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Abstract

The main objective of this thesis is to present a comprehensive investigation of residential
PV grid-connected inverters and propose novel, practical topologies to address the
unbalanced power generation between PV modules. This thesis proposed a modular inverter
(MI) derived from a power electronic converter topology. The suggested single-stage
modular Cuk inverter (MCI) in this thesis is designed by connecting multiple low voltage
(LV) MIs in series and linking the output terminals to the distribution network. The
recommended topology does not require a large DC-link decoupling capacitor, which is
common in conventional central inverters. The decentralized features of the proposed MCI
enhance the controllability of the residential PV system. The suggested MCI topology is
designed based on the Cuk converter. Therefore, it offers continuous input and output current
features, which enable the use of small-sized filter components. MCI topology operates over
a broad range of voltages, which makes it suitable for supplying local loads or charging
battery storage. The control system of the proposed topology consists of two control systems.
In PV-to-grid mode, the input control loop at the PV side is designed to mitigate ripples in
the input current, which commonly reduces the efficiency of the MPPT algorithm. On the
other hand, the outer control system at the grid side is responsible for maintaining a
sinusoidal waveform matched with the grid current. The Simulink simulation results
illustrate the effectiveness of the proposed MI in mitigating the unbalanced power production
of residential PV systems. Also, a scaled-down prototype experiment has been developed to

validate mathematical and simulation analysis.

The thesis presents another distributed MPPT approach for mitigating unbalanced power
production in residential PV applications. The proposed strategy aims to replace the
conventional bypass diodes inside the PV module with an effective power converter to utilize

the full power of the PV module under the partial shading (PS) effect. The suggested



cascaded boost-based design is recommended to increase the power generation of the PV
module and effectively tackle the unbalanced power production in PV residential systems.
The design employs a boost converter to extract power from the three submodules (SM) of
the PV model, and the outputs of the three boost converters are cascaded to step up the
voltage to meet the grid side requirements. The voltage source inverter (VSI) is used at the
grid side to effectively invert the DC power from the PV model side to alternating power.
The proposed cascaded topology provides extra protection for the PV module by integrating
a one-directional diode to prevent the reverse current from harming the PV module in faulty
system scenarios. A practical experiment has been conducted to examine the effectiveness

of the proposed topology.

In the last part of the thesis, a module predictive control (MPC) strategy for a two-stage
single-phase inverter using a single-ended primary-inductor converter (SEPIC) converter has
been developed for residential PV applications. This control approach predicts the input
inductor current, the DC link capacitor voltage, and the AC grid current of the double-stage
inverter, comparing them with the reference values to perform the control actions. It consists
of two parts: the DC MPC controller, which regulates the PV input current and decouples
the double-line frequency ripples in the DC link capacitor, and the AC MPC controller,
which optimally operates the single-phase VSI while synchronizing with the grid current.
The cost function of the MPC approach maintains a smooth input current, which enables the
efficient operation of the MPPT. The system-level PR controller ensures that the proposed
cascaded output current operates at grid frequency to maintain a stable operation of the PV
system. The validity of the proposed MPC method is examined through both experimental

and simulation studies.

The findings of this research project demonstrate that the proposed structure enhances the
understanding of unbalanced irradiation levels in PV systems and their adverse impact on
power production. Robust evidence is provided through the evaluation of the proposed
solutions using both a simulation platform and experimental validation. The results indicate
a significant improvement in power output after mitigating irregular irradiance levels

between PV components.
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Chapter 1

Introduction

1.1. Background

The development of grid-connected PV power generation systems has experienced a
remarkable and significant wave over the past few decades. As a result, the efficiency of
clean energy resources has been significantly improved, while greenhouse gas emissions
have been mitigated [1]. Additionally, the increasing advancement in renewable energy
technologies has led to stabilizing renewable energy prices, particularly with the significant
increase in residential demand and the introduction of new types of electrical demand, such
as electric vehicles (EVs) [2]. Figure 1.1 illustrates the details of the amount of power
generated by the region in the last 10 years. It shows significant increases in renewable power
generation because of rapid advancements and innovations in its related technology. As a

result, the PV system's efficiency and robustness have been improved over time.

PV System Installation (2000 - 2019)
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Figure 1.1 The development of PV installations in various regions [2].



The growth in energy demand has increased interest in investigating unconventional power
resources [3]. Renewable energy resources are essential for meeting the growing electrical
energy demand. Among the various options, solar energy has gained interest due to its clean
and abundant nature. A fundamental element of grid-tied photovoltaic (PV) systems is the
DC-AC inverter, which is designed to convert DC power from the PV side to alternating
power and send it to the distribution network without causing voltage or frequency issues.
The unequal power generation of PV modules in PV systems, which occurs due to factors
such as partial shading and degradation of PV modules, results in reduced generation
capability [4]. A relatively novel solution to address the concerns arising from power
mismatch between PV modules is the individual extraction of maximum power from each

PV module [5].

Grid-connected distributed PV systems form a significant part of the PV systems in Europe.
This is a result of the long-established leadership that European nations maintain in this
innovative technological area. In many European countries, effective feed-in tariff
frameworks have been implemented, allowing consumers to become prosumers who can
produce and consume their energy. Several countries have introduced different financial
incentives to encourage end users to invest in renewable energy, especially for PV
applications. The increasing development of such technologies can help users meet local
electrical demand and support the electrical network [6]. Figure 1.2 illustrates the percentage
of grid-connected distributed PV systems, grid-connected centralised PV installations, and
off-grid PV systems. It also demonstrates that over 95 percent of the PV system applications

are connected to the electrical grid.
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Figure 1.2 Yearly distribution of distributed and centralised PV systems in Europe.

Residential PV application prices decreased sharply between 2012 and 2019, reaching their
minimum value at 2 USD/W. The significant reduction in PV system prices is due to
advancements in PV systems and related technological developments, and the decrease is
expected to continue as related technologies improve. This can lead end users to invest in

PV residential applications and make profits [7].

Installation costs of residential and ground-mounted PV systems have decreased
significantly in the last 10 years, with the lowest point recorded in 2019, as shown in Figure
1.3. This significant price reduction refers to many factors, including technological advances,
manufacturing process improvements, and the considerable investment in these energy
solutions. The number of residential and commercial users continuously increases due to the

development of renewable energy technology [6-7].
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Figurel.3. The price of PV systems between 2012 and 2019 for high and low-range residential PV
systems [6].

1.2 Grid-Tied Power Inverter Topologies

Grid-tied DC—AC inverters have been developed to facilitate the delivery of power generated
from PV systems to the utility grid network. DC-AC inverter should meet grid standards.
These standards include maintaining power quality, the decoupling of the AC components
presented at the input side and providing practical protection strategies. The DC-AC inverter
is a critical component of grid-connected PV systems, accounting for approximately twenty
percent of the total PV system cost; thus, reducing the cost per watt of the inverter can
significantly decrease the overall installation expenses of the PV generators [8]. Therefore,
numerous researchers are concentrating their efforts on the innovation of optimised and cost-
efficient inverter designs. The inverter in use can function either as a VSI or a current source
inverter (CSI). In the case of VSIs, the input DC voltage is modulated by inverter switches
using one of the modulation strategies, such as pulse width modulation (PWM). Then, the
modulated signal at the VSI output passes through the filter circuit to remove the harmonics
[9]. Figure 1.4 presents a typical structure of a grid-tied PV system for residential

applications.
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Figure 1.4 A standard grid-tied residential PV design.

One of the main issues with the VSI is the discontinuous input current, which necessitates
the use of a large decoupling capacitor at the input side of the PV system to smooth the input
current and enable the tracking system to capture accurate maximum power point (MPP).
Using a large capacitor at the input side of the PV system is not preferable because it affects
the reliability of the residential PV system and can also increase installation costs [10]. On
the other hand, the CSI can maintain a continuous input current at the input of the PV system.
The CSI does not require an input filtering capacitor, which makes it a proper choice for
several PV applications. However, the control systems of most CSIs are commonly more

complex than those of VSIs [11].

CSI topologies are commonly more complex than VSI, which makes this type less common
in PV applications. Another issue of CSI is the need for a precise parameterization process
in the design stage [12]. The additional stage at the input side of the PV system results in a
complex system design for CSI because the input switch controls the PV system's input
current, which flows through the inductor. Thus, the output current and voltage of the CSI
are not directly related to the input current. This can lead to the introduction of a right-hand
zero in the frequency domain of the CSIs, which can affect the bandwidth and require a
professional design procedure. Figure 1.5 illustrates the fundamental configurations of both

VSI and CSI [13].
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Figure 1.5 A standard configuration for DC/AC inverters.



Integrating PV modules or panels with the electrical grid is critical and requires the
appropriate selection of inverter systems [14]. Figure 1.6 illustrates various connection

technologies, which will be briefly outlined in the subsequent subsections.
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Figure 1.6 The classification of grid-connected PV systems based on the DMPPT.

1.2.1 Grid-Tied Central Inverter

Grid-tied central inverter technology is one of the oldest PV technologies for grid-connected
and standalone large PV projects. Central inverter technology is designed to connect large
PV applications to the electrical grid. Its configuration is based on connecting a mixture of
series and parallel PV modules and linking them to the grid. The series configuration is
commonly referred to as a string, and it is used to step up the LV of PV modules to meet the
requirements of the electrical grid [15]. Therefore, central inverters commonly do not
require extra booting consideration in the design stage. The PV modules in central PV system
are often connected in series, and each string is equipped with a string diode, which prevents
the adverse effect of reversing current flowing from other strings during faulty operation
scenarios. The parallel connection of central inverters is usually implemented to provide
sufficient output power and meet the power requirements of PV projects. PS is a primary

challenge for central inverters and leads to a massive reduction in power output. Self-shading
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is another issue with this technology, where part of the PV system poses a shading issue to
neighboring PV modules. This concern is usually mitigated by adjusting the space between

the PV modules in the central PV project [16].

The MPPT algorithms are used to extract the maximum power from the large PV system at
the plant level. Thus, only one MPPT system is required, resulting in a more straightforward
implementation. Although central inverter technology offers several advantages, especially
for large PV projects, it also presents many serious concerns. Despite their benefits, central
inverters present several significant limitations; one of the main troubles is the mismatch
losses due to unequal power generation from the PV modules under shading conditions [17].
Additionally, the central PV inverter lacks a scalability feature; thus, increasing the system
scale requires redesigning the PV project and probably replacing some components. Central
PV inverters utilise string diodes to enhance the protection of the PV project; however, this
approach leads to increased power losses and reduced system efficiency. A malfunction of
any part of the PV project can result in the loss of the entire power generation of the PV

system [18].

A DC-AC inverter failure stops the operation of the entire PV project, resulting in a loss of
PV power generation. It also poses a serious concern regarding the frequency and voltage of
the electrical grid. The multicentral PV inverter configuration is presented to address issues
related to central PV inverters [19]. The multicentral PV inverter topology improves the
reliability of central PV systems and enables the implementation of MPPT systems at the
sub-plant level. As a result, the mismatch issue was reduced, and the power production of
the PV system was enhanced. The multicentral PV topology design is based on dividing the
conventional central PV project into sub-plants, where each sub-plant utilizes a separate
power electronic inverter. This PV configuration is commonly used for medium to large-
scale PV systems with power exceeding a megawatt. Multicentral PV inverters are often
designed to connect the PV sub-plant in parallel, providing sufficient voltage output and
enhancing the reliability of the PV project. Failing one inverter does not stop the entire PV
system, which mitigates the possible problems associated with the utility grid [20]. Figure
1.6 (a) shows the topology of a single central PV inverter, while Figure 1.6 (b) illustrates the

configuration of the multicentral PV inverter connection.



Conventional central inverters with three-phase VSI are commonly used for large PV
projects, as illustrated in Figure 1.7. A single VSI controls the total output power of the PV
project. Therefore, malfunctioning a single VSI switch results in a complete shutdown of the
central PV system. The power converter switches are usually sensitive to overvoltage and
current, which is common in large PV applications. Moreover, the switches in the central PV
inverter handle high power; thus, the temperature of the switch can cause the electronic
switch to burn out [21]. These factors can significantly reduce the central PV inverter
reliability and increase power losses. Divide the PV system into small subsystems and enable
the implementation of distributed MPPT approaches, resulting in enhanced energy

harvesting and mitigating mismatch concerns [22].
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1.2.2 String Level Inverter

The string PV inverter technology is introduced to overcome the limitations of conventional
central and multi-central PV inverters. The string PV inverter technology configuration is
shown in Figure 1.6 (c). The PV strings in the PV string inverter are built by connecting
several PV modules in series, where each PV string is usually linked with a DC-DC
converter. These DC-DC converters are connected to a common DC-AC inverter for grid
integration. The cascaded nature of the PV modules in string PV inverters provides sufficient
stepping-up capability; thus, boosting the output voltage of PV string inverters is unnecessary
[23]. Maintaining the voltage level at the grid side is crucial, especially when integrating a
large PV project. Therefore, several large PV projects require increasing the output voltage
of the PV string inverters; thus, the DC-DC converter side considers stepping up the output
voltage in the design stage [24].



Grid-connected PV string inverters address several issues associated with conventional
central PV inverters. Designing string PV inverters involves linking each PV string with a
DC-DC converter. Thus, the string diode is eliminated, and power losses are minimized [25].
Moreover, the mismatch issues commonly occurring between PV strings in central PV
inverters are reduced significantly, and each PV string captures the maximum available
power via its own MPPT system. Unlike conventional central PV technology, string inverters
provide better robustness for the PV system. In the event of a single PV string failure, the
operation of the entire PV system is not significantly affected. The total power is distributed
between PV strings, which can enable the capture of the maximum power from each PV
string individually. As a result, both efficiency and power production capability improved

[26].

1.2.3 Module Level Inverter

The central and string inverter technologies, which are often used for large and medium PV
applications, rely on cascading several PV modules to enhance the PV system's step-up
capability and meet the distributed network's output voltage. The maximum available power
of conventional PV inverters is typically achieved at the PV plant or sub-plant level. At the
same time, MPPT systems operate to capture the power of the entire PV project or PV string.
This strategy is practical and effective in normal operation; however, under a mismatch
scenario, a significant amount of power can be lost due to the mismatch effect [27].
Residential PV applications are more vulnerable to mismatch issues, especially PS.
Mismatch issues pose a significant problem for the LV PV systems and can significantly
reduce the power production of rooftop PV systems. One proposed strategy to mitigate the
mismatch issue is to integrate a parallel diode with PV modules to isolate the mismatched
part of the PV system. This method can reduce concerns about mismatches and prevent
hotspots. However, separating the shaded PV section from the PV system means losing the

power generated from that part [28].

The PV system with a module-level inverter utilizes a separate power converter for each PV
module in the system, enabling maximum energy capture and ensuring that the PV modules
operate at their respective MPPs. Therefore, each PV module can operate with a micro-

inverter, which can be classified as a single-stage or a double-stage inverter. Since micro-



inverters are integrated at the PV module level, the semiconductor components can be
designed with lower voltage and current ratings, enhancing overall system efficiency.
Furthermore, the functionality and reliability of the entire system are enhanced during faults
that affect one or more micro-inverters as the remainder of the system continues to operate

[29].

Although the number of semiconductor components in PV module inverters is higher than
in central and string inverter topologies, the installation net cost of PV module inverters is
lower because the conventional string and central inverters use high-rate semiconductor
devices and large-value filter components. Moreover, the PV module inverter offers more
flexible features regarding generating reactive power and supporting the distribution grid
[30]. In PV module inverter systems, a DC-DC optimizer is employed to effectively capture
the maximum amount of power from each PV module, which helps to meet the local demands
of the end users. There are two standard configurations of PV module inverters, one is based
on connecting the DC-DC optimizers in series and linking the output to a standard DC-AC
inverter. The second configurations rely on the parallel connection of the DC-DC optimizers.
The series configuration of DC-DC optimizers can provide better efficiency compared to
parallel connection, which makes it preferable in several LV PV applications [31]. Figure

1.6 (d) represents the module-integrated DC—AC micro-inverter.
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Figure 1.8 Inverter structures for two-stage DC-AC modules.
In recent decades, there has been a significant and rapid increase in the integration of module-
based inverters into residential PV applications. This growing technology is often
categorized into several types: DC-link inverters, Pseudo DC-link inverters, and Frequency
changer inverters [32]. DC-link inverters subdivide the inverter into two different stages: the
DC-DC conversion stage and the DC-AC inversion stage, as illustrated in Figure 1.8 (a). The
initial stage is typically responsible for regulating the DC side and optimizing MPPT
algorithms, while the second stage addresses issues related to AC power quality. The primary
challenges associated with this inverter topology include harmonic distortion at the output
and switching losses. The DC-link inverter associated challenges can be mitigated through
the implementation of soft-switching strategies. A decoupling capacitor is commonly placed
after the DC-DC converter, where it remains isolated from the AC grid part, which can

enhance the overall design and functionality of the DC-link inverter [33].

The second possible design of the integrated inverters is the Pseudo DC-link inverter. Among

its special advantages are its operation at line frequency and the straightforward design of its
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controllers. In this module-based PV inverter, the DC-DC converter regulates the input
current to generate a rectified sine wave at the decoupling capacitor, as shown in Figure 1.8
(b). The DC-link voltage oscillates at double line frequency and generates a rectified sine
wave. In the DC-AC inversion stage, the rectified sine wave at the DC link capacitor is
converted into a sinusoidal output waveform operating at the line frequency [34]. This type
of model-based PV inverter provides high performance and requires fewer components.
However, it poses some concerns, especially to a distribution network. The Pseudo DC-link
lacks galvanic isolation, which can pose a risk to end users. Also, maintaining the voltage

level is challenging in this type of PV module inverter [35].

The third category of inverters integrated with PV modules is known as the High-Frequency
link inverter, which is illustrated in Figure 1.8(c). A notable advantage of this category is
that the power conversion process is simplified into just two stages. Usually, this type is used
in the processing of AC power, thus operating without an intermediate direct current link
capacitor. In the DC-AC conversion phase, the High-Frequency modulator adjusts the DC
from the PV side into a high-frequency alternating current. Then, this high-frequency AC is

converted into a sinusoidal waveform that operates at the line frequency [36].

1.3 Semiconductor Technology for PV Grid Applications

Si-based transistors, including metal-oxide-semiconductor field-effect transistors
(MOSFETs) and insulated-gate bipolar transistors (IGBTs), are the dominant switches used
in power electronic circuit design. This technology is mature, and the power loss estimation
techniques are well-developed. Over the last few decades, Silicon-based materials have been
the focus of power electronic researchers aiming to enhance the implementation of power
electronic converters and mitigate associated power losses. However, the performance
improvement is limited by the physical characteristics of silicon materials [37]. As a result,
researchers have shifted their focus toward investigating other materials that offer better
specifications. Wide-bandgap (WBG) devices, with their superior physical specifications
over conventional silicon materials, have gained attention in power electronic design and are
believed to be the next generation of power electronic converters. Gallium nitride (GaN) and
Silicon Carbide (SiC)-based materials have emerged as the most common types of WBG

devices used in the power electronic market [38].
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In recent years, WBG devices have gained significant attention in power electronic
converters due to their ability to provide superior efficiency and reduce power losses. The
development of WBG devices has encouraged power electronic researchers to study the
characteristics of this new technology and compare it with conventional Si-based technology
to improve the efficiency of power converters. GaN and SiC switches are commonly used in
modern power electronic converters [39]. In the low- and medium-voltage ranges, WBG
transistors offer superior features to silicon-based switches due to the high electron mobility
of these semiconductor materials. However, the current literature on WBG switches lacks
detailed comparative investigations of the associated losses in conventional silicon
transistors and GaN HEMT switches. WBG semiconductor materials provide several
advantages over traditional silicon-based technology, including higher blocking voltage,

better efficiency, and operation at higher switching frequencies [40].

GaN-based transistors have been introduced to the semiconductor devices market over the
last decade and are considered promising devices for future power electronic circuits. GaN
devices offer several advantages over conventional silicon-based switches. They can handle
higher blocking voltage in the ON state compared to Si and SiC switches. High power
efficiency is a critical requirement for power electronic converters, ideally approaching 99%,
and GaN transistors have demonstrated an overall efficiency increase of three to four percent
compared to conventional switches. However, GaN semiconductor technology faces several
challenges as a developing technology, and one main issue is accurately estimating the

associated losses to calculate the efficiency of GaN transistors [41].

The standard approach for estimating the performance of power electronic converters is
based on calculating the ON state resistance (Ron) and breakdown voltage. These two
parameters are commonly used to calculate the losses of different power-switching devices
and perform a comparison analysis. The conventional MOSFET transistors are limited by
the physical characteristics of the silicon element, as they are silicon-based technology [42].
A new semiconductor material with improved physical specifications is required to optimise
power converter circuits and minimise power losses. In the last few years, new
semiconductor devices with wide-band energy have been introduced. The ON-state

resistance of these devices is relatively low, which allows a high breakdown voltage. GaN-
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based devices are among the most promising technologies in switch-mode converters,

offering several advantages, including improved operating temperature, high thermal

conductivity, high blocking voltage, and high switching frequencies [43]. Table 1.1 presents

a detailed comparison of the three most common semiconductor technologies used in power

converters across various applications.

Table 1.1: Semiconductor technology features used for power converters [43].

Conduction | Switching | Thermal Voltage Installation | Efficiency
Features/Tech

losses losses losses Range cost
Silicon (Si1) High High High Moderate Low Low
Gallium Nitride (GaN) Low Low Low Low High High
Silicon Carbide (SiC) Moderate Low Low High Moderate Moderate

1.4 Main Challenges and Study Objectives

The objective of this research project is to enhance the performance of low-level grid-

connected PV systems. The main complications of low-level grid-connected PV systems are

low conversion efficiency, high installation cost, and irregular power generation. These

complications should be addressed to increase energy harvesting of residential PV grid-

connected applications.

e Low conversion efficiency can be a significant concern for PV systems. The

efficiency of the power electronic inverter usually depends on the materials used and

the manufacturing process. Therefore, one objective of this project is to propose a

new power converter topology with enhanced efficiency.

e The lifetime of the power electronic inverter should be increased, and the inverter

should be capable of coping with different environmental conditions. That can

improve the functionality of the PV module. Several factors, including the decoupling




capacitor, operating temperature, and used materials, can affect the lifetime of the

power electronic inverter.

e The input voltage of a single PV module is relatively low compared to the distribution
grid voltage, which poses another challenge for the DC-AC module inverter.
Therefore, the DC-AC model inverter must be able to boost the PV module voltage
to match the grid voltage. Proposing a practical method that compares viable
solutions and recommends the most optimal design, which converts a low input DC

voltage to a high output voltage with improved efficiency, is crucial.

e The PV side input power comes in DC form, while the grid side power is AC. Thus,
the DC-AC power electronic inverter must decouple the input direct power at the PV
side from the alternating power at the grid side. Introducing a new practical

decoupling technique is important in DC-AC design.

Mismatch loss due to PS and other mismatch factors is a significant concern in rooftop PV
systems, which can result in substantial power loss. Implementing the distributed MPPT at
the PV module and PV sub-module level can significantly mitigate mismatch concerns. This
dissertation will focus on designing and investigating new, practical module- and sub-
module-based power inverter topologies to maximize energy and reduce mismatch issues. It
will also compare the proposed topology to different available topologies and suggest the

most promising option based on efficiency and functionality.

1.5 Thesis Outlines

The thesis consists of six chapters. Each chapter of the thesis begins with a general
introduction and overview of the chapter’s contents to provide the reader with a better
understanding of the chapter. Then, it introduces the methodology and describes the
proposed system. Followed by an analysis of the results and concluded with a chapter

summary.

Chapter 1 demonstrates the recent advances in technologies for grid-connected PV systems
and the motivations of this study. It introduces the different PV inverter technologies, starting
with the old central inverter and ending with PV module conversion technologies. Also, it

presents a brief introduction to the rules for employing new semiconductor technologies,
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including GaN and SiC devices to power electronic converters. The chapter ends with

introducing the main challenges faced by LV PV applications and the objective of this thesis.

Chapter 2 Briefly explains the PV single-diode model, which is commonly used to
understand the behavior of PV systems. It then provides detailed explanations about the
effect of a low irradiation level on the PV system and its relationship to the system's output
power. The chapter also addresses concerns about mismatch and the operation of PV cells
string under mismatch conditions. Then, it presents an overview of the different sources of
mismatch problems in the PV system, including permanent and temporary mismatches.
Furthermore, the chapter presents the common mitigation approaches that are commonly
used to mitigate mismatch concerns in PV system applications. The chapter concludes by
offering a comprehensive overview of implementing distributed MPPT approaches at the PV

sub module level to reduce mismatch issues.

Chapter 3 presents a novel Cuk-based PV MI designed for grid-connected PV applications.
It begins with an overview of residential grid-connected configurations, including series and
parallel model-based inverters. Then, it introduces the proposed Cuk-based inverter topology
and how it is integrated with the electrical grid. Moreover, the different operation modes of
the proposed MI , including DC-DC, DC-AC, and AC-DC modes, are described, followed
by a presentation of the experimental validation process for various operating scenarios. A
comparison study is presented to evaluate the proposed MCI against the conventional central
Cuk inverter, demonstrating the effectiveness of the proposed method in mitigating
mismatch issues. The chapter concludes with a summary of the findings of the proposed

strategy.

Chapter 4 starts with a comprehensive introduction to grid-tied rooftop PV applications.
Then, it introduces the proposed multi-input single-output topology, aiming to tackle the
mismatch issues inside a single PV module. The chapter illustrates the circuit configuration
of the proposed PV sub-module inverter, which is designed to employ the distributed MPPT
strategy at the PV SM level. Next, the chapter demonstrates the small-signal model of the
boost converter to derive the control system for the proposed topology. Additionally, it
presents experimental validation, which confirms the effectiveness of the suggested method

in addressing the mismatch problem at the PV SM level. The chapter concludes by providing
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a comparative discussion, illustrating the capability of the proposed strategy to enhance the

power production of a single PV module.

Chapter 5. It presents a comprehensive introduction to MPC and its application for grid-
connected power electronic configurations. It begins with providing an overview of the state-
of-the-art in this advanced control technology. Then, it introduces the two common types of
MPC strategy: continuous MPC and predefined MPC. Additionally, it provides a brief
explanation of the MPC components used for controlling power electronic circuits and
introduces some limitations of the MPC technology, such as the computational burden and
operating at variable switching frequencies. After that, it proposed an MPC-based strategy
to decouple the 2nd-order harmonic effectively in the decoupling capacitor of the SEPIC-
based single-phase inverter. Also, a novel duty ratio-based MPC method is presented at the

end of this chapter to overcome the variable switching concern.

Chapter 6 presents a summary of the thesis and future research directions. It highlights the
primary contributions of this project and their relevance to the research objectives. The
chapter concludes by demonstrating the outcomes of the thesis and recommendations for

future studies.
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Chapter 2

State of the Art Review

2.1 PV Model

A PV or solar cell is a photosensitive semiconductor device and is the fundamental element
of a PV module. The function of a solar cell is the reverse of a light-emitting diode (LED);
instead of emitting light when current flows, a solar cell absorbs light and generates an
electrical current. Like a diode, solar cells consist of a P-N junction. However, the PV cell's
P-N junction is sensitive to light [44]. The typical PV cell module is illustrated in Figure 2.1.
The incoming photons from the light will enhance the movement of electrons and act as a
current source. Part of the current will pass through the diode and have the same equation as
the standard diode. The remaining portion of the current will represent the PV cell current.
The voltage across the diode varies according to the semiconductor material used in its
manufacturing process. The current generated by the solar cell can vary according to the
percentage of the sun's radiation [45]. The relationship between the cell current and voltage,
also known as the V-I characteristic of the solar cell, can be calculated using the following

equations.
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Figure 2.1: The standard equivalent circuit of the PV cell.
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Where I, is the short-circuit current, V,,;; is PV cell voltage, Vr is the thermal voltage, which

equals 25.85 mV at 25°, n is the ideality factor, and is the saturation current.

The PV cell characteristics can be obtained by plotting the cell voltage against the cell
current. Figure 2.2 illustrates the relationships between V-cells and I-cells at different
irradiation levels when the cell temperature is assumed to be constant. There is a direct
correlation between insulation level and power output. Also, the plot shows the behavior of
the PV cell in the reverse direction. On the right side of the plot, the PV cell acts as the
current source and generates power; however, in some scenarios, the PV cell can be shifted

to the left side, where it acts as a sink [46].

PV Current
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Figure 2.2 The IV curves for three distinct PV cells with different insulation levels.

The short-circuit current (Isc) is considered when the current voltage [-V curve intersects the
current axis of the I-V plot. Each PV cell has a unique Isc, depending on the level of
irradiation. The open-circuit voltage of the PV cell can be calculated when the 1I-V curve
crosses the voltage axis of the I-V plot. Raising the cell temperature is one of the main factors
that can negatively affect the open-circuit voltage of the PV cell. The open-circuit voltage
drops as the temperature increases, which reduces cell power generation. The open voltage

can vary from one cell to another, according to the PV cell temperature [47].
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The voltage of a single PV cell can range from 0.5 V to 0.7 V, according to the material used
in the manufacturing process. The PV cell voltage is relatively small and cannot meet the
required output voltage. Thus, a series of PV cells is connected in series to increase the output
voltage to the appropriate level [48]. Connecting the PV cell in series can be a viable solution
to solve the LV output issue of the PV cell; however, it can pose some concerns regarding
power production. One main problem is that the behaviour of PV cells can be different if the
environmental conditions are not uniform across all PV cells, which can reduce power output
and raise some safety concerns. This issue arises from a mismatch between PV cells, which

can also occur between PV modules and SMs [49].

The first PV cell on the right of Figure 2.3 is assumed to have a lower irradiation level than
cells two and three. The I-V characteristics of both the shaded PV cell and the other two PV
cells are illustrated on the left side of Figure 2.3. The PV cell with a low irradiation level
suffers from severe reverse voltage, which can cause a hot spot or, worse, cell damage. The
conventional strategy to shift the reverse voltage to the positive side is to apply a parallel
bypass diode to the shaded PV cell. An individual MPPT at the PV cell level is required to
utilize the power from all PV cells of the PV module. However, the installation cost can
significantly increase. Cascading a group of PV cells is crucial to step up the voltage of the

PV cells. Thus, applying the MPPT to a group of PV cells can be more practical.
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Figure 2.3 The partial shade effect on PV cells.
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The PV cells are commonly linked in series, and the / string represents the behaviour of the
series connection. In some cases, especially when PV cell power generation is reduced
significantly, it will have a negative voltage and consume power instead of generating
energy. The conventional PV junction box uses a bypass diode to shift the negative voltage
to the positive side. This can address the concern of negative voltage in the PV module.
However, the power generated by the faulty PV cells is lost. Applying the Distributed MPPT
can be a viable solution to mitigate the mismatch issue. However, using it at the PV cell level

is not practical nowadays because the PV cell voltage is relatively low [50].

2.2 Mismatch in PV Systems

Mismatch problems in different PV systems are commonly classified into two groups based
on the type of mismatch fault. The Temporary mismatch category includes transient faults
whose impact is not continuous with time. Partial and complete shading are the most
common contributing factors to temporary mismatch issues. Dust is another type of
temporary mismatch issue, which usually significantly reduces PV module power
generation. Several approaches have been introduced to regularly clean PV modules to

enhance the PV system's power generation [51].

The second group of mismatches in the PV system is associated with permanent faults. Most
permanent mismatch faults are related to the manufacturing process of PV modules. The
soldering stage during PV module construction is not perfect, resulting in a mismatch
between PV cells within a PV module. Additionally, the environment in which the PV
module is constructed contains small impurities that negatively impact its performance.
Moreover, the aging of the PV module can lead to a permanent mismatch problem.
Permanent defects can decrease the PV system's efficiency and power output by 10% [52].

Figure 2.4 illustrates the different sources of mismatch problems and some examples of each

type.
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Temperature

Figure 2.4 The PV mismatch faults and examples for each classification.

2.2 1 Temperature Impacts
Raising the PV module temperature is a major issue for most PV applications because it

reduces the performance of the PV system. Temperature variation affects the characteristics
of the PV module, resulting in changes to the current, voltage, and power curves of the
module. The clear impact of increasing the PV module temperature is on the open circuit
voltage. It results in a significant reduction in the open-circuit voltage, which minimizes the
PV module's output voltage [53]. The behavior of the PV module varies according to the PV
module's operating temperature. The MPPs of PV modules with different temperatures are
not equal, resulting in a mismatch between PV modules. The PV modules' Standard Test
Condition (STC) is 25 °. However, the actual operating temperatures of the PV modules are
different. Figure 2.5 shows the adverse effect of increasing temperature on the performance

of PV modules [54].
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1-V and P-V Curves at Different Temperatures

Figure 2.5 The High temperatures' impact on the PV system operation.

2.2.2 Partial shading

The intensity of solar irradiance often determines the performance of PV modules and can
be a primary factor in deciding their output power. The high irradiance level on the surface
of the PV module results in increased power generation for PV systems. The PS can cause
uneven solar irradiation on the PV module surface, which results in different power
generation of the PV SMs. The unequal power generation from the PV SMs can reduce power
production and negatively impact the performance of the PV module [55]. The PS is
commonly categorized into two types: uniform shading, where the entire PV module is
blocked from receiving sunlight. The second type is non-uniform shading, and only a specific
portion or section of the PV module is impacted by shading. These types commonly lead to
a significant reduction in PV power generation and minimize the overall efficiency of the

PV system [56].

The performance of the shaded part of the PV model differs significantly from that of the
unshaded part. As a result, the interaction between the shaded and unshaded sections
becomes complicated. The maximum power from the PV module is directly proportional to
the percentage of irradiation on the PV module surface; thus, the shaded portion of the PV
module generates less power than the section that receives a high rate of irradiation. The PV

SMs are commonly linked in series to overcome the low-voltage nature of PV cells.
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However, the series connection constrains the entire PV module by the PV SM with the
lowest power generation. This condition can lead to a mismatch between the PV SMs, which

can significantly reduce the power generation and efficiency of the PV system [57].

PS can arise from various factors, including moving clouds, birds or bird droppings, high
buildings, and shading from trees [58]. An illustration of a real example of the PS on a PV

module is shown in Figure 2.6.

Figure 2.6 The shading impact on residential PV models.

2.2.3 Hot Spot (HS)

A part of the PV module can experience a temperature rise, leading to a serious issue in the
PV system known as an HS. The impact of the HS on the PV model is usually temporary;
however, in some cases, it can have a permanent effect on the PV module. PS can cover a
portion of the PV module, causing the shaded PV cell to become reverse-biased and result
in temperature rise [59]. Once the PS effect is finished, the PV module is expected to function
normally under normal conditions. However, in some cases, the adverse impact of the HS

can arise, leading to a reduction in the PV module performance. The HS issue can arise from
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shortages during the PV module manufacturing process, leading to a permanent problem and

damage to the PV module [60].

The HS can pose a serious risk to the PV system users and reduce the PV system's
performance. Thus, an effective monitoring system is introduced to mitigate this problem
and maintain the optimal operation of the PV system [61]. The output power from a high-
temperature PV module differs from that of a standard PV module. As a result, the faulty PV
module becomes an energy sink rather than a power generator. In such a scenario, the PV
system can experience a reduction in power generation. Moreover, the excess heat generated
by a defective PV module can cause considerable damage to the PV module. The energy
losses associated with HS issues in PV systems can exceed 5% of the total PV system
generation [62]. Furthermore, the HS poses serious risks, including the potential for burning

the PV module, as illustrated in Figure 2.7.
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Figure 2.7 The influence of hot spots on the PV modules [62].
2.2.4 PV Degradation

Degradation of PV modules can negatively affect the overall performance of the PV system.
Several factors can contribute to degrading the PV modules, including a reduction in the
quality of the power converters, internal weaknesses within the PV modules, and increased
humidity levels [63]. Recent PV applications utilized advanced technology to identify the

types of degradation in the PV modules. A monitoring camera is a common approach for

25



identifying the cause of PV module degradation, as visual assessment is insufficient for
precisely determining the source of degradation. One common degradation factor is the
presence of microcracks on the surface of PV modules, which can be detected using

specialized tools [64].

The color of the PV cell surface changes with time, which can significantly reduce the PV
module's performance and the PV model's power generation. Several factors, including the
material used in the manufacturing process, often cause a color change [65]. Usually, the
color of the PV module changes to brown, blocking the irradiance from reaching the PV cell
surface. Furthermore, humidity contributes to the degradation of PV modules and can cause
delamination. The delamination issue is a common cause of mismatch in PV systems.
Additionally, it raises a range of concerns, including light decoupling and potential fire risks

[66]. An illustration of an aged PV module is shown in Figure 2.8.

Figure 2.8 A 12-year-old PV module.
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2.3 Mismatch Reduction Strategies in PV Systems

The mismatch issues between PV modules are one of the primary factors that contribute to
power losses in PV systems. Connecting the PV modules in series is crucial for most PV
applications to overcome the LV nature of the PV modules and meet the distribution
network's standards requirements. However, linking the PV modules in series can cause
several challenges regarding the performance and power quality of the PV system [67]. The
nonuniform irradiance profile is commonly associated with most PV system applications,
reducing power generation and minimising PV system efficiency. Thus, several mitigation
approaches have been proposed to enhance the efficiency of PV systems and increase their
power production effectively. Mismatch mitigation strategies are commonly divided into two
main types: bypassing methods, where the defective PV part is isolated from the PV system,
and distribution strategies, which aim to capture the power generated by the mismatched
portion [68]. The chart presented in Figure 2.9 illustrates the various optimization strategies

employed to address the mismatch issue.

Mismach Mitigation strategies

Bypass Methods Distributed Power Electronic Strategies

Serries DC-DC
Optimizer

Bypass Diode Bypass BJT Micro Inverter (Ml)

Diffrentioal Power
Prossing converter
(DPP)

Parallel DC-DC
Optimizer

Bypass MOSFET —

Figure 2.9 The mitigation approaches used for the mismatch issue.
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2.3.1Bypass Methods

The conventional strategy for reducing the negative impact of the mismatch between PV
modules is to bypass the net current of the PV system and isolate the shaded PV module from
the overall system. The bypass strategy can mitigate the concern of mismatch and protect the
rest of the PV system from defective PV modules. Although this method can effectively
minimize the impact of the mismatch problem, the power generation from a faulty PV
module is lost due to isolation from the PV system. A viable solution to this challenge is the
individual harvesting of energy from each PV module, which solves the mismatch issue

while enhancing the power harvesting of the PV system [69].

2.3.1.1 Bypass Diode

In this methodology, a bypass diode is installed in parallel with the PV module to reduce the
adverse effects associated with mismatch issues and to address the reverse voltage problems
that arise due to mismatch concerns. Implementing the bypass diode is one of the most
traditional and straightforward methods for minimizing mismatch issues between PV
modules. The presence of reverse voltage leads to power dissipation, which can cause an
increase in the temperature of the PV module. Therefore, the bypass diode creates an
alternate pathway for the current, mitigating HS concerns [70]. The I-V curve of a series
string of PV modules will be different under the PS effect when a bypass diode is added in
parallel to each PV module. This change can result in multiple MPPs, which can confuse the
tracking algorithms that determine the maximum output power [71]. The multiple MPPs

issue arising from employing the bypass strategy is illustrated in Figure 2.10.
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Figure 2.10: The Bypassing diode method strategy.

2.3.1.2 Bypass BJT

Another bypass technique used to mitigate the negative impact of mismatch problems
between PV modules is employing a BJT to bypass the PV system current. The main
objective of this strategy is to generate a path for current when the power generation of the
PV system is unequal. Two MOSFET switches are responsible for controlling the BJT
without introducing an extra control process. The gate-source voltage of MOSFET (1) is the
same as the PV module voltage; therefore, this switch will remain on. Similarly, the gate-
source voltage of MOSFET (2) is equal to the drain-source voltage of MOSFET (1). Under
the regular operation of the PV system, the current passes through the MOSFET (1) and then
the PV module. When the PV system is affected by partial shading, the gate-source voltage
of MOSFET (1) becomes 0; hence, MOSFET (1) will turn off. MOSFET (2) will turn on,
allowing the current to pass through the BJT. The difference between this approach and the

conventional bypass diode is that this strategy overcomes the problem of negative voltage
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because it can share negative voltage with the internal resistance of the series MOSFET
switch [72]. The BJT method employed for reducing unbalanced power generation is

illustrated in Figure 2.11 (a).
2.3.1.3 Bypass MOSFET

This strategy is based on connecting a MOSFET switch in series with the PV module, and
one diode is connected in parallel with this string. The MOSFET bypassing method is similar
to the BJT's strategy but involves one fewer electronic switch. The MOSFET switch turns
on when the mismatch problem does not occur, allowing the current to flow through it.
Similarly, when a part of the PV system is shaded, the MOSFET switch turns on, allowing
current to flow through the parallel diode. Internal resistance can cause an extra loss to the
PV system operating in normal conditions. However, this becomes an advantage when the
PV system is affected by partial shading, as it resolves the reverse voltage issue [73]. This

strategy is illustrated in Figure 2.11(b).
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(a) BJT bypass strategy (b) MOSFET bypass technique.

Figure 2.11 The untraditional bypass strategies.

2.3.2 Distributed Power Electronics Strategies

Harvesting the power from each PV module separately can mitigate the PV system's

mismatch concerns and increase PV power production. The distributed MPPT system within
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each PV module is utilized to extract the PV module's maximum power. Distributed MPPT
is commonly used in PV systems to effectively mitigate mismatch issues and maximize
power output from the PV system. The Distributed MPPT methodology can be effectively
implemented at various levels of the PV system architecture, which ranges from the PV array

level down to the individual PV cell level [74].

The PV system is regulated to operate at MPP to extract the optimal energy from the PV
system, as illustrated in Figure 2.12. Different tracking algorithms are introduced to
accurately determine the MPPs [75]. The tracking process becomes challenging under the
mismatch effect because more than one maximum power point is produced. Also, in regular
operation, the input voltage of the PV system must be regulated to operate at relatively small
ripples. Maintaining a constant input voltage is crucial in the PV system to effectively
manage the maximum power tracking system. The voltage ripple can mislead the tracking
algorithm of the PV system; thus, it must remain strictly below a threshold of 8.5%.
Additionally, the accuracy of the MPPT tracking system must exceed 98% to capture the
maximum power [76]. As a result, a noticeable improvement in PV system efficiency can be

achieved, and PV system reliability can be enhanced.
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Figure 2.12 Typical current-voltage and power-voltage characteristics for a

PV module.
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2.4 PV Sub-Module Microinverters.

Implementing distributed MPPT approaches at the PV SM level leads to increased power
harvesting of residential PV applications. The mismatch issue between the PV SMs within
the same PV module can be mitigated by implementing the power distribution approaches at
the PV SM level. Three MPPT systems employed within a single PV module enhance the
PV system's performance and increase power harvesting [77]. One approach is to utilize
cascaded DC-DC optimizers to mitigate the mismatch problem and improve the efficiency
of residential PV systems. However, using this approach can result in a noticeable increase
in installation cost because it requires more components than other methods. Also, designing
the controlling system for cascaded DC-DC optimizers is a complex process [78].
Differential Power Processing (DPP) DC-DC converters are another strategy that is used to
mitigate mismatch issues between PV SMs. The primary goal of DPP converters is to adjust
the photocurrent between the PV SMs under the impact of mismatch issues. Nevertheless,
this strategy requires a complex controlling process, and the installation costs are relatively

high [79].
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Figure 2.13 Sub-Module grid-tied microinverter.
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A sub-module microinverter (SMMI) is an effective strategy for efficiently harvesting the
maximum power from each PV SM in a PV system. Employing this method not only tackles
the mismatch issue between PV SMs but also improves the efficiency of the PV system. This
advanced approach enables converting the DC power at the PV side into alternating power
to meet grid party requirements. The SMMI is designed to connect the PV module output
directly to the utility grid without adding a central DC—AC inverter [80]. A definition of both
series and parallel grid-connected microinverters at the PV SM level will be detailed in the
subsequent sections. Figure 2.13 illustrates the configurations of both series and parallel grid-

connected microinverters at the PV SM level.

2.4.1 PV Sub-Module Series Converters

The objective of the PV SM DC-DC optimiser is to enhance the energy harvest of the
PV module in cases of unbalanced power generation between PV SMs. It aims to utilize a
power electronic converter topology to address mismatch issues at the PV SM levels
effectively. In the design stage, compact, economically priced components are used to build
the suggested DC-DC optimiser [81]. The synchronous buck converters are connected in a
cascading manner to achieve a higher output voltage, therefore eliminating the need for
additional step-up power converter circuits. The control mechanism of the SM DC-DC
optimiser is relatively straightforward, as it does not require communication between the
controllers of the SMs during mismatch scenarios [82]. Figure 2.14 presents a schematic

representation of the SM DC-DC optimizer.
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Figure 2.14 A graph of the buck-based PV SM combined with an MPPT system.
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Regarding the MPPT control, the output power of each PV SM is regulated through the
perturb and observe (P&O) algorithm. The implementation of a DC-DC optimiser strategy
effectively addresses the issues arising from multiple maximum points, which are often
associated with conventional bypass diodes in conditions of uneven power generation [83].
Given that the three SMs are connected in series, the string current can be considered a
constant value. Therefore, the controlling parameter utilized to confirm the MPP is the
voltage corresponding to each PV SM. This situation presents a direct optimisation
challenge, which seeks to maximise power by adjusting the duty cycle of each DC-DC
optimizer [84]. The flow chart represented in Figure 2.15 illustrates the MPPT algorithm
employed for tracking the optimal MPP for each PV SM.
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Figure 2.15 The flowchart diagram of the MPPT algorithms of the buck-based PV SM converter.
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The PV SM series converter is a common strategy for employing a distributed MPPT system
at the PV SM level. In this method, the primary objective of DC-DC power converters is to
reduce the size of power electronic components and minimize installation costs. One inductor
and one sensor are used to effectively capture the output power of each PV SM
independently. As a result, the net power of the PV module increases, and the mismatch is
reduced at the PV SM level. To enhance the stepping-up capability of the PV system, the PV
modules can be connected in series. The conventional P&O tracking approach is employed
in this design to capture the maximum power from the PV module. The main disadvantage
of this strategy is that a single traditional MPPT algorithm is utilized for all three PV SMs of
the PV module. Therefore, the effectiveness of energy harvesting and the overall
performance of the PV system are negatively affected [85]. Figure 2.16 illustrates the circuit

configuration of the proposed topology that relies on a single inductor and a single current
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Figure 2.16 Structure of the improved buck-constructed MPPT method

To regulate the MPP of each PV SM, an adaptive P&O algorithm has been employed to
obtain the current of the PV module and determine the path for the subsequent cycle. The
current of the PV module is measured and matched with the current of each SM, serving as

the reference current for the subsequent tracking interval. The duty-cycle ratio applied for
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the operation of the SM converters is determined as the proportion between the SM current
and the PV module current during a single tracking cycle [85]. Figure 2.17 illustrates the
flowchart of the adaptive MPPT algorithm implemented in this research; the clock parameter

is a critical factor that determines which SM should be prioritized for tracking.
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Figure 2.17 The diagram of the MPP algorithm in accordance with the current
generated by the PV SM.

2.4.2 PV Sub-Module Parallel Converters

The low-voltage output nature of solar cells makes boost converter topologies more practical
for several PV applications. Typically, boost converters are utilized in parallel arrangements
to boost the LV to the appropriate grid voltage level [86]. A multiple synchronous boost
converter is a general type of parallel design for this purpose. This specific topology is

designed to address the mismatch issues associated with series-connected PV SM while
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significantly enhancing the energy harvesting from PV modules. The proposed converter
operates by connecting the SM power converters in parallel, thus allowing for the individual
capture of the maximum available power of each SM, which optimizes energy harvesting
and minimizes power losses. Furthermore, the external configuration of the PV modules is
arranged in series to achieve a practical output voltage [87]. Figure 2.18 demonstrates the

circuit configuration of the SM parallel integrated converter.
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Figure 2.18 Sub-model structure of parallel boost converters for the individual PV model.
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A single MPPT microcontroller has been implemented to control the three PV SMs of the
grid-connected PV system, as the three converters are configured in parallel. The P&O
tracking algorithm has been utilized to capture the maximum available power from each PV
SM. The output voltage of the PV module serves as a reference value, which is compared
with the voltages of the SMs to determine the appropriate direction for the following tracking
cycle. During each cycle of the tracking process, the voltages of the three SMs are subjected
to perturbation and subsequently compared with the output voltage [87]. The flow chart of
the MPPT control algorithm is illustrated in Figure 2.19.

The initial phase of the MPPT algorithm involves initializing the parameters required for the

tracking system. Subsequently, the algorithm begins measuring the output voltage and the
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voltages of the three separate SMs. The indices associated with the SMs determine which
specific SM voltage is subject to control. Continuous perturbation of the three SM voltages
is initialized, with subsequent recording of the variations in the output voltage of the PV
module. The variations in the output voltage of the PV module are assessed in relation to
changes in the SMs voltages. The direction of the tracking cycle for each SM is established
based on the changes in the output voltage resulting from the perturbation of the respective
SM voltage. If the output voltage demonstrates a positive change, the tracking algorithm will
maintain its direction; conversely, if the change is negative, the direction of the tracking

process will be adjusted accordingly [87].
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Figure 2.19 The MPPT algorithm of PV sub-modules of parallel boost converters.
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2.4.3 PV Sub-Module Differential Power Processing (DPP)

The DPP topology is used to implement an optimization strategy that equalizes the current
of the PV module and effectively mitigates the mismatch challenges arising between PV
SMs [88]. This investigation utilizes the DPP PV-PV topology by integrating a bidirectional
buck-boost converter to effectively reduce the current mismatch between PV SMs, resulting
in enhanced energy extraction and minimizing power losses. The primary objective of the
proposed configuration is to efficiently balance the current across the PV SMs in scenarios
of unequal power generation [89]. Figure 2.20 illustrates the DPP PV-PV architecture

employed to reduce mismatch issues between the PV SMs.
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Figure 2.20 The schematic representation of the DPP.

The P&O algorithm monitors and redirects the current between PV SMs to effectively obtain
the MPP. Given that the DPP converter operates at a relatively high frequency, it is assumed

that the voltage of the PV module remains constant. As a result of this assumption, the current
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from the PV module determines the direction of the subsequent tracking cycle. The proposed
configuration implements two loops for MPP tracking. The fast control loop controls the
operation of the DPP buck-boost converters, whereas the slower loop regulates the DC-AC
grid-tied inverter [89]. Figure 2.21 illustrates the flowchart representing the control loop of
the DPP buck-boost converters.
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Figure 2.21 The algorithm employed for operating the DPP at PV SM.

Adjusting the duty cycle ratio of the DC-DC converters is based on measuring the current of
the PV module. As a result, the duty ratio of the DPP converter is regulated by assessing the
perturbation sample. The change in the current of the PV SM will be detected and recorded
as the duty ratio applied to the DPP converters experiences systematic variation. The current
value of the PV module is then compared with the initial value. If the current of the PV
module before perturbation exceeds the current after perturbation, the tracking direction will
change; conversely, if this condition is not met, the tracking direction will remain unchanged
[89].
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2.5 Future of the Grid-Tied MI

The issue of both partial and complete shading effects on PV systems can be characterized
as unpredictable and, in many cases, unavoidable. PS can arise from various factors,
including tree and building shadows, cloud covers, or bird droppings [90]. Therefore, the
electrical properties of the shaded parts of the PV system become different from those of the
unshaded sections. The level of irradiation on the PV modules directly relates to the total
electrical power produced. Therefore, PV modules receiving a higher level of irradiation can
generate greater power than those subjected to lower irradiation levels. Finally, the
performance of the PV system is constrained by the PV modules that experience the lowest
irradiation levels, resulting in a mismatch between the PV modules [91]. Thus, new novel
MPPT algorithms aiming to equalize the current of the PV modules are expected in future

studies.

The Mismatch issues between the PV modules and the PV SMs adversely affect the overall
performance of PV systems. The series configuration of the PV modules limits the entire
system to the PV module with the lowest power generation. Implementing MPPT distribution
approaches aims to harvest the maximum power from each PV module or SM independently,
leading to optimizing power extraction and mitigating mismatch issues. Thus, several power
electronic topologies have been proposed to apply the distributed MPPT system at the finest
PV level to enhance PV power production [92]. A new, optimized power electronic topology
is expected in future studies that can improve PV system efficiency and maximize power
production in grid-connected PV applications. Optimized power converter circuits are
crucial for addressing the limitations of the current design, enabling the use of more compact
components. Moreover, employing WBG devices like GaN and SiC can achieve
considerable improvement in the PV system's efficiency, which can improve the power
harvesting from the PV system. Thus, future topologies are expected to utilize these

advanced technologies for addressing mismatch issues in PV systems.

As mismatch issues are a significant challenge in PV systems and are associated with most
losses, proposing an optimized mitigation strategy becomes necessary in the design stage.
The mismatch between PV modules is a result of unequal power generation in the series

architecture, leading to a significant decrease in total power generation. Several factors can
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cause a mismatch in PV systems; however, PS is often the most common contributor to this
issue. The internal characteristics of the PV components vary according to the environmental
conditions; therefore, each part of the PV system can behave differently. In a PV module,
usually, three PV SMs are connected internally and integrated with bypass diodes. Thus,
applications of distributed MPPT require breaking this connection and replacing the bypass
diode with optimized power electronic converters [93]. Therefore, the PV module
manufacturers should reassess the existing electrical configuration of the PV module inside
the junction box. The new expected design should enable the integration of optimized power

converters to facilitate the implementation of distributed MPPT at the PV SM level.

Enhancing the operations of the PV system at the PV SM level and integrating optimized
power electronic converters can improve energy harvesting of the different types of PV
systems. The PS effect can be significant, and it is often the source of mismatch problems.
Applying the distributed MPPT strategy at the PV SM can effectively reduce the PS effect
in the different PV systems and lead to the harvesting of maximum available power [94].
Optimized and practical power electronic circuits are mandatory in future studies to further
enhance PV system efficiency and effectively increase power production from PV systems.
Integrating the optimized power electronic converters has the potential to address mismatch

problems and increase energy harvesting.

2.6 Chapter Summary

This chapter begins with an explanation of PV cell modeling and the relationship between
irradiation intensity and PV power production. Then, it presents a comprehensive overview
of the mismatch problem in PV systems and the challenges that lead to this issue. These
challenges include dust accumulation, PV module degradation, and manufacturing
tolerances. It also highlights the negative impact of the mismatch problem on power and
energy production. Then, it discusses the different mitigation strategies that are used to
address the mismatch problem in PV systems, including bypassing and distributing
approaches. Moreover, common techniques for implementing distributed MPPT at the PV
SM level are reviewed in terms of converter configurations, control methods, advantages,
and drawbacks. Finally, it finished by providing some practical suggestions for future

studies.
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Chapter 3

Modular Cuk Inverter (MCI)

This chapter presents an MI design to address PS issues at the PV module level. The proposed
grid-tied inverter is created by connecting several MCls in series, linking their outputs to the
grid, allowing each PV module to optimize power extraction through independent MPPT.
Boosting the voltage from PV modules to meet grid requirements is important; therefore, the
series configuration of the MCI design offers a key advantage to stepping up the voltage
output at the grid side. Utilizing the Cuk inverter helps maintain consistent input current,
reduces capacitor size at the PV module side, and improves PV system efficiency. The MCI
also operates without an auxiliary decoupling circuit, which separates DC power on the PV

side from pulsating grid power.

This chapter explains the MCI's operational modes and control strategies, which ensure
optimal functioning when the PV system is powered by PV modules, integrated with a
battery system, or linked to the utility grid. The MCI controller has two control loops to
ensure system robustness. Additionally, mathematical analyses evaluate the performance of
the PV system in various operational modes during PV generation and battery charging
processes. The effectiveness of the MCI is validated through experimental studies using a 1

kW prototype controlled by a Texas Instruments TMS320F28335 DSP.

3.1 Background

Several strategies are introduced to enhance the efficiency of the PV system, tackle power
mismatch concerns, and maximise power generation [95]. Employing the distributed MPPT
system for each PV module is one common approach to improving PV system efficiency and
increasing power production. Distributing the MPPT systems can lead to the capture of the
maximum power from each PV module independently, thus improving overall power
production and reducing mismatch issues between PV modules. The consequences of
mismatch issues arising from differences in voltage, current, and consequently power are
more straightforward to evaluate in small-scale PV systems compared to medium and large-

scale PV projects [96-97].
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1. Mismatch at the PV module level

The mismatch in power generation between PV modules is a significant problem in
residential PV systems, which can significantly reduce power generation or cause severe
damage to the PV modules. Applying the distributed MPPT system at the PV module level
is a practical approach to overcoming mismatch concerns between PV modules and
increasing power production [98]. This mitigation method can maximise the power of the
PV system by incorporating each PV model with a unique MPPT system. A suggested
method for the mismatch issue proposes integrating each PV module in the PV system with
a DC-DC converter. The power converter of a PV module in the PV system incorporates a
unique MPPT system, which improves the overall power harvesting capability of the PV
system. Furthermore, the efficiency of the PV system is raised, and the voltage stress is
reduced by as much as 33% [99]. As a result, smaller and more cost-effective components
can be used. However, it is crucial to note that the overall efficiency of the PV system is

constrained by the efficiency of the converters utilised.

2. PV Microinverter for PV systems

The efficiency of residential PV systems can be improved, and the impact of PS can be
mitigated by utilizing microinverters at the PV module level. Implementing the MPPT
system at the PV module level enhances power system production. In instances of PV module
malfunctioning, the PV system performance can be negatively affected; however, the energy
output of the unshaded PV modules remains normal. The DC-AC inverter of each PV
module can maximize energy harvested within the PV system and address concerns related
to mismatch. Moreover, implementing a microinverter at the PV module level can improve
the scalability of residential PV applications and enable increasing the size of the PV system

[100].

PV MI technology has become a topic of interest among power electronics researchers due
to its noticeable advantages, including improved PV system performance and reduced
mismatch issues between PV modules [101]. The MI converts the DC power of a single PV
module into AC power to effectively interface with the distribution network. Therefore,
proposing an effective single-stage DC-AC inverter can lead to a considerable improvement

in the functionality of PV systems. The traditional two-stage DC—AC inverters usually use a
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buck-boost converter, which generates discontinuous input currents, resulting in a reduction
of the PV system efficiency and a negative effect on the MPPT algorithm. The LV MIs
represent an effective alternative because they can enhance the efficiency of PV systems,
particularly for residential and some medium-scale PV projects. Employing MIs at the PV
module level can result in a fifteen percent increase in output power [102]. Moreover, the
robustness of the PV system can be significantly enhanced using this technology because the

PV system can operate effectively even with the malfunctioning of one M1

3. PV MI for a three-phase system

A three-phase isolated differential inverter using the single-ended primary-inductor
converter (SEPIC) DC/DC converter has been suggested, demonstrating improvements in
power quality and the management of negative sequence harmonic components
(NSHC)[103]. However, the analysis has not considered the operational characteristics of
the converter from the viewpoint of PV modules. One proposed approach details the
operation of the differential Flyback three-phase inverter, which utilizes parallel-connected
inputs [104]. The study demonstrates that current stresses are distributed efficiently between
the parallel PV modules and converters. Furthermore, another method describes a series-
connected PV MI that employs cascaded H-bridge converters. Although this study
incorporates an MPPT control system that is intended to optimize energy capture from the
PV modules, it fails to investigate the effects of the discontinuous current generated by the
H-bridge converters on both the control system's performance and the PV modules
themselves. Additionally, the study has neglected the impact of second-order harmonic

components in single-phase operation [105].

3.2 Parallel MI

In a parallel-connected MI system, illustrated in Figure 3.1(a), each DC-AC MI is able to
operate independently of the other MIs. Therefore, the malfunction of a single MI will not
impact the performance of the remaining units within the PV system, as it is a current-
controlled converter. Typically, in residential PV applications, stepping up the MIs voltage
1s necessary to boost the voltage from the PV side, which usually ranges from approximately

12 to 27 DC volts to around 220 to 230 AC root mean square (RMS) volts. The significant
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voltage step-up ratio required in this configuration to match the grid output voltage can

minimise the efficiency of the PV system and increase the associated installation costs [106].
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(a) System with parallel-connected (b) System featuring series-connected
module interconnections module interconnections.

Figure 3.1 LV PV Module Interconnections.

The utilization of transformers with high turn ratios in parallel-connected PV module
applications is a common practice to meet the high voltage requirements on the grid side.
However, this approach can lead to an increase in both the weight and the overall cost of the
PV system. As a result, transformer-less configurations and high-frequency transformers
(HFTs) are recommended to tackle these challenges. Additionally, the non-isolated
configurations of PV applications that require a significant step-up ratio can result in
increased expenses for residential PV system implementations, primarily due to the higher
size and number of capacitors needed for the design. In terms of the system efficiency, the
boost converters must elevate the output voltage to a considerably high level, which can
cause considerable stress on the switches and negatively impact the efficiency of the PV

system [107].

3.3 Series MI

The series-connected PV MIs are built by connecting each LV MI with its adjacent peer. The

cascaded PV MI architecture is connected to the electrical grid, which can enable sending
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the extra energy to it. As illustrated in Figure 3.1(b), this arrangement represents a range of
interconnected MIs operating together. In this practical configuration, the need for a high
step-up conversion ratio is reduced because the series connection inherently enhances the

system's ability to meet the voltage requirements at the distribution grid [108].

The series-connected PV MI technology offers several advantages, including the use of small
components and improved PV system efficiency. The stress on the power converter switches
is significantly minimised, which improves the efficiency of the PV system and extends the
lifetime of the switches. The scalability of the grid-connected PV system is enhanced because
a separate control system controls each PV MI. The energy harvesting capability of the PV
system is enhanced because each PV module has its own separate MPPT algorithm. As a
result, the series-connected MI technology ensures optimal performance of the PV system

under different environmental conditions [109].

3.4 Modular Cuk Inverter (MCI)

ﬁﬁ}
Ml n

Figure 3.2 The suggested series-connected Cuk-based LV MI
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The Cuk-based MI is specifically designed for series-connected rooftop PV systems. As
illustrated in Figure 3.2, the proposed modular MCI architecture illustrates connections
between adjacent inverters. Utilising the Cuk converter topology as the inverter for each PV
module optimizes power extraction from the PV modules and enhances the efficiency of the
overall PV system. Each PV module operates with an independent MPPT algorithm, which
effectively addresses mismatch issues at the PV module level and significantly increases
energy harvesting from the PV system. This configuration utilises a series connection to meet
the voltage requirements at the grid side, enabling the achievement of a high-voltage step-up

ratio.

3.4.1 Operation of the MCI

The single-phase PV MCI system interfaces with the electrical grid via the grid impedance,
represented as Zo= r; + jLg, Where r, denotes the resistance of the grid and L, represents the
inductance of the grid. The overall voltage generated by the converter is the total of the
individual voltages corresponding to the series-connected modular converters. Therefore,

these total voltages, denoted as v,, can be framed as follows:
v, = Vsin(wt + 0) 3.1

In this context, V" denotes the magnitude of the output voltage, while 8 represents the phase
shift relative to the grid voltage, and o indicates the angular frequency of the grid.
Throughout this chapter, V; will be utilized to describe the magnitude of the grid voltage.
When the MIs deliver active power P to the grid at a power factor of cos ¢, the parameters
V, ©, and the magnitude of the single-phase output current /g can be stated as follows:

I = 2P 3.2
¢V, cos(p)

0 = tan-! r 1, sin(p)+ oL, 1, cos(p) 33
Ve +r1, cos(p)—wL,I, sin(p)
. V, +r,1,cos(p)—oL,I,sin(p) 34
cos(6)

Under normal operating conditions, the k» MI in phase j produces a voltage given by:
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V;
Vg = 3.5
n

Where n denotes the total number of Mls.

3.4.2 Operation Modes of MCI

Modern residential energy systems need to incorporate energy storage systems (ESSs) to
facilitate the storage of excess energy generated during off-peak times, allowing for its
utilisation during peak demand periods. The MCI can include singular battery units

associated with each MI, as illustrated in Figure 3.3.

+ 1
Vbl x

MI 1
Figure 3.3 PV Ml integrated with battery packs.

The suggested MCI can work in four different operational modes, which depend on the
configuration of the relays illustrated in Figure 3.4 (a). Each MI is linked to three single-
pole-double-throw (SPDT) relays, namely Sy, Shi, Sb2, and Shs. These relays facilitate the
connection of the MI to the PV module, the battery pack, or both simultaneously. The output
terminals of the MI are interfaced with the AC side through the SPDT relay labeled Sg. A

comprehensive description of the four modes is provided in the subsequent subsections.

a) PV Modules to AC Grid (DC - AC)

The operational mode of the residential PV system, which facilitates the conversion of power
from the PV modules to the electrical grid, is illustrated in Figure 3.4(b). In this
configuration, all relays remain disconnected, except for S,y and Sg. In this operational state,
the active power P is defined by the maximum power output feasible from the PV modules,
as regulated by the MPPT controllers. The values for voltage and current are calculated by

equations 3.2 and 3.4. This operational mode is advantageous for supporting the grid during

49



daylight hours, when the PV modules can generate maximum output power. In this mode,

the MCI functions as a DC/AC inverter.
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(d) DC/DC PV module to battery (e) AC/DC grid to battery

Figure 3.4 PV MCI integrated with battery packs operation modes.
b) Battery to AC Grid (DC - AC)
In the event that the power output of the PV modules is inadequate to support the grid, the
battery is capable of supplying the necessary energy by activating relays Sy; and Sp> while

deactivating relay Spv. Figure 3.4 (c) illustrates the circuit configured in this manner. The
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active power, P, is confirmed by the optimal discharge current from the battery, which aims
to maximize both its practical capacity and operational lifespan. During this mode, the MCI

continues to function as a DC/AC inverter.

¢) PV Modules to Battery (DC - DC)

In instances where the electrical grid does not require active power assistance from the PV
modules during daylight hours, the batteries can be charged using the PV modules by
establishing connections through relays S»; and Sp3 with relay Sp,, while disconnecting relay
Sq, as represented in Figure 3.4 (d). Under these circumstances, power will be supplied from
the PV modules to facilitate battery charging while the AC grid terminals remain isolated. In
this operational mode, the MCI functions as a DC-DC converter.

d) AC Grid to Battery (AC - DC)

The battery will be recharged using the electrical grid during nighttime hours by linking relay
Se with Sp; and Sp2, as demonstrated in Figure 3.4(e), while ensuring that all other relays
remain in the open position. In this arrangement, the MI functions as an AC/DC rectifier,

allowing power to flow from the electrical grid to the batteries through the MI.

3.4.3 Cuk MI Operation, Modeling, and Control

In order to effectively employ the MCI under the specified modes, the appointed MI must
maintain several necessary characteristics. Firstly, it should be capable of supporting
different output voltages that can be either above or below the input voltages derived from
the PV modules, battery, or electrical grid. Additionally, it must ensure isolation between the
input and output sides to comply with demonstrated safety standards. This objective can be
accomplished if the selected MI facilitates the integration of a high-frequency transformer
(HFT). Given that the PV modules and battery systems necessitate functioning at stable
voltages and currents, the input current to the MI must remain steady and stable while the
output current and voltage operate in a sinusoidal form corresponding to the grid’s frequency
of 50/60 Hz. Furthermore, the MCI must be equipped to store the second-order harmonics
within appropriate storage elements to enhance system efficiency, as illustrated in Figure

3.5.
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SM

Figure 3.5 Modular Cuk Inverter

For these reasons, the Cuk inverter illustrated in Figure 3.6 represents the most suitable
option for the proposed modular system, as it meets all the specified requirements. The
proposed MCI includes five semiconductor switches, an isolating transformer characterized
by a turn’s ratio of Ny/N,, two inductors labeled L; and L>, two essential capacitors C; and

(>, along with an optional capacitor C,.

I
L, C” ! NpiN ”C2 _
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Figure 3.6 Isolated Cuk-based MI

a) DC - DC Mode
The operation of the DC/DC converter will be essential when the PV modules are employed

to charge the respective battery packs. As illustrated in Figure 3.7, the MI operates in two

different states:
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(b) Stz

Figure 3.7 MCI as a DC/DC mode converter.

b) DC - DC Operation

i. During the time interval specified as Stac; (0 <t < ton), switches S;, S2, and S5 are
simultaneously activated. The input current, denoted as i;, is increasing to charge the inductor
L;. Concurrently, capacitors C; and C; are discharging into the output load connected to L>,
facilitating its charging process. The duration of this phase is defined as ton = dx:s, where d
represents the duty cycle ratio and zs indicates the switching time of the MI. This condition

is illustrated in Figure 3.7 (a).

ii. In the interval defined as Sts.2 (where ton <t < ts), switch S; is deactivated, resulting in
the flow of current i; into capacitors C; and C>, which facilitates their charging process.
Alongside, switches S3 and Ss are activated to create a pathway for the current in inductor
L, resulting in a reduction in the currents of the inductors. This state is illustrated in Figure

3.7 (b).

c¢) DC - DC Modeling and Control

The MI operates in two separate operational states for its DC/DC conversion. Therefore, the

state-space representation is derived by averaging the two operational states over time. In
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this scenario, the state vector of the MI can be defined as follows: xdc(t) = [ii(t) vCt(t) iL2
(t) vo(t) io (t)] , with the output ydc(t) = ii(?), representing the current flowing to the battery.
The average model is subsequently formulated as indicated in equation (3.6)

X()=A,x(t)+B, [V’}
v

b

0 —_— 0 0 0
NL, _ B}
1-d —d i 0
~c, 000 = L
: ’ 0 0 (3.6)
—d -1
A= 07— 0 = 0 B,=0 0
2 2
| 1 0 0
0 0 0 1
c, C, 0o —
LZ
1 - -
0 0 0 —_— 0
L LZ n

In this context, i;(¢) represents the input current, whereas v,(?) denotes the output voltage.
Additionally, iL:(?) indicates the current flowing through the output inductor, and i, (2)
signifies the output current from the MI. The state vci(f) can be articulated as N,C;(?) + vCa(t),
where N signifies the turns ratio, calculated as Ny/N,, and C;is defined as C;Co/(C; + N2C:).

The converter's transfer function is as follows:

i :
Gdc(s):I/_Oi:Cdc(SI ~A4,) "B, (3.7)
C,=[0 0 0 0 1] (3-8)

The control system for the battery charging process utilizing PV modules, based on
maximum PV power, is illustrated in Figure 3.8. The reference input current, denoted as i;*,
is derived from the MPPT controller, while the actual current is regulated through a
straightforward hysteresis controller. For the sake of simplicity, the output current of the
battery is assumed to remain unmanaged, under the assumption that the power generated by
the PV modules will not exceed the nominal power capacity of both the maximum input and

the battery pack.
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Figure 3.8 MCI Controller utilized during the DC/DC conversion process to facilitate battery charging.
d) DC- AC Mode

The operation of the DC/AC system with three distinct states is initiated when either the PV
module or the battery delivers real power to the grid. In contrast to the DC/DC mode, this
additional state offers an enhanced level of control over both the input and output parameters
simultaneously. This capability is important to maintain a constant input current while
producing sinusoidal output voltages and currents, as illustrated in Figure 3.5. The three
operational states are represented in Figure 3.9 and can be explained as follows:
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Figure 3.9 MCI DC/AC inversion when i, is positive.
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e) DC - AC Operation

1. During the interval Stinv (0 <t < ton1), the switch S; is activated, resulting in an increase in
the input current #; and the charging of inductor L;. The capacitors C; and C> discharge into
the output load via switches S>and S5 during the positive half-cycle of current i,, and through
switches S3 and S, during the negative half-cycle. As described in Figure 3.9 (a), in this state,

inductor L> is charged. The duration of this phase is defined as ton; = dj.ss.

ii. In the subsequent interval Stinya (ton1 <t <ton1 + ton2), SWitch S| remains in the on position.
However, capacitors C; and C> are charged by activating switches S3 and S during the
positive half-cycle of i,, or switches S> and S5 during the negative half-cycle. In this scenario,
while L> continues to charge, L; is also in a charging state. Therefore, this phase enables
decoupling between the input and output sections, as illustrated in Figure 3.9 (b). The

duration for this state is represented as fon2 = d2.ss.

iii. During the final interval Stin;3 (fonl + ton2 <t < ts), switch S; is deactivated, permitting
capacitors C; and C> to remain charged by the input current ;. If the current 7, is in its positive
half cycle, switches S3 and S5 will be activated to create a path for the current to flow through
L, leading to a decrease in the currents through the inductors (refer to Figure 3.9 (c). A
similar situation occurs during the negative half cycle of i, when switches S2 and Ss are

activated.

f) DC-AC Modeling and Control

The MI operates within three different states in DC-AC mode. As a result, the state-space
model will be formulated by computing the average of the three states over time. The average

model is expressed in equation (3.9).

'X:(t)zAinvx(t)‘ + Binv |::jl:|

4
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The transfer function of the inverter is defined as
i 4 3.10
G[nv (S) = I/_U = Cinv (S1 - A[nv ) B/nv ( )
Cinv = [O O O O 1] (3.1 1)

The control method at the PV module level for PV systems, when MCI functions as a single-
phase inverter and facilitates power transmission from the PV modules to the AC electrical
grid, is illustrated in Figure 3.10. The reference value of the input current is received from
the MPPT algorithm of the PV module. The actual current is then compared with the
reference value to get the error, which is regulated by a typical hysteresis controller.
Moreover, the output grid current is controlled by a separate proportional-resonant (PR)
controller, which ensures synchronization with the grid current frequency, denoted as wo =
2xnf. The controlling system operates under the assumption that the irradiance and other
environmental factors of all PV modules are the same. An alternative system-level control
will be required to effectively manage scenarios involving PS and ensure power distribution

between the different MIs according to their respective maximum power points.
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Figure 3.10 MCI Controller for converting DC PV module's power to AC for integration with the grid.
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The control at the PV module level, while the MCI continues to function as a single-phase
inverter with power being transmitted from the battery packs to the AC electrical grid, is
illustrated in Figure 3.11. In this scenario, there is no specified MPP for operation, which
allows for flexibility in the discharging currents of the batteries. However, it is advisable to
select the reference current based on the nominal current value suggested by the

manufacturer in order to optimize the lifespan of the batteries.

Vbj Hystresis .
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Figure 3.11 MCI Controller for converting DC battery power to AC for integration with the grid.

g) AC-DC Mode

The MCl is designed to function as an AC/DC rectifier when it becomes necessary to charge
the battery packs from the AC power grid. In a manner equivalent to the operation of the
inverter, the incorporation of an additional state within the modulation scheme offers an
enhanced degree of freedom for the independent regulation of both the input grid current and
the output current to the battery. This capability ensures that the current flowing to the battery
remains stable over time. The three operational states are illustrated in Figure 3.12 and are

described in detail as follows:
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Figure 3.12 Cuk SM functions as an AC/DC rectifier when io is positive.
1. Over the period specified as Strec; (0 <t < ton1), switch S; remains in the off position, battery
current i; is increasing while inductor L; experiences charging. Concurrently, capacitors C;
and C discharge into the battery via switches S> and S3. The grid current flows through either
S3 and S5 or S> and Ss. As illustrated in Figure 3.12 (a), inductor L: is charged during this

phase, which lasts for a duration defined by ton; = d.ss.

ii. In the subsequent phase, Strec2 (fon1 <t < tons + ton2), switch S; is activated, leading to a
reduction in the battery's current. Simultaneously, capacitors C; and C> are discharged by
engaging switches S3 and Sy, as illustrated in Figure 3.12 (b). During this interval, the grid-
side current is on the rise, while the battery's current continues to decline. The duration of

this phase is defined as t,.2 = d2 t;.

iii. Finally, in Styec3 (fon1 + ton2 <t < t5), switch S; remains activated, maintaining the decrease
in battery current. At this stage, capacitors C; and C> are charged by deactivating all other
switches, which allows the grid current to pass through the diodes of S>and Ss. In this state,
both inductors, L1 and L2, discharge, resulting in a reduction of their respective currents, as

illustrated in Figure 3.12(c).
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h) AC DC Modeling and Control

The MI functions within three separate states in AC-DC mode. Therefore, the state-space

model will be established by averaging the three states over a given time. The resulting

average model is represented in equation (3.12)

0o =
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nL,
1o
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0 0
0 0

X()=4,x@) + Bmc[

The transfer function of the rectifier is defined as
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Figure 3.13 illustrates the control mechanisms at the PV module level when the MCI is

functioning as a single-phase rectifier to charge battery packs from the AC electrical grid.

The reference modulation power index PMI* is used to compute the reference grid current

io* Then, the actual current is regulated through a PR controller. In addition, the battery

reference current is decided by assessing the battery’s voltage and state of charge and then

regulated via a hysteresis controller.
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Figure 3.13 MCI Controller as an AC/DC converter for battery charging.
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Figure 3.14 illustrates the power command for the MCI system. During the interval 77, the
MCI demonstrated equal power distribution among the four Mls, starting from zero power
and gradually increasing. Throughout 7>, the Mls achieved a maximum power output of
250 W. The interval 73 simulates the effects of partial shading, wherein the upper two MlIs
continued their output at 250 W, while the remaining two experienced a reduction to 30%,

ending in a total power output decline to 65%.

Total Power
MI, Power
MI; Power 5W :
75W §
MI, Power 250\'4
MI, Power ZSOW} t
T, T, T,

Figure 3.14 Power sharing between the four MIs when converting PV to grid DC/AC.

The Sisotool toolbox within MATLAB/Simulink is used to tune the K, and K, gains for
the transfer function of the PR controller, aiming to obtain optimal gains that balance
stability and bandwidth, as illustrated in Figure 3.15. The Sisotool toolbox in
MATLAB/Simulink provides the Bode plot of the investigated power converter system.
Although phase margin is commonly evaluated with respect to -180°, the phase in the
illustrated Bode plot is displayed around +180° due to phase wrapping. Since +180° and
—180° differ by 360°, this representation does not affect the calculated phase margin or the

stability assessment.
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Figure 3.15 Control systems throughout PV to grid conversion: k, = 2.5 and k.= 5

3.4.4 MCI Simulation Study

Figure 3.16 presents the block diagram implemented in the MATLAB/SIMULINK
program to examine the performance of the proposed Cuk-based modular inverter. This
diagram has been used to evaluate the different operation modes, including DC-AC
conversion mode, where power is sent from the PV modules to the AC grid, and DC-DC

mode, in which PV modules charge the battery. Two different scenarios are conducted

using the parameters listed in Table 3.1.
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The simulation results for examining system operation when PV sends power to the AC

grid are illustrated in Figure 3.17. The simulation outputs for DC- DC operation mode, in
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Figure 3.16 The block diagram built in MATLAB/Simulink for MCI

which PV modules charge the batteries, are shown in Figure 3.18.
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Figure 3.17 The simulation results during DC-AC operation mode
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Figure 3.18 The simulation result for Battery/Grid discharging and charging

3.4.5 MCI Experimental Validation

The configuration of the experimental setup for the MCI is illustrated in Figure 3.19, which
was managed by a TMS32028335 DSP, as detailed in Table 3.1. DC voltage sources were
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employed to simulate the PV modules under their respective operational modes. Each PV
MI was linked to a battery part consisting of 12 series-connected lithium-ion battery cells,
generating an approximate voltage of 50 V. The battery configuration is shown in Figure
3.20. The safety of the experimental setup is crucial. Thus, battery packs have been regulated
by the energy management unit system EMUS battery management system (BMS), which
regularly monitors the voltage, temperature, and current of each battery cell through a

specified module circuit.

The cell modules communicated their measurements of voltage, current, and temperature to
the central controller via the controller area network (CAN) communication bus. Subsequent
subsections will demonstrate experimental case studies examining the proposed MCI's
functionality.

Programming

Connection to
and Monitoring Cuk SMs

Batteries

ﬂ\“-!‘, .\R\‘V
= TMSF28"335 Voltage and
L owel'Pv Controller Current
upplies as Measurements

modules

Figure 3.19 MCI Experimental setup.

Figure 3.20 Battery packets.
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Table 3.1. MCI model Parameters

Parameters Value
Number of modules n=4
MI rated power pmr =250 W

MI inductors

L1=L2=O.5 mH

MI capacitors

Ci=C,=80uF-C,=1puF

MI Switching frequency

fs =150 kHz

Transformer turns’ ratio

N=1

Battery Parameters

Li-ion 18650: 4.1 V, 2.5 Ah

Charged battery voltage

Vear =128 x4.1 V=49V

Grid voltage

325 V peak

Grid impedance

Le=1mH, ;= 0.5Q

Grid frequency

f=50Hz

a) PV Model to Grid Scenario

The comprehensive system, including the PV module and system-level controllers, is
illustrated in Figure 3.21. The reference power values for each PV module have been pre-
established and computed. The reference current for the K™ MI was regulated by the duty-
cycle ratio denoted as dj. In parallel, the duty-cycle ratio d>x managed both the output
voltage and current through the PR controller, with the controller gains designated as k, and
k- It is important to note that the duty-cycle ratios d;x and d2 for various MlIs are not uniform
if the MIs operate under dissimilar points due to mismatches such as PS. These individual
MI controllers functioned effectively when all MIs were associated with the same operational
point. On the other hand, in the event of mismatches, a system-level controller became
essential to balance the output voltages and currents among the different MIs. Positioned at
the top right, the system-level controller produced a central duty-cycle ratio, D>, applicable

to all MIs, which was subsequently integrated with the individual duty-cycle ratios, dx.
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Figure 3.21 CMI sub-panels and controllers for managing PV/grid DC to AC conversion.

The decentralized control method increased the power harvesting capacity successfully
during each operational interval, as depicted in Figure 3.22. The real power regulation was
achieved at a different level, as demonstrated in Figure 3.22(a), where the power output
increased from 0 W to 250 W for all MIs. Subsequently, at t = 0.3 s, the power associated
with MI; and MI1; was reduced to 30% to imitate PS conditions. The input of each MI was
controlled by dx, while the output side was regulated via dx + Dz; the input current remained
unaffected, allowing the storage of the 2nd-order harmonics in the internal Cuk capacitor.
Figure 3.22(b) presents the grid voltage alongside the output grid current; it is evident that
the current exhibits a direct correlation with the power output. The output voltages of the
MIs were uniform when the power outputs of the individual MIs were equivalent. Under PS
conditions, MIs generating higher output produced voltage levels, as all Mls shared a
common output current. The output voltages of the MIs are displayed in Figure 3.22(c).
Additionally, the input voltages from the power supplies used to simulate the PV module

voltages are collectively presented in Figure 3.22(d).
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Figure 3.22 Results from experiments on the Mls throughout PV to grid DC/AC conversion.

b) Battery to Grid Scenario

The control system utilized for discharging the battery packs into the AC grid is illustrated
in Figure 3.23. This system is equivalent to the PV/grid controller; however, it does not
incorporate the MPPT controller since the batteries do not possess a maximum power point.
The charging control system is illustrated in Figure 3.24, wherein the MCI system functions
as a rectifier when the power command experiences a directional reversal. Figure 3.25
presents a case study detailing both the discharging and subsequent charging of the battery
pack.
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During the period from t = 0 to t = 0.1 seconds, the battery packs were gradually discharged
into the AC grid until each MI achieved its rated capacity of 100%, which corresponds to
250 Watts. At t = 0.3 seconds, the power command was reversed, stimulating the battery
packs to charge at a rate of 25%. Figure 3.25 (a) illustrates the power levels of each M1, while
Figure 3.25 (b) demonstrates the grid current. Figure 3.25 (¢) provides an overview of the
terminal AC voltage for each MI, and Figure 3.25 (d) outlines the battery terminal voltages

throughout the discharging and charging phases.
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Figure 3.24 CMI system-level controllers for the rectification of grid and battery AC/DC power.

69



(a) Powers: Top (Chl & Ch2): MI; & MI,,
Bottom (Ch3 and Ch4): MI; & M4 50 ms/div
— 100 W/div

AAAVAMARAAVAMARAA

AMAAMAMAMAMAA
= UNAAAAVAVANY

(¢) Output voltages: Top (Chl & Ch2): MI; &
MI,, Bottom (Ch3 and Ch4): MI3 &MI,4 50
ms/div — 200 V/div

w”/\v{\ /\/\ YASATATATATAVAVAVAVAVAY:

(b) Top (Chl): Grid voltage at PCC &
Bottom (Ch2): Grid current 50 ms/div — 200
V/div -5 A/div

13-

]

~

(d) Input (power supplies) voltages: Top
(Chl & Ch2): MI; & MI,, Bottom (Ch3
and Ch4): MI; &MI4 50 ms/div — 20

V/div

Figure 3.25 Experiment findings of the Mls for Battery/Grid discharging and charging.

3.5 Central Cuk Inverter (CCI) versus MCI

Unlike the traditional central inverter, the MCI presents several advantages in terms of
improved PV system performance and enhanced energy harvesting. This section presents a
comparative investigation of the CCI and the MCI, focusing on device stress and power
losses. Figure 3.26 outlines the contrast between the CCI and the MCI inverter. The CCI
utilizes a total of five switches. In contrast, the modular-based Cuk inverter is characterized
by several switches that can be expressed as n; = 5,, where n denotes the number of PV

modules.
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The configuration of the PV system, employing a CCI, where the PV modules are organized
in a combination of parallel and series, is described in Figure 3.26(a). In this configuration,
n, represents the number of parallel strings within the PV array, while ns; denotes the number
of PV modules connected in series. The current rating can be determined by multiplying the
number of parallel strings by the current at the MPP. The MCI, as presented in Figure 3.26(b),
demonstrates that each PV module is linked to a separate inverter, facilitating the reduction

of both voltage and current fluctuations. Consequently, this leads to a decrease in the

dimensions of the components utilized in the design.

The number of switches and the corresponding power losses for central and modular Cuk
inverters have been determined through the mathematical analysis presented in [110],
utilizing a consistent power level of 32 kW. The equations employed for the calculation of

power losses in central-based inverters and modular-based inverters are summarized,

respectively, in Table 3.2 and Table 3.3.
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Figure 3.26 Central versus MCI.

Table 3.2. Power losses and stress on switches in the Central Cuk Inverter (CCI).

Vsw Isw Input switch losses Output switches’ losses
nplmpp nzerDS(on)[rznpp + rDS(on)Ig +
3(Vy + 1sVanpp ) (Vs + 15Vapp) 1o
Vo & nsVnpp > (ton + togr) + > (ton + toss) +
Vi lnpp + 15705 i Vil, + 1psl}

Table 3.3 Power losses and stress on switches in Modular Cuk Inverter MCI.

Vsw Isw Input switch losses Output switches’ losses
nplmpp nlz)rDS(on)Irznpp + rDS(on)Ig +
n,(V,/n + ngVpy )1 (Vy/n + ngVpp)1
r\’g s “mpp ) 'mpp g sVmpp Jlo
%/n + nstpp > (ton + toff) + 2 (ton + toff) +
Ve Inpp + MpTos Ly Vily + 1psl3

The number of switches increased when the PV modules increased in the modular Cuk
inverter; however, the rating of the switches in the MI reduced, which led to minimizing the
installation cost and the on-resistance of the switches. The stress on the device, power losses,
number of switches, and the associated costs of the switches are detailed in Table 3.4. A
detailed numerical calculation is presented for the different topologies of the PV module.
Power losses in the modular configuration are reduced by increasing the number of modular
inverters, as the stress on the switches decreases. Moreover, the calculations demonstrate a

reduction in the installation cost by utilizing the MI topology. In MI design, the low internal
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resistance MOSFET switches can be used instead of traditional IGBT switches, which results
in reduced installation costs and improved efficiency. However, the significant increase in

the number of switches can lead to a decrease in the efficiency of the MI.

The MI configuration is more complex than a conventional central system inverter topology,
and more switches are required in the design stage. However, power conversion efficiency
has significantly improved, and energy harvesting has been maximized because each PV
module can operate independently in terms of MPPT during unequal power generation
conditions. Furthermore, the fault detection process in modular design is swift and accurate

when one of the inverters malfunctions.

Table 3.4. A Comparative analysis of central-based and modular-based topologies.

Array Voltage Current Switches Switches Efficiency  Number of SWitches Cost
connection Stress (V) Stress (A) losses (W) Switches ®
Central
IRG5U200SD
Ns: 15 1030 136 736 ~90 % 5 ~ 1429
12B IGBT
Np: 16
Modular
N2 IGW75N60H3
' 398 68 FKSALI 2560 ~92 % 10 ~233
Ns: 5
IGBT
Np: 8
Modular
N: 4
270 42.5 IRF300P227 1227 ~96 % 20 ~167
Ns: 4
Np: 5
Modular
N: 8
180 28 IRFP250NPBF 1900 ~94 % 40 ~ 133
Ns: 3
Np: 3

The parameters for PV modules will be selected according to the lookup table, and the current
generated by each PV module will be adjusted based on its respective voltage. In the scenario
of PS, the digital signal processor (DSP) calculates the voltages of the PV module and
subsequently predicts a transition of the MPP to a new value, along with its associated

current.
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3.6 Chapter Conclusion

This chapter presented a new grid-connected inverter with energy storage systems (ESS)
using a Cuk converter. The MCI connects several PV modules to different battery storage
systems, enabling both power delivery to the AC grid and charging of the battery from it.
The control strategies for the different operation modes for the proposed MI, including DC-
AC inversion, AC-DC rectification, and DC-DC conversion, are explained. The controller
maintains a stable input current operation while ensuring synchronization of the output
current with the 50/60 Hz grid frequency. The 2nd-order harmonics in the DC-AC inversion
mode were decoupled effectively, resulting in improved system efficiency and increased
power generation. The MI reduces mismatch issues between PV modules and enhances
power conversion efficiency. The bidirectional feature of the proposed MI enables adequate
energy storage during periods of low demand. Experimental results demonstrate the
functionality of the suggested modular topology in providing optimal operation under two
different operating conditions. The proposed MI configuration demonstrates a practical
approach for mitigating mismatch issues and increasing power harvesting of the PV system.
However, further investigation is needed to suggest more effective control methods and

minimize design complexity.
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Chapter 4

Multi-Input Single-Output Cascaded Boost Inverter

This chapter presents a new multiple-input single-output PV inverter to mitigate mismatch
issues between PV SMs within a PV module and improve the power harvesting of residential
PV systems. The PV cell generates relatively low power; thus, extracting the power from
each PV cell is often impractical. Therefore, PV modules are built by connecting tens of PV
cells to generate higher power. Implementing a power distribution method for a string of PV
cells can be a more practical approach that can effectively maximize power production.
Often, PV modules have three or four groups of PV cell strings, and traditional bypass diodes
are connected to each of these PV cell strings. Replacing the bypass diodes with an effective
power converter can mitigate the mismatch issue at the PV SM level and lead to further
enhancement of PV system performance. Employing cascaded boost power electronic
converters represents a viable strategy for addressing the mismatch between PV SMs.
Utilizing the boost converter to extract the maximum power from each PV SM individually
is associated with an increase in passive components; however, it offers the benefit of
improving the overall performance of the power system and substantially increasing the
energy collected from the PV module. The proposed topology is designed to maximize the
extraction of available power from a group of PV cells within a single PV module. Given
that most PV modules are typically divided into three SMs, the proposed topology focuses
on effectively harvesting the maximum available power from the three groups of PV cells

within the PV module.

The control strategy expressed in this chapter utilizes the distributed MPPT method to
optimize power extraction from each PV cell string within a PV module. The distributed
MPPT technique is employed to extract the maximum power from each PV SM, enhancing
the power harvesting of the PV system. The strategy presented in this chapter aims to mitigate
the mismatch issues between PV SM, which commonly lead to a significant reduction in PV

module power output in residential PV systems. The strategy aims to replace the
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conventional method, which is based on isolating the impacted PV SM, with a more practical

approach to tackle mismatch issues within a PV module.

4.1 Background

A conventional residential grid-tied PV system typically includes solar PV modules, power
electronic DC-DC converters, a Battery Energy Storage System (BESS), and grid-connected
DC-AC inverters. Figure 4.1 provides an illustrative example of a grid-tied residential PV
system. Filter circuits are frequently employed on the grid side to mitigate harmonics
resulting from the conversion process [111]. Electrical power generated by the PV modules
is sent to DC-DC power converters, where optimal power generation is obtained. The
primary aim of MPPT controllers is to extract the maximum obtainable power from the PV
module and subsequently either charge the BESS or send the excess energy into the grid. PV
modules typically consist of groups of PV cells, with PV modules with three SMs being
among the most common types. Residential PV systems can experience a range of faults that
adversely impact their performance and reduce power output. One of the most critical issues
in PV systems is the mismatch between PV modules, with PS being a significant contributing

factor to this problem [112].

On-Grid Solar Photovoltaic

Irradianc SyStem
C) v CEJ Cbp
> l DC-DC | 1 l DC-AC | EI{;@;{‘: --------- -
» PV Converter [ 7 Inverter | — Meter [ »
Module -I- -|—
o Grid
Tempreture

Figure 4.1 Schematic representation of a standard grid-tied residential PV system.
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Inverter designers must meet grid interconnection regulations when considering
incorporating a PV system with the AC distribution grid. Energy providers establish specific
guidelines and standards for grid-connected applications not only to formalize the
interconnection process but also to prevent complications that can arise from the distribution
side of the grid. Therefore, the stability of the entire electrical network must be protected

when connecting the PV applications to the electrical grid [113].

Maintaining safe operation is essential for designing the PV system inverter to protect both
end users and system equipment in the event of grid-tied system malfunctions. The isolation
feature is commonly considered in the design of the grid-connected application to protect the
system during faulty conditions. Currently, the isolation operation for the grid-connected
applications is not mandatory for interconnection with the electrical grid; however, the power
converter designers often take this essential factor into account to enhance and extend the
overall safety of the PV system [114]. The power electronic devices in the PV system are
commonly responsible for critical functions that enable the grid-connected system to operate
efficiently. Furthermore, the current generated on the grid side must demonstrate a pure
sinusoidal waveform, as this characteristic is crucial for practical interaction with the

distribution grid [115].

4.2 Distributed Multi-Input Single-Output Structure

The multi-input single-output microinverter presents a promising solution for addressing the
mismatch issue within a single PV module. Given that the energy produced by an individual
PV cell is relatively low, it is often impractical to extract the maximum power from each cell
independently. Instead, it is more beneficial to obtain the maximum power from a group of
PV cells. Commonly, a PV module is divided into groups of PV cells known as PV SMs,
and the effective capture of maximum power from each group can enhance the overall energy
output of the PV system. To mitigate the mismatch challenges that occur between the various
PV SMs, the implementation of a cascaded boost power electronic converter can be a suitable

solution.

Although these cascaded boost converters can require an increased number of passive

components, they possess the potential to enhance the performance of the power system and
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significantly optimize the energy harvesting capabilities of the PV module. The proposed
topology aims to extract the maximum available power from a cluster of PV cells within a
single PV module. Given that most PV modules are grouped into three SMs, the proposed
topology aims to efficiently harvest the maximum available power from these three groups

of PV cells within the PV module.

The control strategy for the proposed configuration relies on implementing the distributed
MPPT method to optimize power extraction from each PV SM independently. The
distributed MPPT system is employed to capture the MPP of each PV SM. The maximum
power output of each PV SM is achieved through the regulation of its output voltage. Figure
4.2 illustrates the PV module built of 72 PV cells.
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Figure 4.2 A representative 72-PV-cell module circuit diagram: (a) the series configuration of the 72 solar

cells and (b) the integrated junction box of the 72-cell PV module.

4.2.1 Proposed System Description.

Figure 4.3 illustrates the proposed cascaded boost converters utilized for employing
distributed MPPT at the PV SM level. Given that the output voltage of the PV SM can be

relatively low and that the boost converter has a limited range for voltage amplification, the
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design cascades the three boost converters to improve the overall boosting capability of the
proposed configuration. A VSI is implemented at the utility side to convert the DC power
generated by the PV module into sinusoidal AC power, which is suitable for grid integration.
Additionally, the cascaded topology is connected to the utility grid via a forwarding diode to
prevent reverse currents from affecting the PV side under faulty scenarios. A DC link
capacitor is also employed between the PV side and the grid side to provide decoupling

functionality, store the second-order harmonic, and mitigate the effects of THD.
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Figure 4.3 The proposed multi-input single-output boost-based inverter.

The residential PV system is often constructed from several PV modules, and the required
number of PV modules is determined based on the local energy demands of end-users [116].
The suggested approach in this chapter aims to mitigate the mismatch issue at the PV SM
level, which can enhance the PV system performance and increase power production. The
scalability of the PV system is improved, and increasing the size of the PV system will not
present challenges because the mismatch issue is internally reduced at the PV SM level.
Moreover, the proposed design also considers protecting the PV system in the event of a
fault. The proposed topology implements a blocking diode between the PV module and the

electrical grid, preventing reverse current from flowing back into the PV module.
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4.2.2 State Space Model

Modelling by averaging over a switching cycle is a commonly used practical approach for
capturing the behaviour of power converters [117]. This strategy averages the model of the
power converter over a single switching cycle, which helps to capture the internal dynamics
of switching power converters. Power electronic systems commonly reveal nonlinear
behaviour, and modelling these systems can be complex; therefore, the linearization of these
systems around a specific operating point can be a viable solution to the nonlinearity
challenge. Once the linear module of the power converter is derived, the system state
variables are perturbed by small values, facilitating the creation of the small-signal model.
The small-signal model is generally practical and capable of accurately copying the dynamic
behavior of the actual power converter model. A small-signal model of the boost converter
is derived to study the proposed method for mitigating the mismatch issue at the PV SM

level.
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Figure 4.4 Typical asynchronous boost converter.

The boost converter model is demonstrated from the circuit described in Figure 4.4. It is
assumed that the converter component operates under ideal conditions, therefore ignoring
any internal losses associated with the component. The system equations are formulated

employing the general averaging method, as detailed below:

Upon activation of switch Q, the state equation is modified as follows:
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LE=Vm 41
Cpc= - 42

Upon deactivation of switch Q, the state equation is modified as follows:

LS =V = Ve 43
dv . Ve

Cpc 2w TR 4.4

While in the ON state:
X’ = AONX + BONI/IN 45
VO = CONX 46

While in the OFF state:
X' = AOFFX + BOFFVIN 47
VO = COFFX 48

Upon deriving the state space equations for the boost converter, the matrices

corresponding to the ON and OFF states are demonstrated as follows:

1) ON state
0 0 1
AON = 0 _i BON =1L, and CON = [0 1]X 4.9
RC 0
2) OFF state
o -2 1
AOFF = 1 11‘ . BOFF = IL] and COFF = [O 1]X 4.10
¢ “we 0

Where X = [i; v,]

The equations presented below are employed to derive the average model:
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X = [AOND + AOFF(l - D)]X + [BOND + BOFF(l - D)]VIIV 4.11

VO = [COND + COFF(l - D)]X 412
The average model:
0 (D_l) l
Aw =\, " | By = H and C,y = [0 1]X 4.13
— —= 0
C RC

The equation below can be employed to obtain the steady-state values of /; and Vo:
SS = —inv(AAV) * BAV * VIN 4.14
A minor disturbance is introduced to the state variable to obtain the small signal

module, wherein ~ denotes the minor perturbation to the variables:

_ 0 -(1-D-d)
ip+ul] _ L LL+LZ] v
[vc + 7, (1-D-d) 0 ve + U w + Pin]
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After the computation of the new A and B matrices, the transfer function can be derived

employing the equation presented below:

TF = Cyy *inv(s * eye(3) — Ayy) * B 4.18

Vo RDorr—LR IS

TF = - 4.19
CLRS?+Ls+RD§pp
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4.2.3 Selection of Passive Components

The suggested topology utilizes the boost converter due to the comparatively low output
voltage of the PV SM. In this type of converter, the output voltage is expected to exceed the
input voltage of the PV system. The input voltage derived from the PV SM is supposed to
be under conditions of maximum irradiation. It is assumed that each PV SM functions at the
highest power available; therefore, the voltage of the PV SM will be denoted as Vmpp. Based
on steady-state analysis, the duty ratio corresponding to the output voltage of each PV SM

can be defined as follows:

Vin

D=1- 4.20
Vo
D =1 — MPPsm 421
Vosm

In this context, where D represents the duty cycle, Vyppg,, the output voltage of each boost

converter corresponds to the voltage at the MPP.

Figure 4.5 shows both the circuit configuration and the current waveforms of the investigated
PV boost converter. In the context of a grid-connected inverter, the value of the DC bus
capacitor is determined based on both the input and output power, enabling it to mitigate
second-order harmonic distortion within the proposed configuration. A current-based
derivation method can be applied to determine the most suitable capacitance value for the
decoupling capacitor. An appropriate selection of capacitor value ensures the delivery of
pure DC power from the PV input while maintaining a sinusoidal current waveform on the
grid side. Following a similar manner, the DCgus capacitor value can be chosen with the
assumption of a pure DC output from cascaded boost converters. The shape of the grid
current waveform is sinusoidal, indicating that the current through the inductor represents
the grid current. However, it is essential to note that the direction of the DC bus capacitor

current is phase-shifted.
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Figure 4.5 The circuit and current waveforms associated with the PV system.

The parameters for the presented boost converters have been determined based on continuous

conduction mode (CCM) as illustrated below:

di
La = VMPPSM 4.22
L =0y 4.23
Al
CV = [ Capacitor Stored Energy 4.24
_ 1(4i, Tsw
Coy AVpy = 2(2 i 28 ) 425
Al
Cpy = 4.26
PV 8apy fow

The configuration of the suggested three-input single-output power electronic converter is
determined by calculating the output voltage at the common DC bus. The output voltages
from the three cascaded boost converters are computed to determine the output voltage at the

DC bus, where n represents the number of PV SMs.

%4
Veus = Spog—e—X— 427

1-Dpy smy

4.2.4 Open-Loop Dynamics and Systematic Investigation

The voltage and current levels at the MPP of the PV SM step-up converter are determined

based on a standard PV module. Regarding the design of the passive components of the boost
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converter, during the ON state, the inductance can be demonstrated from the peak-to-peak
fluctuations of the inductor current. The chosen inductance for the PV step-up converter is
calculated with an emphasis on minimizing the peak-to-peak ripple value. The output
capacitor of the PV step-up converter is selected following a compromise that balances the

capacitor size with the permitted peak-to-peak voltage ripples.

Following the calculation of the transfer function for the boost converter, the parameters L,
Cpy, and C bus are determined under CCM with the assumption that the system operates
under a condition of balanced energy. The chosen values are presented in Table 4.1. The
developed small-signal averaged model of the boost converter reveals the existence of two
poles and a non-negative zero. For the system to reach internal absolute stability, both poles
must reside within the left half of the s-plane. The presence of a non-negative zero can lead
to phase margin reduction and generate undershoot during transient conditions; however, the

process of zero cancellation can adversely impact the system's overall stability.

Table 4.1 The System Parameter

Parameter Value
Vupp 12V
Ivpp TA

L 24mH
Cpr 47 uF
RL 10 Q
Fs 5 kHz

_ —1.49x1055+5.32%10

TF = 4.28
§2+42128s + 2.22%10°
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Figure 4.6 The Bode plot for the output voltage of the open-loop system for a multi-

input boost inverter.

Therefore, the most effective strategy to minimize the impact of the non-negative zero is to
speed up its response by placing it at a greater distance from the origin (0,0) because faster
zeros are less damaging compared to their slower ones. Figure 4.6 presents the Bode plot of
the boost converter in the absence of controllers. The frequency response indicates that the
system maintains stability, with both the gain margin and phase margin having positive
values. However, the systems appear to be critically stable, given that the gain margin is near

the negative part of the Bode plot. Figure 4.7 illustrates the step response graph of the boost
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converter, which reveals a significant undershoot during the transient time. The presence of
considerable undershoot is attributable to the non-negative zero in the transfer function of
the boost converter. Obtaining the appropriate controller for the boost converter is crucial to

addressing this concern and moving the system to a stable side.
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Figure 4.7 The step response of the open-loop system for a multi-input boost inverter.

4.2.5 Design the Controller for the Proposed System

The derived open-loop system transfer function shows two complex poles placed at —261
rad/s and a singular positive zero located at 1610 rad/s. According to the principles of control
theory, the stability of the system is inherently linked to the positioning of its poles [118].
The controlling system can enhance the stability of the investigated system by relocating
these poles to the left-hand side of the s-plane. The positive zeros generally do not result in
a complete loss of system stability; however, they can lead to significant challenges, such as
strong undershooting and a reduction in the phase margin of the system. A common approach
to mitigate the adverse effects of positive zeros is to accelerate their response. The fast zeros,

defined as those located farther from the origin (0,0), are preferable because they impose
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considerably fewer negative impacts in comparison to their slower counterparts. The SISO
tool within SIMULINK/MATLAB has been employed to identify and fine-tune the
parameters of the proposed system's controller. The integration of the controller enhances
the stability of the system and optimizes performance by relocating the system's poles into

the stable left-hand side.

The poles and zeros corresponding to the parameters presented in Table 4.1 are represented
in Figure 4.8. The value of the 4; gain for the controller is consistently set at 0.6, whereas the
ky gain is varied within the range of [0.2 to 0.5] to examine the dynamics of the proposed
system. Remarkably, a k, gain of 0.25 within the proportional integral derivative (PID)
controller has the most suitable dynamic response for the system. The SISO tool available in
SIMULINK/MATLAB has been employed to derive and adjust the parameters of the PR
controller. The findings indicate that the optimal &, and &, gains for the PR controller, which

ensure adequate stability and bandwidth, are 3 and 5, respectively.
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Figure 4.8 The Pole-Zero Map depicts the relocated poles of the system.
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Figure 4.9 The step response for the output voltage of the PV SM boost converter with

controller.

The PID controlling systems are widely recognized as practical controllers and one of the
most dominant controllers used in power electronic converters; they have been applied to the
input side of the proposed configuration. The MPPT algorithm is used to obtain the current
at the MPP under specific temperatures and irradiation conditions, which serves as a
reference value for the controller. The actual current is compared to the reference current to
calculate the error, which is passed to the PID controller block. The PID controller will
manage the difference between the reference current and the actual current for each boost
converter and perform control actions accordingly. The controlling system in this chapter
maintains the input current from the PV SM at a constant DC level while reducing the
associated current ripple. Therefore, the accuracy of the MPPT system can be enhanced, and
the efficiency of the PV system can be improved. Figure 4.9 illustrates the improvement in
the dynamic system response and step response characteristics by implementing the

appropriate controller for the proposed system.
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Figure 4.10 The schematic representation of the boost converter control system.

Y

The current closed-loop control system employed to regulate the PV SM is illustrated in
Figure 4.10. The Impp of the PV SM is used as a reference current for the controller at the
subsystem level. The primary objective of the controller is to regulate the current at the input
side of the PV SM while simultaneously mitigating the adverse effects associated with the
total harmonics of the grid power. By eliminating or mitigating the distortion caused by the
total harmonics in the PV system, the performance of the MPPT algorithm can be enhanced,
which improves the entire efficiency of the PV system. The MPPT tracking system
determines the Impp of the SM based on the subsystem irradiation level and temperature.
When this current is used as the reference input for the compensator, it is compared with the

real input current of the boost converter to perform the control process.

The net output voltage at the inverter terminal of the suggested PV system can be expressed

as follows:

Vo = Vsin(wt + 0) 4.29
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In this context, V' represents the amplitude of the voltage, while V; is defined as the magnitude
of the grid voltage, and * denotes the reference value of the grid current. If the proposed
system supplies an active power P to the grid with a power factor of cos(a), the expression

for the single-phase output current can be stated as follows:

2P
Ig o Vy cos(a) 4.24

The conventional strategy for regulating alternating current involves transforming the
rotating current into direct current, followed by a control process that utilizes a traditional
PID control method, and then converts it back into controlled alternating signals after
performing control actions. The PID-based method has been implemented for many years in
power system design and is suitable for various applications; however, it requires multiple
design stages, which can reduce the efficacy of the control process. The proportional resonant
(PR) is another control method for regulating rotating current, and it has been used in several
applications for power system applications. The effectiveness of the PR control strategy in
regulating the rotating signal has been demonstrated, making it a practical alternative to the
conventional control method for inverters. In this study, the PR controller is utilized to
control the grid current, which regulates a sinusoidal current waveform on the grid side. The
PR controller monitors and compares the grid current with the target value to determine the
error between the two signals. This error is then processed through the PR controller, which
completes the control action and tracks the sinusoidal reference grid signal. The block
diagram representing the PR controller for the suggested electrical configuration is illustrated

in Figure 4.11.
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Figure 4.11. The grid current controller for the proposed microinverter.

In this context, £» denotes the proportional gain, while 4> and ws,refer to the resonant gain
and frequency, respectively. The classic PID controller is often suitable for systems
characterized by constant values, such as DC-DC converters, because it is effective in
eliminating steady-state errors and ensuring a fast response. However, the PID controller
cannot accurately track sinusoidal waveforms because it designed to regulate constant
values. On the other hand, the PR controller is capable of delivering infinite gain at a
specified frequency; thus, it is a suitable choice for application in grid-connected systems.
The grid section of the proposed system incorporates an LC filter to enhance system
efficiency, as illustrated in Figure 4.12. Additionally, the Bode plot corresponding to the PR

controller utilized in this analysis is presented in Figure 4.13.

LC Filter
PV Array

rL slg
DC DC 1 DC AC c % .
Converter T Inverter - ‘.l'

Figure 4.12 Single-phase grid-tied PV system with filter circuit.
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Figure 4.13 Bode plot for PR controller.

The Laplace transform function of the LC filter is represented by the subsequent equations:

1
Tegt—
VO c9 SCg
Vin | rLs+reg+SLy+—— 4.25
in TLstTcgtSLg sCq
V_O _ SCT'g+1 4 26

Vin 5%2LgCg+sCq(T1g+Tcg)+1

4.3  Simulation study

The open-loop condition of the MISO converter has been investigated using the
MATLAB/Simulink environment to evaluate its performance. A passive load is employed

in the model, and Table 4.2 lists the components used in the simulation. Ideal components
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are assumed in the simulation module; therefore, the internal resistance of both active and

passive components is neglected.

The MATLAB model of the MISO inverter is illustrated in Figure 4.14. The input power
from the three SMs is shown in Figure 4.15. The grid voltage and grid current are presented
in Figures 4.16 and 4.17, respectively. In addition, the voltage across the decoupling

capacitor is illustrated in Figure 4.18.

Figure 4.14 The MATLAB/Simulink block diagram

Table 4.2 Simulation Parameters

Parameter Value
Vumpp 1.2V
Impp 8A

L 1.5mH
Cry 2200 pF
RL 100 Q
Fs 25 kHz
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Figure 4.15 The input power from the three SMs.
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Figure 4.16 The output voltage at the grid side.
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Figure 4.17 The output current at the grid side.
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Figure 4.18 The voltage at the decoupling capacitor

4.4 Experimental Results

The experimental configuration designed to extract the maximum available power from the
three PV SMs within a single PV module is illustrated in Figure 4.19. Each PV SM is rated
at 250 W, resulting in a net maximum available power rating of 750 W for the entire PV
module. The system utilizes the Texas Instruments DSP (TMS320F28335) as the control
unit, which manages signals for gate points for the proposed three boost converters at the
input side. Three DC power supplies are used as PV SMs to investigate the operation of the

proposed system. Each of the three PV SMs is connected to an individual boost converter to
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mitigate mismatch issues at the SM level and enhance PV module performance. The output
from the PV module interfaces with the utility grid via an autotransformer, which reduces
the utility grid voltage from 240 V to 100 V. The DC output generated by the PV module is
converted to low-voltage AC (LV AC) for validation of the proposed system topology.

DC sources Monitoring
b |  — -
S & a8 A B
T CRaaadER SRR
TI DSP AT '
> I e22e Y
Boost DC/AC
converters inverter

Figure 4.19. The experimental configuration of the proposed microinverter.

The outcomes of the experiments conducted on the proposed topology for utilizing the
distributed MPPT at the PV SM level are illustrated in Figure 4.20. Specifically, Figure 4.20
(a) presents the overall input power of the system. Figure 4.20 (b) illustrates the output
voltage and current when power is transmitted into the grid via the autotransformer at a unity
power factor. Figure 4.20 (c) represents the DC-link voltage maintained between the PV SMs
and the DC/AC inverter. Lastly, Figure 4.20 (d) displays the input currents of the PV SMs.
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Figure 4.20 Experimental findings of the proposed microinverter.

The stability of the proposed system is assessed by suddenly reducing the output power by
50%. Figure 4.21 illustrates the response of the grid current to a change in output power,
which leads to a reduction in its peak value. Further, the input current of the three SMs also

decreases as a consequence of the decrease in the system's output power.
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Figure 4.21 The experimental findings indicate a 50% reduction in output power.

The findings demonstrate that implementing the proposed three-input, single-output inverter
at the PV SM level can facilitate the extraction of available power from each group of PV
cells and mitigate mismatch issues within a PV module. The MPPT system is employed for
each PV string of PV cells individually, enhancing the power production of the residential
PV system. In contrast to the traditional approach, which isolates shaded PV SM from the
overall PV system, the proposed configuration includes the shaded part of the PV model and

harvests its power.
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4.5 Comparative Study

The different mismatch issues, including partial and complete shading, can lead to a
considerable reduction in the power output of a single PV module. In the context of PV
systems, shading issues are often unavoidable and can adversely impact the entire
performance of the PV system. The study presented in this chapter demonstrates that
employing the distributed MPPT at the PV SM level for an LV PV system can enhance power
generation and reduce mismatch effects. The output voltage produced by a single PV cell is
comparatively low, which requires linking multiple PV cells in series to achieve a higher
output voltage. This approach can address the issue of LV associated with an individual PV
cell; however, it is worth noting that the PV system becomes sensitive to mismatch issues,

which can minimize the power generation of the PV system.

Table 4.3 Comparison between applying MPPT at the PV model and the SM level

MPPT in Rooftop PV system

PV Module Level PV Sub Module Level
Advantages Drawbacks Advantages Drawbacks
Easy Design High losses High power production | Complex implementation
Low Cost No power recovery Low mismatch issue Higher installation cost
High reliability | Multiple MPPs Single MPP

Complex MPPT Process | Strate MPPT Process

The power generation associated with the proposed topology is illustrated in Figure 4.22 and
explained as follows. During the initial phase at T1, the power generation of the three PV
SM is distributed uniformly, beginning at zero and progressively increasing until it reaches
its maximum output at T2. Each PV SM generates 80 W, resulting in a cumulative output of
240 W for the entire PV module. In the following interval, the shading covers one PV SM.
Under conventional methods, power generation from a shaded PV SM is completely lost. On
the other hand, within the proposed topology configuration, power generation is captured

separately, allowing for the utilization of electrical output power from the shaded PV SM.
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Figure 4.22 The output power generated by an individual PV model.

The proposed architecture is designed to extract energy from the shaded region of the PV
module, which mitigates mismatch issues and enhances the power production of the PV
system. It employs a power electronic boost converter for each PV SM to capture the
maximum available power from each grouping of PV cells. The selection of the boost

converter is attributed to its ability to step up the LV at the PV side of the grid-connected PV
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system. Although the boost converter is employed to increase the input voltage to a higher
level on the output side, its amplification capability is restricted to a specified output range.
The output voltage produced by the boost converters is connected in series to satisfy the
voltage specifications required by the utility grid. Furthermore, the proposed configuration
is designed to optimize power extraction from the PV side while also enabling the conversion

of direct power to alternating power.

The suggested topology in this chapter is designed for the forthcoming residential PV system,
as currently available grid-connected systems utilize traditional PV modules that incorporate
bypass diodes within their PV SMs. Although prototypes for PV cell optimizers remain
undeveloped, relevant companies have initiated the implementation of distributed MPPT at

the PV SM level.

4.6 Chapter Conclusion

This chapter has introduced a new microinverter topology that integrates three DC-DC boost
converters with a single-phase inverter, which is designed to overcome mismatch challenges
between PV SMs. The ability of the presented structure to extract optimal power from
individual PV SM has been demonstrated through its series input, which eliminates the need
for a high step-up voltage ratio. The two control systems introduced in this chapter ensure
compliance with grid current standards and reduce input current ripple, which confirms their
effectiveness in enhancing energy harvesting and mitigating the mismatch issue at the PV
SM level. The simulation outcomes and experimental results confirm the ability of the
proposed system to operate efficiently under both standard and mismatch conditions. In
conclusion, the proposed microinverter topology offers a practical method that increases PV
system power production and reduces mismatch problems between PV SMs by utilizing
distribution MPPT at the PV SM level. Future investigations can focus on innovating control
strategies and further minimizing system complexity to effectively capture the maximum

available power from LV residential and commercial PV systems.
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Chapter 5

Advanced Control Mechanisms

This chapter begins by presenting the latest developments in MPC technology for grid-
connected PV systems. MPC offers several advantages in controlling power electronic
converters, including the ability to handle nonlinearities and to effectively control
multivariable systems due to the absence of a modulator. It presents a comparative analysis
of continuous control (CC) MPC and predetermined control (PC) MPC, as well as their
implementations for power electronic converters, with a specific focus on grid-tied inverters,
control model structure, inverter architectural designs, and control objectives. Additionally,
it proposes a new control strategy for the PC MPC that regulates the input and grid-side
current while improving the performance of the grid-tied PV system. Furthermore, this study
aims to predict the voltage across the decoupling capacitor for a single-phase SEPIC inverter
to effectively eliminate the adverse effects of double-line ripples. This MPC approach not
only reduces the ripples associated with input and output currents but also facilitates a fixed

switching frequency feature.

5.1 State of the Art of MPC in Power Electronics

Over the past few decades, the integration of different renewable energy sources with
existing electrical infrastructures has attracted significant attention from researchers in the
field of power systems [119]. Grid-tied renewable energy systems enable the integration of
various energy sources and loads into a single electrical system, which is typically connected
to the main electrical grid. Power flow management in such systems is obtained by balancing
generated power with electricity demand. Given the various forms of power generated by
renewable energy sources, the power conversion process appears as an essential element of
the electrical system [120]. Nowadays, solar and wind energy are recognized as the most

prevalent and well-established renewable sources [121].

A) MPC for Power Converter

The MPC technique offers several benefits in controlling power electronics converters,

including the ability to accurately capture system dynamics, making it a superior alternative
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to conventional PID controllers. Digital processors have recently experienced significant
improvements, which facilitate the implementation of MPC controllers to control power
converter circuits in grid-connected systems. MPC technology offers several advantages in
controlling switching circuits, such as fast response to system dynamics, precise searching,
and simple implementation, which can make it the optimal solution for nonlinear regulation
of power electronic converters [122]. MPC is a model-based predictive control system that
utilizes a minimization function to regulate power converter variables in order to follow
targeted values. The MPC mechanism is based on using a discrete-time model of the
converter to assess the outcomes of the optimization function and select the optimal
switching state that achieves the minimum error. During the prediction phase, MPC utilizes
the discrete-time model to predict future values, which are subsequently compared with
existing control variables to confirm the appropriate control action. The optimal switching
state obtained by the minimization functions is used to operate the power converter circuit

[123].

Power control plays a crucial role in grid-connected PV applications. The primary aim of
regulating the AC power at the grid side is to ensure that the controlled variables align with
the specified target values. Several control approaches can be employed to control the grid's
real and reactive power using either stationary or d-q reference frames [124]. The prediction
control strategy based on a stationary frame is utilized for regulating the active and reactive
power of a grid-connected system, incorporating a feature for the cancellation of steady-state
errors. A direct MPC controller is commonly proposed to handle the active and reactive
power within a grid-connected system. This controlling mechanism directly modulates grid

power by identifying the optimal switching state that minimizes error [125].

B) MPC Categories

MPC for power converters is often classified into two categories: CC-MPC and PC-MPC
[126]. In the instance of CC MPC, a signal modulator is required to generate the switching
states of the power converter. On the other hand, PC MPC operates on the assumption that
the switching states are pre-established and integrated into the control stage. The application
of PC MPC is dominant in power electronic circuits, primarily due to its requirement for a

finite number of switching states to conduct the optimization function. The absence of a
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modulation stage in PC MPC enables direct implementation of control actions to the power
converters, which facilitates the control process [127]. In contrast to CC MPC, the
incorporation of additional terms into the optimization cost function in PC MPC does not
require a reconfiguration of the control system. However, a significant drawback of PC MPC
is the difficulty in maintaining a constant switching frequency because of the absence of a
modulator. Various strategies have been proposed to mitigate the issue of variable switching
frequency by introducing additional control actions [128]. Figure 5.1 (a) describes the block
diagram of CC MPC, illustrating that modulation occurs after the control action. Figure
5.1(b) represents the PC MPC approach, where both control action and modulation processes
are assessed and resolved in a single stage. In this context, X* denotes the system input, u

represents the modulator input, y indicates the system output, and X represents the feedback

signal.
S Power
—X* ! Controller —“—»| Modulator —» SRS
Converter
X
(a) CC Structure
Controller
X* Iy Power
. Converter -
Modulator
A
X
(b) PC Structure

Figure 5.1. MPC Controller Schemes

5.1.1 MPC Components for Power Converters

The MPC approach is often designed with some key components that are appropriately

adjusted to match the needs of the targeted controlled system. The MPC components are
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usually employed to effectively control power electronic converters and ensure optimal
performance and efficiency. This section provides a comprehensive overview of the most

commonly used MPC components employed to build the MPC for power converters [129].

a) Power Converter Model

The MPC approach relies on obtaining accurate discrete models of power converters.
Accurately modeling power electronic converters enables the capture of the dynamic
behavior of the power converter, which facilitates the straightforward implementation of the
MPC controller. Deriving a precise discrete model is essential for implementing the MPC
controller in the investigated system. The optimal switching state that achieves minimal error

in the future is selected based on the MPC cost function of the power converter [130].

Power converter mathematical models of most power converters are characterized as
continuous-time modules. In such systems, components like inductors and capacitors
describe the dynamics of the power converter circuit. Therefore, the differential equations
for inductor current and capacitor voltage are derived to describe most power converter
circuits. The MPC approach requires a discrete-time model of the power converter to perform
controlling actions and predict future values [131]. Therefore, for compatibility with
discrete-time control methodologies, the continuous-time models must be converted into
discrete-time representations. Various methods are available to change from continuous-time

to discrete-time models [132].

Among these, the first-order forward Euler method stands out as one of the most widely
approved techniques for discretizing power converter models. Two critical factors to
consider when employing this method include the necessity for a sufficiently high sampling
frequency to effectively approximate the continuous model and the absence of any filtering

circuits within the system [133].

The fundamental equation of the first-order Euler method is presented below:

dx . Xk4+1—Xk
— m—

= 5.1
dt t=0 T

By employing this technique, the estimated value for the subsequent time interval can be

determined as follows:
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dx
Xke1 = X+ T (E) 52

b) The MPC Cost Function

The MPC cost function can be employed in different forms, ranging from simple to complex,
based on the requirements of the controlled system. Control designers often have the freedom
to select the MPC cost function; however, the efficiency of the control system is significantly
affected when a complex cost function is used [134]. Usually, the MPC cost function is
expressed as a minimization problem that aims to minimize the error in the cost function. In
the minimization function of the MPC control system, absolute or quadratic error values are
commonly used to perform controlling actions, which can lead to an increased switching
frequency. In the context of multi-objective cost functions, the error terms for different
objective variables are cumulated, and the weighting factor is used according to the control
system needs [135]. The equations provided below define the MPC cost function together

with the methodologies for error calculation:

g= [x* — xn| 53
g = [x" — x,]? 5.4
min(fg[x*,xpn,Sn]) n=1,.....,i 5.5

In this context, g represents the function used to minimize the cost function, x* denotes the
desired or target value, x indicates the measured actual value, and S, denotes the state of

switches.

c¢) The Objective Variables

In MPC, objective variables are generally represented within the cost function. The primary
goal of this cost function is to ensure that the controlled variables follow their corresponding
reference values. In the context of power converter applications, the inductor current is one
of the most common controlled variables. It is common practice to employ cost functions
with quadratic errors, which can effectively maintain the quality of current waveforms while

minimizing the ripples in the current [136].

Voltage is another objective variable that is often regulated by the MPC technologies for

power electronic applications. The voltage across the capacitors in the different power
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converter topologies, which characterizes a part of the dynamics of power converters, is often
selected as a key control variable in several converter designs [137]. The grid current and the
output voltage are usually considered primary control objectives for grid-connected inverters
when designing the MPC control system. The MPC methods are employed to regulate these
variables, which can lead to a decrease in the complexity of control implementation while
improving overall control performance [138]. Figure 5.2 illustrates the process of applying

MPC control strategies to power converters.

‘:> Predict |§>

eFuture
Values

Measure Evaluate

E} Select Apply
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*MPC Cost
Function

*Objective
Variables

Figure 5.2. MPC process for power converters.

d) Parametrization of the MPC

Designing an MPC algorithm for power converter circuits requires considering the sampling
frequency and the prediction horizon to construct the MPC control system accurately. In PC
MPC methodologies, the absence of a modulator results in the switching operation occurring
at different time intervals, leading to variable switching frequencies. Therefore, the stability
of the grid-tied system, along with the quality of the modulated signal, is inherently linked
to the duration of the sampling period [139].

The sampling time is directly proportional to the performance of the MPC controllers.
Theoretically, the minimum required sampling frequency is twice that of the switching
frequency; however, in practical applications, a higher sampling frequency is generally
preferred to maintain the quality of the modulated signal. An appropriate discretization in
the time domain can be achieved by maintaining a sampling-to-switching frequency ratio of

approximately ten [140].

The computational complexity associated with MPC increases with extended prediction

horizons and an increased number of control variables. Therefore, it is crucial to utilize
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shorter prediction horizons when formulating MPC for power converters. However, specific
applications require longer prediction horizons to capture system behavior accurately and
correctly represent converter dynamics [141]. The computational complexity of the MPC
algorithms is a concern for fast dynamic systems, including power converter systems.
Therefore, proposing a new practical strategy for minimizing the computational burden while
maintaining the stability of the investigated power converter topology is critical [142]. Table
5.1 provides an overview of general techniques employed to reduce the prediction horizon
in MPC technology.

Table 5.1 Lowering Horizon Approaches

Reducing Horizon Computation MPC Prediction Steps  Optimization

Method Complexity Evaluation strategy

Move Blocking Medium Online Short & Long Horizon
division

Extrapolation Medium Online Long hysteresis
bounds

Even Based High Offline Long Optimal Pulse
Pattern

e) Tunning the Waiting Factor

The cost function of the MPC can include several control variables, which result in improved
flexibility of the control system. However, the controlled variables have different levels of
importance. Therefore, introducing the weighting factor becomes crucial to rank the
variables according to their importance [145]. The objective variables of the MPC cost
function can have a similar rank in some applications; thus, including the weight factor is
unnecessary. On the other hand, when the terms have different characteristics, introducing

weighting factors is essential to prioritize the most critical variables [146].

The weighting factors are not regularly necessary in the MPC system for the power converter
topologies; however, they can significantly affect the control system functionality,
particularly when the variables in the cost function vary in their level of importance. Ranking
methods are commonly employed to assign weights for the different variables in the MPC

cost functions for the power converter [147]. Several advanced strategies are available to
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efficiently and accurately tune the weight factors [148]; however, their application in power
converters is uncommon due to the internal complexity and time-consuming nature of these
processes. On the other hand, analytical techniques for determining weighting factors offer

a more direct and efficient option for controlling power converter systems [149].

The MPC optimization algorithms commonly include switching states, which are used for
generating the gate signals for power converters. The microcontroller operates the MPC
optimization algorithm to identify the optimal switching state that minimizes error.
Algorithm (I) illustrates the standard PC MPC process, which is commonly used for

regulating grid-connected power converters [150].

Algorithm (I): PV MPC Algorithm

Function MPC Power converter
: measure (control variables)
: S, = [ Possible Swiching State]
forj=1,2...D0

: Compute (inductor current equations), and(capacitor voltage equations)

1

2

3

4

5: Evaluate (Cost functions)
6: if g < 9 optimai

7 joptimal =J

8: 9 optimat = 9

9: end if

10: end for

11: Current Switch State = State( joptimat)

12: End Function
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5.2 The Reduction of 2™ Order Harmonics with the MPC controller

In the two-stage grid-connected PV inverters, two power electronic circuits are commonly
used. The DC-DC converter regulates the DC side of the PV system, maintaining a minimum
current and voltage ripple, which helps in accurately obtaining the maximum power. The
traditional strategy is based on employing one of the standard MPPT algorithms to determine
the optimal voltage or current that achieves maximum available power from the PV system.
The power switch operates according to the duty ratio from the MPPT algorithm [151]. The
input power of the grid-tied PV system is DC power, while the output power is alternating
power, which results in generating a double line frequency harmonic in the system. The
decoupling capacitor is typically designed to store double-line frequency harmonics and
ensure pure DC input power, as well as maintain an AC output power at the grid side. The
DC-AC single-phase inverter adjusts the sign of the voltage output by controlling the
switches of the H-bridge. In the two-level voltage inverter, three possible outputs can be
obtained to generate alternating power at the grid side [152]. Figure 5.3 shows the typical
two-stage grid-connected PV inverter based on single-ended primary-inductor converter

(SEPIC) converter.

An MPC technique is employed for controlling the investigated grid-connected SEPIC

PV Array

DC DC

Converter Converter

HH-

DC AC
Filter Grid¢

Figure 5.3 The two stages of SEPIC based inverter with VSI.

inverter, which includes two different control loops. The primary MPC controller is designed
to regulate the DC power obtained from the PV source while simultaneously controlling the
voltage across the decoupling capacitor. This dual MPC regulation enables optimal power

extraction from the PV system while storing second-order harmonics in the decoupling
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capacitor. Therefore, the conversion efficiency is significantly improved, and power
extraction is increased. The control system is designed to regulate the controlled variables
and ensure they follow the reference values, which helps in operating the PV system

effectively.

The second controller is responsible for regulating the grid current and meeting the grid side
requirements. Integrating a new system with the electrical grid can introduce new
disturbances and lead to operating the system at different voltage and current levels, which
can negatively impact the overall stability of the electricity grid. Regulating the grid-
connected system to operate at the grid voltage and frequency is crucial for ensuring stable

operation and protecting the grid-connected system against potential complications.

5.2.1 DC-DC SEPIC Converter Module

The differential equations at the DC-DC SEPIC converter side of i}, and v, can be calculated

as follows:
% = Li [ vin — (vep +v,).(1 = S,)] >0
t x
dyey 1 p. ;
Ta C_o[lD-(l_SX)_lO] >

Where i;, is the inductor current from the PV side of the SEPEC-based inverter, v, is the
DC link capacitor voltage, Sy is the main switch of the SEPIC converter, iy the current

throws the diode, and v,, is the middle capacitor voltage.

Euler's forward method is employed to predict both the input inductor current and the middle

capacitor voltage of the SEPIC converter in the future states as:

i (k+1) = Z—f{ [vin — (veg + 1,). (1 — S)] + i (k) 5.8
Vo (k +1) = 22 [ip(1 = ) = o] + veo (k) 5.9

5.2.2 DC-AC VSI Inverter Module

The following equation can be used to obtain the conventional model of the output voltage

for the grid-connected single-phase inverter:
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di .
Vout = L— + R * oy + Vgriq 5.10

The discrete-time model is crucial for designing the MPC control systems, and the Euler
Forward method can be the most common discretization technique due to its effectiveness
and simple implementation. The discrete-time model of the general output current equation

1s derived as follows:
. RL\ . Ts
lout(K + 1) = [(1 - E) lout(k) + T (vout(K) - vgrid(k))] 5.11

Where i,,:(K + 1) is the predicted value of the inverter current, i, (K) is the present value
of the grid inverter, L is the inductor value, R is the equivalent value of the series resistance,

Vot (K) is the output voltage of the inverter, and vg,.;4 (k) is the grid voltage.
5.2.3 Second Order Harmonic Module
The voltage and current at the grid side can be expressed as:
Vg = vgsin(wt — @) 5.12
Ig = ig sine(wt) 5.13

Then, the instantaneous power pumped to the utility network, Pg can be expressed as a

product of the voltage and grid current as:

P, =V,.I, 5.14
Pg:PDC+PAC 515

Ppc = 202 @ 5.16
Pac = 225in (2wt — 9 - %) 5.17

The voltage and grid current in (5.10) and (5.11) can be used to determine the double-line
oscillating part of the grid-connected PV inverter. The second part of the net cost function is
used for regulating the voltage at the DC link capacitor. This voltage can be controlled to

suppress the double-line ripples propagating to the input side of the PV inverter.

Pac(t) + Covge ™22 =0 5.18
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Ctvctd%:t) =% Cos (2wt — @ —2) 5.19

The oscillating part of the grid power contains the double line AC component; thus, the

capacitor voltage can be expressed as:

VUet(t) = VCDC + VCAC Sm(Zwt + 6) 5.20

5.2.4 Cost Functions Formulation

The MPC in a power electronic converter is usually a minimization optimization strategy to
reduce the error between the actual value and the predicted value of the state variable.
Calculating the error values for the input current is based on the cost function of the SEPIC

converter, which is described as follows:
Ga = I likx(k) - ilx(k +1) | 5.21

The proposed MPC strategy in this study is not only concerned with the error in the inductor
input current of the SEPIC-based PV inverter but also aims to control the DC link capacitor
voltage to maintain the efficiency of the MPPT and trap the double line frequency ripples.
Thus, the next part is used to penalise the difference between the actual and predicted values

of the DC link capacitor voltage.
9 = Ve (k) = vk + 1) | 5.22

The grid current is penalised in the suggested MPC method, which ensures optimal system
operation and improves the controller’s performance. The third part of the MPC cost function

is responsible for regulating the grid current, as illustrated below:

e = | i;ut(k) - iout(k + 1) | 5.23

The introduced MPC strategy consists of more than one term; thus, a weighting factor (1) is
required. A is needed to prioritize between the different terms in the cost function. The
heuristic approach presented in [153] was employed in this study to determine the optimal

value of the weighting factor.
Hence, the total cost function can be written as follows:

gr=ga+ A9, + 4 g; 5.24
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The investigated control system for the SEPIC-based single-phase inverter includes two
MPC loops. The controller on the input side utilizes the input current at the MPP as its
reference. The inner controller predicts future output values by considering possible
switching states and subsequently selects the optimal state that achieves minimum error. This
determination regulates the ON/OFF state of the main switch in the SEPIC converter. The
outer controller operates on the same predictive basis; however, it simultaneously manages
the diagonal switches of the single-phase VSI according to the polarity of the output voltage.
Furthermore, the MPC cost function is extended with an additional parameter, aiming to
effectively decouple the second-order harmonic observed in single-phase inverter systems.

A block diagram outlining the MPC control structure is illustrated in Figure 5.4.

DCDC |[—T— DCAC , _
Converter || T | Converter Filter || Grid %

e S — o

| + | | 0B2 OBI Qa2 Q41 |

| Optimization | | T T T T |
|

| + | Optimization |

| Net Cost Function | | |

| /Y x | T |
Current Error Cost Cost Function of DC link | |

| Function Voltage Error | Grid Current Cost Function |

| ILIN* T ILIN(K+1) T A | |

| Vbc* Vpe(K+1) | | e T ig(K+1) T |

| Prediction function Prediction function | | Prediction function |

| . |

L e ver¥e o emewe || vw ek v |

Figure 5.4 The block diagram of the MPC controlling structure of the SEPIC inverter.

The MPC techniques in a power electronic converter are usually a minimization optimization
strategy to minimize the error between the actual value and the predicted value of the state
variable. The grid-connected PV inverter with traditional MPC control suffers from large
fluctuating ripples in the current output of the grid-tied inverter, resulting from the variable

switching frequency associated with PC MPC. Therefore, operating the converter at a fixed
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switching frequency can play a crucial role in minimizing ripples in the output current and

enhancing power converter efficiency.

5.2.5 Simulation Results

The requirements related to the grid must be satisfied to prevent any problems on the
distribution grid. The DC-AC inverter used in residential PV systems should incorporate a
feedback control mechanism to effectively address variations and manage disturbances
within the PV system. Typically, the primary focus in residential PV projects is on
controlling the output current of the grid network. The transient phase exhibits fluctuations
in grid current during the transient period; nevertheless, the system demonstrates an adequate

settling time and a satisfactory level of stability.

The input current of the residential PV system should be pure DC with minimal fluctuations,
which facilitates the function of the MPPT algorithm and improves the tracking process.
Obtaining accurate MPP values leads to an increase in the converter efficiency and enhances
power harvesting. Therefore, an additional PC MPC control system is necessary at the input
side of the residential PV system. The primary objective of the current control system is to
mitigate total harmonic distortion, with a particular emphasis on eliminating the second-

order harmonic.

The study aims to evaluate the performance of the grid-connected PV system controller under
sudden changes in irradiation levels. The grid current drops to 10 A at t = 0.28 sec as a result
of the change in input current to examine the robustness of the control system. This situation
has been investigated to observe the response of the MPC controller in changing the PV
system dynamics. The microinverter controllers demonstrate a fast response to these changes
and maintain the stability of the controlling system. The block diagram of the
MATLAB/Simulink module of a single-module double-stage inverter is illustrated in Figure
5.5, and the response of the controlling system to these changes is displayed in Figure 5.6. It
presents the behavior of the PV system when the grid current has a sudden drop. The
controller demonstrates an effective response to such conditions, which leads to the absence

of overshoot and a rapid settling time.
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Figure 5.6 The grid current and voltage waveforms with a sudden change in input current.
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5.3 MPC Approach for Cascaded Electrical Configuration

The investigated electrical topology for grid-connected residential PV systems is illustrated
in Figure 5.7. It represents a SEPIC-based grid-tied inverter where n subsystems are
connected in series, with their output terminals linked to the electrical grid. Each subsystem
is designed as a double-stage inverter, which consists of a DC-DC converter and a DC-AC
inverter. A decoupling capacitor is placed between the two converters to perform the
decoupling process. The subsystem in the proposed configuration contains a PV module and

a battery system, designed to enhance the reliability of the grid-connected PV system.
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Figure 5.7 Block Diagram of the proposed cascaded electrical configuration.
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5.3.1 Modular Level Operation
The first stage of the proposed system is a SEPIC DC-DC converter, which regulates the PV

side and maintains a minimum ripple at the input current. The SEPIC DC-DC converter in
the proposed electrical configuration operates at the MPP to enhance power production. The
output power of the PV module is used to charge the battery or support the electrical grid.
The battery of each subsystem is connected to the decoupling capacity by an SPDT and a
single-direction diode. This configuration eliminates the need for an extra bidirectional
converter, which is commonly associated with a significant loss. Figure 5.8 illustrates the

internal structure of the subsystem that is used in the proposed electrical topology.
SM. 1

Battery

Figure 5.8 Complete view of the proposed cascaded configuration subsystem

5.3.2 The Proposed MPC Control System.

Operating the power electronic converters at a fixed switching frequency is crucial for
maintaining the quality of the modulated signal and minimizing output signal ripples. In
conventional PC MPC strategies, the power converters are operating at a variable switching
frequency, resulting in large output ripples. In CC MPC approaches, this concern is solved;
however, the control system becomes more complex, which reduces the performance of the
PV system. Therefore, suggesting a practical PC MPC strategy that operates the power
converter at a fixed switching frequency to improve output signal quality while maintaining

the straightforward implementation of the controlling system is crucial.

A) Modular Level Control

Each inverter of the suggested cascaded electrical configuration has a modular controller,
which maintains stable operation of the individual inverter. The modular control system
consists of two parts to operate the DC-AC inverter effectively. The first part regulates the
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input current from the PV module to harvest the maximum power while effectively trapping
second-order harmonics in the DC link capacitor. The second part is responsible for
regulating the output voltage of the module inverter. The mathematical formation is

illustrated in the following subsections.

1) The DC-DC SEPIC Controller

The following equations are used to examine the different values of the duty ratio for the

SEPIC converter to determine the optimal value.

The input current of the SEPIC converter can be calculated by the following differential

equation:

G Li[vin .D — (Wex +v,).(1 —D)] 5.25

dt X

In this context, D represents the power converter duty ratio, Lx is the inductor value, v;, is
the voltage at the input side, ve is the voltage across the middle capacitor of the SEPIC

converter, and v, is the voltage at the output side.

The voltage at the DC link capacitor can be expressed by the following differential equation:

‘%: C—lo[iD.(l—D)—iy] 5.26

The Co is the value of the DC link capacitor, i, is the current flowing through the diode, and

iy s the current passing to the VSI.

Euler's forward method is a common practical prediction method; therefore, it has been used

to predict future values of the SEPIC input current and the DC link voltage.

The prediction equation for the input inductor current is expressed as:

i(k+1)=[vin.D — (weg +v,). (1 = D)] + i (k) 5.27

Lx

The minimization function of the input inductor current is described as:
9a = | iix(k) — ik +1)| 5.28

The prediction equation for the DC link voltage is expressed as:

120



Veo(k +1) =2 [ip(1 = D) — iy] + v (k) 5.29

Co
The minimization function of the DC link capacitor is described as:
9p = | Vo (k) = vo(k +1) | 5.30
The optimization function for the PV system side can be expressed as follows:
9 =i (k) =i (k +1) [+24 | veo (k) — Vo (k + 1) | 5.31
Where 4, is the weighting factor obtained by the heuristic method in [154]

i1) The DC-AC VSI Controller

The following standard equation can calculate the optimal value of the duty ratio for the grid

current:
_di .
Vout = LE + R * Lout + erid 5.32
The Euler's forward method is also used to forecast the future values of the grid current, as

illustrated below:

foue (K + 1) = 2| (2 = R) ioue () + (Voue (K) = vgria ()] 5.33

L
Where:

Vout = Vae-(2d — 1) 5.34
The optimization equation for the grid is expressed as follows:
9 = ligue(k) = lioue(k +1) | 5.35

The proposed control algorithm stabilizes the switching frequency by continuously assessing
the duty ratios of the investigated PV inverter. The MPC algorithm begins by measuring the
controlled variables of the grid-connected SEPIC inverter to perform the controlling actions.
The algorithm examines different values of the duty ratio; this proposed method sticks to ten
possible switching states to minimize the computational burden. Examining various duty
ratio values can lead to better results; however, this approach is associated with

implementation challenges for the DSP controller. The duty ratio with minimum error is sent
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to the modulator to generate the gate signals for the converter switches. The proposed control
algorithm stabilizes the switching frequency by continuously modifying the duty ratio of the
investigated PV inverter. The proposed algorithm used to fix the switching frequency of a

conventional PC MPC is illustrated in Algorithm II.

Algorithm (IT): PV MPC Algorithm

Function (MPC SEPIC Inverter)

1: measure (Controlled values)

4:Sp = [ Possible Swiching State at Dif frent Values of Duty Ratio |
5:forj=1,2...D0

6: Compute (5.27),(5.29),and (5.33)

7: Evaluate (5.31),and (5.35)

8:if 9 < g optimal

9: joptimal =]j

10: g optimar = 9

11: end if

12: end for

13: Current Switch State = State( joptimat)

14: End Function

B) System Level Control

The primary function of the grid-side control system is to send the extra active power from
subsystems of the proposed configuration at unity power factor and high conversion
efficiency to meet the grid-side requirements. The string current of the proposed cascaded
configuration is common for all subsystems; thus, a single current controller is required to
regulate the grid current. The subsystem voltages of the suggested electrical configuration
become the controlling variables to equalize the output power of the subsystems during
unbalanced power generation. The PR controller is commonly used to control the alternating
signals because it can provide an infinite gain at the targeted frequency. In the proposed
system, the resonant frequency of the PR is adjusted to match the grid frequency to reduce
the steady-state error in the grid current. The controller that is used to effectively regulate

the proposed cascaded electrical configuration is illustrated in Figure 5.9.
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Vs =V, + Ryl, sin(wt + a) + wLyl cos(wt + a) 5.36

Equ (5.36) Vet

Figure 5.9 The controlling system of the cascaded electrical configuration

The block diagram illustrates the current controller employed to regulate the output voltage
VS of the proposed electrical configuration, utilizing a PR feedforward controller. The
measured grid current /, feeds two paths, one passes to the equation (5.36) to calculate the
cascaded module voltage V). The second path compares the value of the current with the
reference to generate the error signal. The error signal is fed to the PR controller, which is
designed to minimize the error in grid current. The output of PR controller V., which adds
to equation (5.36) to represent the corrected output voltage. The output voltage from the
equation is often not accurate due to changes in system parameters. Therefore, the PR

controller is employed to handle parameter variation issues.

5.3.3 Simulation Results

The proposed cascaded electrical configuration has been modeled and examined to confirm
system functionality. MATLAB/Simulink software is used to simulate the proposed
electrical topology and study the system's performance. The MATLAB/Simulink block
diagram of the examined electrical configuration is illustrated in Figure 5.10, and the
parameters used in the simulation are listed in Table 5.2. In simulation software, passive
components are assumed to be ideal; therefore, the internal resistance of inductors,
capacitors, and switches is neglected. The investigated electrical configuration has three
cascaded inverters, each one integrated with a BESS that is connected to the DC link
capacitor terminal. The output current of the three subsystems is the same since they are

connected in series. Therefore, the voltage output of the subsystems becomes the controlling
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objective. The power of the second inverter of the cascaded system is interrupted to

investigate the robustness of the proposed configuration against disturbance.

B e =8

%M - N EEI
=t - gt YaE TaE Tl
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Figure 5.10 The MATLAB/Simulink block diagram of the cascaded electrical system

Table 5.2 Parameters of the MATLAB/Simulink model

Parameter Value

No. of modules 3

SM rated power 2.5 kW

SM inductors Li=1.5 mH and Lo - mH

SM capacitors C1=10 pF, C2=10 pFand C4. =100 pF
SM switching frequency 20 KHz

Transformer turns ratio 1

Battery pack voltage 100 V

Grid frequency 50 Hz
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a) Case study I: Power Balancing

The power output of the first inverter of the proposed cascaded configuration starts with a
rapid increase from zero and reaches its maximum power of 2500 W at 0.1 seconds,
demonstrating a swift transit time. After that, the power reached a steady state condition,
where it oscillates between 0 and its maximum power. Figure 5.11 illustrates the output

power from the first double-stage inverter.
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Figure 5.11 The output power from the 1st inverter in the cascaded electrical configuration.

The output power from the battery of the first inverter of the cascaded system is shown in
Figure 5.12. The DC power from the battery system starts from 750 W and remains constant

with time. The battery power is demonstrating a positive value, which means the electrical

system is charging the battery.
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Figure 5.12 The battery power at tl:;lr;Zt(S)invener of the cascade system.
The power waveform of the second inverter of the cascaded electrical system is illustrated
in Figure 5.13. The power waveform clearly shows three different operation regions. In the
initial stage, the power begins from zero and rapidly reaches its maximum power. The output
power drops after a few seconds to reach 1800 W to examine the robustness of the proposed
system. After one second, the system was able to recover and reach its maximum power. In
Figure 5.14, the DC power from the battery remains unchanged with a positive value,
indicating that the battery is still charging and the system can recover without discharging

the battery at the second inverter.
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Figure 5.13 The output power from the 2nd inverter in the cascaded electrical configuration.
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Figure 5.14 The battery power at the 2nd subsystem.

The power of the third inverter of the investigated cascaded electrical configuration is
illustrated in Figure 5.15. This subsystem responds to sudden changes in power in the second
cascaded inverter. The power starts to increase at 0.45 seconds, then returns to nominal
power at 1 second. The power of the third cascaded inverter increased by increasing the
voltage of the same inverter to resolve the voltage drop of the second inverter. Figure 5.16
illustrates the power of the battery of the third cascaded inverter. The battery starts charging
before the power at the secondary two-stage inverter drops, then the battery begins
discharging to maintain the normal operation of the investigated grid-connected electrical

configuration.
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Figure 5.15 The output power from the 3rd inverter in the cascaded electrical configuration.
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Figure 5.16 The output power of the battery at the 3rd subsystem

The output power at the grid should be the summation of the power from three cascaded
inverters, as illustrated in Figure 5.17. The power starts from zero and reaches its maximum
at 7,500 W, then continues to fluctuate without change, demonstrating the system's capability

to handle sudden disturbances.
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Figure 5.17 Total output power from the proposed cascaded electrical configuration.
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b) Case study II: PS
In this scenario, the input power of the first SM drops by about 20% at t =0.5 sec, and the

shading continues for the rest of the simulation as illustrated in Figure 5.18. The battery at
the first SM responded to this change in the power and started discharging after the first

second, as shown in Figure 5.19.
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Figure 5.18 The power of the first SM under the effect of PS.
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Figure 5.19 The battery power of the first SM under the effect of PS.
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The second SM handles this drop and increases its power generation by 20 % at t = 1 sec.
The battery at the second SM is continuously charging because the system can handle the
change in power without discharging the battery. The change in the output power of the
second SM is shown in Figure 5.20, and the battery charging power is illustrated in Figure
5.21.
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Figure 5.20 The second SM behavior under the effect of PS on the first SM.
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Figure 5.21 The battery power of the second SM when the first SM's power drops.
The power of the third SM of the investigated cascaded electrical configuration gradually

increases until it reaches its maximum power of 2500 W, and then it enters the steady state
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condition without any change in the power output. The battery at the third SM continues

charging with 750W. Figure 5.22 shows the output power of the first SM, and Figure 5.23

illustrates the battery charging power.
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Figure 5.22 The third SM output power when the first SM is shaded.
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Figure 5.23 Battery power of the third SM when the first SM suffers from PS.
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c¢) Case study III: Investigation of the system Controller

The block diagram in Figure 5.9 illustrates the current controller employed to regulate the
output voltage Vs of the proposed electrical configuration, utilizing a PR feedforward
controller. The measured grid current /, feeds two paths; one sends to equation (5.36) to
calculate the cascaded module voltage V). The second path compares the value of the
current with the reference to generate the error signal. The error signal is fed to the PR
controller, which is designed to minimize the error in grid current. The output of PR
controller Vgcy adds to the output of equation (5.36) to represent the corrected output
voltage. The output voltage from the equation is often not accurate due to changes in system

parameters. Therefore, the PR controller is employed to handle parameter variation issues.

In normal operation, the open-loop calculation of the system parameters can be used to
determine the voltage of the cascaded system, as demonstrated in equation (5.36). However,
the system parameters, including grid resistance, may deviate due to several factors, such as
increased temperature or variations in grid inductance. Therefore, incorporating a
feedforward PR controller to handle these variations is crucial for maintaining the system's
efficiency. The proposed PR controller in this study is designed to correct errors in the
calculations and adjust the response according to the system requirements. Figure 5.24
illustrates the negative impact of changing system parameters on the output power of the

proposed electrical system.
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Figure 5.24 The drop in output power of the electrical configuration due to parameter changes.
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The system parameters are interrupted by increasing the grid system resistance by 0.1 Q to
examine the controlling system functionality. Figure 5.25 illustrates the response of the
system controller to a change in grid resistance. At t = 0.51 sec, the system interrupted, and
the controller started responding to this error. The system takes 0.2 sec to resolve the issue

and keep the grid current at its reference value.
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Figure 5.25 The response of the system controller.

The proposed feedforward PR controller is designed to maintain the normal operation of the
electrical system. Therefore, the change in the controlled signal can be incremental or
decremental according to the system's needs. Figure 5.26 illustrates the operation of the
proposed PR controller. At the beginning, the system works correctly, thus there is no need

for controlling action. At t = 0.51 sec, the controller is working to deal with the error in the

grid current.
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Figure 5.26 The PR controller output

5.3.4 Experimental Validation

The experimental validation and selection of the experiment components are explained in
this section. A scale-down prototype of the proposed cascaded electrical configuration with
integration with the utility grid is conducted to validate theoretical analysis and simulation
results. Two cascaded inverters are cascaded to build the investigated electrical
configuration. In this study, two DC voltage suppliers have been utilized to simulate PV

modules.

The experimental setup for the investigated electrical configuration with the proposed control
system is illustrated in Figure 5.27. It has been controlled by the TMS32028379 DSP with
parameters in Table 5.3. DC sources were used in this study to represent the PV modules to
examine the validity of the suggested electrical topology. Each subsystem was integrated
with a battery energy system at the DC link point to enhance the reliability of the investigated
system. The battery configuration is illustrated in Figure 5.28. The battery system is
regulated by a battery regulation system that regularly monitors the battery parameters,
including current, voltage, and temperature of the battery cells. This monitoring system is

crucial for maintaining the safe operation of the electrical system in this study.
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Figure 5.27 The experimental setup for the proposed electrical configuration.

Table 5.3 Parameter of the experimental model

Parameters

Number of modules

MI rated power

MI inductors

MI capacitors

MI Switching frequency
Transformer turns’ ratio
Charged battery voltage
Grid voltage

Grid impedance

Grid frequency

Value

n=>2

pmr =250 W
L;=L>=0.5mH
Ci=C,=80puF-C,=1pF
fs=50kHz

N=1

Vear =128 x 4.1 V=49V
325 V peak

Le=1mH, r; =0.5Q
f=50Hz
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Figure 5.28 Battery parts.

In experimental validation, two SMs are cascaded to study the real scenarios of the
investigated cascaded electrical configuration. Each SM is integrated with a battery that is
connected to the DC link capacitor terminals. The two SMs are connected to the grid by a
transformer to increase electrical system safety. Two different case studies have been
conducted to examine the functionality of the proposed electrical system. The first scenario

illustrates the system's behavior in normal operation conditions.

Figure 5.29 illustrates the output from various components of the proposed electrical
topology. Figure 5.29 (a) illustrates the total output voltage from cascaded two SMs with
about 400 V. Figure A1l (b) shows the input voltage from the PV module with about 100 V.
Figure 5.29 (c) shows the input current from the PV module. Figure 5.29 (d) illustrates the
voltages of the two batteries, which are approximately 200 V, connected to the DC link
capacitors. Figure 5.29 (e) shows the battery current of the two SMs. Figure 5.29 (f)

illustrates the voltage and current at the grid side.
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Figure 5. 29 Experimental results of the electrical system in normal operation
The investigated electrical configuration has been interrupted to examine the system
response to the disturbance and its robustness. The battery of the first SM continues charging
while the battery at the second SM discharges to support the electrical configuration. The
system's parameters have been affected due to this change during the transition to the new

state. However, it continues operating normally without posing any issues to the grid.

Figure 5.30 shows the system response to changing the power direction at the second SM.
Figure 5.30 (a) illustrates the total output voltage from cascaded two SMs with about 400 V,
with a small effect at the transit time. Figure 5.30 (b) shows that changing the power direction

at the second SM does not affect the input voltage. Figure 5.30 (c) illustrates the drop in the

137



input current at the second SM when the battery begins discharging. Figure 5.30 (d) shows

that the voltage of the batteries is not significantly affected because the battery has enough

power. Figure 5.30 (e) shows the battery current of the second SM, which changed from

positive to negative because of the discharging process. Figure 5.30 (f) illustrates normal

operation at the grid side without any significant changes in grid current or voltage.
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Figure 5.30 Experimental results of the electrical system during changing power flow

5.4 Chapter Conclusion

This chapter introduces MPC technology as an advanced control strategy for grid-tied
PV applications. Recently, the MPC approach has been employed to regulate power
converter circuits due to its ability to deal with dynamic operational modes and meet the
requirements of the electrical grid. The chapter has also reviewed critical elements of the
MPC system, including the MPC cost function, the tuning of weighting factors, and
parameter selection, which are essential for constructing the MPC system. The advantages
and limitations of the two main MPC types have been discussed, and their applications in
grid-tied PV systems have been introduced. The chapter then presents the proposed PC MPC
technique for a single-phase SEPIC inverter, which aims to operate the power converter at a
fixed switching frequency using novel MPC techniques. It has confirmed effective
coordination between the grid inverter stages and ensured grid synchronization. Simulation
outcomes along with experimental results demonstrate the significance of the proposed
method in enhancing dynamic response and improving the system efficiency of grid-
connected PV systems. The future direction of utilizing MPC technology in grid-connected
systems should continue to focus on developing practical control algorithms and enhancing

hardware integration to further improve MPC technology.
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Chapter 6

Conclusions and Future Research

This chapter concludes the work accomplished in investigating grid-connected PV systems,
with a special focus on proposing a practical method to mitigate mismatch issues between
PV modules and SMs. The presented work addresses the objectives of this thesis, as
discussed in Chapter 1. The proposed strategies were described in detail, with an emphasis
on the key outcomes. The chapter then presents the challenges and limitations of this study,

followed by recommendations for future studies to provide further improvements.

6.1 Conclusion of Research

This PhD thesis has analyzed the various mismatch sources in residential PV systems and
their impact on PV output power. Then, it presents multiple mitigation approaches for the
mismatch concerns. Two new methods are presented in this thesis to mitigate mismatch
concerns for residential PV systems, which effectively minimize mismatch issues and
provide special advantages for recent residential PV systems. Additionally, the thesis
explores the application of the PC MPC for grid-tied PV systems and its contributions to
enhancing grid-tied PV applications.

The MCl is built of a well-designed series combination of multiple LV microinverters based
on a Cuk circuit topology. This innovative design effectively eliminates the need for a central
inverter, which is often associated with a large-value decoupling capacitor and high-cost
semiconductor devices. The MCI topology significantly enhances the power extraction of
LV PV systems by obtaining the maximum available power from each PV module within
the PV system individually. The individual optimization of a PV module can mitigate
mismatch concerns that arise between PV modules while significantly reducing power loss
in the PV system. With this improvement, overall efficiency and energy harvesting have

increased considerably.

The proposed advanced Cuk converter configuration provides continuous input and output
current and eliminates the need for complex filtering circuits. The MCI enables stepping the

output voltage up and down, which allows a broad range of voltage regulations. The novel
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MCI design supports bidirectional operational modes, allowing the system to utilize PV
energy to meet local demand and charge the battery from the utility grid. The integration
with the electrical system enables sending excess power to the grid or charging the battery
from the grid when necessary. Therefore, the overall performance and reliability of the PV

system are significantly improved.

The MCI facilitates four different modes of operation: (1) providing power from PV modules
to the utility AC grid, (2) discharging energy from the battery to the grid, (3) charging
batteries via PV modules, and (4) charging batteries using the AC grid. This significantly
improves energy management, particularly in the context of irregular load and generation

scenarios.

The controlling system of the novel MCI has two controlling loops that efficiently regulate
the MCI inverter. The inner loop focuses on regulating the input current from the PV system,
with the essential purpose of minimizing the input current ripple, which facilitates the
operation of MPPT system. The external control system regulates the AC grid current to
meet the grid connection requirements. This control method is used to maintain the stability
and reliability of the PV system across various operational modes, while enhancing overall

efficiency and functionality.

A new multi-input single-output cascaded boost inverter topology is utilized to employ the
distributed MPPT at the PV SM level, which can enhance the PV module power production
and reduce the mismatch between PV SMs within a PV module. The proposed topology
enables tracking the MPP for each SM on an individual basis, which can minimize power
losses that arise from various mismatch issues, such as shading, soldering, or internal
mismatches between PV SMs within a single PV module. Therefore, this approach
significantly enhances overall system efficiency and performance, which makes it a suitable

solution for modern residential PV applications.

The PV SM is connected to a separate boost converter to enhance power production from
each PV SM and minimize mismatch losses. The three boost converters within a PV module
are connected in series to improve the stepping-up capability of the grid-connected system.

Therefore, the proposed dose does not require an external boosting circuit. A one-directional
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diode is integrated between the PV side and the grid side to protect the PV modules from

potential damage.

MPC methods can improve the performance of control systems in PV grid-connected
applications, which mitigates mismatch issues and increases power extraction from the PV
system. The MPC strategies offer several advantages compared to traditional PID controllers
and can enhance the control design of PV grid-connected systems. The capability of the MPC
to regulate multiple control objectives and the simple integration of the system constraints
are the most important benefits of using the MPC for grid-tied applications. However, the
MPC strategies have some significant challenges, including substantial computational
requirements, which can pose a serious issue, especially in experimental validation.
Operating the power inverter at different switching frequencies is another common issue of
MPC, and it can lead to inconsistency in current and voltage ripples. Overcoming MPC-
related challenges is important to achieve optimal system operation and effectively mitigate

mismatch issues in a grid-connected PV system.

Chapter 2 This chapter presents a comprehensive review of the challenges that arise in grid-
connected PV systems because of mismatch factors such as partial shading, dust, cell
degradation, and manufacturing tolerances. The mismatch concerns can significantly
decrease the output energy of the PV system and can cause it to operate away from its optimal
power point. Additionally, the chapter conducts a review of distributed MPPT strategies
implemented at the PV model and SM level, which aims to address mismatch issues and
minimize power losses in grid-connected PV systems. The chapter studies different
distributed MPPT methods, converter structures, and control techniques and demonstrates
the advantages of using distributed MPPT at different levels of PV systems to increase
energy harvesting. Furthermore, the chapter emphasizes associated concerns, including
system complexity, installation costs, and control complications. The distributed MPPT
strategies can improve the power production of PV systems compared to a centralized MPPT
method. Nevertheless, further research on power electronics designs is required to improve

the efficiency of grid-tied PV systems and maximize power production.

Chapter 3: The chapter introduces a novel grid-connected inverter integrated with energy

storage systems (ESS) based on the Cuk converter configuration. The MCI enables the
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connection of PV modules to battery storage units at the input stage of the utilized MIs.
Given its bidirectional nature, each Cuk MI is designed to send power to the AC grid from
the PV modules while simultaneously enabling the charging of battery packs from the AC
grid. Furthermore, the chapter explained the control strategies for various operational modes
of the Cuk MI functioning as a DC/DC converter, AC/DC rectifier, and DC/AC inverter. The
control systems are designed to maintain a constant input current at the input side of the
employed converter while ensuring that the AC side voltages and currents align with the grid
frequency of 50 or 60 Hz. The passive components of the proposed MCI can effectively
decouple the second-order harmonic in inverter or rectifier operation modes, which enhances
the PV system efficiency and allows precise MPP tracking features. The proposed MCI has
been designed to mitigate mismatch issues at the PV module level, increasing conversion
efficiency and maximizing the overall PV power production. The bidirectional power flow
characteristic of the MCI permits the connection of battery packs with the PV module, thus
enabling the harvested energy to be stored during low-demand time rather than being wasted.
Experimental evaluations of the 1 kW prototype have confirmed the functionality of the MCI
with PV modules and battery packs. It employs four MIs, which are interfaced with the utility
grid. These experimental findings have verified the proposed system's capability to maximize
the extraction of available power from PV modules under normal and partially shaded

conditions.

Chapter 4: This chapter presents a proposed micro-inverter topology that connects three
DC-DC boost converters with a single-phase VSI to the electrical grid. The design of the
proposed PV system addresses concerns regarding mismatch issues between PV SMs within
a PV module. Utilizing the defined topology facilitates extracting the maximum available
power from the individual strings of PV cells within a PV module by connecting a boost
converter to each PV SM. The introduced LV micro-inverter introduces a series input
configuration, eliminating the necessity for a considerable step-up voltage ratio. The
proposed structure comprises two control systems to effectively operate the grid-connected
PV system. The first controller regulates the grid-side current to meet the specifications of
the distribution grid, while the second controller mitigates the input current ripple at the PV
side. The effectiveness of the presented micro-inverter topology has been assessed through

simulation and experimental methods. Experimental outcomes have demonstrated the
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proposed design's ability to capture the maximum available power from the PV SM within a
single PV module under standard operating conditions and scenarios characterized by

mismatch effects.

Chapter 5: This chapter begins with an in-depth investigation of MPC control strategies for
power converter circuits. It focuses on implementing the MPC strategies for grid-connected
PV and highlights their critical role in recent PV systems. The MPC strategy is an effective
control mechanism used to regulate power electronic converters by accurately capturing their
dynamics. The MPC strategies have several advantages, including predictive features, fast
dynamic response, and the ability to integrate various constraints within multivariable
systems. Therefore, MPC approaches are a practical control option for power converters. The
chapter then introduces the two MPC types with a special focus on the advantages and
limitations of each category. Furthermore, it presents the fundamental components of MPC
that are used for power converters, including the modulation of precise power converter
circuits, the structure of objective functions and variables, and the optimization of parameters
and weighting factors to achieve the desired control results. Building on this, a new PC MPC
technique for controlling a grid-connected single-phase SEPIC inverter system is suggested.
The proposed control system of the SEPIC-based structure offers a fixed switching feature
to enhance the performance of the MPC control system. The new MPC method relies on
introducing the future possible values of the duty ratio for the SEPIC converter. The optimal
duty ratio is sent to the modulator to generate gate pulses for switches. The efficacy of the
proposed method has been confirmed by experimental results, which demonstrate its

capability to meet grid requirements.

6.2 Research Contributions

The primary goal of the research accomplished in this thesis is to develop a grid-connected
DC-AC single-phase inverter for a residential PV system. It aims to tackle the associated
mismatch issues of conventional PV designs. The focus has been on proposing novel,
practical inverter topologies and employing the distributed MPPT at a finer level within the
PV system (model and sub-model), aiming to mitigate mismatch issues and increase the
power production of the PV system. The key achievements of the research are summarized

as follows:
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The thesis presents a complete review of the mismatch factors, including shading,
dust, and soldering issues. Mismatches in residential grid-connected PV systems are
common and can significantly reduce power production. Distributed MPPT strategies
are commonly employed to overcome the mismatch problems and enhance power
production capabilities. Therefore, the project discusses implementing the
decentralized MPPT at a finer level to enhance PV system power production.
Develop a novel DC-AC inverter for low-voltage grid-connected PV applications
based on the Cuk converter design. The Cuk-based MIs are series-connected, and
each PV module is linked with a specific Cuk-based inverter, enabling individual
MPPT systems for each PV module. Therefore, the suggested inverter significantly
reduces the mismatch concerns caused by PS or degradation of PV modules and
enhances the overall efficiency of the grid-tied inverter.

Design a new multi-input, single-output microinverter configuration that offers
scalable and efficient options for residential PV applications. The proposed structure
employs boost converters for PV cell strings within a single PV module and applies
a separate MPPT system for each PV SM. Thus, the mismatch issue of an individual
PV model is mitigated significantly, leading to the maximum power production of
the PV model. The design considers protecting the PV module under faulty scenarios
by integrating a forward diode between the PV and the grid side. The distributed
MPPT system, integration of practical control systems, and enhanced energy
harvesting capabilities of the proposed structure result in reducing the mismatch
issues between PV systems.

Investigate MPC advanced control strategies and their applications in power
electronic converters, with a special focus on PV grid-tied configurations. Proposing
a modified PC MPC strategy for a single-phase SEPIC-based inverter, aiming to fix
the switching frequency effectively and provide better control performance. The
suggested method introduces several values for possible duty ratios and selects the

optimal duty ratio that achieves minimum error.
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6.3 Research Limitations

The main objective of the thesis is to investigate the existing LV grid-connected PV
applications, focusing on power converter design to propose more practical
alternatives. The MPPT algorithm falls outside the scope of this thesis; therefore, the
parameters for the PV modules will be obtained from the lookup table, with the
current of the PV module adjusted by the voltage of that same PV module.

Another limitation of the research is the lack of anti-islanding protection
mechanisms. While the system focuses on optimizing power extraction and
mitigating the mismatch issues, it does not adequately discuss islanding situations in

which the inverter becomes faulty.

6.4 Future work

The thesis covered several essential aspects of grid-connected inverters for residential PV

applications. However, some factors and challenges remain to be explored in future research.

Some suggestions for future related research include the following points:

Soft-switching techniques are commonly employed in the design of power electronic
converters to reduce voltage and current stress on the power switches and enhance
conversion efficiency. The future grid-connected topology should include new
practical soft-switching techniques to improve system efficiency and increase power
harvesting.

The power electronic switch is a fundamental component in designing power
electronic circuits; thus, selecting switches that demonstrate reduced switching and
conduction losses can enhance power converter efficiency. Research has shown that
power electronic switches based on GaN and SiC can provide superior efficiency and
significantly reduce power losses. The drain-source on-state resistance of these
switches is comparatively low, reducing the conduction losses during the ON state of
the switch. Additionally, it is possible to operate at high switching frequencies with

reduced switching losses.
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= Anti-islanding protection is an additional feature that should be take into account in
future structures; the strategies employed for detection errors should be both rapid
and precise to effectively address power inverter failures.

= Exploring new MPPT algorithms is essential for maintaining a stable voltage level
and ensuring the extraction of the maximum available power from the PV system.
The expected MPPT systems should accurately track the MPPs under various

operating scenarios, which results in a significant increase in power extraction.
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Appendix A

A.1 Hardware Structure

The specific components used for the experimental configuration of the suggested module

and SM topologies, along with the corresponding measurement and control units, are

outlined in this section.

A.1.1 Digital Signal Processing (DSP)

The TMS320F28379D is a floating-point DSP controller from the TMS320C28X family,
which was developed by Texas Instruments. The TMS320F28379D is illustrated in Figure
Al. It offers several benefits, including precise results, an affordable price, and low power

consumption, enabling users to create and implement applications in real-time.
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Figure A1. TMS320F28379D DSP Controller.

Components incorporated within the TMS320F28379D DSP controller are as follows:

=  The TMS320F28379D offers a high-speed processing feature of 150 MHz.
= 32-bit floating-point units.

= 18 PWM high-resolution PWM outputs.

= 12-bit ADC with 16 channels.
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The primary function of the TMS320F28379D DSP is to generate gate signals for the power
converter circuits of the investigated MCI. The utilized DSP controller does not require
supplementary interfacing circuits, which makes the control process straightforward. The
Code Composer Studio programming software is also supplied and enables online
monitoring of the proposed inverter's performance. This hardware/software combination
facilitates integration with MATLAB Simulink, Real-Time Workshop, and an embedded
target for the TI C2000 DSP. As a result, prototyping and editing the controller become fast
and precise. The utilized control system not only ensures swift connectivity but also allows
real-time monitoring by storing data within the microcontroller's RAM. The DSP is equipped
with an analog-to-digital converter that has a 12-bit resolution, resulting in 4095 discrete
values across the input control signal range of 0 to 3 volts. Each incremental step corresponds

to a voltage change of 0.7 mV.

The TMS320F28379D DSP is programmable in C, C++, or MATLAB/Simulink. The
corresponding support package facilitates the conversion of Simulink block diagrams into C
code, allowing for the downloading of embedded code to the hardware board. In addition,
the DSP is compatible with the CAN protocol, which enables its integration with CANalyzer
devices. The CANalyzer Vector-XL tool is capable of transferring all variable data written

in C code to the host personal computer through the CAN communication protocol.

Discretization and implementation of the PR controller can be obtained by using available
DSP technology, removing the necessity for algebraic computations. The discrete
formulation of the PR controller can be proficiently obtained through the use of the bilinear
pre-normalized transformation, commonly known as the Tustin method, and is represented
as follows:

_22—1
S_tsz+1

Al

The transfer function GPR(z) of the PR controller, expressed in the discrete z-domain, is

defined as follows:
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K 2z—1
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t2(z+1)?

A.2
+ w?

2tk (1—272)
GPR(Z) = A3
(4 +w?t3) + (2t2 —8)z71 + (4 + w?t2)z 2

, which can be expressed as follows:

Gon(r) = — 21 =7) A4
PR by + byz=1 + b,z~2 '

Where:
ao = ZtSkr
bO = (4 + Wztsz)

b,

(2t¢ - 8)
b, = (4 + w?t?)

The PR controller configured in the z domain can be expressed in relation to the error signal

e(z) and the output signal of the controller y(z) as follows:

A.5

(@) ag(1—27%)
GPR(Z) N e(Z) N kp + bO + blz_l + bzz_z

The next expression is used as the difference equation for the PR controller in the DSP board:

) = ao(e(n) —e(n—2) — b;j/(n — 1) — by(n—2)) +hoe(n) e

A.1.2 PWM Gate Driver

To regulate the specified MCI parameters, the MOSFETs integrated within the converter
must be activated by the PWM signal generated by the microcontroller. According to its
specifications, the DSP F283379D is equipped with a maximum of 18 PWM channels, each
capable of providing an amplitude of 3 volts; however, the gate of the MOSFET requires a

minimum signal of approximately 5 volts. A PWM driver has been designed to step up the
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PWM control signal from the DSP and ensure isolation from the power electronics, as

illustrated in Figure A2.

Figure A2. PWM Gate Driver

A.1.3 Measurements of Voltage and Current

Precise measurements of the different control parameters, including the utility grid current
and voltage at the PCC, are crucial for improved control actions because the proposed MCI
is linked with the utility grid. The current and voltage measurement circuits are described in

the subsequent section:

A.1.3.1 Voltage Measurement board

A voltage measurement board, illustrated in Figure A3, measures the voltages to examine
the MCI. The voltage board effectively scales the input voltage while incorporating a DC
bias to guarantee compatibility with the ADC inputs of the DSP. LEM25-P sensors offer a
voltage range from 10 to 500 volts and a high-frequency bandwidth; thus, they have been
selected for examining the inverter. Moreover, LEM25-P sensors employ the Hall effect to

accurately measure both AC and DC signals.
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Figure A3. Voltage sensor board.
A.1.3.2 Current Measurement board

The current sensor selected for investigating MCI is LA55-P from the manufacturer LEM.
Figure A.4 shows the current sensor board that employs LAS55-P sensing instruments. The
LAS5S5-P sensor provides power isolation from the control signal by using the Hall Effect,
offering current overload capability, and simple implementation. Therefore, it has been
selected for experimental validation. The LA55-P sensors offer a broad measuring range

from 0 to 50 A, along with a maximum bandwidth capability of 200 kHz.

Figure A4. Current sensor board.
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A.1.4 DC power supply

The DC power supplies have mimicked the operation of PV modules for simulating their
operation during experimental evaluations. Therefore, two different power supplies are
employed: one designated for the upper two series PV modules and the other for the two
lower series PV modules, as illustrated in the schematic connection described in Figure A.

The power supplies utilized, namely the EL300RT TRIPLE POWER SUPPLY.

EL302RT TRIPLE POWER SUPPLY

Figure AS. DC power supplies.

A.2 Component Selection for Cascaded Electrical Configuration

The Power Electronic Breadboard-XL from PE Modules, shown in Figure A6, is used to
perform experimental validation of the electrical configurations proposed in the thesis. This
electronic breadboard is designed to accommodate up to eight modular units simultaneously
and can deal with electrical stresses of up to 800 V and 20 A, making it a practical platform
for investigating both low- and high-power topologies. It allows designers to build various
power electronic circuits by selecting different module combinations and wiring
arrangements. The breadboard can be configured as a single- or three-phase inverter, a
single- or three-phase rectifier, or implemented as a DC-DC converter circuit, including
boost, buck, buck-boost, and other power electronic topologies. It also supports operation
with or without feedback, enabling designers to explore both open-loop and close-loop

control methods.
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Figure A.6 Breadboard-XL model

The IGBT from the PEModuls company, shown in Figure A.7, is used as a switch in
designing the investigated electrical topology. This high-performance IGBT module is
integrated with a free-wheeling diode and can be used in most power electronic circuits that
require fast switching and thermal management. The gate driver is integrated into the IGBT
module, making circuit implementation straightforward. The saturation voltage of the IGBT
module is very low, which helps minimize switching losses and enables fast operation. The
free-wheeling diode in the IGBT module provides swift and soft recovery characteristics,
reducing stress and minimizing EMI effects in the examined electrical topology. The module
also ensures superior electrical safety by providing high electrical isolation. Furthermore, the
active Miller Clamping feature in the IGBT module provides stable operation and protects

the system against false turn-on or turn-off when operating at high switching frequencies
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Figure A.7 Symbol and model of the IGBT switch.

The diode module from PEModules illustrated in Figure A.8 is a fast-recovery diode

designed for investigating high-performance power electronic circuits. This module is

suitable for fast-switching applications and offers high efficiency and reliability. It is

integrated with an advanced thermal management system, ensuring stable operation and long

service life. The diode’s forward voltage drop and leakage current are very low, which

significantly contributes to minimizing conduction losses. An isolation protection system is

integrated into the diode module to protect the electrical system and improve overall

efficiency. This module is well-suited for use in a wide range of power electronic circuits

operating at different voltage levels.
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Figure A.8 The diode module.

The voltage sensor module from PEModules is illustrated in Figure A.9. It is a fully isolated
voltage sensor that enables accurate measurement across a wide voltage range. This practical
module is capable of measuring both DC and AC signals with a wide 200 kHz bandwidth. It
provides excellent linearity of 0.5% and high gain accuracy of 1%. The module features a
simple design with outstanding temperature stability of about 50 ppm/°C, eliminating the
need for an external reference. It also provides a high isolation voltage of 3 kV, which
significantly enhances protection and ensures safe operation. In addition, the module
incorporates noise immunity features, making it a reliable choice for measuring voltages in
a variety of power converter circuits, including motor drives, buck and boost converters,

SMPS, UPS systems, and more.
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Figure A.9 Voltage sensor module.

The inductor series from PEModules is designed with a wide range of inductance and current
ratings, making it suitable for most power electronic circuits. Figure A.10 illustrates the
inductor module used in the experimental validation. The core structure of the inductors in
this series incorporates a distributed air gap, which enhances their high energy storage
capacity. Magnetic radiation is minimized through self-shielding design, making the series
practical for applications that require low EMI and stable performance. These inductors are
built with high current-carrying capability, ensuring consistent reliability under demanding
operating conditions. In addition, the user-friendly design allows for straightforward
installation and easy replacement, providing flexibility and convenience in designing the

system.
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Figure A.10 Symbol and model of the inductor

The capacitor family from PEModules offers a wide range of capacitance values with
different operating voltages, making it highly practical for power electronic applications.
Figure A.11 illustrates one of the capacitors of the PEModules capacitor series. Designed
with low ESR, these capacitors can handle high ripple currents effectively, contributing to
improved system efficiency and enhanced stability. The series is engineered for long service
life and reliable performance across a variety of operating environments. With a compact
form factor, the capacitors are easy to install and replace, ensuring both convenience and

flexibility in system integration.

Figure A.11 Symbol and model of the capacitor.
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A.2 Single-Phase Formulas Derivation

For single-phase AC, real power is:

Vrmslrms Cos ((p)

P =
P = (1/2)Vglg cos(¢)

Ig = 2P/ (Vg cos(9))

Using KVL in phasor form:
V=Vg—-IgZg
Where:
Vg=Vgs0=Vg
Ig = Ig(cosp — jsing)
Zg=rg+jwlLg
Multiply Ig*Zg

IgZg = Ig(cos (¢) = jsin(p))(1y + jwlg)
= Ig[rycos (@) + wLysin (@) + j(wLgcos (@) — 1ysin(p))]
Real part
(IgZg) = Igrycos (p) + wlgs
Imaginary part
(gZ4) = Ig(wLgcos (@) — 1ysin (¢))

Real and Imaginary Parts of Load Voltage

V=V-1Z
Real part
V=V, +rylycos (¢) — wLylysin (@)
Imaginary part
V = 1ylgsin (@) + wLglzcos (@)
Voltage Angle
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