-II
PDPP architecture)

the PV strings, leading to SLCs with power ratings similar to those of
FPP converters. In [5, 9] and [11], a flyback converter is employed in
both PV2B-I and PV2B-II architectures. Although flyback converters are
favored for their simplicity, their application is generally restricted to
power outputs of a few hundred watts. Consequently, other research
[6–8, 11, 13, 19] has explored various topologies (Fig. 3.2), including
series resonant converters [6], current-fed resonant push-pull converters
[7], Current-fed full-bridge converters [8], and Full-bridge converters
[13] to improve power handling capabilities, though this often comes at
the cost of simplicity.

Although high efficiency has been reported for PV2B architectures,
directly connecting SLCs to the main bus or PV strings presents three
main disadvantages. Firstly, the voltage rating of SLCs is determined
by the PV strings or main bus voltage. Secondly, the scalability of the
PV system is limited: adding PV modules to a PV string increases the
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Figure 3.2.: Topology for PV2B PDPP: (a) series resonant converter [6], (b)
current fed resonant push-pull [7], (c) current-fed full-bridge
[8], and (d) full-bridge [13].

string’s voltage, necessitating SLCs with higher voltage ratings. These
first two issues also exist in FPP SLCs. Lastly, PV2B PDPP require SLCs
with high voltage conversion ratio (SLC

S
).To address the challenges of

both PV2B PDPP and conventional FPP architectures, we have proposed a
novel PV2VB PDPP architecture. This chapter provides a comprehensive
analysis and presents experimental validations to demonstrate the
performance of this architecture.

As shown in Fig. 3.3, PV2VB PDPP is a novel architecture where SLC
inputs are connected to a common isolated DC bus called the virtual bus
instead of the main bus. One key advantage is the flexibility to select a
lower voltage for the virtual bus compared to the main bus, leading to a
potential reduction in the initial and repair costs of SLCs. Additionally, the
use of low-blocking voltage semiconductors in the PV2VB architecture
enables the use of MOSFETs instead of IGBTs, enabling higher switching
frequencies, reducing the size of passive components, and improving
the converter’s power density. Moreover, there will be less challenge
in designing EMI/EMC filters for low-voltage converters which simplifies
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compliance with electromagnetic compatibility standards [20, 21].
Besides, this architecture can mitigate the high voltage conversion ratio
required for SLCs in PV2B architectures.
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Figure 3.3.: PV systems using the proposed PV2VB PDPP architecture.

This innovative architecture also offers superior scalability compared
to conventional counterparts. In the proposed PV2VB architecture, the
SLC input voltage corresponds to the virtual bus voltage, not the PV
string nor the main bus voltage. Therefore, the proposed architecture
offers flexibility to incorporate new PV modules into strings, making it
a more adaptable and versatile solution. This scalability enables its
use for a wide range of PV string lengths, facilitating mass production
and lowering manufacturing costs. A comparison between PV2B and
proposed PV2VB PDPP architectures is presented in Table. 3.1.

The proposed architecture performs string-level Maximum Power
Point Tracking (MPPT) while processing only a fraction of the power
generated by PV strings. The power the SLCs process varies based
on environmental conditions, PV module specifications, string length,
and the number of PV strings in operation. To address this variability,
this chapter introduces a power flow analysis method. This method
simplifies determining SLC power processing under different scenarios
with multiple PV strings and helps identify the required power rating for
SLCs under predefined environmental conditions or worst-case shading
scenarios.

The remainder of this chapter is structured as follows: Section
3.2 provides an in-depth analysis of the steady-state operation of
both the central converter and SLCs and elucidates their respective
control objectives. Section 3.3 derives the equations governing the
processed power to determine SLCs rating and compare it with the
conventional FPP architectures. Section 3.4 describes the different
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operational regions of the PV2VB PDPP architecture. Finally, Section 3.5
presents experimental results that validate the architecture’s capability
for string-level MPPT, substantiating its inherent advantages.
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Table 3.1.: Comparison of PDPP Architectures

Ref. Archite-
cture

SLCs
topology

Bidirectio-
nal SLCs

Isolate-
d SLCs

CVR1 Scala-
bility

VCR2 Power
level

Reported
efficiency

(%)

[5] PV2B-I Flyback No Yes High/low3 Low High 50 W 89-97

[6] PV2B-I Series
resonant
converter

No Yes High/low Med Med 4 kW 97.75-98.82

[7] PV2B-I Current fed
resonant
push-pull

Yes Yes High/low Low High 2.2 kW 97.8-98.8

[8] PV2B-I Current-fed
full-bridge

Yes Yes High/low Low High 2.2 kW 95.5-98.2

[9] PV2B-I Flyback No Yes High/low Low High 25 W 98.5

[10] PV2B-II Buck-boost No No High Low High 3.5 kW 96-98.9

[11] PV2B-II Flyback No Yes High/low Low High 100 W 70-90

[12] PV2B-II Full-bridge No Yes High/low Low High 821 W 98-99

[13] PV2B-II Full-bridge/
Push-pull

Yes Yes High/low Low High 750 W 98.6-99.58

[13] PV2B-II Full-bridge No Yes High/low Low High 750 W 98.8

Prop PV2VB DAB/BL Yes Yes Low High Low 4 kW 96.4-99

1: CVR: Components’ voltage rating. 2: VCR: Voltage conversion ratio. 3: High/low: There exist components with high
and low voltage ratings
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3.2. OVERVIEW OF THE PV2PV PDPP ARCHITECTURE

A s shown in Fig. 3.3, in the proposed PV2VB PDPP architecture, SLCs
inputs are connected to a shared, isolated DC bus called the virtual

bus. To ensure smooth and stable operation, maintaining a power
balance within the virtual bus is essential to prevent fluctuations in its
voltage. Thus, while certain PV strings inject energy to the virtual bus
through the SLCs, others must draw energy from it. This architecture
has two primary objectives: (i) maintaining the virtual bus voltage
at a constant level, a task overseen by the central converter, and
(ii) independently tracking the Maximum Power Point (MPP) of each
PV string, a responsibility entrusted to the SLCs. The subsequent
subsections will provide an in-depth description of the converters and
their respective control principles.

3.2.1. CENTRAL CONVERTER
In a PV2VB PDPP architecture, the central converter regulates the main
bus voltage (S) by its duty cycle. However, this control action is aimed
at ensuring the stability of the virtual bus voltage (VB). This subsection
delves into understanding the relationship between the main bus and
virtual bus voltage. Two assumptions are considered for the sake of
simplicity: (i) lossless converters, and (ii) the capacitive virtual bus is
the main storage element in the system. Then, the power relationship
for the PV2VB architecture can be derived as follows:

pVB = pout − pin (3.1)

In the context of the proposed architecture, pVB, pot, and pin
represent the instantaneous virtual bus power, power delivered to the
main bus, and power generated by the PV strings, respectively; these
values can be computed as follows:

pVB = CVB · VB ·
dVB

dt
(3.2)

pout = S · S = S ·
NPV
∑

j=1

PVj (3.3)

pin =
NPV
∑

j=1

PVj · PVj (3.4)

Where CVB, S, PVj , PVj , and NPV are virtual bus capacitance, main

bus current, jth PV string’s current, jth PV string’s voltage, and number
of PV strings, respectively; the following equation can be obtained by
substituting Equations (3.4)– (3.6) in Equation (3.1):
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pVB =
dVB

dt
· CVB · VB =

NPV
∑

j=1

PVj · PVj − S · S (3.5)

While it may appear that there are numerous actuators to regulate
virtual bus power, it is important to note that PV strings’ current and
voltages are controlled by SLCs to make PV strings operate at their MPPs.
Besides, the main bus current is inherently equal to the summation of
the individual PV strings’ currents. Thus, the sole variable available for
controlling virtual bus power and, consequently, virtual bus voltage is
the main bus voltage. When the average power of the virtual bus is
maintained at zero, the following equation is derived:

PVB = 0 =⇒ V∗
S
=

∑NPV
j=1 VPVj · PVj
∑N
j=1 PVj

, VVB = const (3.6)

Where V∗
S

is the equilibrium main bus voltage at which the virtual
bus voltage is constant. It should be noted that capital letters indicate
steady-state values of the variables. Combining Equation (3.5) and
(3.6), the following equation, which describes the instantaneous rate
of change of virtual bus voltage as a function of bus voltage can be
derived:

dVB

dt
=

∑NPV
j=1 VPVj · PVj

CVB · VB
·
�

1 −
S

V∗
S

�

(3.7)

Equation (3.7) shows the virtual bus voltage rises when the main bus
voltage drops below the equilibrium level, and vice versa. Realizing
this control mechanism and ensuring the effective integration of it with
MPPT algorithms in the architecture necessitates a careful approach.
To prevent interference between the controller and to enable the
MPPT algorithms to autonomously seek the MPP of the PV string, it
is recommended to implement a discrete controller whose sampling
time exceeds the perturbation period of the MPPT algorithms. This
design consideration ensures that the MPPT algorithms have the
required independency for their operation, unburdened by premature or
conflicting control actions from the central controller. Such harmony
is needed for maintaining precise MPP tracking and overall PV system
performance.

3.2.2. SLCS
In the PV2VB PDPP architecture, the primary goal of SLCs is to ensure
that PV strings operate at their MPP. To accomplish this, SLCs must also
establish a path for the efficient transfer of power to and from the virtual
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bus. It is possible to apply a variety of topologies as the SLCs as long as
they exhibit three crucial features. Firstly, they must operate effectively
within both the first and fourth quadrants of the Voltage-Current (V-I)
curve. To elaborate further, the output voltage of the jth SLCs can be
expressed as:

SLCj = S − PVj (3.8)

By substituting Equation (3.8) into Equation (3.5), in steady state we
have:

PVB =
NPV
∑

j=1

VSLCj · PVj =
NPV
∑

j=1

PSLCj = 0 (3.9)

This means that the total output power of all SLCs sums to zero,
indicating that SLCs solely facilitate power exchange among themselves.
Furthermore, given that PVj is consistently positive, Equation (3.9) shows
that some SLCs must produce negative output voltage while others
must generate positive output voltage to maintain a constant virtual
bus voltage during steady-state operation. Secondly, to fulfill the
requirements of the architecture, SLCs must function as voltage-source
converters to enable their connection to the virtual bus. Eventually,
isolation is imperative to enable independent control of PV strings’
voltage and to ensure the current from the ith PV string exclusively flows
through the ith SLC.

A bidirectional flyback converter followed by a bridgeless (BL)
converter (Fig. 3.4 (a)) has been proposed and simulated [2]. While
bidirectional flyback converters are well-suited owing to their attributes
like simplicity and galvanic isolation, their use is typically limited to
power outputs up to a few hundred watts. Beyond this power level, it is
advisable to explore alternative topologies better suited for higher-power
applications [22]. This study focuses on bidirectional flyback with Dual
Active Bridge (DAB) converters as the first stage of the SLCs due to their
suitability for high-power applications, while the second stage remains
unchanged (Fig. 3.4 (b)).

As depicted in Fig. 3.4 (b), the proposed topology for the SLCs
comprises two stages: a DAB converter followed by a BL converter
whose performance is decoupled by intermediate bus capacitors. The
second stage of the SLC topology is the BL converter, providing both
negative and positive output voltage essential for PV strings to operate
at their MPP, as well as a current path for the PV string current
(Fig. 3.5). Switches are controlled using conventional Carrier Frequency
Pulse Width Modulation, and the duty cycle of the BL converter in the jth

SLC (dBLj) is determined by the MPPT algorithm. As shown in Fig. 3.5,

during the ON state of the switches, the voltage polarity before the jth

LC output filter (VSLCBFj ), aligns with the jth intermediate bus voltage
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Figure 3.4.: Proposed SLCs topology for PV2VB PDPP architecture: (a) A
bidirectional flyback converter followed by a BL converter,
(b) A DAB converter followed by a BL converter.

(Bj), leading to the intermediate bus capacitor discharge with power
equal to:

pCBj1
= IBj · PVj (3.10)

Conversely, when the switches are OFF,the BL converter inverts the
intermediate bus voltage, and the capacitor is charged.

pCBj2
= IBj ·

�

−PVj

�

(3.11)

Considering Equation (3.10) and (3.11), the average power over a
switching period (Ts) of intermediate bus capacitor the BL converter
will be:
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PCIBj
=

1

Tsw

∫ dBLj ·Tsw

0
pCIBj1

dt +
1

Tsw

∫ (1−dBLj )·Tsw

dBLj ·Tsw

pCIBj2
dt

= (2dBLj − 1) · VIBj · PVj = VSLCj · PVj (3.12)

Where PCBj is the power transferred from/to the intermediate bus

to/from the string. To make the average power flow from the virtual bus
to the string, which corresponds to adding a positive voltage to the PV
string, it is essential to maintain a duty cycle greater than 0.5 in the BL
converter. When the duty cycle falls below this threshold, the direction
of the average power flow reverses, moving from the PV string back to
the virtual bus, and a negative voltage is added to the PV string.

To ensure the stability of the intermediate bus voltage (B), DAB
converters facilitate the transfer of power between the virtual bus
and an intermediate bus, primary and secondary sides, respectively.
While various modulation techniques are available for DAB converters,
this study employs single-phase shift (SPS) modulation [23]. In SPS
modulation, all switches operate at a constant frequency with a duty
cycle of 50%, and the diagonal switches switch ON and OFF in unison,
resulting in a square wave output. The power transfer is controlled by
adjusting the phase shift (φ) between two ac voltage waveforms across
the windings of the isolation transformer. The relationship between the
phase shift (φ) and the DAB average output power (PDAB) is expressed as



3.3. Processed power and converter rating

3

89

follows: To transfer the energy from the virtual bus to the intermediate
bus, the DAB converter’s primary side leads its secondary side (φ > 0).
If the energy transfer direction is reversed, the primary side bridge lags
the secondary (φ < 0) (Fig. 3.5). In other words, power flows from the
leading to the lagging bridge.
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Figure 3.6.: DAB Converter Operation. (a) Topology, and (b) its
waveforms.

PDAB =
VVB · VIB · φ · (π − φ)

NT · ƒsw · Lleak
(3.13)

Where, NT , ƒs, Lek are the DAB transformer ratio, switching
frequency, and leakage inductance, respectively. A controller like
a Proportional-Integral (PI) controller receives the error value of the
intermediate capacitor voltage and adjusts the phase shift accordingly
to ensure that the necessary power for the BL stage is supplied:

PDABj = PBLj = PCIBj
(3.14)

3.3. PROCESSED POWER AND CONVERTER RATING

T he power processed by converters represents a crucial parameter
with implications for systems’ efficiency, availability, and cost. In a

PV system based on PDPP architectures, part of the power generated
by the PV strings is processed by the SLCs, which determine the power,
voltage, and current rating of these converters.



3

90 3. PV2VB PDPP Architecture(Static Analysis)

3.3.1. DAB CONVERTERS PROCESSED POWER
In the PV2VB architecture, the primary objective of DAB converters is
to maintain a constant voltage across the intermediate bus through
controlled power exchange. This critical function ensures stability within
the system. The power transferred between the virtual bus and jth

intermediate bus results in the processed power by the associated DAB
converter, which considering Equation (3.14), is equal to:

PDABj = PBLj = VSLCj · PVj = (VS − VPVj) · PVj (3.15)

by considering Equation (3.6) in the steady-state condition (PVB = 0)
and substituting it into Equation (3.15), we have:

PDABj =





∑NPV

j=1 VPVj · PVj
∑NPV

j=1 PVj

− VPVj



 · PVj (3.16)

As shown by Equation (3.16), the processed power of the jth DAB is
not exclusively dependent on the current and voltage of its own PV
string but also depends on the current and voltage of other PV strings.
In a PV system consisting of NPV PV strings, let k of these PV strings be
shaded, producing voltage and currents of:

PVj

�

�

j=1,2,...,k = PVsh ,

VPVj

�

�

j=1,2,...,k = VPVsh

(3.17)

The remaining unshaded strings generate a current and a voltage of:

PVj

�

�

j=k+1,...,NPV
= PVun ,

VPVj

�

�

j=k+1,...,NPV
= VPVun

(3.18)

Considering Equations (3.16) — (3.18), the power processed by DAB
converters connected to the shaded and unshaded PV strings are
determined by Equations (3.19) and (3.20), respectively:

PDABsh =
(NPV − k) · PVun · (VPVun − VPVsh)
�

(NPV − k) · PVun + k · PVsh

� · PVsh (3.19)

PDABun =
k · PVsh · (VPVsh − VPVun)

�

(NPV − k) · PVun + k · PVsh

� · PVun (3.20)

Fig. 3.7 (a) and Fig. 3.8 (a), generated using Equation (3.19), depict
the impact of voltage and current variations among PV strings on the
processed power of DAB converters connected to shaded PV arrays. On
the other hand, Fig. 3.7 (b) and Fig. 3.8 (b), based on Equation (3.20),
illustrate the same effect on the processed power of DAB converters
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connected to unshaded PV strings. It is important to note that in the
figures, the sign of normalized powers indicates the direction of power
flow: a positive sign signifies power transfer from the virtual bus to the
PV string, while a negative sign indicates the opposite.

 

Figure 3.7.: Influence of voltage difference among PV strings on pro-
cessed power of DAB converters (a) connected to the shaded
PV strings, and (b) connected to the unshaded PV strings

(NPV = 6,
PVsh
PVn

= 1).

 

Figure 3.8.: Influence of current difference among PV strings on pro-
cessed power of DAB converters (a) connected to the
shaded PV strings (b) connected to the unshaded PV strings

(NPV = 6,
VPVsh
VPVn

= 0.6).

As previously discussed, the DPP architectures in PV systems are
designed to reduce processed power as the severity of mismatch
conditions decreases. When the difference between shaded and
unshaded voltages approaches 0 (

VPVsh
VPVun

→ 1), it signifies a decrease in

the severity of shading within the PV system. This reduction in shading
severity leads to a decrease in both PDABsh and |PDABun |, as illustrated in
Fig. 3.7.

As depicted in both Fig. 3.7 (a) Fig. 3.8 , an increase in the number of
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shaded PV strings (k) consistently leads to a reduction in PDABsh and a
concurrent increase in |PDABun |. This behavior is attributed to the main
bus voltage. As the number of shaded PV strings rises, the influence of
the shaded PV string voltage becomes more pronounced, causing main
bus voltage to approach the shaded PV string voltage while moving
further away from the unshaded PV string voltage. Consequently,
given that PDABj is proportional to the difference between the main bus
voltage and the voltage of the jth PV string, as per Equation (3.15),
PDABsh decreases, while |PDABun | increases. Furthermore, as illustrated in
Fig. 3.7 and Fig. 3.8, PDABn is negative, while PDABsh is positive. This
emphasizes the power transfers from the unshaded PV strings to the
virtual bus, while the shaded strings draw power from the virtual bus.
Fig. 3.8 demonstrates an increase in current leads to higher processed
power output for all DAB converters, whether connected to shaded or
unshaded PV strings. To delve deeper into this observation, we can turn
to Equation (3.6), which describes the balancing of the bus voltage as a
weighted average of all PV strings’ voltages, with the PV string currents
serving as the weighting factors. This means that a PV string with a
higher current exerts a more substantial influence on the bus voltage.

In scenarios where the voltages of PV strings remain constant, an
increase in the current of shaded PV strings pushes the bus voltage
closer to the voltage of the shaded PV string while simultaneously
moving it further away from the unshaded PV strings’ voltage. This
initially might suggest that PDABsh decreases, while |PDABun | increases.
However, it is essential to recognize that the impact of increasing
the shaded PV strings’ current outweighs the effects of the mentioned
phenomenon on PDABsh . Thus, both PDABsh and |PDABun | experience an
increase.

To define the power rating of the converters, the worst-case practical
scenario should be considered. The theoretical worst-case scenario
occurs when PVsh equals PVn and VPVsh equals 0, with k equal to 1.
Considering Equation (3.19), the ratio of the DAB converters’ power
rating to the PV string’s peak power, with the latter defining the power
rating of FPP SLCs in multi-string architectures, is:

PDAB

PVun · VPVun

=
NPV − 1

NPV
(3.21)

Equation (3.21) reveals that when the PV string count is 2, 3, 4, or
∞, the power rating of DAB converters is 50%, 66%, 75%, and 100%
of that of FPP converters, respectively for the theoretical worst-case
scenario. However, this scenario is exceedingly stringent and rarely, if
ever, occurs. Thus, DAB converters can be designed with power ratings
as a fraction of the PV string’s peak power, reducing both size and cost.



3.4. Design SLC’s voltage

3

93

3.3.2. BL CONVERTERS
BL converters have distinct ratings compared to DAB converters, and
determining their rating is a straightforward process. BL converters
must continually provide a path for the current from their associated
PV string, and this characteristic defines the current rating of the BL
converters. Additionally, the voltage of the intermediate buses plays
a role in determining the voltage rating of the components within the
BL converters. Since there is flexibility in choosing the voltage of the
intermediate buses, it becomes feasible to opt for a voltage lower than
the PV string voltage. Consequently, the component rating of the BL
converter can be lower than the PV strings rating, which defines the
power rating of FPP SLCs.

3.4. DESIGN SLC’S VOLTAGE

R estricting the virtual bus and intermediate bus voltage to a fraction
of the PV strings’ voltage offers several advantages associated with

a low voltage converter. However, it can lead to ineffective MPPT
during severe shading scenarios since this voltage defines the SLC
maximum voltage (±VSLCmax). Fig. 3.9 illustrates five operational regions
of PV2VB PDPP architecture, which analysis allows an understanding of
the importance of selecting an appropriate virtual bus and intermediate
bus voltage to ensure effective functionality.

A B C D E

vS

vVBd
dt

Post-complete

 MPPT

Shut 

down
Complete MPPTPre-complete 

MPPT

No 

MPPT

Figure 3.9.: Operational regions of the PV2VB PDPP architecture.
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1) In region 1, called No MPPT, the main bus voltage falls within the
range of:

0 ≤ s < A =
�

VPVMPPmin
− VSLCmax

�

, VPVMPPmin
> VSLCmax (3.22)

Where (VPVMPPmin
) is the minimum MPP voltage amongst all PV strings.

Such a low s results in all SLCs operating at their maximum inverted
voltage (−VSLCmax). Therefore, none of the PV strings operate at their
MPP, but instead, their voltages align with the voltage specified by the
SLCs:

PV = VSLCmax + s (3.23)

So PV strings operate within their constant current region on their
I-V curves, continuously charging the virtual bus. Assuming a perfectly
constant current, the instantaneous rate of change of the virtual bus
voltage can be expressed as:

dVB

dt
=
VSLCmax

∑NPV

=1 SCPV

CVB · VB
(3.24)

where SCPV
represents the short-circuit current of the ith PV string.

This indicates that the virtual bus voltage is consistently increasing,
leading to a lack of equilibrium point in this region. Moreover, none of
the PV strings are operating at their MPP.

2) As s increases and reaches point A, the architecture enters the
region Pre-complete MPPT:

A =
�

VPVMPPmin
− VSLCmax

�

≤ s <
�

VPVMPPmax
− VSLCmax

�

= B (3.25)

where VPVMPPmax
is the maximum MPP voltage amongst all PV strings.

At point A, the PV string with the lowest voltage initiates MPPT while
maintaining its SLC voltage within the permitted range. In contrast,
other PV strings still remain in the constant current region of their I-V
curves. With the gradual increase of the main bus voltage, PV strings
sequentially begin operating at their respective MPP.In this region, N1
PV strings with MPP voltage lower than (s − VSLCm) achieve their
MPP, while N2 PV strings with MPP voltage higher than (s − VSLCm)
remain in their constant current region of I-V curve. Simultaneously, the
continuous charging of the virtual bus persists according to the following
rate of change:

dVB

dt
=

∑N1

=1

�

(VMPP − s) · MPP

�

+ VSLCmax ·
∑N2

=1 SC

CVB · VB
, N1 + N2 = NPV

(3.26)
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In this region, although some PV strings may operate at their MPP, the
absence of an equilibrium point persists due to the continuous charging
of the virtual bus.

3) When s rises and stays within the following range:

B =
�

VPVMPPmax
− VSLCmax

�

≤ s <
�

VPVMPPmin
+ VSLCmax

�

(3.27)

The architecture enters in Complete MPPT region where all PV strings
can work at their MPP. Based on the voltage of the main bus, the virtual
bus can be charged or discharged by the following rate of change:

dVB

dt
=

∑NPV

=1

�

(VMPP − s) · MPP

�

CVB · VB
(3.28)

In this region, the equilibrium point, point C, where all strings work at
their MPP and virtual bus voltage remains constant, exists.

4) In the Post-complete MPPT region, when the voltage surpasses
point D:

D =
�

VPVMPPmin
+ VSLCmax

�

≤ s <
�

VPVOCmax
+ VSLCmax

�

(3.29)

an increase in s results in a rise in the voltage of the PV string with
the lowest MPP voltage, causing it to no longer operate at its MPP. With
further escalation of s, more PV strings deviate from their MPP, some
even reaching the open circuit state. In essence, within this region,
N3 PV strings reach the open circuit voltage, N4 PV strings operate
at (s − VSLCmax), which is between their open circuit voltage and their
MPP voltage, and N5 PV strings operate at their MPP. Consequently, the
virtual bus undergoes continuous discharge described by the rate:

dVB

dt
=
−VSLC_max ·

∑N4

=1 PV +
∑N5

=1

�

(VMPP − s) · MPP

�

CVB · VB
(3.30)

Where N3 + N4+ N5= NPV . The PV strings at open circuit voltage no
longer contribute to discharging the virtual bus, and this region has no
equilibrium point.

5) Once the voltage exceeds point E, all PV strings operate at an
open circuit, resulting in no current flow within the circuit (Shut-down
region). Thus, there’s no energy transfer through the circuit, leading to
a zero change rate of the virtual bus voltage. The system displays all
five regions only when point A is positive and points B, C, D, and E are
sequentially positioned (0 < A < B <C < D < E). However, the focus and
interest lie on the complete MPPT region, where an equilibrium point
exists. Therefore, point D must be positioned to the right of Point B,
which means that:
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VSLCmax ≥
VPVMPPmax

− VPVMPPmin

2
(3.31)

Based on Equation (3.31), it is possible to increase the MPPT range
[VPVMPPmn

, VPVMPPm
] by increasing the virtual bus or intermediate bus

voltage, since they define VSLCm . Furthermore, ensuring that the
main bus voltage does not surpass point E is crucial. Failure to do
so might lead to controller failure and an inability to reach the desired
equilibrium point (point C). On the contrary, regarding the virtual bus’s
charging/discharging, no specific constraint exists on the minimum main
bus voltage limit. Yet, for the central converter to function properly,
its input voltage must exceed a certain threshold, imposing a minimum
limit.

Figure 3.10.: Photograph of the PV2VB PDPP architecture prototype. 1A:
SLC1, 1B: SLC2, 1C: Central converter, 1D: Micro controller,
2: YOKOGAWA DLM5038 oscilloscope, 3 and 4: SM1500-
CP-30 Bi-directional DC Power Supplies, 5: 6210H-600S
Programmable DC Power Supply.
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Figure 3.11.: PV string’s (a) I-V curves (b) P-V curves used in the
experiments.
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Figure 3.12.: The DC-DC stage of the central inverter (a) Block diagram
of the controller (b) Topology.

3.5. EXPERIMENTAL RESULTS

T his section highlights the ability of the proposed architecture to
perform MPPT at the string level without processing the full power

generated by the PV strings. While the proposed PV2VB PDPP
architecture prototype is depicted in Fig. 3.10, its detailed electrical
specifications and component values are summarized in Table 3.2.
Indoor experiments utilized one 6210H-600S programmable DC supply
as one PV string and two SM1500-CP-30 Bi-directional DC Power Supplies
as the other PV string and the DC output voltage of the central converter
(Vot in Fig. 3.12). Evaluation of the system’s operation and performance
was based on two different PV string curves shown in Fig. 3.12. I-V curve
1 represents a uniform PV string, while I-V curve 2 represents a PV string
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operating under partially shaded conditions.

Table 3.2.: Electrical Specifications and Component Parameters of the
System.

Category Parameter Symbol Value

Electrical PV System Rated Power Psys 3.9 kW

Specifications Virtual Bus Voltage VVB 200 V

MPP Voltage VMPP 390 V

MPP Current MPP 5 A

SLC Rated Current SLC 5 A

SLC Rated Voltage VSLC 200 V

Number of PV Strings NPV 2

Switching Frequency ƒsw 100 kHz

Component Virtual Bus Capacitance CVB 11.2 mF

Parameters BL Inductance LBL 660 µH

BL Capacitor CBL 3 µF

DAB Leakage Inductor LDAB 22 µH

Boost Inductor LS 510 µH

Bus Capacitor CS 6.6 µF

3.5.1. STRING-LEVEL MPPT
In the proposed architecture, the central converter regulates the virtual
bus voltage, while the SLCs track the MPP of the PV strings. Three
scenarios were examined to evaluate system performance. In all
scenarios, PV string 2 consistently exhibits I-V curve 1. On the other
hand, PV string 1 transitions from generating I-V curve 1 to 2 in Scenario
I, whereas in Scenario II, it reverts from I-V curve 2 to 1. Lastly, Scenario
III was considered to verify the performance of the proposed PV2VB
PDPP architecture under irradiance variations. In this scenario, both PV
strings are subject to uniform conditions, hence they exhibit I-V curves
similar to I-V curve 1 (with a single power peak). However, while PV
string 2 consistently generates I-V curve 1, which represents the case of
a PV string under 1000 W/m² irradiance, the irradiance over PV string
1 decreases over time to 700 W/m² and then to 500 W/m², before
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increasing back to 1000 W/m². These scenarios represent more severe
conditions than typically encountered in practice, as realistic shadowing
patterns tend to vary at a slower rate.

The points A to E, explained in Section 3.4, vary depending on the
operating point of the PV strings. For instance, if both PV strings
generate according to Curve I, the approximate voltages at points A, B,
C, D, and E will be 190 V, 190 V, 390 V, 590 V, and 650 V, respectively.
However, if PV string 1 follows Curve II and PV string 2 follows Curve I,
the voltages at points A, B, C, D, and E will be approximately 100 V, 190
V, 345 V, 500 V, and 650 V, respectively. These values are approximate,
as power conversion losses have not been considered in the calculations
of Section 3.4.

CENTRAL CONVERTER

Here, a boost converter among various possible topologies has been
chosen as the central converter to regulate the virtual bus voltage via
a PI controller with a sampling time of 60 ms (Fig. 3.12). It controls
the virtual bus by controlling its input voltage, which is the main
bus voltage. Fig. 3.13, Fig. 3.14, and Fig. 3.15 illustrate the central
converter’s capability to control the virtual bus voltage via the main
bus voltage. In Fig. 3.13, Scenario I is depicted, demonstrating that
after transitioning from I-V Curve 1 to Curve 2, the virtual bus reaches
the desired value of 200 V in about 1 second. This is achieved by
decreasing the main bus voltage according to Equation (3.6) after PV
string 1 changes from I-V curve 1 to I-V curve 2.

On the other hand, upon implementing Scenario II, the main bus
voltage increases and reverts to its initial state (see Fig. 3.14).
Additionally, as depicted in Fig. 3.14 and expected from Equation (3.6),
when both PV strings have identical MPP voltages (uniform condition),
the main bus voltage closely matches that of the PV strings.

The irradiance level primarily influences the current generated by the
PV string, exhibiting a linear relationship. In Scenario III, the irradiance
over PV string 1 changes from 1000 W/m² to 700 W/m², then to 500
W/m², back to 700 W/m², and finally returns to 1000 W/m² at 0.6, 2.7,
4.9, and 6.7 seconds, respectively. As depicted in Fig. 3.15, the SLCs can
track the MPP rapidly, while the central controller adjusts the virtual bus
voltage more gradually. This indicates that the slower response of the
central controller does not adversely affect the MPPT dynamic efficiency.

SLC CONVERTERS

A 1:1 conversion is feasible, allowing symmetrical implementation with
low-voltage devices on both the primary and secondary sides of the
DAB converter. The primary ports of DAB converters are connected in
parallel. In turn, the distribution of the virtual bus capacitor at the inputs
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Figure 3.13.: Voltage waveforms. Scenario I: PV string 2 stays at I-V
curve 1, whereas PV String 1 transitions from I-V curve 1 to
I-V curve 2 at 0.25 s.

of the DAB converters is possible. Similar to industrial FPP multi-string
inverters [24], in the proposed PV2VB PDPP architecture, SLCs can be
integrated within the same inverter unit. Here, SLC1 is connected to the
partially shaded PV string, while SLC2 is connected to the unshaded PV
string. Fig. 3.16 shows that the DAB converter phase shift related to
SLC1 (DAB1) is positive, indicating power is drawn from the virtual bus
and transferred to PV string 1. Conversely, the phase shift of the DAB
converter related to SLC2 (DAB2) is negative, signifying that PV string
2 injects power to the virtual bus, compensating for the power being
drawn by string 1.

The task of finding the MPP of PV strings falls upon the BL converters.
Here, a Perturb and Observe (P&O) algorithm with a perturbation period
of 15 ms and a perturbation step size of a duty cycle of 3.5% is
employed. Fig. 3.13, Fig. 3.14, and Fig. 3.15 prove the system’s ability to
independently find the MPP of both PV strings with the typical behavior
of P&O MPPT. When transitioning from I-V curve 1 to I-V curve 2, the
MPP voltage of PV string 1 shifts from 390 V to 300 V, while PV string 2
remains at the same voltage level, as no changes are affecting PV string
2. Moreover, as illustrated in Fig. 3.17, the BL converter associated with
SLC1 exhibits a duty cycle higher than 0.5, indicating that, according
to Equation (3.12), it provides a positive voltage to deliver power from
the intermediate bus to the string. The other BL converter operates
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Figure 3.14.: Voltage waveforms. Scenario II: PV string 2 stays at I-V
curve 1, whereas PV string 1 transitions from I-V curve 2 to
I-V curve 1 at 0.2 s.

oppositely, transferring power from the unshaded PV string to the virtual
bus. Thus, power can be efficiently exchanged with the virtual bus
through the SLCs, ensuring stability at the desired voltage. Finally,
Fig. 3.16 and Fig. 3.17 reveal that the switches of the DAB and BL
converters only need to withstand the virtual bus voltage of 200 V, even
though the system operates under 390 V.

3.5.2. DAB CONVERTERS PROCESSED POWER

To analyze the power processed by the DAB converters, the MPP voltage
of PV string 2 is kept constant at 390 V while varying the MPP voltage of
PV string 1 from 280 V to 390 V. The current of both PV strings is kept
at 5.3 A. In another experiment, the MPP voltages of PV string 1 and 2
are kept constant at 300 V and 390 V, respectively, and the current of
PV string 2 is kept at 5.3 A while varying the MPP current of PV string
1 from 1 A to 5.3 A. Fig. 3.18 shows that the power processed by the
DAB1, as determined by experimental results, closely aligns with the
values predicted by Equation (3.19). These results serve as validation
for the equation and the explanations provided in Section III.
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Figure 3.15.: Voltage and Current waveforms. Scenario III: PV string 2
stays at I-V curve 1, whereas PV string 1 transitions from
I-V curve 1 with 1000 W/m² to 700 W/m² and then to
500 W/m², before increasing back to 1000 W/m². (i) 1000
W/m², (ii) 700 W/m², and (iii) 500 W/m².

 

Figure 3.16.: DAB operation. (a) DAB1 (b) DAB2. Primary and secondary
sides refer to the sides connected to the virtual bus and
intermediate bus, respectively.

3.5.3. CONVERSION EFfiCIENCY OF THE PV2VB PDPP ARCHITECTURE
The efficiency of the SLCs was measured under the following conditions:
200 V input (virtual bus) voltage, load voltage between -55 V and 55
V, and varying load current between 1 A and 5 A. Fig. 3.19 illustrates
that, under these conditions, the average efficiency of a single SLC
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Figure 3.17.: The voltage of BL converters before LC filter (a) BL1, and
(b) BL2.

 

Figure 3.18.: Influence of (a) voltage difference between PV string 1
and PV string 2 (PV1 = PV2 = 5.3A, VPV2 = 390V) and (b)
current difference between PV string 1 and PV string 2
(VPV1 = 300V, VPV2 = 390V, PV2 = 5.3A) on processed
power of DAB1 (connected to the partially shaded PV
string).

ranges from 84.4% to 95.1%. Similarly, the efficiency of the PV2VB
PDPP architecture was measured, with the SLCs in the same conditions
mentioned before. This is achieved by keeping PV string 2 constant at
390 V and 5.3A while adjusting the MPP voltage of PV string 1 from
280 V to 390 V, corresponding to the SLC voltage range of -55V to
55V. The averaged measured conversion efficiency of the PV2VB PDPP
architecture shows an efficiency ranging from 96.4% to 97.2%. These
results confirm that the system efficiency (excluding the power losses
due to the MPPT algorithm) exceeds that of a single SLC. Notably,
when no mismatches occur among PV voltage strings, deactivating the
SLCs results in 99% system efficiency. The high system efficiency,
combined with the other advantages of the PV2VB PDPP architecture,
demonstrates significant potential to reduce the levelized cost of energy
(LCOE). Ultimately, The central converter consistently adjusts the main
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bus voltage to maintain a steady virtual bus voltage, irrespective of the
number of PV strings. Each SLC operates independently to track the
MPP of its respective PV string. Therefore, adding more PV strings does
not introduce additional complexity from a control standpoint.

 

Figure 3.19.: Averaged system and a single SLC efficiency for load
voltage from -55V to 55V as a function of load current.

3.6. CONCLUSION

T his chapter presented a novel PV2VB PDPP architecture designed
specifically for string-level MPPT. The innovation laid in the architec-

ture where integrates SLCs with a capacitive virtual bus and a dual-loop
control strategy. In this approach, SLCs operated in a swift inner loop
for MPPT, while a central converter (e.g., boost converter) effectively
regulated the virtual bus voltage. The static performance of both the
central converter and SLCs was thoroughly analyzed, revealing the SLC
requirement in being able to operate in the first and fourth quadrants
of the V-I curve. To address this, the chapter suggested using a DAB
converter followed by a BL converter. The study demonstrated that
SLCs handle a fraction of the power generated by the PV strings and
need to tolerate lower voltages. The experimental results confirmed
the performance and theoretical explanations outlined in the sections
detailing the MPPT of the proposed PV to virtual bus PDPP architecture
at string level with efficiency from 96.4% to 99%.
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4
PV2VB PDPP ARCHITECTURE

(DYNAMIC ANALYSIS)

This chapter presents a comprehensive dynamic analysis by deriving
a small-signal model of the PV2VB PDPP architecture based on its
state space model. Subsequently, the corresponding transfer functions
and frequency response are obtained, offering valuable insights into
the dynamic behavior of the architecture. To validate the accuracy
of the derived model, the frequency response will also be achieved
by observing data from both PLECS simulation and experiment
through system identification. Besides, this chapter discusses the
design considerations of the discrete controllers’ parameters for both
virtual and intermediate bus voltages and studies the stability of the
architecture.

Since this chapter contains numerous equations with multiple states,
inputs, and outputs, precise symbolization is essential. To enhance
readability, we have included a nomenclature in Table. 4.1 at the
beginning of the chapter to assist the reader in case of any
uncertainties.

Parts of this chapter have been published in [1].

109



4

110 4. PV2VB PDPP Architecture (Dynamic Analysis)

Table 4.1.: List of Symbols and Definitions

Symbol Definition

A State matrix

B Input matrix

C Output matrix

CBL BL converter output LC filter capacitor

CS Main bus capacitor

D Feedthrough matrix

dBL(t) BL converter switch status

dS(t) Central switch status

ƒclock PRBS clock frequency

ƒPRBS Frequency range of the generated PRBS

ƒsw SLCs and central converter switching frequency

ƒPV(PV) PV current-voltage (I-V) characteristic equation

BLL(t) BL converter inductor current

DABL(t) DAB converter’s load current

PV(t) PV string current

pri(t) Primary side current of the DAB converter

sec(t) Secondary side current of the DAB converter

LBL BL converter output LC filter inductor

LDAB DAB converter leakage inductor

LS Boost inductor

NPV Total number of PV strings

NPRBS PRBS length

NT Transformer turn ratio of the DAB converter

pDAB(t) Output power of DAB converter

pin(t) Total power generated by the PV strings
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Table 4.1.: List of Symbols and Definitions (continued)

Symbol Definition

pout(t) Output power of the system

pVB(t) Virtual bus power

rPV Small-signal resistance of a PV string

Sv(ω) PSD of noise (v)

Su(ω) PSD of input (u)

Syu(ω) CPSD of input (u) and output (y)

TIB Intermediate bus voltage PI controller sampling time

TMPPT Perturbation period of MPPT algorithm

TVB Virtual bus PI controller sampling time

BLL(t) BL converter inductor voltage

IB(t) Intermediate bus voltage

Vout Output voltage of boost converter

PV(t) PV string voltage

S(t) Main bus voltage

SLCBF(t) SLC’s output voltage before LC filter

SLCi(t) SLC’s output voltage

VB(t) Virtual bus voltage

z(t) A generic instantaneous variable

z(t) Moving average of z(t) over one switching period

z̃(t) Small-signal term of z(t)

Z Constant equilibrium value

Z(s) Variable in Laplace domain

ϕ(t) Phase shift between the primary side and secondary side
of the DAB converter
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4.1. INTRODUCTION

I n Chapter 3, an analysis of the steady-state operation of both the
central converter and SLCs in the PV2VB PDPP architecture is provided,

along with a description of their control objectives, duties, power ratings,
and the design of the virtual bus voltage under steady-state conditions.
However, in power electronic systems, the ability to deal with and
control the consequences of unavoidable disturbances or errors that
may drive circuits beyond their design specifications is crucial [2]. These
perturbations encompass variations and uncertainties in source, load, or
circuit parameters, disruptions in switching times, and – especially in PV
systems – the MPPT algorithm. Hence, in the PV2VB PDPP architecture,
precise control of both the SLCs and the central converter is crucial
to maintain system robustness against disturbances and parameter
variations and ensure optimal performance. Therefore, understanding
the system’s dynamic behavior through accurate modeling is essential
for effective integration with other systems, proper component selection,
and the exploration and development of new control methods [2, 3].

This chapter provides comprehensive system modeling and control
design guidelines for the PV2VB PDPP architecture. Initially, a
mathematical model of the architecture is derived using the state-space
method and small-signal modeling in Section 4.2. This section details
the process, starting with the large-signal model equations, followed
by their linearization, and concluding with the development of the
architecture’s state-space model. System identification [4–6] is then
performed using data from both PLECS simulations and experiments
to verify the accuracy of the mathematical model in representing the
system’s behavior, as described in Section 4.3. The PV2VB PDPP
architecture features two types of controllers: (i) the central controller,
which adjusts the virtual bus voltage, and (ii) distributed controllers,
which ensure the effective performance of the SLCs. Section 4.4 covers
the requirements and guidelines for these controllers. Based on these
requirements and the validated mathematical model, PI controllers
are designed as examples. The design process focuses on critical
parameters such as phase margin, bandwidth, and settling time. Section
4.5 presents experiments conducted on a prototype with two SLCs
connected to separate PV strings, each rated at 2 kW, 400 V, and 5 A,
to validate the controller designs.

4.2. STATE SPACE MODEL OF THE PV2VB PDPP
ARCHITECTURE

A detailed analysis of the steady-state operation of the PV2VB DPP
architecture can be found in Chapter 3. Here, the focus is on

deriving the equations governing the operation of the PV strings, the
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SLCs, and the central converter and creating a state-space model of the
PV2VB PDPP architecture.

4.2.1. PV STRING MODEL
When addressing PV cells, a range of equivalent circuits of varying
complexity and accuracy have been proposed in the existing literature.
Among these, the single-diode model depicted in Fig. 4.1(a) is widely
recognized as the prevalent large signal model for PV cells [7]. A PV
string consists of several PV cells connected in series, so extending the
model to PV strings is possible. This model inherently yields a nonlinear
current-voltage equation for the PV string, which can be linearized
around a specific operating point.

PV(t) = ƒPV(PV(t))→ ̃PV(t) =
−1

rPV
·̃PV(t), rPV = −

1
∂ƒPV

∂̃PV (t)

�

�

�

̃PV (t)=VPV

. (4.1)
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Figure 4.1.: A PV string (a) large signal model, (b) small signal equivalent
circuit, and (c) exemplary I-V curve.

This linearized model is depicted in Fig. 4.1(b). Besides, as shown
in Fig. 4.1(c), (− 1

rPV
) is the slope of the PV string I-V curve at

a given operating DC point (PV , VPV), and it is assumed to be
frequency-independent at sufficiently low frequencies [8].

4.2.2. AVERAGED LARGE SIGNAL MODEL OF THE POWER
CONVERTERS

Given that SLCs and the central converter operate as PWM converters,
averaging over a switching period is performed to derive the models of
the power converters.
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SLCS MODEL
In the PV2VB PDPP architecture in this study, the SLCs consist of a
DAB converter followed by a BL converter (Fig. 3.4 (b)). The DAB
converter’s primary side connects to the virtual bus, while its secondary
side is connected to the BL converter. An Intermediate Bus between
the two converters decouples their operation. The second stage of the
SLC topology is the BL converter, located between the PV string and
the main bus. It provides both positive and negative output voltages
necessary for PV strings to operate at MPP and ensures a current path
for the PV string as discussed in Chapter 3.

For DAB converters, an averaged equivalent circuit and the respective
mathematical model are introduced in [9] considering an SPS modulation
(see Fig. 3.6). The average output power of a DAB converter can be
expressed as [9]:

pDAB(t) =
VB(t) · B(t) · φ(t) · (1 − 2 · φ(t))

NT · ƒs · LDAB
, (4.2)

The average values of input and output currents over one switching
period are used to describe the characteristics of the current. In a
lossless DAB converter, the primary and secondary side power are equal
and obtained by:

pDAB(t) = pri(t) · VB(t) = sec(t) · B(t) (4.3)

So, the average currents for both the primary and secondary sides will
be:

pr(t) =
B(t) · φ(t) · (1 − 2 · φ(t))

NT · ƒs · LDAB
, (4.4)

sec(t) =
VB(t) · φ(t) · (1 − 2 · φ(t))

NT · ƒs · LDAB
. (4.5)

The average load current of the DAB converter (DABL) is determined
by the behavior of the BL converter. When the BL converter operates in
CCM, during the ON state of the BL converter switches, the current in
the intermediate bus flows upwards (Fig. 3.5), drawing energy from the
intermediate bus. Conversely, during the switch’s OFF state, the current
direction reverses, with energy being returned to the intermediate bus
(Fig. 3.6). Consequently, the average current over a complete switching
cycle can be calculated by:

DABL(t) =
�

2 · dBL(t) − 1
�

· BLL(t) (4.6)

By using Equations (4.4)–(4.6), it is possible to establish a large signal
average model for the DAB converter, as illustrated in Fig. 4.2. To
complete the SLC model, the BL converter must also be analyzed. As
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far as the output voltage of the SLCs before the LC filter (SLCBF) is
concerned, no significant transients are present, except for the negligible
effects during the switching period. Therefore, the BL converter can be
modelled by its LC filter and a voltage source with an average voltage
value equal to:

SLCBF (t) =
�

2 · dBL(t) − 1
�

· B(t). (4.7)

Equations (4.6) and (4.7) show that to let average power flow from the
intermediate bus to the PV string, the BL converter’s duty cycle must be
above 0.5. If the duty cycle drops below this threshold, the power flow
reverses, moving from the PV string to the intermediate bus. Since the
direction of power flow is determined by the duty cycle (dBL) and not
by any structural change in the SLCs, the mathematical models remain
consistent throughout both power flow directions. The ultimate step
in obtaining an average large-signal equivalent circuit of SLCs involves
combining the DAB and BL converters models, resulting in the circuit
depicted in Fig. 4.2.

CVB

CIB

+

vIB

-

isecipri

iDAB

vSLC

iBLLBL

+
-

CBL

+

vSLC

-

DAB Converter Bridgeless Converter

L

L

BF

Figure 4.2.: Averaged large signal model of an SLC (a DAB followed by a
BL converter).

The equivalent circuit of Fig. 4.2 can be used to obtain a state-
space representation of the SLCs, with the state variables being
SLC(t), B(t), BLL(t), and the inputs being dBL, φ(t), which control
the operation of the switches in both DAB and BL converters. Noting
that the average voltage of the ith PV string PV(t) is equal to:

PV(t) = S(t) − SLC(t) (4.8)

the state equations of the state-space model for the ith SLC are:
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∂SLC(t)

∂t
=
BLL

(t) − PV(t)

CBL
=
BLL

(t) − ƒPV(S(t) − SLC(t))

CBL

= g1(BLL
(t), S(t), SLC(t)) (4.9)

∂IB(t)

∂t
=
VB(t) · φ(t) · (1 − 2 · φ(t))

NT · ƒs · LDAB · CB
−
(2 · dBL(t) − 1) · BLL

(t)

CB

= g2(BLL
(t), VB(t), φ(t), dBL(t)) (4.10)

∂BLL
(t)

∂t
=
IB(t) · (2 · dBL(t) − 1) − SLC(t)

LBL

= g3(SLC(t), IB(t), dBL(t)) (4.11)

CENTRAL CONVERTER MODEL
In order to establish a complete model for the architecture, it is
necessary to consider the central converter equations in the state-space
form. As a representative topology, a boost converter has been selected,
whose state variables are Ls(t) and S(t), whereas ds(t) is the input
variable. It should be noted that the input current of the boost converter
is the summation of the PV strings currents (Fig. 4.3). Ultimately, by
formulating the relevant equations for both the switch-on and switch-off
states and subsequently averaging them over a switching cycle, we can
successfully derive the boost converter equations for the state-space
model:

∂S(t)

∂t
=

∑NPV
=1 PV(t) − Ls(t)

Cs
=

∑NPV
=1 ƒPV(S(t) − SLC(t)) − Ls(t)

Cs

= g4(SLC(t) |  = {1 . . . NPV}, S(t), Ls(t)) (4.12)

∂Ls(t)

∂t
=
S(t) − Vout(1 − ds(t))

Ls
= g5(S(t), ds(t)) (4.13)

Here, it is assumed that the dynamic behavior of out is negligible and
does not significantly influence the overall architecture dynamics. This
assumption is based on two common scenarios. First, when the output



4.2. State space model of the PV2VB PDPP architecture

4

117

is connected to a DC grid, Vot is firmly regulated. Second, when the
output is connected to an AC inverter stage, a large capacitor is typically
used to decouple the dynamics of the AC inverter from the DC-DC stage.
Therefore, for analysis in this thesis, it is considered a constant value
(Vot).

NPV

  iPV

i=1
CS

LS DS

S
-
+QS Vout CS

LS

-
+

iLs

Vout (1-ds)

(a) (b)

iLs

NPV

  iPV

i=1

+

vS

-

+

vS

-
ii

 

Figure 4.3.: Boost converter: (a) schematic, and (b) averaged large
signal model.

VIRTUAL BUS
The architecture has one more state variable: VB. To determine the
related state equation, a KCL must be applied at the virtual bus node:

dVB(t)

dt
=

∑NPV
=1 IB(t) · φ(t) · (1 − 2 · φ(t))

NT · ƒs · LDAB · CVB
= g6

�

IB(t)
�

�

�

NPV

=1
, φ(t)

�

�

�

NPV

=1

�

(4.14)

4.2.3. STEADY-STATE SOLUTION
In small-signal analysis, the equations are linearized around an operating
point, and the constant equilibrium values of the state or input variables
appear in the model. Thus, when considering a desired operating
point defined by parameters such as VPVMPP

, PVMPP
, Vout, and VIB , where

VPVMPP
and PVMPP

represent MPP voltage and current of ith PV string,
determining the equilibrium values for both state and input variables is
crucial to finalize the model. These are achieved by:

VS =

∑NPV
=1 VPVMPP

· PVMPP
∑NPV
j=1 PVMPP

(4.15)

VSLC = VS − VPVMPP
, BLL

= PVMPP
(4.16)

DBL =
VSLC

2 · VIB
+ 0.5 (4.17)
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Φ · (1 − 2 ·Φ) =
VSLC · PVMPP

·NT · ƒs · LDAB
VVB · VIB

(4.18)

DS =
Vout − VS
Vout

(4.19)

The averaged large-signal model developed in subsection 4.2.2 allows
to calculate these equations by imposing all the derivatives equal to
zero.

4.2.4. LINEARIZATION AND SMALL SIGNAL MODEL
The large-signal model derived in subsection 4.2.2 can be linearized
around an operating point to derive a small signal model of the PV2VB
PDPP architecture. The process of linearization involves expanding
Equations (4.9)–(4.14) through a Taylor series expansion, focusing on
linear terms.

∂̃SLC(t)

∂t
=

∂g1

∂̄SLC(t)
̃SLC(t) +

∂g1

∂̄BLL
(t)

̃BLL
(t) +

∂g1

∂̄S(t)
̃S(t) (4.20)

∂̃IB(t)

∂t
=

∂g2

∂̄BLL
(t)

̃BLL
(t) +

∂g2

∂̄VB(t)
̃VB(t) +

∂g2

∂φ(t)
φ̃(t) +

∂g2

∂d̄BL(t)
d̃BL(t)

(4.21)

∂̃BLL
(t)

∂t
=

∂g3

∂̄SLC(t)
̃SLC(t) +

∂g3

∂̄IB(t)
̃IB(t) +

∂g3

∂d̄BL(t)
d̃BL(t) (4.22)

∂̃S(t)

∂t
=

NPV
∑

=1

∂g4

∂̄SLC(t)
̃SLC(t) +

∂g4

∂̄S(t)
̃S(t) +

∂g4

∂̄Ls(t)
̃Ls(t) (4.23)

∂̃Ls(t)

∂t
=

∂g5

∂̄S(t)
̃S(t) +

∂g5

∂d̄s(t)
d̃s(t) (4.24)

∂̃VB(t)

∂t
=

NPV
∑

=1

∂g6

∂̄IB(t)
̃IB(t) +

NPV
∑

=1

∂g6

∂φ(t)
φ̃(t) (4.25)

The coefficients of Equations (4.20)–(4.25) are obtained by taking
the corresponding derivatives from Equations (4.9)–(4.14) (Find their
elements coefficients in the Appendix A). The generalized form of a
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linearized state space model, designed to extract the desired transfer
function, can be expressed as follows:

¨

∂̃(t)
∂t = A̃(t) + B̃(t)

ỹ(t) = C̃(t) + D̃(t)
(4.26)

In PV2VB PDPP architectures, each SLC contributes three state
variables, the central converter adds two state variables, and the last
state variable is the virtual bus voltage ̃VB.Thus, the system comprises
a total of (3NPV + 3) state variables. Regarding input and output
variables, each SLC encompasses two input variables (d̃BL and φ̃(t)),
and the central converter introduces one input variable (d̃S). Thus,
the total number of input variables amounts to (2NPV + 1). The main
control goal revolves around regulating the intermediate bus voltage
of each SLC and virtual bus voltage, meaning there will be (NPV + 1)
output variables. Therefore, the state, input, and output vectors are
respectively defined as follows:

̃(t) =









































̃SLC1(t)
̃IB1(t)
̃BLL1

(t)
...

̃SLCNPV
(t)

̃IBNPV
(t)

̃BLLNPV
(t)

̃S(t)
̃LS(t)
̃VB(t)









































(4.27)

̃(t) =

























φ̃1(t)
d̃BL1(t)

...

φ̃NPV (t)
d̃BLNPV

(t)
d̃BLPV (t)
d̃S(t)

























(4.28)

ỹ(t) =











̃IB1(t)
...

̃IBNPV
(t)

̃VB(t)











(4.29)
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Matrix A, B, C, D can be obtained from Equations (4.20)–(4.25)
(Find their elements in the Appendix A). Eventually, based on the
linearized Equations (4.20)–(4.25), the small signal equivalent circuit of
the architecture is shown in Fig. 4.4.



4
.2

.
S

ta
te

sp
a
ce

m
o
d

e
l
o
f

th
e

P
V

2
V

B
P
D

P
P

a
rch

ite
ctu

re

4

1
2

1

iBL
LBL

CBL

+

vSLC

-

DAB Converter BL Converter

CIB

+

vIB

-

CS

-
+

-Vout dS

String 1

String 2

String NPV
LS

iL

ꝺ

ꝺ

g
21

vVB

ꝺ

ꝺ

g
21 ~
φ1 

φ1 
vIB
~

φ1 
~

ꝺ

ꝺ

g
21

~

i 
BL L1

i 
BL L1

ꝺ

ꝺ

g
21

~

d 
BL 1

d 
BL 1CIB vVB

~ CIB
CIB CIB ꝺ

ꝺ

g
1i

vIB

vIB
~LBL

1

ꝺ

g
1iLBL

~
BL 1d 

BL 1d 
1

~

~

~

~

S

rPV1

CVB

+

vVB

-

~
~

+
-

+
-

1

1

ꝺ

ꝺ

g
6CVB

vIB1

ꝺ

ꝺ

g
6CVB

φ1 

+

vs

-

~

+

vPV

-

~
1

L
1

Figure 4.4.: Averaged small signal model of the PV2VB PDPP architecture.
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4.3. SYSTEM IDENTIfiCATION BASED ON OBSERVED DATA

I n this section, the actual transfer function of the PV2VB PDPP
architecture has been evaluated through system identification, aiming

at validating the mathematical model developed in the previous section.
System identification methods are usually divided into parametric [10]
and nonparametric methods [11]. Here, the latter is more desired
since for a fair validation the system must be considered as a black
box where the dynamics are totally unknown. Nonparametric method
includes: correlation analysis [4, 12], transient-response analysis
[13], and frequency response, Fourier, or spectral analysis [11]. To
obtain frequency insights—crucial for understanding system behavior
and designing an effective controller—off-line spectral analysis [14] is
utilized.

4.3.1. NON-PARAMETRIC SYSTEM IDENTIfiCATION PROCEDURE
For system identification, after the system reaches a steady state, it
is perturbed by an ad-hoc informative small signal. An informative
input should be persistently exciting, i.e. it contains sufficiently diverse
frequencies and excites desired modes and dynamics of the system [4,
5]. PRBS is a proper input for system identification since it contains a
wide range of frequencies and is easy to implement. The PRBS is a
periodic, deterministic, binary signal with white noise-like properties and
is generated by a difference equation [5]. After PRBS is generated, it is
possible to change it to two desired levels {−,+}, and the sequence
is periodic with a length of:

A standard PRBS has a maximum frequency determined by its clock
frequency and a bandwidth determined by its length. Therefore, its
frequency range is as follows:

NPRBS = 2n − 1 (4.30)

A standard PRBS has a maximum frequency determined by its clock
frequency and a bandwidth determined by its length. Therefore, its
frequency range is as follows:

ƒClock

NPRBS
< ƒPRBS <

ƒClock

2
(4.31)

Therefore, the clock frequency should be selected so that the PRBS
signal can effectively excite the desired system dynamics. Additionally,
the PRBS length must be long enough to provide reliable results, but
overly long sequences can lead to challenges such as increased data
complexity and extended test durations. For the PRBS magnitude
{−,+}, a larger amplitude is beneficial to improve the signal-to-noise
ratio when injected into the duty cycle of the central converter. However,
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to ensure linear system behavior, the PRBS amplitude must remain low.
Once the excitation input is applied to the system, the input/output
data are collected and pre-processed to deal with drift, trends, offset,
outliers, missing data, and so on. Afterwards, power spectral analysis is
performed to identify the frequency response of the system.

For small-signal disturbances, a power converter can be regarded
as a linear time-invariant discrete-time system, where the following
relationships among the input PSD, output PSD, and CSPD exist [5, 12,
15]:

Sy(ω) = |H(eω)|2 · S(ω) + S(ω) (4.32)

Sy(ω) = H(eω) · S(ω) (4.33)

Where H(eω) is the input-to-output frequency response and, for
discrete input and output signals, the CPSD and the cross-covariance
Ry between input and output are:

Sy(ω) =
∞
∑

m=−∞
Ry(m) · e−2πmω, Ry(m) =

∞
∑

n=1

̃(m) · ỹ(n +m) (4.34)

Whereas the PSDs and auto-covariance R and Ry of the two signals
can be calculated as:

Sz(ω) =
∞
∑

m=−∞
Rz(m) · e−2πmω, Rz(m) =

∞
∑

n=1

z̃(m) · z̃(n +m) (4.35)

Where z is either the input signal u or the output signal y. The
estimates are then formed as:

H(eω) =
Sy(ω)

S(ω)
, S(ω) = Sy(ω) −

|Sy(ω)|2

S(ω)
(4.36)

Thus, in the spectral analysis, by using post-processed measured
samples of both input and output, input and output PSDs and their
CPSD are calculated by Equations (4.32)–(4.35). Afterward, the transfer
function of the system is estimated using Equation (4.36).

Note that here, (i) system identification is performed in an open loop,
(ii) the PRBS signal is generated by the idinput() function in MATLAB,
and (iii) the non-parametric identification procedure presented above is
applied through the spafdr() function in MATLAB.
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4.3.2. VALIDATION THROUGH CIRCUIT SIMULATIONS
The first validation of the model has been performed through PLECS
simulations. A PV2VB PDPP architecture with specification shown in
Table. 3.2 has been simulated in PLECS. The system initially operates in
a closed-loop mode until it achieves steady-state conditions with both PV
strings at their MPPs (Table. 4.2). Then, the architecture transitions to an
open-loop mode. During this phase, a PRBS signal is added to the duty
cycle of the central converter, and the virtual bus voltage is measured.
The PRBS signal parameters are presented in Table. 4.3 and have
been chosen based on the considerations discussed in subsection 4.3.1.
The DS(s) to VVB(s) transfer function has been evaluated using the
non-parametric identification procedure presented above, and the Bode
plots are shown in Fig. 4.5. Using the same procedure, a PRBS signal
with amplitudes of {-0.004, 0.004} is applied to the phase shift of each
DAB converter, one at a time. The S(s) to VB(s) transfer function is
then evaluated, and the Bode plots are shown in Fig. 4.6.

Table 4.2.: Operating Point for System Identification.

Symbol Value Symbol Value Symbol Value

VPVMPP1
267 V PVMPP1

5.3 A VIB1 200 V

VPVMPP2
400 V PVMPP2

5.3 A VIB2 200 V

Vout 450 V VVB 200 V

Table 4.3.: PRBS Signal Parameters.

Parameter Symbol PLECS Simulation Experiment

Clock frequency ƒClock 50 kHz 100 Hz

Length NPRBS 131071 2047

Amplitude (cen-
tral converter)

dS {−0.01,0.01} {−0.015,0.015}

Amplitude (DAB
converter)

ϕDAB {0.004,0.004} {−0.001,0.001}

The architecture with two PV stings has nine state variables, which
lead to nine poles. As shown in Fig. 4.5, the DS(s) to VVB(s) transfer
function has three zeros and nine poles; moreover, it is possible to
identify on the Bode plot two dominant poles defining the dynamic of
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Figure 4.5.: DS(s) to VVB(s) transfer function. The input used for
system identification is a two-period 17-bit PRBS with clock
frequency of 50 kHz.

the system. On the other hand, Fig. 4.6 shows that S(s) to VB(s)
transfer functions at high frequencies resemble those of independent
DAB converters [16], with the zeros located very close to the poles,
effectively canceling each other out. This indicates that the virtual bus
and intermediate bus capacitors are sufficiently large to decouple the
performance of the DAB converters from other parts of the architecture.
The differences between the Bode plots of DAB1 and DAB2 arise from
their different operating points. While DAB1 transfers power from the
virtual bus to the intermediate bus, DAB2 transfers power from the
intermediate bus to the virtual bus.

Fig. 4.5 and Fig. 4.6 validate the mathematical model presented in
section II. Indeed, the Bode plot was estimated from PLECS simulations
through system identification (dots), and the one was calculated from
the mathematical model (solid lines). Discrepancies between the
mathematical model and simulation results for the DS(s) to VVB(s)
transfer function appear at frequencies above 0.05 · ƒs. This is due
to the function’s strong low-pass characteristic (resulting in nearly -70
dB attenuation), combined with the limited duty cycle variation {-0.01,
0.01} and significant attenuation. As a result, the simulation struggles
to capture high-frequency dynamics above 0.05 · ƒs. Nevertheless, all
system poles and zeros, and the system’s overall dynamic behavior, are
accurately captured within this frequency range of 0.05 · ƒs.
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Figure 4.6.: S(s) to VB(s) transfer functions. The input used for
system identification is a two-period 17-bit PRBS with clock
frequency of 50 kHz.

4.3.3. EXPERIMENTAL VALIDATION
Similar to the steady-state experiments presented in Chapter 3, the
indoor experiments utilized one 6210H-600S programmable DC power
supply to emulate one PV string, and two SM1500-CP-30 bidirectional DC
power supplies to emulate the other PV string and the DC output voltage
of the central converter (Vot in Fig. 3.12). Additionally, to enhance
the stability and maintain a more constant Vot, extra capacitors were
added at that point.

The digital controller was implemented using an STM32H723 advanced
Arm®-based 32-bit MCU (see Fig. 3.10 in Chapter 3). PRBS signal
is applied by the microcontroller and was injected to the boost duty
cycle. Then, the virtual bus voltage was measured and collected
by a YOKOGAWA DLM5038 oscilloscope. Although the microcontroller
includes PI controllers for closed-loop output voltage regulation, the
experiments for system identification were conducted in an open
loop. The input and output data collected by the oscilloscope were
transmitted to a computer for offline processing in the MATLAB/Simulink
environment. The architecture parameters and the system’s operating
point remain the same as in the PLECS simulation example in Table. 3.2
(Chapter 3) and Table. 4.2, but the PRBS parameters are different
(Table. 4.3).

The spectral analysis method described in subsection 4.3.1 is used to
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Figure 4.7.: DS(s) to VVB(s) transfer function. The input used for
system identification is a two-period 11-bit PRBS with clock
frequency of 100 Hz.

 

Figure 4.8.: S(s) to VB(s) transfer functions. The input used for
system identification is a two-period 11-bit PRBS with a clock
frequency of 100 Hz.



4

128 4. PV2VB PDPP Architecture (Dynamic Analysis)

identify the DS(s) to VVB(s) transfer function of the architecture. The
PRBS was stored in the microcontroller and injected into the duty cycle
of the central converter. Using the same procedure, the Bode plots
of the S(s) to VB(s) transfer functions were obtained experimentally.
Fig. 4.7 and Fig. 4.8 compare the frequency response obtained from
the mathematical model with the experimental results from system
identification. A small discrepancy exists between the experimental
results and the mathematical model, likely due to (i) PV emulator
limitations, (ii) the simplified mathematical model, (iii) component
tolerances, (iv) differential probe attenuation, or a combination of these
factors. However, the analysis shows a good alignment between
responses across the tested frequency range, validating the proposed
mathematical model of the PV2VB PDPP architecture. Note that, due to
their slow transient response, PV emulators cannot accurately represent
PV strings at high frequencies, limiting the experimental results to less
than 50 Hz. However, for DAB converters, the experimental results
(Fig. 4.8) effectively capture the transition band, which is the critical
part of the Bode plot. Additionally, as discussed in Section 4.4, for the
DS(s) to VVB(s) transfer function (Fig. 4.7), the low-frequency band is
the most important for controller design.

In the PV2VB PDPP architecture’s normal operation, tracking the MPP
of PV strings is crucial and achieved via MPPT algorithms. The widely
used P&O algorithm adjusts the duty cycle of BL converters, causing
periodic perturbations in the PV string’s operating point at regular
intervals, known as the perturbation period. These perturbations induce
oscillations on the virtual bus, which an 11.2 mF virtual bus capacitor
can mitigate in the proposed prototype. However, this capacitor
attenuates frequency content in its voltage response to the PRBS signal
and decreases the signal-to-noise ratio. Thus, although for system
identification, a 1.2 mF capacitor has been utilized at the virtual bus
the controllers are designed for a virtual bus capacitance of 11.2 mF in
Section 4.4.

4.4. CONTROLLER DESIGN CONSIDERATIONS

F ig. 4.9 illustrates the PV2VB PDPP architecture alongside its control
structures. In this architecture, the central converter regulates the

virtual bus voltage by adjusting the main bus voltage, while the primary
responsibility of the SLCs is to track the MPP of the PV strings. Although
the BL converter handles MPP tracking, fluctuations in the intermediate
bus voltages can adversely affect the performance of MPP tracking.
Thus, the DAB converter must effectively regulate these intermediate
bus voltages to ensure stable and efficient operation. Considering
a search-based MPPT algorithm like P&O, the system inherently has
two categories of feedback (error-based) control loops: one central
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converter controller and NPV DAB converter controllers (Fig. 4.9). The
first control loop is the central converter controller aiming to maintain
the voltage of the virtual bus at the desired level by controlling the duty
cycle of the boost converter. The second controller governs the DAB
converters, focusing on regulating intermediate bus voltages through
the DAB converters’ phase shifts. Thus, two types of transfer functions
are our interest: (i) DS(s) to VVB(s) (s) and (ii) S(s) to VB(s):

GVVB/DS(s) =
VVB(s)

DS(s)

�

�

�

�

�







j(s) = 0, j = 1, . . . , NPV
DBLj(s) = 0, j = 1, . . . , NPV

(4.37)

GVB /
(s) =

VB(s)

(s)

�

�

�

�

�















j(s) = 0, j = 1, . . . , NPV , j ̸= 
DBLj(s) = 0, j = 1, . . . , NPV
DS(s) = 0

(4.38)

Both voltage control loops are essential for maintaining the voltages
within specified limits, ensuring system stability, and improving system
performance. Here an indirect technique has been used for designing
discrete PI controllers; so initially, the continuous-time controllers are
designed in the s-domain by using MATLAB SISOtool. Then, based on
the continuous-time controller, the discrete-time controller is calculated
by Tustin transformation.
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4.4. Controller design considerations

4

131

4.4.1. CENTRAL CONVERTER CONTROLLER
To prevent interference between the central controller and to enable the
MPPT algorithms to autonomously seek the MPP of the PV string, it is
preferable to increase the sampling time of the central PI controller to
minimize its interference with the MPPT algorithm as follow:

TVB = 4 ·m · TMPPT where m = 1,2, . . . (4.39)

However, if the sampling period is too long, the discrete-time PI
controller may not yield satisfactory results. In practical terms, for a
broad range of systems, the sampling period is typically chosen to be at
most half of the slowest time constant [17]. The slowest time constant
in the architecture is 300 ms, with parameters outlined in Table. 3.2
(except for CVB, which is 11.2 mF) and a 15 ms for the perturbation
period of the MPPT algorithm TMPPT has been chosen. Therefore, a
sampling time of 60 ms, which is equal to 4 times TMPPT , is selected
for the central controller. In this chapter, the criteria for designing the
PI controller parameters of the central converter are phase margin and
bandwidth. A phase margin of approximately 60 degrees is considered
for the compensated system to ensure a reasonable stability margin
and mitigate the effects of uncertainties and variations – such as
dynamic resistance of PV strings rPV – in the system. Additionally, to
achieve satisfactory accuracy, the sampling time of the discrete-time PI
controller must be 20 times faster than the highest bandwidth frequency
[17]. Hence, a bandwidth of 1 Hz is chosen for designing the central
converter’s PI controller.

4.4.2. DAB CONVERTERS CONTROLLERS
In contrast to the central converter controller, there is no specific lower
limit for the sampling time of DAB converters. Hence, the sampling
frequency of the PI controller can be set as fast as the switching
frequency of the DAB converter, which is 100 kHz, to enhance response
time and reduce phase lag in the system. The criteria for designing the
DAB converters PI controllers are phase margin and settling time. It is
preferable for the settling time of the intermediate bus voltages to be
lower than the perturbation period of the MPPT algorithm (TB < TMPPT)
to minimize interference. As for the central converter PI controller, a
phase margin of approximately 60 degrees is considered. Lastly, the
parameters of the controllers are designed for the architecture with the
parameters outlined in Table. 3.1 (except for CVB, which is 11.2 mF) and
the operating point specified in Table. 4.2. The controllers’ parameters
are shown in Table. 4.4.
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Table 4.4.: Controllers Parameters

Parameter Symbol Value

Central Controller
Sampling Time TVB 60 ms

Proportional Coefficient* KpVB 0.003

Integral Coefficient KVB 0.015

DAB Controllers
Sampling Time TB 10 µs

Proportional Coefficient KpB 0.0005

Integral Coefficient KB 0.01

* Kp +
K
s , where Kp is the Proportional Coefficient and K is the Integral

Coefficient.

 

Figure 4.10.: Bode plot of the compensated and uncompensated open-
loop DS(s) to VVB(s) transfer function at different operating
points.

4.4.3. STABILITY ANALYSIS
Fig. 4.10 presents the Bode plot for the open-loop DS(s) to VVB(s)
transfer function, both compensated and uncompensated, at three
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Figure 4.11.: Bode plot of the compensated and uncompensated open-
loop S(s) to VB(s) transfer function at different operating
points.

different PV String 1 voltages (VPV1). The remaining operating point
variables are detailed in Table. 4.2. As illustrated in Fig. 4.10 , when
the PV String 1 voltage is equal to 267 V, the phase margin of
the compensated DS(s) to VVB(s) transfer function is approximately
60 degrees (indicated by the red dashed line). When the voltage
of PV String 1 decreases from 267 V to 160 V, a slight increase
in the phase margin is observed, suggesting improved stability with
greater mismatches between PV strings. Conversely, when the voltage
increases from 267 V to 375 V, the phase margin decreases, leading
to reduced system stability. This poor stability occurs because, at a
PV string voltage of 375 V, the phase of the uncompensated transfer
function (blue solid line) drops sharply near the selected bandwidth
frequency. This behavior arises as increased voltage in PV String 1
reduces mismatch among PV strings, lowering the power processed by
the SLCs. Note that low power operation of SLCs can also result from
reduced PV string current. While lowering the bandwidth could mitigate
this issue, it would also result in a slower transient response at other
operating points. Therefore, for central converters, gain scheduling
or other advanced control strategies such as Model Predictive Control
(MPC) and Sliding Mode Control (SMC) are recommended to enhance
performance, stability, and adaptability [18].

Fig. 4.11 shows the Bode plot for the open-loop S(s) to VB(s)
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transfer function, both compensated and uncompensated, evaluated
at the same operating points as in Fig. 4.10. The phase margin of
uncompensated transfer function remains at 90 degrees across all three
operating points, and the bandwidth, which defines the speed of the
transient response, stays around 70 Hz. Thus, a simple PI controller can
be sufficient for DAB converters across different operating points.

 

Figure 4.12.: Voltage waveforms in the PV2VB PDPP architecture. PV
string 2 stays at I-V curve 1, whereas PV string 1 transitions
from I-V curve 1 to I-V curve 2 after 0.07 s, highlighted with
the green line.

4.5. EXPERIMENT RESULTS

T o evaluate the performance of the PI controllers and their capability
to manage disturbances, two different PV string curves, as shown in

Fig. 3.11, are utilized. The operating point of PV string 1 experiences a
significant and abrupt drop from 390 V to 300 V as it transitions from
generating I-V curve 1 to I-V curve 2 at 70 ms (highlighted with a vertical
green line in Fig. 4.12), whereas PV string 2 continues generating I-V
curve 1. Fig. 4.12 illustrates that the central controller with a sampling
time of 60 ms can effectively handle the disturbances, restoring the
virtual bus to its initial state within less than 600 ms by determining
a new operating voltage for the main bus. Simultaneously, the MPPT
algorithm ensures that PV strings operate at their MPP. Fig. 4.12 proves
the system’s ability to independently find the MPP of both PV strings
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with the typical behavior of P&O algorithm, with a perturbation period
of 15 ms and a perturbation step size of 5% applied to the duty cycle.

 

Figure 4.13.: Transition of intermediate bus voltages in the PV2VB PDPP
architecture (blue: VB1 , red: VB2).

Fig. 4.13 depicts the intermediate bus voltages of the architecture. The
PI controllers of the DAB converters demonstrate their effectiveness in
managing disturbances, successfully bringing back the intermediate bus
voltages to 200 V after the abrupt change in the operating conditions
of PV string 1. Additionally, the PI controller is capable of handling
disturbances caused by the MPPT algorithm and central converter within
15 ms. It ensures that disturbances on intermediate bus voltages do not
interfere with the operation of the MPPT and central controller.

4.6. CONCLUSION

T his chapter provided a thorough analysis of the dynamic behavior
of the PV2VB PDPP architecture and its mathematical model, crucial

for designing and tuning controllers. The mathematical model was
validated through system identification based on the data acquired
from both PLECS simulation and experiments, ensuring its applicability
in real-world scenarios. Considering the control requirements, the
controller parameters were designed with a settling time of 15 ms,
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which corresponds to the MPPT perturbation period, for the DAB
controllers, a bandwidth of 1 Hz for the central converter’s PI controller,
and a phase margin of 60 degrees for both. The transient response and
system stability were validated through experimental tests. These tests
confirmed the system’s stability, demonstrating the central controller’s
ability to stabilize the virtual bus voltage to the desired level within
0.6 seconds, while the intermediate bus voltages settled within 15
milliseconds.
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5
INTEGRATION OF BATTERY INTO

PV2VB PDPP ARCITECTURE

This chapter demonstrates the capabilities of the proposed PV2VB PDPP
architecture for PV/battery applications. The architecture enables the
integration of a battery at the virutal bus and manages its power
while performing MPPT on the PV strings. In the architecture, the
battery is positioned at the virtual bus, acting as the input for all SLCs.
Component voltage ratings can be reduced by selecting a lower voltage
for the battery at the virtual bus than the PV string or the main bus
voltages. While these SLCs track each PV string’s MPP, the central
converter manages battery charging and discharging. Experimental
results confirm the performance and effectiveness of the proposed
PV2VB PDPP architecture, achieving efficiencies between 95.5% and
99%.

5.1. INTRODUCTION

A s mentioned in Chapter. 1, PV systems produce fluctuating
and unreliable power due to their inherent intermittency. To

address this issue, energy storage devices (ESDs) are commonly used
alongside PV systems to stabilize output and enhance system reliability
[2, 3]. As the penetration of PV systems increases, integrating
them with ESDs becomes essential for grid connectivity. Amongst
different ESD technologies, batteries are attracting much attention
owing to advancements in battery technology, economies of scale in
manufacturing, significant cost reductions, and efficiency improvements.
Fig. 5.1 shows different PV/Battery architectures connected to a DC grid
[4–9].

Parts of this chapter are currently under review [1].
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In a PV/Battery architecture, along with two independent control
variables, at least three power transmission branches exist: PV to
load (PV-L), PV to battery (PV-B), and battery to load (B-L). Notably,
the average power transmitted through the PV-L branch is typically
significantly larger than that transmitted through the other two branches.
Based on power transmission paths, PV/Battery architectures can be
typically categorized into four different architectures (Fig. 5.1): (i) 3U,
consisting of three unidirectional DC-DC converters [10, 11]. (ii) 2U,
consisting of two unidirectional DC-DC converters [12, 13] (iii) 1B1U,
consisting of one bidirectional and one unidirectional DC-DC converter
[14–17]. (iv) 1B2U, consisting of one bidirectional and two unidirectional
DC-DC converters [18, 19].

In the 3U architecture (Fig. 5.1(a)), power transmission for each
branch is achieved using a unidirectional two-port DC-DC converter,
each with at least one independent control variable. Allocating one
path for PV-L (high power) and another for PV-B/B-L (low power)
allows the architecture to process less power overall (PTP), resulting in
high efficiency. However, the presence of three unidirectional DC-DC
converters and three controllers increases the complexity and cost of
the system and control. To reduce the complexity of the number of
DC-DC converters, 2U architectures use the same path for all three
power transmission branches (Fig. 5.1(b)). However, in this architecture,
the power produced by the PV groups is processed twice to reach the
load through the PV-L branch, which has high power. This not only
deteriorates efficiency but also increases converters’ costs due to the
requirement for two high-power DC-DC converters.

To address the issues of 2U architectures, in the 1B1U architectures,
the PV-L power is only processed through one unidirectional DC-DC
converter. Depending on the connection of the bidirectional DC-DC
converter to either the PV or the load port, two different 1B1U
architectures are possible: (i) 1B1U-I [14, 15] (Fig. 5.1(c)) and (ii)
1B1U-II [16] Fig. 5.1(d)). Although the B-L power may be processed
twice in 1B1U-I, it does not increase the processed power, unlike in 2U
architectures, since B-L power is lower than PV-L power, and there are
still only two DC-DC converters as in 2U. Considering both charging and
discharging states, neither 1B1U-I nor 1B1U-II demonstrates a significant
advantage over the other in total processed power. 1B1U-I has a strong
ability to adapt to variations in the output port. In contrast, in the
1B1U-II architectures, the PV port is well-regulated with a dedicated
bidirectional converter to adapt to changes in the output voltage/power
of PV modules caused by different weather conditions. Unlike 1B1U-I,
where the load is regulated solely by the unidirectional converter,
1B1U-II regulates the load voltage using either the unidirectional or
bidirectional converter. This increases controller switching between
operation modes, leading to control complexity. Moreover, for AC grid
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connection, unlike 1B1U-II [20], 1B1U-I allows the integration of the
unidirectional DC-DC converters’ duties into the DC-AC inverters [14],
improving cost and efficiency. Eventually, the literature has reported
on the 1B2U architectures [21] (Fig. 5.1 (e)). This architecture suffers
from several drawbacks. These include high architecture and control
complexity, increased processed power, lower efficiency, and higher
costs than other architectures.

Based on the abovementioned analysis, the architectures’ main
characteristics are summarized in Table. 5.1. The 1B1U-I architecture
generally offers the best overall performance. However, it still has three
main downsides. First, in applications with a higher PV voltage than the
battery voltage, the unidirectional converters in the 1B1U-I architecture
must tolerate the high PV voltage. This requirement leads to increased
losses and system costs. In addition, if the PV part consists of PV strings
and additional PV modules must be added to a PV string, the converters
must be replaced to handle the new PV string voltage. This necessity
decreases the scalability of the architecture. Last but not least, it is not
feasible to extend the architecture to systems with multiple PV strings
and independently track the MPP of each PV string.

Table 5.1.: Comparison of PV/Battery Architectures.

Feature 3U 2U 1U1B-I 1U1B-II 1B2U

Architecture Complexity Poor Good Ave Ave Poor

Cost High High Ave Ave High

Control Complexity Poor Good Good Poor Poor

Efficiency High Low High High Low

Processed Power Low High Low Low High

This chapter aims to detail a new system based on the PV2VB
PDPP architecture. This architecture is closely aligned with the 1B1U-I
architecture and retains all its advantages. Yet, it fully exploits the
benefits of the PV2VB PDPP architecture to remove the weakness of
1B1U-I architectures, such as (i) components requiring low blocking
voltage in the bidirectional converter, leading to high efficiency and the
advantages of low-voltage converters, (ii) higher scalability compared to
existing architectures, and (iii) ability to performed string-level MPPT.

The remainder of this chapter is structured as follows: Section 5.2
introduces the proposed architectures for a single PV string, extends the
architecture for multiple PV strings, and provides an in-depth analysis
of the steady-state operation of both the central converter and SLCs,
outlining their respective control objectives. Section 5.3 elaborates on
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all possible operational states of the architecture. Section 5.4 discusses
the battery charging and discharging rate and the operational regions in
which the architecture can function. Section 5.5 presents experimental
results to validate the system’s performance.

5.2. OPERATION OF THE PROPOSED PV2VB PDPP
ARCHITECTURE

5.2.1. FOR A SINGLE PV STRING

I n 1B1U-I architectures, the bidirectional converter operates in parallel
with the PV string, adding or subtracting current to manage battery

power injection or withdrawal. In contrast, the proposed architecture
design utilizes a bidirectional converter that adds or subtracts surplus
voltage to the PV string voltage to manage battery power injection or
withdrawal (Fig. 5.2). Consequently, this bidirectional converter must
generate both positive and negative voltages, operating within the first
and fourth quadrants of the V-I curve, making a BL converter (Fig. 3.5) a
suitable option.
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vPV

-
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+

vS

-

S S

S : PV string

Figure 5.2.: Proposed architectures for a single PV string connected to
(a) DC, and (b) AC grids. ochre and blue DC-DC blocks
represent unidirectional and bidirectional DC-DC converters,
respectively.

As discussed in Chapter 3, in the BL converter, during the switches’ ON
state, the voltage before the LC output filter (B) polarity aligns with the
intermediate bus voltage, discharging the capacitor. When the switches
are OFF, the BL converter inverts the intermediate bus voltage, charging
the capacitor. Predominantly maintaining the switches in the ON state
during each switching period results in a positive voltage being added to
the PV string, thus allowing average power flow from the battery to the
string and vice versa. While the BL converter provides a straightforward
solution, it does not offer isolation between the battery and the PV
strings. Depending on the topologies chosen for the bidirectional and
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unidirectional converters, the architecture can be non-isolated, partially
isolated, or fully isolated.

Generally, two independent control variables are required for
PV/Battery architectures to charge and discharge with given pro-
files and MPPT. Traditionally, the bidirectional converter is used as an
actuator to perform battery charging/discharging, while the unidirec-
tional converter tracks the MPP of the PV string. However, in the
proposed design, the bidirectional converter is used to perform MPPT,
while the unidirectional converter controls the operation of the battery.
The advantages will become apparent in the next subsection when
discussing the proposed architecture with multiple PV strings.

5.2.2. FOR MULTIPLE PV STRINGS
As shown in Fig. 5.3, to extend the proposed architectures for multiple
PV strings, the storage ports can be paralleled as well as the grid
ports while each PV port is independently connected to a PV string.
Then, it is possible to integrate all the unidirectional DC-DC converters,
common among architectures, into a single central converter. Finally,
the architecture shown in Fig. 5.3 is PV2VB PDPP architecture. With
NPV PV strings, this architecture has NPV + 1 control objectives (NPV
PV strings and one battery), NPV bidirectional converters (referred to
as SLCs), and one unidirectional converter (referred to as the central
converter), resulting in NPV + 1 actuators. As mentioned previously,
the SLCs primarily provide the required differential voltage between the
PV strings and the main bus voltage to independently track each PV
string’s MPP. These SLCs are interconnected to a shared storage port,
also known as the virtual bus, where the batteries are placed.

CENTRAL CONVERTER

The central converter controller is an actuator that provides battery
profile control, which is done by regulating the main bus voltage. If
the assumption of lossless converters is considered for the sake of
simplicity, the following relationship can be derived for the proposed
architecture:

pout = pin + pB (5.1)

In the PV2VB PDPP architecture context, pB, pot, and pn represents
the battery power, the power delivered to the main bus, and the
power generated by the PV strings, respectively. These powers can be
computed as follows:

pout = S · S = S ·
NPV
∑

=1

PV (5.2)
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Figure 5.3.: Proposed PV2VB PDPP architecture for multiple PV strings.
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bidirectional DC-DC converters, respectively.

pin =
N
∑

=1

PV · PV (5.3)

Where s, s, PV , and PV are the main bus voltage, the main bus
current, the ith PV string’s voltage, and the ith PV string’s current,
respectively. The following steady-state equation can be obtained by
substituting equations (5.2) and (5.3) in equations (5.1):

PB = VS ·
NPV
∑

=1

PV −
NPV
∑

=1

�

VPV · PV

�

(5.4)

In equation (5.4) and the rest of the chapter, capital letters indicate
the steady-state value of the variables. Achieving steady-state operation
involves ensuring that PV strings operate at their MPP, with the main bus
voltage as the sole actuator to control the charging and discharging of
the battery. Specifically, PV strings must maintain constant current and
voltage at their MPP. Consequently, the main bus current, which equals
the summation of the PV strings’ current, also remains constant. Thus,
an increase in the main bus voltage signifies a greater energy demand,
resulting in either a reduced battery charging rate or an increasing
discharging rate. The output voltage of the ith SLC can be expressed as:
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VSLC = VS − VPV (5.5)

By substituting equation (5.5) in equation (5.4), we have:

PB =
NPV
∑

=1

VSLC · PV (5.6)

Given that PV is consistently positive, equation (5.6) shows that
SLCs must generate negative and positive output voltage to charge
and discharge the battery. To clarify further, if the ith SLC generates a
negative output voltage, the associated PV string assists in charging the
battery. Conversely, the string discharges the battery when the output
voltage is positive. A block diagram of the architecture and the central
controller is shown in Fig. 5.4. A desired algorithm sets the reference for
the battery current/voltage. When the current/voltage reference point
is defined, it is compared with the actual battery current/voltage, and
the errors go to the central controller, which provides an appropriate
signal for the central converter to set the proper main bus voltage; then,
according to equation (5.4), the desired current/voltage of the battery
will be obtained. Most charging/discharging methods, such as constant
current, constant voltage, constant current-constant voltage, multistage
constant charging, and varying current charging methods [22, 23], can
be applied to the PV2VB PDPP architecture.

Central 

Controller
+-

iB
*

iB

d Central 

Converter

S v
S

PDPP Configuration

SLC1

SLCN

SLC2

vB
*

or

vB

or

Figure 5.4.: Block diagram of the central controller approach for battery
charging/discharging.

SLCS
When the architecture is extended for multiple PV strings, the SLCs must
include an additional feature: isolation. This isolation is essential to
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prevent the current from the PV strings from circulating through incorrect
paths. Therefore, a DAB converter followed by a BL converter, with
capacitors forming an intermediate bus to decouple their performance
illustrated in Fig. 3.4 are employed. The architecture has at least partial
isolation between the battery and PV strings within the system. This
isolation is crucial for onboard battery chargers to ensure double fault
protection and enhance user safety in plug-in hybrid electric vehicles
[24].

5.3. THE PROPOSED ARCHITECTURE STATES

G enerally, when the system directs power from one port to the other
two, the architecture operates in Single-Input Dual-Output (SIDO)

mode. In Dual-Input Single-Output (DISO) mode, power flows from two
ports to the remaining one. When a port does not participate, the
architecture is in Single-Input Single-Output (SISO) mode. Table. 5.2
shows the operation modes and port statuses.

The proposed architecture does not allow for the simultaneous
operation of PV and grid as input, making the DISO-II mode outlined in
Table. 5.2 unfeasible within this framework. In SISO-I mode, the central
converter is bypassed, allowing the PV string to connect directly to the
input of the SLCs and charge the battery. Since the maximum voltage
of the SLCs is lower than the nominal MPP voltage of the PV string,
the PV string will not operate at its MPP. However, this limitation is
not necessarily a disadvantage, as in other architectures, where in this
mode the power output is constrained by the battery’s demand, which
may also prevent the PV strings from operating at their MPP. To enable
SISO-IV mode, the PV string must be bypassed (Fig. 5.7), allowing the
battery to supply power directly to the grid.

If the central converter is bidirectional, it is possible to operate
in SISO-III mode through this architecture; however, this aspect falls
outside the scope of this thesis. Therefore, this section mainly focuses
on the architecture operation in SIDO-I, DISO-I, and SISO-II modes.
These subsets of operation modes result in the architecture possibly
operating in eight distinct states, outlined in Table. 5.3.

Generally, the power delivered to the virtual bus from the ith PV string
(PPV2VB) and the battery charging rate (PB) is given by:

PPV2VB = (VS − VPV) · PV (5.7)

PB =
NPV
∑

=1

�

(VS − VPV) · PV

�

(5.8)
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Table 5.2.: Operation Modes of PV/Battery Architectures

Mode Input Output Proposed System Ability

SIDO PV Battery & Grid Yes

DISO PV & Battery Grid Yes

PV & Grid Battery No

SISO PV Battery Limited1

PV Grid Yes

Grid Battery Yes2,3

Battery Grid Yes3

1: PV strings may not work at their MPP in this mode.
2: If the central converter is bidirectional.
3: Bypassing the PV strings and reconfiguring the architecture (Fig. 5.7).
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Table 5.3.: States of PV2VB PDPP Architecture Based on Battery Status and Mismatches Among PV String
MPP Voltages.

Battery Status Charging Resting Discharging

MPP Voltage Mismatches No Yes Yes No Yes No Yes Yes

SLCs Voltage Negative Negative Both 0* Both Positive Positive both

State 1 2 3 4 5 6 7 8

Operation Mode SIDO-I SISO-II DISO-I

* In practice, the SLCs operate with a slightly negative voltage to compensate for their losses.
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STATE 1

As shown in Fig. 5.5(a), in state 1, it is assumed that there are no
mismatch conditions among the MPP voltages of the PV strings and that
the battery is being charged. In this scenario, the central controller
acts as an actuator for battery charging, setting the main bus voltage
lower than the PV string voltages to produce a negative SLC voltage.
Therefore, this architecture can direct the power flow toward the battery,
with the charging rate determined by the control input reference. Thus,
Equation (5.7) and Equation (5.8) become:

PPV2VB = (VS − VMPP) · MPP , VS < VMPP (5.9)

PB = (VS − VMPP) ·
NPV
∑

=1

MPP , VS < VMPP (5.10)

Where MPP represents the MPP current of the ith PV string and VMPP is
the MPP voltage of all PV strings. In this state, the contribution of each
PV string to the power supplied to the battery is directly proportional to
its current.

STATE 2

In state 2, it is assumed that while the battery is being charged,
there are small mismatches among the MPP voltages of the PV strings
(Fig. 5.5(b)). Therefore, the contribution of each PV string depends
not only on its current but also on its voltage. If PV string currents
are equal, those with higher voltage contribute more to charging the
battery. To explain more, according to Equation (5.5), the summation of
each PV string voltage and its corresponding SLCs voltage are equal to
each other since the architecture only has a unique main bus voltage;
therefore, a high MPP voltage of a PV string means that its SLC must
generate negative voltage with higher amplitude. Therefore, the higher
the voltage and current, the higher its contribution to charging the
battery. In this state, the Equations (5.7) and (5.8) will be modified to:

PPV2VB = (VS − VMPP) · MPP , VS < VMPP (5.11)

PB =
NPV
∑

=1

(VS − VMPP) · MPP , VS < VMPP (5.12)

Where VMPP represents the MPP voltage of the th PV string.
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STATE 3

As depicted in Fig. 5.5(c), increasing mismatches among the MPP
voltages of PV strings cause some strings to produce voltages so low
that they can no longer transfer power to the virtual bus to assist in
charging the battery. Instead, these strings draw energy from the virtual
bus to operate at their MPP. Thus, the SLCs associated with those PV
strings produce positive voltage while others generate negative voltage.
However, on average, the battery is still being charged. The equations
describing this state are the same as equations (5.7) and (5.8), with all
PV strings operating at MPP.

STATE 4

In this state, the battery is resting, and there are no mismatches among
PV string MPP voltages. Therefore, SLCs ideally generate zero voltage or
can be shut down as shown in Fig. 5.5(d), allowing the central converter
to track the MPP of all PV strings. Since SLCs are still operational,
they practically generate a low negative voltage to compensate for their
losses. To elaborate further, since both the DAB and BL converters
introduce losses, the system perceives these losses as a small load. As a
result, even when the battery is in a resting state, the SLCs continue to
supply power to compensate for the light load created by these losses.
Eventually, the equations for this state are:

PPV2VB = PB = 0, VS ≈ VMPP (5.13)

STATE 5

As depicted in Fig. 5.5(e), when the battery is resting, but there are
mismatches among PV string MPP voltages, to ensure smooth and stable
operation, some PV strings with higher MPP voltage inject energy to the
virtual bus through the SLCs, while others draw energy from it. While the
battery remains connected to the virtual bus, it is not actively involved in
any energy exchange; instead, the parallel capacitor, typically situated
in that position for power smoothing and stabilization, facilitates the
power exchange among the PV strings. The equation for this state will
be:

PPV2VB = (VS − VMPP) · MPP , PB = 0 (5.14)

VS =

∑NPV

=1 VMPP · MPP
∑NPV

=1 MPP

(5.15)
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STATE 6

As illustrated in Fig. 5.5(f), in state 6, we assume that the MPP voltages
of the PV strings are all equal and the battery is discharging. In this
context, the central controller operates as an actuator for the battery
discharge process, establishing the discharge rate according to the
control input reference. Therefore, the power injected from the battery
to each string is calculated by:

PPV2VB = (VS − VMPP) · MPP , VS > VMPP (5.16)

PB = (VS − VMPP) ·
NPV
∑

=1

MPP , VS > VMPP (5.17)

In this state, the main bus voltage is higher than all PV strings
voltages, resulting in positive SLCs voltage, so the direction of power
flow is towards the strings.

STATE 7

When there are small mismatches among PV string voltages while the
battery is being discharged, the system will be in state 7 (Fig. 5.5(g)).
In this state, the contribution of each string to discharge the battery
depends on their current and voltage. In fact, considering only voltage,
the string with the lower MPP voltage has a higher contribution to
discharge the battery since a lower MPP voltage means SLCs must
generate positive voltage with a higher amplitude. In this state:

PPV2VB = (VS − VMPP) · MPP , VS > VMPP (5.18)

PB =
NPV
∑

=1

�

(VS − VMPP) · MPP

�

, VS > VMPP (5.19)

STATE 8

Eventually, as the mismatches among PV string voltages increase, some
PV string voltages decrease to a point where they push the main bus
voltage down so that the main bus voltage becomes lower than some PV
string voltages (Fig. 5.5(h)). Thus, some PV strings inject energy into the
virtual bus. In other words, some SLCs produce positive voltage while
others generate negative voltage. However, on average, the battery
still provides energy to the system. The equations describing this state
are the same as Equations (5.7) and (5.8), with all PV strings operating
at MPP.
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5.4. THE RATE OF BATTERY CHARGE AND DISCHARGE

I n Section 5.3, different states in which the architecture can operate
are presented, defined mainly by weather conditions and the battery

charging/discharging state. However, the architecture can only fulfill
the expected duties if the SLC voltage ratings are properly designed.
Therefore, an analysis similar to Chapter 3, where the virtual bus
consists solely of capacitors, is required to design the PV/battery system
properly.

Let VPVMPPmn
and VPVMPPm

be the minimum and maximum MPP
voltage, respectively. If the SLC maximum voltage (VSLCm) is selected
properly, five regions emerge, separated by points A, B, D, and E
(Fig. 5.6):

A = (VPVMPPmin
− VSLCmax), B = (VPVMPPmax

− VSLCmax)

D = (VPVMPPmin
+ VSLCmax), E = (VPVOCmax

+ VSLCmax)
(5.20)

A B D E

vS

PB

Post-complete

 MPPT

Shut 

down
Complete MPPTPre-complete 

MPPT

No 

MPPT

Figure 5.6.: The rate of the battery charging/discharging.

In the first two regions, a low s causes all or some SLCs to operate
at their maximum inverted voltage (−VSLCm). Consequently, none
of the PV strings operate at their MPP (No MPPT region), or a subset
(N1) operates at their MPP while the remaining N2 PV strings do not
(Pre-complete MPP region). In these regions, the battery is being
continuously charged:
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PB =
NPV
∑

=1

�

VSLCmax · MPP

�

, 0 ≤ s < A (5.21)

PB =
N1
∑

=1

�

(VMPP − s) · MPP

�

+ VSLCmax ·
N2
∑

=1

SC , A ≤ s < B (5.22)

On the other hand, in the last two regions (beyond point D), s is so
high that some PV strings no longer operate at their MPP. In essence,
within the Post-complete MPP region, N3 PV strings reach the open
circuit voltage, N4 PV strings operate at (s− VSLCm ), which is between
their open circuit voltage and their MPP voltage, and N5 PV strings
operate at their MPP. In these regions, the battery is being discharged:

PB = −VSLCmax ·
N4
∑

=1

PV +
N5
∑

=1

�

(VMPP − s) · MPP

�

, D ≤ s < E (5.23)

At point E, all PV strings reach their open-circuit voltage, producing no
power. Between points B and D is the desired operating region, called
"Complete MPPT", where all PV strings work at MPP:

PB =
NPV
∑

=1

�

(VMPP − s) · MPP

�

, B ≤ s < D (5.24)

To ensure the existence of this region, point D must be positioned to
the right of Point B, which means:

VSLCmax ≥
VPVMPPmax

− VPVMPPmin

2
(5.25)

In the Complete MPPT region, the architecture can effectively track
the PV string MPP and manage battery charging/discharging rates
as per Equation (5.4). A specific range for the rate of battery
charging/discharging is depicted in Fig. 5.6. When mismatches are
minimal, where VPVMPPm

is close or equal to VPVMPPmn
, the absolute

maximum rate of battery charging/discharging can be achieved by:

PB = ±
NPV
∑

=1

�

VSLCmax · MPP

�

(5.26)

Based on equations (5.25) and (5.26), increasing VSLCm allows for
a greater MPPT range, which is the difference between VPVMPPm

and
VPVMPPmn

, enhancing the system’s capability to handle more severe
mismatch conditions and increasing the absolute maximum rate of
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battery charging/discharging. Equation (5.26) reveals that the battery
charging or discharging rate depends on the PV string currents. In
SISO-IV, the PV string current does not flow, so utilizing the battery
to supply the grid or vice versa becomes unfeasible. To address the
issue, bypassing the PV strings and activating the switches of the BL
converters can reconfigure the system, as depicted in Fig. 5.7, enabling
SISO-III and SISO-IV modes.
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Figure 5.7.: The reconfigured PDPP architecture during low sun irradiance
and battery discharging, such as at night.

5.5. EXPERIMENTAL RESULTS

T his section emphasizes the proposed architecture’s capability to
effectively perform MPPT at the string level while managing the

battery charging and discharging rate. Fig. 3.10 presents the proposed
PV2VB PDPP architecture prototype featuring two PV strings for
PV/Battery applications. In the new experiment, the third SM1500-CP-30
Bi-directional DC Power Supply, turned off during the experiment
in Chapter 3, has been utilized as the battery. Detailed electrical
specifications and component values are summarized in Table. 3.2.

5.5.1. STRING LEVEL MPPT AND BATTERY CHARGING/DISCHARGING
The operation of the proposed architecture with two PV strings has been
verified through experimental tests. In the experiments, a Perturb and
Observe (P&O) algorithm with a perturbation period of 20 ms and a
duty cycle perturbation step size of 5% is employed. Each PV string
generates 390V and 5.3 A under Standard Test Conditions (STC). Here, a
boost converter among various possible topologies has been chosen as
the central converter to perform the energy management of the battery
via a PI controller with a sampling time of 80 ms (Fig. 5.8). As shown
in Table. 5.4, the battery charging/ discharging states and mismatches
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among PV strings are selected to ensure that the simulated PV system
experiences all the mentioned states. The virtual bus is emulated as
a stack of batteries with a voltage of 200V, which defines the voltage
rating of the SLCs.

Table 5.4.: Experimental Operation Points for the Architecture

State Battery
Charge Rate

PV String 1
MPP Point

PV String 2
MPP Point

Main Bus
Voltage*

State 1 -480 W 380 V / 5.3 A 380 V / 5.3 A 334 V

State 2 -480 W 350 V / 5.3 A 380 V / 5.3 A 320 V

State 3 -240 W 270 V / 5.3 A 380 V / 5.3 A 302 V

State 4 0 W 380 V / 5.3 A 380 V / 5.3 A 380 V

State 5 0 W 350 V / 5.3 A 380 V / 5.3 A 365 V

State 6 480 W 380 V / 5.3 A 380 V / 5.3 A 425 V

State 7 480 W 350 V / 5.3 A 380 V / 5.3 A 410 V

State 8 240 W 290 V / 5.3 A 380 V / 5.3 A 357 V

*: Expected main bus voltage based on Equation (5.4).

Initially, PV strings operate under uniform STC conditions, and the
battery is being charged at a rate of 480 W. The system is in state 1,
as shown in Fig. 5.8, with the main bus voltage below both PV string
voltages. It results in both SLCs generating negative voltages, meaning
that both PV strings contribute to charging the battery. After around
1.3 seconds, a small mismatch is introduced between the PV strings
while the battery continues to charge at 480 W. This transition moves
the system to state 2, where the main bus voltage remains below both
PV string voltages. As a result, SLCs still generate negative voltages,
and PV strings continue to charge the battery. At 4.4 sec, a significant
mismatch is applied between the PV strings, and the battery is charging
at 240 W, moving the system into state 3. Therefore, the main bus
voltage is lower than the PV string 2 voltage but higher than the PV
string 1 voltage. This means PV string 1 no longer contributes to
injecting energy to the virtual bus and instead draws power from it to
operate at its MPP.
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Figure 5.8.: Experimental results of the PDPP architecture in different operation states based on operation
points shown in Table. 5.4
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At 7.2 seconds, the battery rests with no mismatches and minor
mismatches between PV strings voltage applied at 9.9 sec. As shown
in Fig. 5.8, the SLCs generate a voltage close to zero when there are
no mismatches. Although it is expected that SLCs generate absolute
zero voltage based on equation 5.4, a small negative voltage has been
generated because of the converter’s losses. When mismatches occur,
some SLCs generate positive voltage while others generate negative
voltage, resulting in zero average power on the virtual bus, allowing the
battery to rest.

In the next approximately four seconds, the battery starts discharging,
directing power to the output. When there are no or minor mismatches
among the PV string voltages, the SLCs generate positive voltage. Since
the output current of SLCs is positive, the battery power can pass to
the output. However, at 17 seconds, a significant mismatch among PV
string voltages occurs. Therefore, the SLC corresponding to PV string 2,
which has the higher voltage, generates negative voltage, resulting in
PV string 2 sending power to the virtual bus to maintain its MPP.

Ultimately, experiments verify that the architecture can set an
appropriate main bus voltage to charge, discharge, or rest the battery,
facilitating effective energy management while tracking the MPP of PV
strings.

5.5.2. PV2VB PDPP ARCHITECTURE EFfiCIENCY

This subsection analyzes the efficiency of the proposed architecture.
The efficiency of the SLCs was measured under the following conditions:
200 V input (virtual bus) voltage, load voltage between -55 V and 55 V,
and varying load current between 1 A and 5 A. Fig. 5.9 shows that under
these conditions, the average efficiency of a single SLC ranges from
84.4% to 95.1%. Similarly, the efficiency of the PV2VB PDPP architecture
with an integrated battery was measured with the SLCs under the same
conditions. PV string 2 was kept constant at 380 V and 5.3 A, while the
battery current was adjusted from -3 A to 3 A and PV string 1 current
(called a load current) from 1 A to 5 A. Efficiency was measured at over
130 different operating points. The yellow region in Fig. 5.9 illustrates
the system efficiency across these points, encompassing all discussed
states and demonstrating a range from 95.5% to 97.5%. The average
measured conversion efficiency of the architecture as a function of PV
string 1 current shows efficiency ranging from 96.3% to 97%. These
results confirm that the system efficiency always exceeds that of a
single SLC. Notably, when the system is in state 4, it is possible to
deactivate the SLCs, resulting in a system efficiency of 99%.
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Figure 5.9.: Averaged system efficiency (Blue line) and a single SLC
efficiency (Red line) as a function of load current.

5.6. CONCLUSION

T his chapter detailed a novel PV2VB PDPP-based architecture specif-
ically designed for string-level MPPT while efficiently managing

battery charging and discharging. In this architecture, the SLCs operate
in fast loops to independently track MPPT, while a central converter,
such as a boost converter, manages the battery in a slower loop. By
exploring all possible system operational states across different battery
charge/discharge rates, the architecture is shown to function effectively
in modes such as SIDO-I, DISO-I, SISO-I, SISO-II, SISO-III, and SISO-
IV. Experimental results validate the architecture’s performance and
theoretical foundations, demonstrating string-level MPPT with system
efficiency between 95.5% and 99%.
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6
FULLY PV2VB SPDPP FOR PV

SYSTEMS

This chapter extends the proposed PV2VB PDPP architecture to a
novel architecture termed PV2VB SPDPP, which effectively mitigates
mismatches in both series-connected PV modules (i.e., current mis-
matches) and parallel-connected PV strings (i.e., voltage mismatches).
The proposed architecture employs a combination of SLCs and module-
integrated converters (MICs) that process only a fraction of the total
power. The chapter comprehensively describes how the virtual bus
voltage is balanced through mathematical power flow equations, en-
suring stable and efficient operation. Finally, the effectiveness of the
architecture is validated through real-time simulation results with two
RT PLECS boxes, demonstrating its ability to address mismatch issues
and optimize the performance of photovoltaic systems.

6.1. INTRODUCTION

A s discussed in Chapter 2, SDPP architectures are designed to
address mismatches among series-connected PV modules, while

PDPP architectures focus on eliminating mismatches among parallel-
connected PV strings. By integrating SDPP and PDPP architectures,
SPDPP architectures have been developed to mitigate mismatches
across both series- and parallel-connected PV groups. Depending on
the combination of SDPP and PDPP configurations and the connection
methods employed for the primary sides of MICs and SLCs, various SPDPP
architectures can be implemented, each offering distinct advantages
and facing unique challenges.

Some parts of this chapter are currently under review [1], while other parts have
already been published in [2].
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In Chapter 2-5, we introduced and detailed a novel architecture for
PDPP systems. To fully address mismatches among PV modules, the
proposed PDPP must be combined with an SDPP architecture. As
discussed in Chapter 2, there are three main SDPP architectures: PV2PV,
PV2B, and PV2VB. Since one of our primary objectives is to reduce the
voltage rating of the converters, PV2B is not considered, leaving PV2PV
and PV2VB as the viable options.

In [3, 4], a distinct SPDPP topology was introduced based on the PV2PV
SDPP concept. This architecture improves modularity and scalability by
utilizing switched inductors in all SPDPP MICs and SLCs. However, the
accumulation effect limits the effectiveness of this architecture in longer
PV strings. To explain more, in PV2PV SDPP, power transfer occurs solely
between adjacent PV modules, MICs must process power multiple times
to transfer it from unshaded to shaded modules, leading to a significant
drawback known as the accumulation effect [5]. Before delving into the
explanation of the proposed fully PV2VB SPDPP architecture, Section 6.2
first outlines the significant disadvantages of the accumulation effect
in PV2PV SDPP systems and strategies to mitigate it. This sets the
stage for clarifying the necessity and advantages of using PV2VB SDPP
architecture in fully developed PV2VB SPDPP architecture.

The remainder of this chapter is structured as follows: Section 6.2
explores the performance and power flow of the conventional and
hierarchical PV2PV SDPP architectures. Section 6.3 outlines the overall
structure of the SPDPP architecture, including the associated MICs,
SLCs, and central converter, and explains the role of each within the
system. Section 6.4 details the control loops of the SLCs and central
converter, providing an in-depth analysis of the system’s steady-state
operation. Section 6.5 discusses the considerations required to design
PV2VB SPDPP architecture. Section 6.6 presents real time simulation
with two RT PLECS boxes, validating the architecture’s performance and
highlighting its inherent advantages.

6.2. ACCUMULATION EFFECT IN PV2PV SDPP
ARCHITECTURE

A s shown in Fig. 2.13, the conventional PV2PV SDPP architecture faces
an issue known as the accumulation effect, occurring when SDPP

converters repeatedly transfer power between adjacent PV submodules,
resulting in increased total power processing and converter power
ratings, reducing efficiency, especially in long PV strings [5]. To mitigate
this effect, hierarchical PV2PV SDPP offers additional paths for power
transfer [6, 7]. This section explores the performance and power flow of
the conventional and hierarchical PV2PV SDPP architecture. Since this
section contains numerous equations with multiple states, inputs, and
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outputs, precise symbolization is essential. To enhance readability, we
have included a nomenclature in Table. 6.1 to assist the reader in case
of any uncertainties.
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Table 6.1.: List of Symbols and Definitions

Symbol Description

K Number of PV groups of ith hierarchy

NSDPPH The total number of SDPPs at the ith hierarchy

NSDPP The total number of SDPPs

N PVSM The total number of PV submodules

SDPP(H−mj)
jth SDPP converter at the mth cluster of PV groups of
th hierarchy

SDPP(H−mj)
The current of jth SDPP converter at the mth cluster of
PV group of ith hierarchy

 PVG(H−mj)
The current of the jth PV group of the mth cluster of PV
groups of ith hierarchy

V PVG(H−mj)
The voltage across the jth PV group of the mth cluster
of PV groups of ith hierarchy

P PVG(H−mj)
The power generated by the jth PV group of the mth

cluster of PV groups of ith hierarchy

PPVG(H−mj),MPP
The absolute maximum power that can be generated
by the jth PV group of the mth cluster of PV groups of
ith hierarchy. (The notation is also used for voltage
and current)

SDPPj The current of the jth SDPP converter in conventional
PV2PV architecture

PVSM The current of PV submodules

PSDPP Power processed by an SDPP converter in conventional
PV2PV architecture

VSDPP Voltage across an SDPP converter in conventional
PV2PV architecture

SDPP Current passing through an SDPP converter in conven-
tional PV2PV architecture

VPVM PV module voltage

Vs String voltage

Ksh Shading factor of ith hierarchy
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6.2.1. HIERARCHICAL PV2PV SDPP ARCHITECTURE
Hierarchical PV2PV SDPP architecture, shown in Fig. 6.1, is made of Z
hierarchies. The innermost PV groups are PV submodules, consisting
only of electrically connected PV cells and not embedding any SDPP
converters. The PV groups of the second hierarchy are PV modules,
each consisting of K1 PV submodules and (K1 − 1) SDPP converters.
Next hierarchy employs (K2 − 1) hierarchy-dedicated SDPP converters
connected to the K2 PV modules. Similarly, the nth hierarchy is made
of Kn PV groups and (Kn − 1) SDPP converters. In this architecture, the
number of SDPP converters at the ith hierarchy is given by:

NSDPPH
= (K − 1) ·

Z
∏

j=+1

Kj (6.1)

The total number of SDPP converters (NSDPP) is the sum of all SDPP
converters at all levels:

NSDPP = NSDPPH1
+ · · · + NSDPPH

+ · · · + NSDPPHz (6.2)

Eventually, by substituting Equation (6.1) into Equation (6.2) for
a submodule-level DMPPT in hierarchical PV2PV SDPP with NPVSM PV
submodules, there are in total (NPVSM − 1) SDPP converters.

NSDPP = NPVSM − 1 (6.3)

Using the central converter as the additional actuator, the system
has NPVSM actuators, enough to control NPVSM PV submodules. SDPP
converters process power during mismatch conditions, transferring it
between shaded and unshaded PV groups. Comparative analysis of
models and architectures is vital since losses, cost, and size are directly
tied to the total processed power and vary among architectures. For
simplicity, two assumptions are made: (i) all SDPP converters are
lossless, and (ii) all PV submodules operate at the same voltage,
ensuring near-MPP operation due to the low sensitivity of PV voltage to
mismatch.
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Figure 6.1.: Hierarchical PV2PV SDPP architecture.
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Here, an analysis of the power processed by the SDPP converters at
the mth cluster of PV groups of ith hierarchy is performed (see Fig. 6.2).
The current of the topmost SDPP converter, denoted as SDPP(H−m1), is
obtained through the application of Kirchhoff’s rules on Cut-Set 1:
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Figure 6.2.: mth cluster of PV groups of ith hierarchy with its corresponding
SDPP converters.

SDPP(H−m1)
= PVG(H−m1)

− PVG(H(+1)−Xy) (6.4)

Considering Cut-Set 2, the second SDPP current is given by:
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SDPP(H−m2)
= PVG(H−m2)

+ SDPP(H−m1)
− PVG(H(+1)−Xy) (6.5)

Subsequently, utilizing Cut-Set 3, the jth SDPP current is expressed as:

SDPP(H−mj
) = PVG(H−mj

) + SDPP(H−mj−1 )
− PVG(H(+1)−Xy) (6.6)

In Equation (6.6), a recurrence relation emerges. Upon solving, the
following equation is derived for the jth SDPP current:

SDPP(H−mj
) =

j
∑

n=1

PVG(H−mn )
− j · PVG(H(+1)−Xy) (6.7)

To eliminate PVG(H(+1)−Xy) in Equation (6.7), the power balance for the

cluster is redefined under the assumption of no losses:

PPVG(H(+1)−Xy) =
K
∑

n=1

PPVG(H−mn) (6.8)

Which may be rewritten as:

VPVG(H(+1)−Xy) · PVG(H(+1)−Xy) =
K
∑

n=1

�

VPVG(H−mn )
· PVG(H−mn )

�

(6.9)

The voltage across all PV groups at the mth cluster of PV groups of ith

hierarchy is calculated as:

VPVG(H(+1)−Xy) =
K
∑

n=1

VPVG(H−mn) (6.10)

Due to the equality of voltages across all PV groups, we have:

VPVG(H−m1)
= · · · = VPVG(H−mK

) =
VPVG(H(+1)−Xy)

K
(6.11)

By substituting Equations (6.10) and (6.11) into Equation (6.9), the
current PVG(H(+1)−Xy) is expressed in terms of PV groups’ currents:

PVG(H(+1)−Xy) =

∑K
n=1 PVG(H−mn)

K
(6.12)

Equation (6.12) indicates that the current of the PV group in the next
related hierarchy (PVG(H(+1)−Xy)) is equal to the average current of PV

groups belonging to the mth cluster of PV groups in the ith hierarchy. By
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substituting Equation (6.12) into Equation (6.7), the desired expression
is obtained for:

SDPP(H−mj)
=
K − j

K
·

j
∑

n=1

PVG(H−mn) −
j

K
·

K
∑

n=j+1

PVG(H−mn) (6.13)

Equation (6.13) reveals that the currents of SDPP converters only
depend on the operation of PV groups in the same cluster and hierarchy.
In other words, each cluster is treated as an independent entity, and
the operation of the SDPP converters within a cluster is not influenced
by factors such as partial shading of PV groups outside the cluster itself.
Thus, the hierarchical architecture limits the accumulation effect among
SDPP converters belonging to the same cluster of the same hierarchy.
Further details will be discussed in next subsection.

6.2.2. HIERARCHICAL VERSUS CONVENTIONAL PV2PV SDPP
CONVERTER RATING

Equation (6.13) can be applied to both hierarchical and conventional
PV2PV systems to determine the converter rating. For the conventional
system with NPVSM PV submodules, the expression becomes:

SDPPmj
=
(NPVSM − j)

NPVSM

·
j
∑

n=1

PVSMn −
j

NPVSM

·
NPVSM
∑

n=j+1

PVSMn (6.14)

If Equation (6.13) is multiplied by the voltage of SDPPs converters
( Vs
NPVSM

), it is possible to calculate the power processed by the jth SDPP

converter as:

PSDPPj =
(NPVSM − j)

NPVSM

·
j
∑

n=1

PPVSMn −
j

NPVSM

·
NPVSM
∑

n=j+1

PPVSMn (6.15)

The maximum value of Equation (6.15) determines the SDPP
converters’ power rating, with the worst-case scenario considered, as
outlined in [5], where the first (or second) half of PV submodules

(j =
NPVSM

2 ) are shaded, each with a maximum power generation of
(Ksh × PPVSM,MPP) per PV submodule, while the other half remains
unshaded. In this case, the SDPP converter at the boundary between
the shaded and unshaded sections of the PV string processes the
largest amount of power. The power flow through the SDPP converter
connecting these two sections is then expressed as:

PSDPP,max =
NPVSM

4
· PPVSM,MPP · (1 − Ksh) (6.16)
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SDPP,max =
NPVSM

4
· PVSM,MPP · (1 − Ksh) (6.17)

VSDPP,max =
2 · Vs
NPVSM

= 2 · VPVSM,MPP (6.18)

As shown in Equations (6.16)–(6.18), the power and current rating of
the SDPP converters depend on the total number of PV submodules,
and their voltage rating is contingent on the voltage of the PV
submodules.Utilizing Equations (6.13) and (6.16)–(6.18), the ratings of
the converters in the ith hierarchy is evaluated as in Equations (6.19)–
(6.21):

PSDPP(H−m),max =
K

4
· PPVG(H−m),MPP · (1 − Ksh) (6.19)

SDPP(H−m),max =
K

4
· PVG(H−m),MPP · (1 − Ksh) (6.20)

VSDPP(H−m),max =
2 · VPVG(H(+1)−m),MPP

K
(6.21)

In the jth hierarchy, each PV group consists of
∏−1

j=1 Kj PV submodules,

thus:

PPVG(H−m),MPP =
−1
∏

j=1

Kj · PPVSM,MPP (6.22)

The absolute maximum MPP current of PV groups is:

PVG(H−m),MPP = PVSM,MPP (6.23)

The voltage of the whole cluster is:

VPVG(H(+1)−m),MPP = VPVSM,MPP ·

∏

j=1

Kj (6.24)

By substituting Equations (6.22)–(6.24) into equations (6.19)–(6.21),
the expressions become:

PSDPP(H−m),max =

∏
j=1 Kj

4
· PPVSM,MPP · (1 − Ksh) (6.25)

SDPP(H−m),max =
K

4
· PVSM,MPP · (1 − Ksh) (6.26)
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VSDPP(H−m),max = 2 · VPVSM,MPP ·
−1
∏

j=1

Kj (6.27)

The power rating of SDPPs depends on all PV submodules within the
hierarchy, leading to a higher power rating for outer SDPP converters.
However, the required power rating of hierarchical SDPPs across all
hierarchies is lower than that of conventional PV2PV SDPPs, except for
the Zth hierarchy, which remains equal. This is due to the limited
accumulation effect among PV groups in the same cluster and hierarchy.
Furthermore, SDPP converters’ current rating only depends on the
number of PV groups within the given hierarchy, while their voltage
rating depends on the voltage of each PV group.

By adjusting equations (6.25)–(6.27), the component ratings for the
Zth hierarchy are as follows:

PSDPP(Hz−m),max =
NPVSM

4
· PPVSM,MPP · (1 − Kshz ) (6.28)

SDPP(Hz−m),max =
Kz

4
· PVSM,MPP · (1 − Kshz ) (6.29)

VSDPP(Hz−m),max =
Vs

Kz
= 2 · VSM,MPP ·

Z−1
∏

j=1

Kj (6.30)

As evident in Equations (6.28)–(6.30), the power rating of SDPPs for
the Zth hierarchy depends on the total number of PV submodules. The
power rating of hierarchical PV2PV SDPPs at this hierarchy is the same
as that of conventional PV2PV, but the differences lie in their current and
voltage ratings. The former requires switches with higher voltage but
lower current than the latter. The primary advantage of this hierarchy
is the reduction in conduction losses compared to conventional PV2PV
SDPP systems.

Again, by adjusting Equations (6.25)–(6.27), the power ratings of
converters for the first hierarchy are given by:

PSDPP(H1−m),max =
K1

4
· PPVSM,MPP · (1 − Ksh1) (6.31)

SDPP(H1−m),max =
K1

4
· PVSM,MPP · (1 − Ksh1) (6.32)

VSDPP(H1−m),max =
2 · VPVM
K1

= 2 · VPVSM,MPP (6.33)
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As demonstrated in Equations (6.31)–(6.33), the voltage rating of
hierarchical PV2PV SDPPs at the first hierarchy is the same as that
of conventional PV2PV systems. However, the current and power
ratings are significantly decreased. This reduction is attributed to the
accumulation effect being limited among the PV submodules inside each
PV module.

We consider a PV string composed of nine PV modules to compare
component ratings between hierarchical and conventional architectures.
Each PV module comprises 3 PV submodules, resulting in 27 PV
submodules per PV string. We analysed three architectures: (i)
conventional PV2PV, (ii) two-hierarchy PV2PV SDPP (K1 = 3, K2 = 9), and
(iii) three-hierarchy PV2PV SDPP (K1 = 3, K2 = 3, K3 = 3). Table. 6.2
illustrates a significant reduction in the power rating of the inner
SDPPs compared to the conventional structure. For instance, in the
three-hierarchy PV2PV SDPP, only two converters with the same power
rating as the conventional one are required, while the remaining 24
converters have substantially lower power ratings. This is due to the
mitigation of the accumulation effect, resulting in reduced processed
power in the hierarchical structure.

PROCESSED POWER
The second benefit of the accumulation effect’s limitation is the reduced
processed power. The three architectures introduced in the previous
subsection are examined to demonstrate this. With 27 PV submodules
operating at their maximum power point voltage of 26.63 V and current
of 7.9 A, the total processed power in the three architectures is evaluated
based on the number of shaded PV submodules. Shading locations
can vary within the PV string, occurring at the top, bottom, or middle.
Utilizing 100,000 runs in the Matlab environment, shading locations are
randomly selected with the shading factor of 0.5, and the total power
processed by all converters in steady-state is computed. The resulting
averages are depicted in Fig. 6.3 for the three architectures. Due to
the accumulation effect, the conventional PV2PV structure exhibits the
highest total processed power. Notably, the most challenging scenario
occurs when half of the PV submodules are shaded, resulting in the
peak total processed power across all three architectures. Furthermore,
an increase in hierarchies corresponds to reduced processed power. In
architectures with more hierarchies, power is processed fewer times,
but this reduction becomes less pronounced as the accumulation effect
weakens.
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Table 6.2.: Comparison between hierarchical and conventional PV2PV SDPP: converter ratings and count.

Conventional Hierarchical PV2PV

Parameter PV2PV Two Hierarchies Three Hierarchies

First Second First Second Third

Voltage Rating 1 p.u 1 p.u 3 p.u 1 p.u 3 p.u 9 p.u

Current Rating 1 p.u 1/9 p.u 1/3 p.u 1/9 p.u 1/9 p.u 1/9 p.u

Power Rating 1 p.u 1/9 p.u 1 p.u 1/9 p.u 1/3 p.u 1 p.u

Converter Count 26 18 8 18 6 2
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Figure 6.3.: Total processed power as a function of the number of shaded
PV submodules in different architectures.

To elaborate on mitigating the accumulation effect, consider a
hierarchical PV2PV SDPP architecture with two levels: module and
submodule hierarchies. As illustrated in Fig. 6.4(a), when mismatches
occur among PV modules, only the converters at the module level
activate, while those at the submodule level remain inactive. Conversely,
if mismatches arise among PV submodules (Fig. 6.4(b)), the submodule-
level converters engage, with the module-level converters staying
off. Finally, as shown in Fig. 6.4(c), when mismatches exist at both
levels, only the converters that provide the shortest path for power
transmission activate, optimizing power flow efficiency.
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Figure 6.4.: Hierarchical PV2PV SDPP architecture with two hierarchies (a) Mismatches among PV modules,
(b) mismatches among PV submodules, and (c) mismatches among PV modules (M) and PV
submodules (SM).
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6.2.3. SIMULATION RESULTS
This subsection performs dynamic simulations in Matlab/Simulink to
verify the proposed structure’s ability to limit accumulation effects
among SDPPs across (i) different hierarchical levels and (ii) the same
hierarchical level but within different outer hierarchies. This simulation
uses a PV string comprising 27 PV submodules, each with an MPP voltage
and current of 26.63 V and 7.9 A, respectively. As shown in Fig. 6.5(c),
three hierarchical PV2PV SDPPs control their voltages at different levels:
the first hierarchy involves PV submodules, the second hierarchy PV
modules, and the third hierarchy PV substrings. Four scenarios are
defined to examine this architecture further to evaluate hierarchical
PV2PV SDPPs with three levels (see Table. 6.3). The simulation initially
sets all PV submodules under uniform conditions, where each receives
full illumination (1000 W

m2 ). After 0.1 seconds, the irradiance conditions
outlined in Table. 6.3 are applied.

In the first scenario, one PV submodule in each PV module is shaded,
causing mismatch solely among PV submodules. Fig. 6.6 illustrates
that only SDPP converters at the submodule hierarchy transfer power
among PV submodules. In this scenario, one of the three PV submodules
within each PV module is shaded, so all PV modules and PV strings
produce the same current. In other words, the mismatch only exists
among PV submodules, with no mismatch between PV modules and
PV substrings. Consequently, as shown in Fig. 6.6, only the SDPP
converters in the first hierarchy actively transfer power among PV
submodules, while those in the second and third hierarchies do not
process power. In the second scenario, one PV module within each PV
substring is uniformly shaded, leaving the others unshaded. This means
no mismatch exists within the PV submodules or PV substring groups.
As depicted in Fig. 6.7, only the SDPP converters in the second hierarchy
operate, while those in other hierarchies remain inactive. In the third
scenario, the mismatch occurs solely among PV substrings. As shown
in Fig. 6.8, only the SDPP converters in the third hierarchy are active,
with all others shut down. These results confirm that the accumulation
effect is effectively mitigated across different hierarchies. Additionally,
Fig. 6.6–6.8 demonstrates that SDPP converters in outer hierarchies
handle more power, requiring components with ahigher power rating.
In the fourth scenario, only the bottommost PV submodule is shaded,
leading to mismatches among PV submodules, PV modules, and PV
substrings. Fig. 6.9 indicates that converters in the affected PV groups
operate, while others are shut down.

These simulation results prove the efficacy of hierarchical PV2PV SDPP
in limiting the accumulation effect.
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Figure 6.5.: Simulated Hierarchical PV2PV SDPP architecture.
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PV Substring 1 2 3

PV Module 1 2 3 1 2 3 1 2 3
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Scenario 2
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Figure 6.6.: Power Processed by the SDPP converters in Scenario 1.

 

Figure 6.7.: Power Processed by the SDPP converters in Scenario 2.
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Figure 6.8.: Power Processed by the SDPP converters in Scenario 3.

 

Figure 6.9.: Power Processed by the SDPP converters in Scenario 4.



6.3. Overview of the proposed PV2VB SPDPP architecture

6

185

6.3. OVERVIEW OF THE PROPOSED PV2VB SPDPP
ARCHITECTURE

As discussed in Section 6.2, although the hierarchical PV2PV SDPP can
mitigate the accumulation effect, it still has two major drawbacks: (i)
the use of high-voltage-rated components in the outer hierarchies and
(ii) a lack of modularity due to varying voltage and power ratings across
hierarchies. To overcome these issues, PV2VB SDPP, which does not
suffer from these limitations, has been selected for the SDPP part of the
SPDPP architecture.

In the PV2VB SPDPP architecture, the primary sides of the SLCs and
MICs are connected to the virtual buses, as shown in Fig. 6.10. When the
architecture has NS PV strings, each consisting of NM PV modules, there
will be NSM = NS × NM PV modules, NS module-level virtual buses, and
one string-level virtual bus. This means the total number of objectives
is:

NT = NSM + NS + 1 (6.34)

Therefore, NT actuators are required to control all the objectives. To
achieve this, the architecture includes NSM MICs, NS SLCs, and one
central converter. The roles of each component within the architecture,
their requirements, and potential topologies will be discussed in detail
in the following subsections.

6.3.1. MICS
In this architecture, the primary sides of the MICs are connected to
the module-level virtual buses, while the secondary sides are directly
connected to the PV module terminals. The primary ports of MICs are
connected in parallel. In turn, distributing the module-level virtual bus
capacitor at the inputs of MICs is possible. Similar to the PV2VB SDPP
architectures detailed in Chapter 2, subsection 2.4.1, the MICs in this
setup are tasked with tracking the MPP of their respective PV modules
and adhere to similar requirements.

6.3.2. SLCS
In the PV2VB SPDPP architecture, like the PV2VB PDPP architecture, the
SLCs’ primary sides connect to the string-level virtual bus, while their
secondary sides are located between the PV string and the main bus.
The primary goal of SLCs is to ensure that the module-level virtual buses
are balanced. To achieve this, SLCs control the module-level virtual
buses by manipulating the string currents. Besides, SLCs must add or
subtract differential voltage between the main bus and the MPP voltage
of their respective PV strings. It means SLCs connected to the PV strings
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with high voltage must generate negative voltage, while the others are
positive. Since the currents of PV strings are always positive (upward
in Fig. 6.10), SLCs connected to the PV strings with high voltage inject
the power to the string-level virtual bus, while the others extract the
power from the string-level virtual bus. In other words, SLCs must also
establish a path for efficient power transfer to and from the string-level
virtual bus.
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Figure 6.10.: Schematic of the proposed PV2VB SPDPP architecture with their possible associated SLCs and
MICs topologies.
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As also discussed in Chapter 3, various topologies can be utilized for
SLCs as long as they incorporate three key features. Firstly, they must
be capable of operating efficiently in both the first and fourth quadrants
of the V-I curve, as previously discussed. Additionally, isolation is critical
to allow independent voltage control of each PV string and to ensure
that the current from the ith PV string is confined to flow through its
respective ith SLC. To explain more, it is considered the case that the
DAB converters (isolated DC-DC converter stage) have been removed
and only utilize BL converters (non-isolated DC-DC converter stage) as
SLCs. Furthermore, it is considered a scenario where PV strings 1
and 2 generate currents with magnitudes SLC1 and SLC2 , respectively.
Ideally, SLC1 must flow through SLC1, and SLC2 must flow through
SLC2, as depicted in Fig. 6.11 (a) below. However, due to, e.g., minor
differences in the SLC parameters, which can be attributed to factors
such as parasitic elements, the current from PV string 2 might instead
flow through SLC1 (Fig. 6.11 (b)). This situation is undesirable as it
leads to increased losses, thermal stress, and the power rating of the
SLCs. It should be noted that this imbalance can occur with changing
switching sequences, not just in the example provided above. Therefore,
employing isolated topologies ensures that the current from the ith PV
string exclusively flows through the ith SLC, maintaining system balance
and efficiency.

BF converters are well-suited for the first stage of SLCs due to their
simplicity and ability to provide galvanic isolation. However, their use is
typically restricted to power levels of a few hundred watts. For higher
power levels, exploring alternative topologies better suited for such
applications becomes necessary while it is possible to keep using BL
converters for the second stage (Fig. 6.10).
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Figure 6.11.: The direction of the currents generated by PV strings in PV2VB PDPP architecture with
non-isolated SLCs: (a) Ideal current path, and (b) Non-ideal practical current path.
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6.3.3. CENTRAL CONVERTER
In a PV2VB SPDPP architecture, the central converter plays a crucial role
in regulating the string-level virtual bus voltage by adjusting the main
bus voltage. Specifically, the string-level virtual bus voltage (VB) is
controlled through manipulation of the main bus voltage. The central
converter can be either a DC-DC or DC-AC converter, depending on
whether it is connected to a DC or AC grid. Unlike the SLCs and MICs, the
central converter does not need to adhere to any specific requirements.

6.4. CONTROL STRATEGY FOR THE PROPOSED PV2VB
SPDPP ARCHITECTURE

In the PV2VB SPDPP architecture, while ensuring MPP for all PV modules,
it is crucial to maintain the module-level and string-level virtual bus
voltages at a constant level. Achieving this requires various control
loops, as illustrated in Fig. 6.12. The following subsections will
explain the controllers and their operating principles, supported by
mathematical equations.
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Figure 6.12.: PV2VB SPDPP architecture with the associated central
converter, SLCs, and MICs topologies considered in this
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6.4.1. MICS
In the PV2VB SPDPP architecture, the primary function of the MICs
is to ensure that each PV module operates at its MPP. To achieve
this, the ith MIC of the jth PV string continuously monitors the voltage
(PVj) and current (PVj) of its corresponding PV module, as depicted in
Fig. 6.12. The chosen MPPT algorithm then adjusts the control variables
to track the module’s MPP. However, the output voltage of the MICs,
which defines the PV module’s operating voltage, is closely linked to
the module-level virtual bus voltage. Thus, regulating and stabilizing
the virtual bus voltage is critical to prevent interference with the MPPT
algorithm and ensure consistent performance.

6.4.2. SLCS
In a PV2VB SPDPP architecture, the SLCs manage their output current
(SLC) to maintain system performance. However, the primary objective
of this control mechanism is to stabilize the module-level virtual bus
voltages (VBj). This section explores the connection between the output

current of the jth SLCs output current (SLCj) and jth module-level virtual
bus voltage (VBj). For simplicity, it is assumed that the converters are
lossless. Based on these assumptions, the power relationship within the
architecture can be derived as follows:

pVBj = poutj − pinj (6.35)

In the context of the proposed architecture, pVBj , potj , and pnj
represent the instantaneous jth module-level virtual bus power, power
delivered to the jth string, and power generated by the PV modules of
the jth string, respectively; these values can be computed as follows:

pVBj = CVBM · VBj ·
dVBj

dt
(6.36)

potj = PVSj · SLCj =
NM
∑

=1

PVj · SLCj (6.37)

pinj =
NM
∑

=1

PVj · PVj (6.38)

Where CVBM and PVSj represent module-level virtual bus capacitance

and summation of PV modules voltage of jth string, respectively; the
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following equation can be obtained by substituting equations (6.36)–
(6.38) in equation (6.35):

pVBj =
dVB

dt
· CVBM · VBj =

NM
∑

=1

PVj · PVj − PVSj · SLCj (6.39)

It’s crucial to recognize that MICs govern the current and voltage of
PV modules to ensure they operate at their MPPs. Additionally, PVSj
naturally corresponds to the sum of the individual PV module voltages
in the jth string. Therefore, the only controllable variable for managing
the module-level virtual bus power—and by extension, the module-level
virtual bus voltage—is the SLC current. When the average power of the
virtual bus at the module level is kept at zero, the following equation is
obtained:

PVBj = 0→ ∗
SLCj

=

∑NM
=1 VMPPj · MPPj
∑NM
=1 VMPPj

, VVBj = const (6.40)

Where ∗
SLCj

is the equilibrium SLC current at which the module-level

virtual bus voltage is constant. It is important to note that capital
letters represent the steady-state values of the variables. By combining
Equations (6.39) and (6.40), the following equation can be derived,
which describes the instantaneous rate of change of the virtual bus
voltage as a function of the SLC output current:

dVBj

dt
=

∑NM
=1 VMPPj · MPPj

CVBM · VB
·

 

1 −
SLCj

∗SLCj

!

(6.41)

Equation (6.41) shows the virtual bus voltage rises when the SLC
output current voltage drops below the equilibrium level and vice versa.
Both topologies proposed for the SLCs consist of two stages, with their
performance decoupled by an intermediate bus capacitor, referred to
as the decoupling capacitor. When DAB converters are employed as
the first stage, the voltage of this intermediate bus is regulated by
controlling the phase shift (φ) between the two AC voltage waveforms
across the windings of the isolation transformer, using a closed-loop
controller. Power is transferred from the leading bridge to the lagging
bridge based on this phase shift.

6.4.3. CENTRAL CONVERTER
In the PV2VB SPDPP architecture, the central converter regulates the
main bus voltage (S) through its duty cycle. However, this regulation
primarily aims to stabilize the string-level virtual bus voltage (VB), as
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shown in Fig. 6.12. Using a procedure similar to Chapter 3, the following
equation is derived:

PVB = 0→ V∗
S
=

∑NS
j=1 VPVSj · 

∗
SLCj

∑NS
j=1 

∗
SLCj

, VVB = const (6.42)

Where V∗
S

represents the equilibrium main bus voltage, at which
the string-level virtual bus voltage remains constant. Additionally, the
instantaneous rate of change of the string-level virtual bus voltage as a
function of the main bus voltage can be derived as follows:

dVB

dt
=

∑NS
j=1 VPVSj · SLCj

CVBS · VB
·
�

1 −
S

V∗
S

�

(6.43)

where CVBS represents the string-level virtual bus capacitance. Equation
(6.43) indicates that the string-level virtual bus voltage increases when
the main bus voltage drops below the equilibrium level, and decreases
when the main bus voltage exceeds the equilibrium level.

6.5. DESING CONSIDERATIONS FOR THE PROPOSED
PV2VB SPDPP ARCHITECTURE

6.5.1. MODULE-LEVEL VIRTUAL BUSES AND MICS RATING
Since the primary side of the MICs is connected to the module-level
virtual bus, the voltage rating of the primary side components is
dependent on the module-level virtual bus voltage. Selecting a very
low voltage for the module-level virtual bus increases the required
capacitance as the maximum allowable voltage ripple decreases [8].
Additionally, low virtual bus voltage results in higher conduction losses
for the DPP converters due to increased current. Conversely, selecting
a very high module-level virtual bus voltage requires components
with higher voltage ratings, leading to increased costs and switching
losses. To achieve a 1:1 conversion ratio and allow for symmetrical
implementation on both the primary and secondary sides of the MICs, it
is recommended that the module-level virtual bus voltage be set close
to the nominal MPP voltage of the PV modules, denoted as VMPPn . MICs
in a string are activated when a current mismatch occurs among the PV
modules within that string. In the worst-case scenario, the power rating
of the MICs is equal to:

PMIC

MPPn · VMPPn

=
NM − 1

NM
(6.44)
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Where MPPn represents the nominal MPP current of the PV modules.
However, such extreme mismatch conditions are rare. The impact of
reduced MIC ratings in the SDPP architecture has been studied in detail
over long-term scenarios in [9].

6.5.2. STRING-LEVEL VIRTUAL BUS AND SLCS RATING

In the architecture, the primary sides of SLCs first stage are connected
to the string-level virtual bus, while the secondary sides are linked
to the intermediate bus voltage. Consequently, the voltage rating of
the first stage (DAB or BF converters) is determined by the voltage at
the intermediate bus. Similar to MICs, to maintain a 1:1 conversion
ratio and facilitate symmetrical implementation on both the primary
and secondary sides of the first stage, it is advisable to select the
string-level virtual bus voltage to be close to the intermediate bus
voltage (VBj). In contrast to MICs, SLCs begin processing power when
voltage mismatches occur among PV strings. A comprehensive power
rating analysis of SLCs can be found in Chapter 3.

In the SPDPP architecture, unlike the PV2VB PDPP architecture, the
voltage differences between PV strings are generally insignificant,
particularly when DMPPT is implemented at the submodule level. In this
scenario, there are no bypass diodes to circumvent a PV submodule,
and the effects of irradiance mismatch or temperature variation on
submodule-level MPP tracking are relatively minor. As a result, the
voltage discrepancies between strings will not be as pronounced as in
the PV2VB PDPP architecture when all PV modules are functioning. This
allows for selecting a string-level virtual bus voltage lower than that in
the PV2VB PDPP architecture.

However, suppose short-circuited PV modules occur within a PV string,
resulting in a drop in the string voltage. In that case, the SLCs must
generate sufficient voltage to compensate for the differential voltage
between the main bus voltage and the PV string voltage to ensure
operation at the MPP. Therefore, selecting a very low voltage for the
string-level virtual bus is not advisable. Ultimately, selecting the
appropriate string-level virtual bus voltage primarily depends on fault
conditions rather than shading.

While BF converters are preferred for MICs, the situation differs for
SLCs, which may require higher power ratings. BF converters are
typically limited to power outputs of a few hundred watts, making them
less suitable for SLCs. As a result, DAB converters are favored for this
application. In this study, BF converters are employed for the MICs,
while DAB converters are utilized for the first stage of the SLCs.
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6.5.3. CONTROLLERS
Assuming a search-based MPPT algorithm like P&O, the architecture
incorporates three distinct control loops: (i) a central controller that
regulates the string-level virtual bus voltage, (ii) SLC controllers that
adjust the module-level virtual bus voltages, and (iii) controllers that
manage the intermediate bus voltage within an SLC, as illustrated
in Fig. 6.12. In contrast to the third controller, the first two
controllers, which regulate the main bus voltage and string current, may
inadvertently disrupt the operation of the MPPT algorithm. Therefore,
achieving a harmonious control mechanism that effectively integrates
with the MPPT algorithms requires a thoughtful approach. To mitigate
interference between the SLC controllers and the MPPT algorithm, it is
advisable to extend the sampling times of these controllers. This can be
expressed mathematically as follows:

TVB = TVBM = ⌈4 ·m · TMPPT⌉m=1,2,... (6.45)

Where TVB, TVBM , and TMPPT represent the sampling time of the
string-level virtual bus controller, the sampling time of the module-level
virtual bus controller, and the perturbation period of the MPPT algorithm,
respectively. By designing the controllers with these increased sampling
times, the MPPT algorithms can operate independently without being
hindered by premature or conflicting control actions from the controllers.
This careful coordination is essential for maintaining accurate MPP
tracking and optimizing the overall performance of the PV system.

6.6. REAL TIME SIMULATION RESULTS

T his section highlights the ability of the proposed PV2VB SPDPP
architecture to perform MPPT at the module level while maintaining

constant module-level and string-level virtual bus voltages. Fig. 6.13
illustrates the real time simulation setup, consisting of two PLECS
RT-Box-2 for the real time simulation model. The electrical specifications
and component values of the architecture are summarized in Table. 6.4.
As shown in Fig. 6.14, the evaluated architecture connects two PV
strings to two SLCs, each comprising six series-connected PV modules
equipped with an associated MIC. To assess the architecture’s overall
performance, two distinct tests were conducted: (i) partial shading, with
an emphasis on evaluating the performance of the MICs, and (ii) PV
modules bypassed, highlighting the functionality and effectiveness of
the SLCs.

6.6.1. MISMATCHES CURRENT AMONG PV MODULES
In scenario I, all PV modules initially operate under uniform conditions.
This is followed by a partial shading scenario, as illustrated in Fig. 6.14.
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Figure 6.13.: Real time simulation setup with two PLECS RT-Box-2 (A)
Plant and (B) controller real time simulations.

Table 6.4.: Electrical Specifications and Component Parameters of the
System

Parameter SYMBOL VALUE

PV system rated power Psys 4 kW

String-level virtual bus voltage VVB 200 V

Module-level virtual bus voltage VVBj 70 V

MPP voltage of the PV module VMPP 64 V

MPP current of the PV module MPP 5.3 A

MPPT algo perturbation period TMPPT 5 ms

Sampling Time of Controllers TVB, TVBM 20 ms

String-level virtual bus capacitance CVB 10 mF

Module-level virtual bus capacitance CVBM 40 mH

Switching frequency ƒSW 10 kHz

Discretization time step of real-time
simulation

Tdisc 6.25μs
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Figure 6.14.: Evaluated PV2VB SPDPP architecture in RT PLECS boxes.

After 10 seconds, the system is restored to uniform conditions to
evaluate the architecture’s overall performance, particularly focusing
on the performance of the MICs. During this assessment, there is no
voltage mismatch between string 1 and string 2.

Fig. 6.15 illustrates the voltage waveforms of the module-level virtual
buses, the string-level virtual bus, and the main bus during scenario
I. The results demonstrate that the controllers effectively maintain the
virtual bus voltages at module and string levels. After each disturbance,
the voltages successfully return to their desired values. Furthermore,
the following observations are noted:

Module-Level Virtual Buses: In String 1, current mismatches among the
PV modules result in voltage variations on the associated module-level
virtual buses. In contrast, as no mismatches occur in String 2, its
module-level virtual bus remains largely unaffected.
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String-Level Virtual Bus: Since there are no mismatches among the PV
string voltages, the string-level virtual bus voltage remains stable and
unaffected by disturbances.

Main Bus Voltage: The main bus voltage closely follows the value
predicted by Equation (6.42), thereby validating the mathematical model
presented. These findings confirm the system’s capability to manage
voltage dynamics effectively under the given conditions.

 

Figure 6.15.: Normalized voltage waveform (VVB1&VVB2 , VVB, and VS
are normalized by 70 V, 200V, and 400 V, respectively).
Scenario I: PV modules transitions from uniform condition
to current mismatch conditions shown in Fig. 6.14, and
then return to the uniform condition.

Fig. 6.16 presents the current of a shaded PV module (PVsh) and
an unshaded PV module (PVsh). The figure demonstrates that the
architecture can effectively track the MPP of PV modules during
transitions. Key observations include:

Tracking MPP: The MPP currents of both shaded and unshaded
PV modules adjust appropriately during transitions, highlighting the
architecture’s ability to adapt to varying shading conditions and
maintain optimal power extraction.

Impact of Mismatches in String 1: Mismatches only occur in string 1,
leading to changes in its current (SLC1)as determined by Equation (6.41).
This adjustment ensures the module-level virtual bus voltage remains
constant at 70 V. In contrast, the current of string 2 (SLC2) remains
unaffected, as no mismatches are present in string 2. Together, Fig. 6.15
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and Fig. 6.16 confirm the effective performance of the PV2VB SPDPP
architecture in handling current mismatches among PV modules while
maintaining system stability and efficient operation.

 

Figure 6.16.: Current waveform. Scenario I: PV modules transition from
uniform condition to current mismatch conditions shown in
Fig. 6.14, and then return to the uniform condition.

6.6.2. VOLTAGE MISMATCHES AMONG PV STRINGS
In Scenario II, mismatches among PV string voltages are introduced
to assess the system’s response and performance. In this scenario,
initially, all PV modules operate under uniform conditions, ensuring no
mismatches in the system. Then, at approximately 2.3 seconds, three
out of six PV modules in string 1 transition to generate an I-V curve 2
(as shown in Fig. 6.17), while the remaining modules generate an I-V
curve 1. This results in a voltage mismatch between String 1 and String
2. Finally, after 10 seconds, all PV modules return to their uniform
conditions, eliminating the voltage mismatch. This scenario is designed
to evaluate the PV2VB SPDPP architecture’s ability to manage voltage
mismatches among PV strings dynamically and maintain stable system
performance during transitions.

Fig. 6.18 illustrates the voltage waveforms of the module-level virtual
buses, string-level virtual bus, and main bus during scenario II. The
voltage mismatches in PV modules of string 1 lead to observable
variations in all virtual buses. This is expected, as the mismatch creates
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Figure 6.17.: PV module. (a) I-V curves. (b) P-V curves were used in the
real time simulation.

voltage imbalances between the two strings. Moreover, the module-
level virtual bus associated with string 1 experiences more pronounced
voltage variation due to the localized nature of the mismatches within
this string. Besides, Fig. 6.18 shows the despite the disturbances, the
system effectively restores the string-level virtual bus voltages to the
desired value of 200 V by manipulating the main bus voltage according
to Equation (6.42). Fig. 6.18 thus validates the ability of the PV2VB
SPDPP architecture to manage and mitigate the effects of voltage
mismatches effectively.

Fig. 6.19 illustrates that both strings operate at 385 V under uniform
conditions. However, when a mismatch occurs, string 1 and string 2
operate at 385 V and 330 V, respectively, which correspond to the
summation of the MPP voltages of their associated PV modules. This
demonstrates that the proposed architecture effectively handles voltage
mismatches between strings. Furthermore, according to Equation (6.40),
since the global MPP current of the PV modules remains unchanged
before and after introducing the mismatch, the equilibrium currents in
the strings also remain constant. This observation is validated through
real time simulation. As shown in Fig. 6.18 and Fig. 6.19, the architecture
exhibits rapid MPP tracking while gradually adjusting the virtual bus
voltages. This behavior indicates that the slower response of the central
controller does not compromise MPPT efficiency.
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Figure 6.18.: Normalized voltage waveform (VVB1&VVB2 , VVB, and VS
are normalized by 70 V, 200V, and 400 V, respectively).
Scenario II: three PV modules in string 1 from uniform
condition to voltage mismatch conditions shown in Fig. 6.17,
and then return to the uniform condition.

6.7. CONCLUSION

T his chapters delve into a novel PV2VB SPDPP architecture for
photovoltaic systems, designed to effectively mitigate both current

and voltage mismatches among PV modules and strings. The study
thoroughly elaborates on the system’s mathematical framework and
control methods, detailing the requirements for SLCs, MICs, controllers,
and the overall architecture. Real time simulations validate the
architecture’s performance, demonstrating its ability to maintain stable
module-level and string-level virtual bus voltages while efficiently
tracking the MPP of PV modules.
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Figure 6.19.: Voltage and current of string waveform. Scenario II: three
of PV modules in a string transition from uniform condition
to voltage mismatch conditions shown in Fig. 6.17, and
then return to the uniform condition.
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7
CONCLUSION AND OUTLOOK

7.1. CONCLUSION

T his dissertation presents advancements in the field of DPP archi-
tectures for PV systems, addressing critical challenges related to

mismatch mitigation, efficiency, and system scalability. The proposed in-
novations have been thoroughly validated through modeling, simulation,
and experimental testing, achieving the research objectives outlined in
Chapter 1.

After a review of MPPT architectures (Chapter 2), in Chapter 3, a novel
PV2VB PDPP architecture was successfully designed and implemented.
By leveraging a virtual bus with a lower voltage than the main bus or PV
strings, the architecture achieved reduced component voltage ratings
without compromising performance. In Chapter 3, we demonstrated
that SLCs need to generate both negative and positive voltage. Since
the direction of the SLCs’ output current is determined by the PV strings,
and the current in a PV string is always outward, the SLCs must operate
in the first and fourth quadrants of the V-I curve. Additionally, to
prevent current circulation and unbalanced current distribution among
SLCs, they must be isolated. Finally, as they are connected to the
capacitive virtual bus, they must function as voltage source converters.
Considering these requirements, a DAB converter followed by a BL
converter was selected as the SLC topology. Experimental results
demonstrated high system efficiency (excluding the power losses due
to the MPPT algorithm), ranging from 96.4% to 99%, despite the SLCs
having an efficiency range of 84.5% to 95%. These results confirm the
feasibility and effectiveness of the design.

In Chapter 4, comprehensive dynamic modeling and small-signal
analysis of the PDPP architecture provided valuable insights into its
behavior. For modeling, three assumptions are made for simplicity: (i) the
converters are considered lossless, (ii) the PV strings’ small-signal model
is assumed to be frequency-independent (purely resistive) at sufficiently

205
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low frequencies, and (iii) the dynamic behavior of Vot is assumed
to be negligible. These assumptions are also applied in simulations,
so there exists a high similarity between system identification through
simulation and the mathematical model. However, in experiments,
these assumptions are not entirely valid, leading to small and acceptable
discrepancies in the results of system identification through experiments
and the mathematical model. Then, using the obtained mathematical
model, the control strategies for stabilizing the virtual and intermediate
bus voltages were optimized. Additionally, it was observed that while a
simple PI controller is sufficient for DAB converters across a wide range
of operations, the central converter requires an advanced controller
to ensure fast and robust system operation. Experimental validation
confirmed rapid voltage stabilization - within 0.6 seconds for the virtual
bus and 15 milliseconds for intermediate bus voltages - enabling reliable
MPPT for all PV strings under varying conditions.

In Chapter 5, the successful integration of a battery into the PV2VB
PDPP architecture was achieved, enabling not only efficient energy
storage and management but also maintaining the system’s string-level
DMPPT. In this architecture, the battery is positioned at the virtual
bus. Unlike conventional architectures, where adding a battery requires
additional power electronic converters, the proposed PV2VB PDPP
architecture eliminates this need. In other words, the power electronic
components remain unchanged, whether the battery is integrated or
not, maintaining the same system configuration. This architecture
enables the SLCs to operate at a voltage rating lower than that
of the PV string, reducing component stress and improving overall
system efficiency. The central converter is crucial in managing the
battery’s charging and discharging processes, ensuring optimal power
distribution across the system. Through a comprehensive analysis of
various operational states, the system’s functionality was validated
across different battery charge and discharge rates. The architecture
effectively supports multiple operating modes, including SIDO-I, DISO-I,
SISO-I, SISO-II, SISO-III, and SISO-IV. Experimental results further confirm
the system’s robustness, demonstrating string-level MPPT with an
impressive efficiency range of 95.5% to 99%. By integrating the battery,
the PV2VB PDPP architecture is better equipped to handle variations in
solar irradiation, ensuring stable and continuous power delivery while
improving energy management capabilities.

In Chapter 6, the research was further extended to develop
a fully realized PV2VB SPDPP architecture capable of effectively
mitigating power mismatches in both series-connected PV modules
and parallel-connected PV strings. Chapter 6 begins by presenting
a detailed mathematical analysis of the limitations of conventional
and hierarchical PV2PV SDPP architectures, demonstrating that their
inherent accumulation effect makes them unsuitable candidates for the
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SDPP part of the SPDPP system. This theoretical foundation underscores
the necessity for an alternative approach. To address these challenges,
a novel PV2VB SPDPP architecture was proposed by integrating PV2VB
SDPP with PV2VB PDPP. This architecture helps enhance the system’s
ability to manage mismatches while maintaining high operational
efficiency. In this architecture, the combined use of SLCs and MICs
enables module-level MPPT while simultaneously reducing power and
voltage stress on individual components. Furthermore, Chapter 6
provides a comprehensive discussion of the architecture’s control
objectives, architecture actuators, and specific operational roles of the
MICs, SLCs, and the central converter. Their coordinated functionality
is essential for ensuring the stable operation of the system under
varying environmental and load conditions. Finally, real-time simulations
were conducted to validate the effectiveness of the proposed SPDPP
architecture. The results confirm its ability to balance the virtual bus
voltages while achieving module-level MPPT, thereby ensuring stable
and efficient performance across diverse operational scenarios.

7.2. OUTLOOK

B ased on the collective findings presented in this dissertation, several
recommendations for future research are proposed, with references

to specific chapters.

CHAPTER 3
• The innovation of this work lies in its architectural design.

As detailed in this dissertation, the PV2VB PDPP architecture
itself provides significant advantages over conventional solutions,
making it a promising candidate for market adoption. However,
to demonstrate the architecture’s effective operation, robust and
well-known DAB and bridgeless converters have been utilized
as SLCs.These converters employ 10 active switches, potentially
increasing the initial cost. To address this, developing new single-
stage topologies as SLCs for the proposed architecture could be a
promising direction to reduce costs while maintaining performance.

• In the PV2VB PDPP architecture, the central PI controller is
responsible for setting an appropriate voltage to balance the virtual
bus energy over a sampling period, thereby maintaining a constant
virtual bus voltage. However, due to the discrete nature of the
central controller and its higher sampling time compared to the
MPPT perturbation period (see equation (4.39)), its limited visibility
can result in oscillations on the virtual bus (Fig. 7.1). To mitigate
this, selecting an appropriate virtual bus capacitance becomes
critical to minimizing the magnitude of these voltage oscillations
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and ensuring that system performance is not disrupted during
the sampling time. By modifying equation (3.5), the following
expression for virtual bus power can be derived:

pVB(t) =
NPV
∑

=1

DPP(t) · PV(t) (7.1)

iPV

vPV

vS

VVB

TPV

 V VB

 

Figure 7.1.: Oscillation in the virtual bus voltage originates from
oscillations in the MPPT process

Ideally, if there were no oscillation, the equation would be modified
as follows:

PVBMPP =
NPV
∑

=1

VDPPMPP
· PVMPP

= 0 (7.2)
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In practical scenarios, even though the virtual bus energy over a
sampling period of the PI controller (ΔE+VBTVB

) is expected to be

zero, as shown by:

ΔE+
VBTVB

=
∫ TVB

0
pVB(t)dt = 0 (7.3)

It is important to note that due to the influence of the MPPT
algorithm, the virtual bus energy exhibits oscillations. During a
single perturbation period, it may either charge (ΔE+VBMPPPP

), rest

(ΔE◦
VBMPPPP

), or discharge (ΔE−VBMPPPP
) the virtual bus energy as

follows:

ΔEVB3PP =
∫ TPV

0
p+

VB
(t)dt

︸ ︷︷ ︸

E+VBMPPPP

+
∫ TPV

0
p◦

VB
(t)dt

︸ ︷︷ ︸

E◦VBMPPPP

+
∫ TPV

0
p−

VB
(t)dt

︸ ︷︷ ︸

E−VBMPPPP

= 0 (7.4)

ΔE+
VBMPPPP

= TPV

NPV
∑

=1

�

(VDPPMPP
− ΔVDPP) × (PVMPP

+ ΔDPP)
�

(7.5)

ΔE◦
VBMPPPP

= TPV

NPV
∑

=1

�

VDPPMPP
× PVMPP

�

= 0 (7.6)

ΔE−
VBMPPPP

= TPV

NPV
∑

=1

�

(VDPPMPP
+ ΔVDPP) × (PVMPP

− ΔDPP)
�

(7.7)

The overall energy (ΔEVB3PP) must be compensated by the energy
of the virtual bus capacitor, so :

ΔE+
VBMPPPP

= ΔE+
CPV
=
1

2
CVB

�

V2
VBMax

− V2
VBMin

�

= CVBVVBΔVVB (7.8)

However, the overall energy (ΔEVB3PP) is unknown. Therefore, it
is important to explore and understand the energy balance during
MPPT further to optimize the PV2VB PDPP architecture performance.
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CHAPTER 4
For the dynamic analysis, three assumptions are made for simplicity: (i)
the converters are considered lossless, (ii) the PV strings’ small-signal
model is assumed to be frequency-independent (purely resistive) at
sufficiently low frequencies, and (iii) the dynamic behavior of Vot is
assumed to be negligible, with no significant influence on the overall
architecture dynamics. Future studies can incorporate these effects to
develop a more precise dynamic model.

CHAPTER 5
• In Chapter 5, the development of the PV2VB PDPP architecture

model with capacitors placed on the virtual bus was carried out.
However, the dynamic behavior of a battery significantly differs
from that of a single capacitor, including charge diffusion, internal
resistance variations, and state-of-charge (SoC) dependency, which
influences its voltage and current characteristics over time. Given
these fundamental differences, it is recommended that a dynamic
analysis of the PV2VB PDPP architecture be conducted when
applied to PV/Battery systems. This will facilitate the refinement
of controller parameters, ensuring optimal energy harvesting from
the PV source and seamless power management within the system.

• Future work should investigate the compatibility of the proposed
architecture with the charging and discharging profiles required
by various real-world battery systems employing different energy
storage technologies.

CHAPTER 6
The proposed PV2VB SPDPP architecture is one example based on the
PV2VB concept. As shown in the Fig. 7.2-7.4, there are theoretically
other PV2VB SPDPP architectures with their own pros and cons.

• Fig. 7.2 illustrates a PV2VB SPDPP architecture with a single virtual
bus for the primary side of all SLCs and MICs. This design
requires only a single central virtual bus and eliminates the need
for bidirectional converters in the SLCs, as power exchange is
facilitated through the MICs. In this architecture, each MIC can track
the MPP of the PV modules, and the central converter can regulate
the virtual bus voltage; therefore, the SLCs can optimize the
performance of each string, similar to PV2B structures. However, it
suffers from excessive wiring and potentially complex control since
SLCs and MICs exchange energy through a shared virtual bus.

• Fig. 7.3 presents a PV2VB SPDPP architecture with one virtual bus
for the primary side of all SLCs and another for all MICs. While this
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Figure 7.2.: A PV2VB SPDPP architecture with a single virtual bus for the
primary side of all SLCs and MICs

architecture only requires two virtual buses and is less complex in
terms of wiring compared to Fig. 7.2, it still has a relatively complex
control system since all MICs exchange energy with a single virtual
bus. Additionally, it requires bidirectional converters for the SLCs.

• Fig. 7.4 shows a PV2VB SPDPP architecture with N virtual buses for N
strings. This design reduces control complexity and simplifies wiring
compared to the previous solutions, making it more practically
feasible. It also offers high modularity and does not require
bidirectional converters for the SLCs. However, it needs N separate
virtual buses for a system with N PV strings.

• Finally, it should be noted that, due to limitations in available
equipment—such as the need for additional PV emulators to
accurately replicate the behavior of PV modules—we restricted our
validation to real-time simulations for the proposed PV2VB SPDPP
architecture. Nevertheless, experimental testing on a physical
prototype is essential for future work to provide stronger validation
of the proposed PV2VB SPDPP architecture.
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Figure 7.3.: A PV2VB SPDPP architecture with one virtual bus for the
primary side of all SLCs and another for all MICs
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A
COEFFICIENTS FOR DYNAMIC

EQUATIONS
Taking into account Equations (4.9)–(4.14), the coefficients for the
linearized equations (4.20)–(4.25) can be obtained in the following
manner:

∂g1

∂̄SLC(t)
=
−1

CBL · rPV

(A.1)

∂g1

∂̄BLL
(t)
=

1

CBL
(A.2)

∂g1

∂̄S(t)
=

1

CBL · rPV

(A.3)

∂g2

∂̄BLL
(t)
=
−(2 ·DBL − 1)

CBL
(A.4)

∂g2

∂̄VB(t)
=

φ · (1 − 2 · φ)

NT · ƒsw · LDAB · CBL
(A.5)

∂g2

∂φ(t)
=

VVB · (1 − 4 · φ)

NT · ƒsw · LDAB · CBL
(A.6)

∂g2

∂d̄BL(t)
=
−2 · BL

CBL
(A.7)

∂g3

∂̄SLC(t)
=
−1

LBL
(A.8)

∂g3

∂̄IB(t)
=
2 ·DBL − 1

LBL
(A.9)
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∂g3

∂d̄BL(t)
=
2 · VBL

LBL
(A.10)

∂g4

∂̄SLC(t)
=

1

Cs · rPV

(A.11)

∂g4

∂̄S(t)
=

−1

Cs ·
∑NPV

t=1 rPV

(A.12)

∂g4

∂̄Ls(t)
=
−1

Cs
(A.13)

∂g5

∂̄S(t)
=

1

Ls
(A.14)

∂g5

∂d̄s(t)
=
Vout

Ls
(A.15)

∂g6

∂̄S(t)
=

VIB · (1 − 4 · φ)

NT · ƒsw · LDAB · CBL
(A.16)

∂g6

∂̄IB(t)
=
−φ · (1 − 2 · φ)

NT · ƒsw · LDAB · CVB
(A.17)

Then, state Matrix A is:

A =

















A11 A12 · · · A1NPV A1(NPV+1)

A21 A22 · · · A2NPV A2(NPV+1)
...

...
. . .

...
...

ANPV1 ANPV2 · · · ANPVNPV ANPV(NPV+1)

A(NPV+1)1 A(NPV+1)2 · · · A(NPV+1)NPV A(NPV+1)(NPV+1)

















(A18)

A |  = {1, . . . , NPV} =













∂g1
∂̄SLC (t)

∂g1
∂̄BLL

(t)

∂g1
∂̄S(t)

∂g2
∂̄SLC (t)

∂g2
∂̄BLL

(t)

∂g2
∂̄VB(t)

∂g3
∂̄SLC (t)

∂g3
∂̄BLL

(t)

∂g3
∂̄IB (t)













(A19)

Aj |  = {1, . . . , NPV}, j = {1, . . . , NPV},  ̸= j =





0 0 0

0 0 0

0 0 0





3×3

(A20)
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A(NPV+1) |  = {1, . . . , NPV} =







0

0
∂g3
∂̄S(t)







3×1

(A21)

A(NPV+1) |  = {1, . . . , NPV} =







∂g4
∂̄SLC (t)

0

0







3×1

(A22)

A(NPV+1)(NPV+1) =







∂g4
∂̄S(t)

∂g4
∂̄Ls (t)

0
∂g5

∂̄S(t)
0 ∂g5

∂d̄s(t)
∂g6

∂̄S(t)
0 0






(A23)

B =

















B11 B12 · · · B1NPV B1(NPV+1)

B21 B22 · · · B2NPV B2(NPV+1)
...

...
. . .

...
...

BNPV1 BNPV2 · · · BNPVNPV BNPV(NPV+1)

B(NPV+1)1 B(NPV+1)2 · · · B(NPV+1)NPV B(NPV+1)(NPV+1)

















(A24)

While input matrix B is:

B |  = {1, . . . , NPV} =









0 0
∂g2
∂ϕ(t)

∂g2
∂dBL (t)

∂g3
∂ϕ(t)

∂g3
∂dBL (t)









3×2

(A24)

Bj |  = {1, . . . , NPV}, j ̸=  =





0 0 0

0 0 0

0 0 0





3×3

(A25)

B(NPV+1) |  = {1, . . . , NPV} =





0

0

0





3×1

(A27)

B(NPV+1)(NPV+1) =
� ∂g5
∂d̄s(t)

�

1×1
(A28)

Output matrix C is:

C =

















C11 C12 · · · C1NPV C1(NPV+1)

C21 C22 · · · C2NPV C2(NPV+1)
...

...
. . .

...
...

CNPV1 CNPV2 · · · CNPVNPV CNPV(NPV+1)

C(NPV+1)1 C(NPV+1)2 · · · C(NPV+1)NPV C(NPV+1)(NPV+1)

















(A29)
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C |  = {1, . . . , NPV} =
�

1 0
�

1×2
(A31)

C(NPV+1) |  = {1, . . . , NPV} =
�

0
�

1×1
(A32)

Cj |  = {1, . . . , NPV}, j ̸=  =
�

0 0 0
�

1×3
(A33)

C(NPV+1) |  = {1, . . . , NPV} =
�

0 0 0
�

1×3
(A35)

And feedthrough matrix D is zero.
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