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GENERAL INTRODUCTION

General Introduction

Governments are setting renewable energy targets and implementing policies that
indirectly promote the uptake of renewables, including climate change policies, economic and
green recovery plans, fossil fuel phase-outs and targets for net zero greenhouse gas emissions.
Such policies can impact the economy on both the demand and supply sides. Recent events
such as the Russian Federation’s invasion of Ukraine and rising inflation have led policy makers
to prioritise energy security, resulting in comprehensive policies such as the RePowerEU
package and the Inflation Reduction Act. These measures create more favourable market
conditions for renewables, driving innovation, reducing costs and emissions, providing

economic opportunities and enhancing global energy security.

Renewable energy targets, coupled with legislation and committed funding for
implementation, illustrate the level of ambition that countries have to accelerate the energy
transition. By the end of 2022, 128 countries had in place economy-wide targets for renewable
energy, although only 31 countries had targets for 100% renewables, most of them for the year
2050.

In 2022, total electricity generation worldwide increased 2.3% to reach 29,165 terawatt-
hours (TWh), a growth rate close to pre-COVID levels and below the 6.2% rebound of 2021.
Renewable energy sources contributed 92% of the increase, while the rest was covered mainly
by nuclear, fossil gas and coal. Electricity generation from nuclear power declined 0.7% and
from oil fell 4.4%. By comparison, in 2021 the increase in electricity generation was covered
mainly by coal, fossil gas, and nuclear power sources (a combined 64%), whereas renewables
(excluding hydropower) accounted for only 32% of this growth. In 2022, the world’s total
power generation capacity (from all sources) grew 4.1%, similar to the growth in 2021. The
energy transition towards renewables has focused mainly on a handful of technologies in the
power sector. Wind and solar power accounted for 23.9% of the total installed generation
capacity in 2022, 2.4 percentage points above 2021 levels. The installed capacity of solar power
reached 1,185 GW and wind power 906 GW.
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Figure 1.1: Countries with Economy-wide Renewable Energy Targets, by Sector and Targeted
Share, 2022.

Overall, renewable energy has demonstrated resilience despite the rise in renewable
power prices in major global markets due to supply chain challenges, construction delays,
higher costs of raw materials, parts, and labour, as well as inflation, higher interest rates and

interconnection delays.

Solar PV accounted for 70% of the total capacity additions of renewable power (348
GW) in 2022, followed by wind power 77 GW (22%) and hydropower 22 GW (6.3%).
Availability of sun energy around the earth and the developments in solar technology had made
a solar energy system a reliable source of energy today.

Regarding power electronic converters to interface Photovoltaic (PV) arrays to the grid.
The Voltage Source Inverter (VSI) is the most used topology to date. However, this topology
has some limitations when it comes to PV applications. The VSI topology has buck (step-down)
characteristics; therefore, to step up the low voltage output from the PV array, an extra power
electronic converter is required; this is known as the Dual-Stage (D-S) topology. The Quasi-Z-
Source Inverter (qZSI) is a new type of inverter. It is different from the conventional VSI. The
main feature is that the impedance network consists of inductors, capacitors, and
switches/diodes, and it is employed in the circuit to boost or buck the voltage, it is a circuit to
combine the DC-DC boost converter and inverter, using a Single-Stage (S-S) power conversion

system.
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Though researchers have studied VSI, and qZSI for different applications, there still
exist many points that could be investigated and improved. Motivated by the huge demand for
solar energy and immediate need for improvements in PV systems, the research reported in this
thesis intends to add to the existing knowledge on PV system applications of VSI, and gqZSI

and make quality contributions to the field.
The main objectives of the research can be summarized as follows:

e To achieve a complete survey on VSIs, and gZSlI, in terms of working principle,
modeling, design, and existing modulation and control techniques.

e To develop model predictive control strategies for voltage control of VSI and gZSI that
could be used to grid-connected. The developed techniques should ensure fast and accurate
voltage and frequency control and should also pass the robustness tests.

e To develop new control strategies for dual-stage multi-level PV grid connected VSI.
The developed strategies should be capable of extracting maximum power from the PV arrays
atall insolation levels, and injecting a clean sinusoidal current into the power grid in accordance

with grid codes.

To achieve the aforementioned objectives and facilitate the presentation of results

derived in the course of this research, the thesis is organized as follows:

Chapter 1 Provides a literature survey on distributed generation systems in the first part. Then,
an overview of inverter topologies is presented. In the next section of the chapter, the existing
inverters modulation techniques for VSI and gZSI.

Chapter 2 presents a literature study on control strategies for VSI, then gZSI, with a

comparison of the strategies for both topologies.

Chapter 3 This chapter proposes a novel control strategy for a dual-stage grid-tied PV system
based on a high-gain DC-DC converter and a 7-level packed U cells (7L-PUC) inverter. The
proposed control strategy is based on Finite-Control-Set Model Predictive Control (FCS-MPC)
and a novel model for controlling the DC-link voltage by considering system losses. This
chapter presents simulation and experimental results that demonstrate the high effectiveness of
the proposed control strategy in terms of power quality, response time, and accuracy under
changing weather conditions. The proposed system is feasible and can enhance the power
quality of grid-tied PV systems.

Chapter 4 This chapter proposes a novel grid-tied gZSI PV control system, combining
Modulated Model Predictive Control (M?PC) and Fuzzy Logic Control (FLC) techniques. The

proposed control system is compared to Conventional M?PC (CM?PC) to assess their
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performance. The proposed control system exhibits rapid and accurate tracking of maximum

power and can autonomously inject current into the grid. Comprehensive simulation and
comparative analysis are conducted to verify the effectiveness of the proposed system,
demonstrating the robust performance of the implemented control techniques in regulating grid-

connected PV systems.

A general conclusion is given at the end of this dissertation to take stock of the
contributions of this work and presents perspectives and the issues that remain to be resolved

and developed.
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Chapter 1. Literature Survey of Inverters

1.1 Introduction

The escalating depletion of fossil-based energy reservoirs, coupled with the imperative
to curtail CO2 emissions, has catalyzed a shift towards harnessing a greater proportion of clean
energy from renewable sources. This has spurred heightened interest in Distributed Generation
(DG) as an alternative to conventional electrical distribution systems, promising enhanced

performance and energy management.

This chapter provides a succinct overview of DG trends, with a particular emphasis on
systems driven by renewable sources like photovoltaic (PV) and wind. The discourse zeros in
on photovoltaic energy, elucidating the intricacies of electricity generation and presenting
potential grid integration configurations. The configurations are broadly categorized into
single-stage and dual-stage. In the dual-stage setup, the generator-side converter focuses on
extracting maximum power, while the grid-side converter is tasked with injecting the resultant
power in a suitable form. Conversely, the single-stage configuration consolidates both control

objectives within the inverter.

The chapter further delves into a classification and description of prevalent inverter
topologies employed for interfacing PV systems. The exploration concludes with literature
reviews centered on the Impedance Source Inverter (ZSI).

1.2  Distributed generation systems

The current power grids can be conceptualized as hierarchical systems, with power
plants situated at the apex and loads at the base, creating a unidirectional flow of electrical
power. This system is managed with limited information regarding the interactions between

sources and terminal points. This structure has notable drawbacks, including[]:
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e System Sensitivity: The system is susceptible to voltage and frequency instabilities, as
well as power security issues arising from load variations and dynamic network

reconfigurations.

e Risk of Failures and Blackouts: There’s an increased risk of failures and blackouts,

leading to reduced system efficiency.

e Unsuitability for Renewable Energy Integration: The existing grid structure is ill-suited

for the seamless integration of renewable energy sources.

Over the past decade, the electrical energy market has undergone significant changes
marked by rising demand for energy and two notable innovations: the rapid growth and
widespread adoption of Renewable Energy Sources (RESs) and the subsequent development
of Distributed Generation (DG) systems and Smart Grids (SGs)[1-4].

DG fundamentally involves generating energy in close proximity to its point of
consumption. Instead of relying solely on large centralized power plants (coal, nuclear,
hydroelectric, etc.) that produce massive amounts of energy transmitted over an extensive
network, DG involves smaller power plants generating a more moderate amount of energy
located nearer to the homes and businesses that directly consume it. This shift in approach is
closely tied to the advancements in RESs and the evolution toward smarter and more

decentralized energy grids[].

The evolution of future electrical systems is expected to be driven by a set of crucial

parameters, reflecting the changing landscape of power requirements[’, ~]:

e High Power Capability: Electricity's role as the primary power source is growing,
demanding a substantial increase in power capability. This trend is anticipated to persist

for decades, with resilience to external perturbations like economic or political crises.

e High Power Quality and Reliability: Ensuring electricity availability with minimal
latency, stable voltage and frequency, and low harmonic distortion is essential for

meeting the demands of users.

e High Efficiency: Minimizing electricity wastage during production, transportation, and
distribution processes is imperative. Both the grid and loads should be managed to

achieve optimal system efficiency.

e High Flexibility: Future power systems should be highly configurable, facilitating
seamless integration among diverse power sources. Dynamic changes in loads and

power sources should not compromise system performance and power quality.
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e Low Environmental Impact: There is a need for a progressive shift towards renewable
energy sources to replace traditional polluting sources, aligning with sustainability

goals.

The realization of these requirements calls for a substantial revision of existing power
systems, marked by the introduction of new functionalities and systems, commonly referred to
as the Distributed Generation (DG) and Smart Grid (SG) revolution. This transformation

necessitates [1-2]:

e Full Exploitation of Renewables: Leveraging the full potential of renewable energy

sources.

e Technological Enhancements and Energy Storage: Widespread adoption of energy

storage systems and technological advancements.

e |ICT Integration: Massive incorporation of Information and Communication
Technologies (ICTs).

e Self-Healing Systems: Implementation of high-granularity self-healing mechanisms

and resilience against undesired situations such as blackouts or natural disasters.
e Consumer Participation: Active participation of consumers in the electricity market.

¢ Innovative Products and Markets: Introduction of new products, services, and markets

to adapt to evolving needs.

This comprehensive approach acknowledges the need for technological innovation,
advanced functionalities, and dynamic operational strategies to shape the next generation of

power systems.

1.2.1 Distributed generators

As mentioned earlier, it is imperative for the engineering community to intensify its
focus on researching Renewable Energy Sources (RESs). Several forms of renewable energy
resources are currently viable for integration into the power grid, with the top four being wind,
solar photovoltaic, hydroelectric, and geothermal. In this section, the discussion will
exclusively center around the photovoltaic generator as it aligns with the primary focus of this

research.

1.2.1.1 Photovoltaic generators

Photovoltaic (PV) cells serve as direct current (DC) generators, employing

semiconductor technology to convert sunlight energy into electricity. Silicon, specifically, is

( 1
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widely used as the semiconductor material in PV cells. These cells feature a junction composed

of n- and p-doped silicon. Here's a brief overview of the operation of PV cells[5, ©]:

e Material and Junction: PV cells use silicon, and their structure includes a junction with
n- and p-doped silicon. This junction is crucial for the conversion process.

e Conversion Process: When sunlight, composed of photons, strikes the junction, the

energy within these photons is converted into electric power.

e Voltage and Current Output: The voltage produced by PV cells is influenced by intrinsic
cell characteristics, the number of cascaded cells, and their temperature. On the other
hand, the available current is dependent on cell characteristics, the number of parallel

strings (a string is a group of cascaded cells), and sunlight irradiation.
e Panel Configuration: With current technology, PV cells are arranged in panels.

To power standard loads that operate on alternating current (AC), solar panels are
interconnected either in series, parallel or a combination of both to achieve the required voltage
and current levels. This combined output is then used to supply an inverter. Additionally,
photovoltaic (PV) sources can be integrated into the distribution grid using an appropriate
conversion chain. Broadly PV systems are characterized as stand-alone systems and grid-
connected systems as shown in Figure 1.1. Grid-connected PV systems: are designed to be
capable of injecting sinusoidal current into the public grid. In contrast, a stand-alone PV system,

as the name suggests, is designed to operate independently of the public grid.

Power Converters 1 i

Grid
PV Array (a)
P
Power Converters AC Load
\
PV Array (b)

Figure 1.1: PV systems: a) connected to the grid, b) Stand-alone.
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1.3 Configurations for a PV system connected to the grid

There are generally two configurations for a PV system connected to the grid: Single-
Stage (S-S) and Dual-Stage(D-S), as shown in Figure 1.2. It's worth noting that the choice
between single and Dual-Stage configurations depends on various factors, including the
specific requirements of the application, efficiency considerations, and control objectives.

v Input filter DC-link
G| | G o

\|
l
\|
l

— — Grid
DC-DC DC-AC
PV Array Converter Inverter
(a)
Input filter
-
V. G (v
— Grid
DC-AC
PV Array Inverter
(b)

Figure 1.2: Schematic diagram of photovoltaic grid-connected system configurations: (a)

Dual-stage (b) Single-stage.

1.3.1 Dual Stage Configuration

D-S in the context of grid-tied PV systems refers to a configuration where a DC-DC
converter is placed between the PV array and the inverter. This additional converter helps
regulate the DC voltage of the PV panels and assists in maximizing power output. In D-S
systems, the DC-DC converter handles tasks like DC voltage regulation and Maximum Power
Point Tracking (MPPT), while the inverter converts this power into high-quality AC signal for
grid connection. One of the advantages of dual-stage PV inverters is that they support

single/three-phase connections because they are based on a two-stage structure [/].

1.3.1.1 DC-DC Converter

Enhancing DC-DC converters, play a pivotal role in grid-connected PV systems by
facilitating the efficient integration of solar power into the electrical grid. These converters
perform various critical functions within such systems. DC-DC converters regulate voltage
levels between the PV array and the inverter. They ensure that the voltage produced by the solar
panels matches the requirements of the grid, facilitating smooth and safe power transmission.
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1.3.1.1.A Buck Converter

The DC-DC buck converter, shown in Figure 1.3, steps down the output voltage level
to be less when compared with the input voltage level [2, 9]. Therefore, this converter topology
can be employed for integrating the greater module voltages to the lower loads or lower battery
voltages. There are various solar PV applications used along with the DC-DC buck converters,
are employed in the standalone solar PV pumping systems that are enabled to use the water
supply in rural areas [10], solar battery charger [11, 1 7], grid-connected MPPT tracking [12],
and the off-grid PV systems [14].
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Figure 1.3: Buck converter scheme.
1.3.1.1.B Boost converter

Boost converters in Figure 1.4 are a type of DC-DC switching converter that efficiently
increase (step-up) the input voltage to a higher output voltage. By storing energy in an inductor
during the switch-on phase and releasing it to the load during the switch-off phase, this voltage
conversion is made possible. Power electronics applications requiring a greater output voltage

than the input source, in particular, depend on boost converters.
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Figure 1.4: Boost converter scheme.
1.3.11.C Buck—Boost Converter

The buck—boost converter in Figure 1.5 is formed by integrating basic buck and boost
converter topology and that can be used in various applications as standalone/grid-connected
PV systems and motor drives. The current research on the buck—boost converter is still under
progress for solar PV applications. To enhance the voltage gain, many researchers across the
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world are developing various non-isolated DC-DC converter topologies namely Cuk, SEPIC,

and Luo converters that are constructed relying on the buck—boost topology.
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Figure 1.5: Buck-Boost converter scheme.
1.3.1.2 Voltage Source Inverters

Power inverters, essential for converting Direct Current (DC) to Alternating Current
(AC), are traditionally categorized as voltage source inverters (VSIs), with distinct
characteristics outlined in Figure 1.6. The fundamental structure of a three-phase two-level
voltage source inverter (VSI) is depicted in Figure 1.6. It comprises a DC source, input
capacitor, three-phase legs, output filter, and a three-phase load. Each leg includes two power
transistors with an antiparallel diode in series. VSIs are versatile, generating variable frequency
and amplitude sinusoidal waveforms, making them applicable in diverse systems like AC motor

drivers, active power filters, photovoltaic (PV) systems, and wind power systems[15, 16].

GG
O T

505108

Figure 1.6: Three-phase two-level VSI.

1.3.1.2.A Multi-level VSIs

Multi-level VSIs (MVSIs) have been shown to mitigate the harmonic content and THD
of the output current by generating a staircase output voltage waveform that closely
approximates a sinusoidal shape [ 7, 12]. Additionally, in comparison to two-level VSIs, multi-
level variants offer advantages such as lower switching stresses, decreased switching frequency,
reduced switching losses, lower dv/dt, and minimized Electromagnetic Interference (EMI).
Furthermore, they can attain high voltage levels, rendering them suitable for applications

demanding elevated voltage levels.
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1.3.1.2.A.1 Cascaded H-Bridge

Figure 1.7 illustrates a five-level Cascaded H-Bridge (CHB) inverter, where each bridge
can provide three levels of voltages. The number of voltage levels can be expressed as 2m + 1,
with 'm' representing the number of bridges. A significant advantage of this topology is the
absence of additional capacitors and diodes. Consequently, the CHB inverter can achieve the
same voltage levels with fewer components. Furthermore, the CHB topology is easily
modularized as each bridge requires a separate DC source. However, it's important to note that
the number of separate DC sources increases proportionally with the rise in voltage levels, and

each source necessitates real power conversion.
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Figure 1.7: Five-level cascaded H-bridge inverter.

1.3.1.2.A.2 Neutral-Point-Clamped

The configuration of the three-level Neutral-Point-Clamped (NPC) inverter is depicted
in Figure 1.8. It introduces six diodes, six power transistor modules, and one capacitor to the
basic two-level voltage source inverter. Notably, the power transistors in the NPC inverter do
not experience the full voltage of the DC source, as the capacitors divide the source into two
parts. This feature allows for a reduction in the power rating of the devices. Moreover, the NPC
inverter exhibits high efficiency and doesn't require additional filters to mitigate harmonics. An
important capability of the NPC inverter is the control of reactive power flow [19]. However,
modularizing the NPC topology is challenging, and a higher number of diodes is needed for

increased voltage levels.
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== VDC ds

Figure 1.8: Five-level Neutral-Point-Clamped inverter.

1.3.1.2.A.3  Flying Capacitor

The Flying Capacitor (FC) converter, the third prominent multilevel converter, is
depicted in Figure 1.9 with its representative three-level phase-leg. By regulating the isolated
capacitor C, at half the DC-link voltage, this converter can generate three distinct output voltage
levels: Vac/2, 0, and —V4c/2. Assuming that the voltage rating of the capacitors matches that of
the active semiconductor switches, an n-level FC converter can be designed with (n—1)
x(n—2)/2 clamping capacitors per phase-leg, in addition to (n—1) DC-link capacitors. This

presents a drawback as the system size significantly increases with the number of output voltage

levels.
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Figure 1.9: Three-level FC inverter.
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However, this increase poses fewer technical challenges compared to the diode-clamped
topology. With an appropriate phase-shifted modulation scheme, the capacitor voltages of the
FC inverter naturally self-balance. Consequently, a higher-level FC inverter can be
implemented more easily, although it is unlikely to surpass the cascaded multilevel inverter.

1.3.1.2.A.4 Packed-U-Cells

The Packed-U-Cells (PUC) inverter stands out as a promising contender in the realm of
single-DC-source Multi-level Inverters (MLI), is depicted in Figure 1.10 with its representative
five-level. Its unique features position it as a competitive choice across various applications.
Noteworthy advantages include minimal impact on the power grid, the flexibility to scale up to
higher output levels without extending the DC bus, a diverse range of controllable actions,
augmented filter bandwidth through switching state redundancy, improved reliability and cost-
effectiveness through fewer active components, and an enhanced ride-through capability

facilitated by existing storage capacitors [4].
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Figure 1.10: Five-level PUC inverter.

1.3.1.2.B Comparison of MLIs topologies

Some comparisons should be made to evaluate the distinctiveness of the topology. The
selected topologies include CHB, NPC, FC, and PUC [1/]. The idea of selecting those
topologies was that they are the most popular ones and are manufactured by industries.
Moreover, except for CHB, they can be single-DC-source topologies. Additionally, all of them
generate a 5-level voltage waveform at the output. Too many topologies have been reported as
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multiple-DC-source, which are not interesting for the industries anymore. The comparison

summary has been listed in Table 1.1.

Table 1.1: Results of comparison between MLIs topologies.

DC ) _ ) Component Voltage
Topology level Capacitor Switch Diode ) ]
Source to level ratio  Balancing
External

CHB 5 2 0 8 0 2
Regulator
External

NPC 5 1 4 8 6 3
Regulator
Redundant

FC 5 1 2 8 0 2.2
States
Redundant

PUC 5 1 1 6 0 1.6
States

The above table can be analyzed by each column. The higher the number of levels, the
lower THD, and the smaller the size of the filter and manufactured product. The next column
is the number of isolated DC sources that means a bulky transformer plus a diode bridge or PV
panel or batteries. Their prices are much more than switches so CHB is eliminated in the
comparison process. Considering the next three columns, PUC has lower number of
components among other topologies of NPC, and FC. Moreover, by defining the component to
level ratio, it is still distinguishing that the PUC structure generates more voltage levels while

using less components.

1.3.2 Single-Stage Configuration

S-S in the context of grid-tied PV systems refers to a configuration where PV panels are
directly connected to a grid-tied inverter (DC/AC converter) without the presence of a DC-DC
converter between the PV array and the inverter. In S-S systems, the grid-tied inverter is
responsible for tasks like MPPT and ensuring high efficiency while connecting the DC output
of the PV array to the grid as usable AC power. This setup offers a simple topology and cost-
effectiveness but may require efficient control design to extract the maximum available power
from the PV array and transfer it to the grid. All of these advantages can be provided by

Impedance Source Inverter (ZSI) topologies.
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1.3.2.1 Impedance Source Inverters

Traditional VSIs face limitations in working exclusively in buck (step-down) or boost
(step-up) modes, respectively. Issues such as dead times for VSIs introduce compromises in
output waveform quality. Additionally, the growing demand for renewable energy requires a
wider voltage gain range, challenging traditional inverters. While two-stage inverters with a

DC-DC converter have been proposed, they increase system complexity and size.

To tackle these challenges, S-S ZSlIs, capable of both bucking and boosting voltages
without requiring dead times or overlap delays, have been introduced. These inverters find

applications in PV power generation, wind power generation, electric vehicles, and more.

One of the earliest impedance source inverters is the ZSI. The ZSI can adjust its DC-
link voltage by varying the Shoot-Through (ST) time of the same phase leg. This makes the
ZSI less susceptible to inadvertent short circuits and waveform distortions caused by dead times

and overlap delays.

The topology of a one-phase ZSI consists of a DC source, impedance network
(comprising inductors L1 and L2, and capacitors C1 and C; in an X shape), an H-bridge, output
filter, and AC load, as shown in Figure 1.11. The impedance network plays a crucial role,
endowing the ZSI with the inherent features of impedance source inverters. By incorporating
the impedance network into the input source and inverter bridge of a traditional three-phase
source inverter, a three-phase impedance source inverter is created. Moreover, the impedance
network can be applied to AC-DC, AC-AC, and DC-DC power conversion, showcasing its
versatility in similar functionalities. Hence, the impedance network emerges as a pivotal

component in impedance source inverters and converters [20].
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&Lﬁj 1 H}@s

Figure 1.11: Three-phase Z-source inverter.

1.3.2.2 Quasi-Z-source Inverter

The ZSI, introduced three decades ago, boasts a unique circuit enabling it to boost the
input voltage. Widely employed as a single-stage inverter, particularly in renewable energy
conversion systems, it leverages the Z-source impedance network (ZSN) features. The inverter
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achieves control in both Shoot-through (ST) and Non-Shoot-Through (NST) states, providing
operational flexibility. Despite its proficiency in simultaneous boosting and inversion, the ZSI
faces challenges, notably a discontinuous input current. This limitation prompted the
development of an alternative topology known as the quasi-Z-source network (QZSN) in 2008.

The QZSN addresses the discontinuity issue, ensuring a continuous DC input current [21, 22].

The ZSI topology is presented as an innovative alternative to traditional VSI. Acting as
a buffer between the source and the inverter bridge, the Impedance Source Network (ISN) is
introduced to mitigate certain challenges. However, the conventional ZSN is acknowledged for
having drawbacks, including drawing a discontinuous input current and being unsuitable for

very low input DC voltages.

In response to the limitations of the conventional ZSN, the gZSI is proposed as a
modification aimed at enhancing performance and overcoming existing issues. Two variations
of the gqZSI are outlined in Figure 1.12(a) and (b), illustrating its potential improvements.
Various parameters, such as Vin (input DC voltage or PV voltage), Vdc (boost voltage from
the Z-source impedance), VC (voltage across the Z-source capacitor), Do (duty ratio during the
shoot-through interval), and B (boost factor of the impedance network), play crucial roles in

defining the characteristics and behaviors of the gZSl.

— —
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— source -
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Figure 1.12: Topologies of gZSI: (a) gZSI with continuous input current, (b) gZSI with

discontinuous input current.

1.3.2.3 Comparison of ZSI and gZSlI

Several modifications and improvements have been proposed in the original ZSI to
overcome the drawbacks of the traditional ZSI and improve its performance. Some succeeded
in increasing the boosting capability, and others reduced the capacitor voltage and the start-up
inrush current. Thus, each ISNs derived from the ZSI has advantages and disadvantages in
solving the problems of the original configuration, so the user may not be able to select the

appropriate network in practice quickly and accurately. Table 1.2 summaries the differences
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between the ZSI and gZSI of components and characteristics, respectively. In contrast, Table

1.3 compares topologies in terms of advantages and disadvantages.

Table 1.2: Comparison of the configuration of ZSI and qZSI.

Name D C Integrated Continuous Inruch Common

winding lin lin earthing
ZSl 1 2 2 - No Yes No
gZsSl 1 2 2 - Yes No Yes

Table 1.3: Comparison of the optimization results of ZSI and qZSI.

Name Advantages Disadvantages
e Bypassing VSI and e Discontinuous input
CSI problems. current.
e Operating both e Hight inrush current.
switches in the same e Hight capacitor
ZSl phase and at the voltage requires a
same time does not large capacity.
cause any damage. e ST duty ratio was
e Suitable for PV less than 0.5.
applications.

e Continuous input

current.

e Capacitors’ ratings e ST duty ratio was
are decreased. less than 0.5.

qZSl _ _

e Current stress in e Not suitable for very
lower than ZSlI. low input DC source.

e Suitable for PV
applications.

1.4 Conclusion

In this chapter, a brief analysis and description of DG systems are achieved, and it has
been reported that conventional power grids present many drawbacks. Therefore, DGs should
have more interest in the coming years. PV generators' operation principle and their grid
interfacing configuration were investigated, where the dual and single stages were discussed in

detail. A classification and description of the most common inverter topologies are reported in
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the third section of this chapter, and a comparison between them is carried out. Finally, a

literature review on single-stage grid PV system ZSls-based systems.
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Chapter 2: Literature survey on control
strategies

2.1 Introduction

The purpose of the inverter in a DG system is to convert the raw power generated into
a form compatible with the local distribution grid, in order to allow the power to be used by
standard appliances or to be fed back into the utility grid. Therefore, suitable inverter
modulation techniques and control strategies are of high importance to satisfy all the control

objectives of the DG system [1].

This chapter provides an overview of control algorithms designed to track the maximum
power point of a PV array and introduces control strategies for grid-connected PV systems,
including predictive control, intelligent Control, fuzzy logic control, etc. The discussion focuses
on leading control methods, elucidating all structural diagrams. Control methods are broadly
classified into several categories, distinguishing between linear and nonlinear control. Unlike
VSIs and Current Source Inverters (CSI) which employ similar control methods, gZSI requires
specific control methods tailored to its unique voltage boost and buck characteristics.
Additionally, the chapter describes and compares gZSI control methods.

2.2  Maximum Power Point Tracking Algorithms

The MPPT unit is a power conversion system equipped with a suitable control algorithm
designed to extract the maximum power from a PV array. This optimization involves regulating
either the current drawn from the PV array or the voltage across it to operate at or near the MPP.
Various MPPT algorithms have been proposed in the literature, each varying in complexity,

accuracy, efficiency, and implementation difficulty, all aiming to maximize the energy
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utilization efficiency of PV arrays. According to their popularity, they can be classified as

follows:

2.2.1 Fractional open-circuit voltage method

The almost linear relationship between Vwep and the open-circuit voltage of a PV
generator, under varying levels of sunlight and temperature, has given rise to the fractional Voc

method, where the relationship between Ve and Voc is nearly linear.
Vmpp = K1 X V¢ (21)

When K is a proportionality constant, it depends on the characteristics of the
photovoltaic generator used. It usually needs to be calculated in advance by empirically
determining Vmep and Voc for the specific PV field at different irradiance and temperature

levels. The values of the K; factor would be between 0.71 and 0.7.

2.2.2 Fractional short-circuit current method

The fractional short-circuit current results from the fact that, under varying atmospheric

conditions, Ivpp is approximately linearly related to Isc of a photovoltaic generator.
Iypp = K3 X Ig¢ (22)

Where K3 is a constant of proportionality. As with the fractional Voc technique, K2 must
be determined based on the photovoltaic generator used. The value of the constant K> is
generally found to be between 0.78 and 0.92. Measuring lIsc during operation is problematic.
An additional switch usually needs to be added to the power converter to periodically short-

circuit the PV generator so that Isc can be measured using a current senso.

2.2.3 Perturb and observe algorithm

This is the most commonly used algorithm for MPP tracking. It is based on voltage
perturbation and observing dP/dt. The sign of the dP/dt derivative indicates whether the voltage
is too high or too low compared to the MPP voltage. Consequently, this voltage can be
decreased or increased until the MPP is reached, resulting in a zero derivative. Since this
algorithm is based on perturbation, there will always be oscillations even when the MPP is
reached. In Figure 2.1, the flowchart of the Perturb and observe (P&O) algorithm is presented.
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Start

Sense the PV
voltage and current

v

Evaluate the PV
power

PV power
increase ?

4 Y

Perturb in the same Perturb in the
direction opposite direction

Figure 2.1: Flowchart of the P&O algorithm.

2.2.4 Incremental conductance algorithm

The Incremental Conductance (IncCon) algorithm is similar to the P&O method and has
been proposed to improve tracking accuracy and dynamic performance in rapidly changing
atmospheric conditions. The IncCon algorithm is derived from the Ppy-Vpy curve of the
photovoltaic generator, as shown in Figure 2.2, where the slope of the curve is positive on the
left side of the MPP, negative on the right side of the MPP, and zero at the MPP. The slope of

the power-voltage curve can be expressed as follows:

dPpy  dlpyVpy dlpy (2.3)
= = Ipy + Vpy ———
Vey dVpy  Vpy  dVpy

Therefore, the basic equations of this method are:

ev — _ IV Atthe MPP (24)
dVpy Vpy
d
Yev o _IPV 14 the left of the MPP (2.5)
dVpy Vpy
d )

lpv < _ ey To the right of the MPP (26)

avpy Vpy
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Where:

dl .
PV - |s the incremental conductance.
dvpy

I
2V - s the conductance.
PV

dPpy
— dVpy
S dPpy
z 0
DE dVpy P
> PV 0
2 e \dev =

Y

PV Voltage (V)

Figure 2.2: Basic idea of the IncCon algorithm on a curve (Ppy-Vpy) of a photovoltaic
generator.

Mesure Vpy-and Ipp
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Calculation of:
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Figure 2.3: Flowchart of the IncCon algorithm.
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The derivative of the current with respect to the derivative of voltage can be estimated
as the difference between the actual values and the previous instant values in that iteration
process. Therefore, by comparing the conductance Ipv/Vpy to the incremental conductance
dlpv/dVpy as shown in Figure 2.3, the algorithm can track the MPP and stay there until a change

of dlpv or dVpy occurs as a result of a change in atmospheric condition.

2.3  Control Strategies for Grid-Connected PV Systems

A PV system, being power-electronics-based, relies heavily on effective control
mechanisms to ensure its stable and smooth operation within the power system. Without a
robust and appropriate controller for the inverter, there's a risk of grid instability and
disturbances. Controllers for PV systems are categorized based on grid behavior and operating
conditions into various types, including linear, predictive, robust, non-linear, adaptive, and
intelligent controllers as shown in Figure 2.4. The selection of the controller type depends on
the specific requirements and characteristics of the grid and the PV system in question.

¢ Classic Controllers
¢ Proportional Resonant Controllers
e Linear Quadratic Gaussian Controllers

Linear

o Neural Network Controllers

Controllers - — ¢ Decadbeat
o Repetitive Intelligent Predictive Controllers
Controllers Controllers Controllers e Model Predictive

e Fuzzy Logic Controller
Controllers

Controllers ]

Adaptive Robust . Mu-S}fnthcms
Controllers
Controllers Controllers « H-Infinity

Controllers

0

Non-Linear

Controllers

s Sliding Mode Controllers

o Full Feedback Linearization
Controllers

o Hysteresis Controllers

Figure 2.4: Different types of control strategies.
2.3.1 Linear Controllers

These controllers are designed on the foundation of the dynamics and features of the
linear systems. A concept of classical feedback control is used while designing these types of

controllers. They are further divided into three types and are described below.
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2.3.1.1 Classic Controllers

The family of classic controllers includes Proportional (P), Proportional Integral (PI),
Proportional Integral Derivative (PID), and Proportional Derivative (PD) controllers.
Moreover, these controllers are considered as the foundation of a linear system. Among all the
controller types, these controllers are more frequently and commonly used in grid-connected
PV power plants and in many other commercial and industrial applications due to its easy

implementation, realization, and simple structure.

2.3.1.2 Proportional Resonant (PR) Controllers

The popularity of PR controllers has increased over the last few years in grid-tied PV
systems. Pl and PR controllers have very much in common but there are two main differences
between them. The first one is that the Pl and PR controllers are operating in different reference
frames. A PI controller efficiently tracks the DC signals in the dq reference frame, while a PR
controller allows the tracking of a sinusoidal signal in o/ reference frame. Whereas, the second
difference is that the integration part in PR controller is different from PI controller. In PR
controller, only those frequencies are integrated that are close to the resonant frequency. As a
result, no phase shift and stationary magnitude errors are involved [~]. A generalized control

structure of PR is presented in Figure 2.5(a).

2.3.1.3 Linear Quadratic Gaussian (LQG) Controllers

LQG controller is formed by the combination of Kalman filter and LQ regulator. An
LQG controller presented in Figure 2.5(b) shows that the controllers are designed and computed
separately, according to the separation principle. An LQG controller performs its operation and

functionality very smoothly in both time-variant and invariant systems [=].

K, u
u LP
Uy Kalman u
—> . » -K +»
Estimator
Kis —>
s2 + w? e
(@) (b)

Figure 2.5: Block diagram of controllers (a) proportional resonant (PR); (b) linear quadratic.
2.3.2 Robust Controllers

Robust controllers are designed on the basis of a control theory that is related to

uncertainties of the system. The end goal of robust controllers is to achieve stability and robust
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performance even in the occurrence of incomplete modeling errors. This controller guarantees

the stable performance of the close loop, in both single and multi-variable systems. A control

configuration of the robust control scheme is sketched and presented in Figure 2.6 [4].

A |«
Av Ay
g g
LAY P —
—P>
v U
K |[¢——

Figure 2.6: Block diagram robust controllers.
2.3.2.1 Mu-Synthesis Controllers

This approach is used to consider the consequences of uncertainties (unstructured and
structured) on the system performance. In this approach, the concept of a controller design is

dependent on a singular value that may be either a structured or an un-structured valve.

2.3.2.2 H-Infinity (Hoo) Controllers

The expression Hoo control originates from the term mathematical space on which the
optimization takes place: Hoo is considered as a space of matrix-valued functions that are
investigative and confined in the open right-half of the complex plane. In this type of control
system, first of all, the control problem is formulated and then mathematical optimization is
implemented i.e., selection of the best element according to criterion from the set of obtainable
alternatives [5-7] . H-infinity control techniques are generally pertinent for the multivariable
systems. The impact of a perturbation can be reduced by using H-infinity control techniques in
a closed loop system subject to the problem formulation. The impact can be measured either in
terms of performance or stabilization of the system. However, modeling of the system should
be well-defined for implementation of these control techniques. Moreover, H-infinity control
techniques have another discrepancy of high computational complications. In case of non-linear
systems limitations, the control system cannot handle them well and response time also

increases [2].
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2.3.3 Predictive Controllers (PC)

Predictive controllers are commenced as a propitious control technique for electronics
inverters. The system model is considered critically and then the imminent behavior of the
control variables is predicted conferring to the specified criterion. It is an uncomplicated
technique and can handle multivariable systems efficiently. Moreover, it can handle the system
with several limitations or non-linearities. It is generally preferred due to its prompt static as
well as dynamic response and ability to handle stable errors. However, its computational
analysis is complex as compared to classical controllers [4]. It is further categorized into
Deadbeat control and Model Predictive control. A block presentation of PC is shown in Figure
2.7, where for every switching state the system characteristics are predicted by grid current i(k)

and switching states s(k).

% ; Sa
. . Sp

. — . uality Function
I | Predictive | lg+i) Quality Sc
Controller g

s

Grid
»

Inverter

YyYvyyvy

Figure 2.7: Block diagram of predictive controllers.

2.3.3.1 Deadbeat Controllers

The deadbeat control technique is the most authentic, competent, and attractive
technique in terms of low Total Harmonic Distortion (THD) value, frequency as well as rapid
transient response. Differential equations are derived and discretized in this type of control
system for controlling the dynamic behavior of the system. The control signal is predicted for
the new sampling period for attaining the reference value. Its effective dynamic performance
and high bandwidth simplify the current control for this type of controller. Error compensation
is a specialty of a deadbeat controller. However, its major discrepancy is its sensitivity for
network parameters and accurate mathematical filter modeling [©]. The deadbeat controller

structure is presented in Figure 2.8.

— G

Deadbeat
Controller

\ A

Observer

Figure 2.8: Block diagram of deadbeat controllers.
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2.3.3.2 Model Predictive Controller (MPC)

As the name depicts, a model of the system is used to predict the behavior of the system
in the Model Predictive Control (MPC) technique. A cost function criterion is defined in this
type of control system, which can be minimized for optimal control actions. The controller
adapts the optimal switching states according to the cost function criterion. Forecast errors can
be lessened for current tracking implementation. Moreover, system limitations and non-

linearities, as well as multiple inputs and output systems, are handled well by MPC. A

generalized configuration of MPC is presented in Figure 2.9 [10-13].
. y(n)
y(ntk) Predictor
Au(n+k)
Yref(nth) X
Optimizer Au Au(n)> Plant ,Vg?)
V) e)
) _ J L :
Cost Functions Constraints

Figure 2.9: Block diagram of MPC
2.3.4 Non-Linear Controllers

The non-linear controllers have high dynamic response and their performance and
operation are astonishing as compared to linear controllers. However, the realization and design
of these controllers are complicated. The non-linear controllers are subdivided into sliding

mode, partial feedback linearization, and hysteresis gaussian controllers.

2.3.4.1 Sliding Mode Controllers (SMC)

The SMC is considered to be an advanced power control technique for the power
converters. It fits into the family of adaptive control and variable structure control [14, 15]. This
controller is more robust and capable of removing the stable error as compared to the classical
controllers. However, some drawbacks in implementing a SMC are difficulty in finding a
suitable sliding surface and limitation of sampling rate that degrades the performance of SMC
will be degraded. Whenever tracking a variable reference, the chattering phenomenon is another

drawback of SMC technique. As a result, overall system efficacy is reduced [16-12].

2.3.4.2 Partial or Full Feedback Linearization (PFL or FFL) Controllers

In the PFL method, the non-linearities that are associated with the system are canceled

because of the transformation of the non-linear system into a partial or complete linear system.
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If the system having non-linearities are partially transformed into linear system, then it is known

as PFL and if it is completely transformed then it is called as an FFL controller. Moreover, the
system nonlinearities are canceled by establishing the non-linear terms within the system

therefore they are not bound to a specific operating point [19-27].

2.3.4.3 Hysteresis Controllers (HC)

HC is considered as a nonlinear method [4, 23-25]. The hysteresis controllers are used
to track the error between the referred and measured currents. Therefore, the gating signals are
generated on the basis of this reference tracking. Hysteresis bandwidth is adjusted for error
removal in reference tracking. This is an uncomplicated concept and has been used since analog
control platforms were intensively used. This technique does not require a modulator; therefore,
the switching frequency of an inverter is dependent on the hysteresis bandwidth operating
conditions and filter parameters [26]. A generalized structure of HC is sketched and presented

in Figure 2.10.

+V 42
L
—Hf + )——)e Cin Cmax l_’
“A l/am‘
i
= {[L/Q

Figure 2.10: Block diagram of HC.
2.3.5 Adaptive Controllers

An adaptive controller is designed to have the ability of self-tuning, i.e., to regulate itself
spontaneously according to variations in the system parameters. It does not require initial
conditions, system parameters or limitations for its implementation due to its ability to modify
the control law according to system requirements. Recursive least squares and Gradient descent
are two most commonly known technique for parameters estimation in adaptive controllers

[27]. A generalized diagram of the adaptive controller is presented in Figure 2.11.
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Parameter |«
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Controller
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Controller » Plant
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Figure 2.11: Block diagram of Adaptive Controllers
2.3.6 Intelligent Controllers

Automation is obtained by the intelligent controllers through the replication of
biological intelligence. Moreover, these controllers do not require the system mathematical
modeling and have the potential to approximate the non-linearities. The intelligent controllers

are classified into three types. These are the following:

2.3.6.1 Neural Network (NN) Controllers

The concept of designing an NN controller is based on the human nervous system. It is
a connection of many artificial neurons that is simulated by the biological brain system. When
an NN approach is used in a control system it can be trained either online or offline. NN can
achieve high fault tolerance and has a potential to approximate the function mapping [22].
Moreover, NN controllers require very less system modeling; therefore, they are frequently

adopted in many practical and industrial applications [~].

2.3.6.2 Repetitive Controllers (RC)

The Plug-In Scheme (PIS) and Internal Model (IM) principle are the basic concepts of
repetitive control (RC). RC uses an IMP which is in correspondence to the model of a periodic
signal. In order to derive this model, trigonometric Fourier series expansion is used. If the model
of reference is fed into the closed loop path, optimal reference tracking can be obtained.
Moreover, it is found robust disturbances and has the ability to reject them. RC mostly deals
with periodic signals. Closed loop behavior of the system and Magnitude response of the IM
are the core factors used for analyzing the performance of the repetitive controller in case of
frequency variation or any other uncertainty in the system. Both these factors indicate the
performance sagging in case of variation or uncertainty in the reference signal. In presence of
a periodic disturbance, RC intends to attain zero tracking error when a periodic or a constant
command is referred to it. RC has an ability to locate an error, a time-period before and fine-
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tunes the next command according to the feedback control system for eliminating the observed
error. However, it lacks the ability to handle physical noise [5, 20-32]. The general structure of

a repetitive controller is shown in Figure 2.12.

lr(k) d(k)
) 2 S A A —»(%)—'—*""3

0Z) —

Y

Figure 2.12: Block diagram of RC.
2.3.6.3 Fuzzy Logic Controllers (FLC)

This control technique belongs to the family of intelligent control systems. This
controller design is dependent on the awareness, knowledge, skills and experience of the
converter designer in terms of functions involvement. Due to non-linear nature of the power
converters, the system can be stabilized in case of parameters variation even if the exact model
of the converter is unknown. FLC are also categorized as non-linear controllers and probably
the best controllers amongst the repetitive controllers [4, 23-35]. However, strong assumptions
and adequate experience are required in the fuzzification of this controller. As it is dependent
on the system input and draw conclusions according to the set of rules assigned to them during
the process of their modeling and designing. Block diagram of a fuzzy logic control is shown

in Figure 2.13.

Fuzzy Logic Controllers

| = Interference = |
Reference | .2 Mechanism 5 - Inputs QOutputs
Inputr@® | S = - Ut t
P ()3 & = e? 4>() Process _y_}()
= Rule Base g

T

Figure 2.13: Block diagram of FLC.
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2.4  Control Strategies for qZSlI
2.4.1 Pulse Width Modulation Techniques
2.4.1.1 Sinusoidal Pulse Width Modulation

There are three conventional carrier-based Pulse Width Modulation (PWM) methods
for the gZSI: Simple Boost Control (SBC) [26], Maximum Boost Control (MBC) [27], and
Maximum Constant Boost Control (MCBC) [22]. These methods introduce shoot-through
states by applying distinct shoot-through references to the traditional carrier-based Sinusoidal
Pulse Width Modulation (SPWM). In the sketch maps of SBC and MBC depicted in Figure
2.14, when the carrier is greater than the upper shoot-through reference (vp) and the upper
envelope of the three-phase modulating waves (va*, vo*, vc*), or lower than the lower shoot-
through reference (vn) and the lower envelope of modulating waves, the three bridge legs
conduct together, resulting in a shoot-through state. In between these conditions, the switches
behave similarly to traditional carrier-based SPWM. However, the different shoot-through
references lead to variations in boost capability, voltage gain, and stress on the inverter power

switches.

Figure 2.14: Modulation methods of (a) simple boost control and (b) maximum boost control
for the three-phase two-level qZSI.

24.1.1.A Simple Boost Control

In the SBC method, the shoot-through reference is represented by a straight line, as
illustrated in Figure 2.14(a), which is equal to or greater than the upper envelope of the
modulating waves or equal to or lower than the lower envelope of the modulating waves. With

this configuration, the maximum shoot-through duty ratio (dmax) is (1 —m), and it decreases as

——
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the modulation index (m) increases. Moreover, when M reaches one, indicating that the inverter

is operating as a traditional VSI, the shoot-through duty ratio becomes zero.

In the Simple Boost method [36], two straight lines, equal to or greater than the peak
value of the three-phase references, are utilized to introduce the shoot-through duty ratio.
Consequently, the shoot-through time per switching cycle remains constant, resulting in a
constant boost factor. However, the achievable shoot-through duty ratio diminishes with an
increase in the modulation index (m). Hence, the dmax is constrained to (1 —m). When m reaches
its maximum value, the shoot-through duty ratio becomes zero, and the inverter operates akin
to a traditional VSI. In this scenario, the DC inductor current and capacitor voltage exhibit no

ripple associated with the output frequency.

241.1B Maximum Boost Control

In the MBC method illustrated in Figure 2.14(b), the shoot-through reference is
precisely equal to the upper or lower envelope of the modulating waves. Unlike the SBC, where
only a portion of the zero states is replaced by shoot-through states, the MBC replaces all
traditional zero states with shoot-through states. This results in achieving the maximum zero-
state duty ratio (dmax) per switching cycle, specifically (1-3V3m/2m), introducing a low-
frequency ripple into the quasi-Z-source capacitor voltage and inductor current [37].

However, it's important to note that the shoot-through duty ratio in MBC varies at six
times the output frequency, contributing to low-frequency ripple in the quasi-Z-source capacitor
voltage and inductor current. This ripple becomes more pronounced and necessitates higher
requirements for the Z-network components when the output frequency is very low. Therefore,
MBC is better suited for application fields with a fixed or comparatively high output frequency,
where the impact of the low-frequency ripple is less significant.

241.1C Maximum Constant Boost Control

The MCBC, as depicted in Figure 2.15, is implemented with slight modifications to the
shoot-through references of the MBC. The key advantage of MCBC is maintaining a constant
shoot-through duty ratio per switching cycle. This method strikes a balance between SBC and
MBC, offering a higher voltage gain for the qZSI compared to SBC without introducing low-
frequency ripples in the voltage and current across the impedance components [2£]. In MCBC,
the inverter transitions to a shoot-through zero state when the carrier triangle wave exceeds the
upper shoot-through envelope or falls below the lower shoot-through envelope. While this
results in slightly higher voltage stress on the devices compared to the maximum control
method, and a slightly smaller voltage gain than maximum boost control, it significantly
reduces voltage stress compared to simple control. Importantly, MCBC maintains a constant
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shoot-through duty ratio without introducing low-frequency ripple associated with the output
frequency [22]. As a consequence, the inductor and capacitor requirements for the Z-network
are substantially reduced. Table 2.1 shows a comparison of the conventional carrier-based
PWM methods. Note that m denotes the inverter modulation index, Gmax IS the maximum

inverter gain, and v'4c/Vin represents the voltage stress on the inverter switches.

%!

T
IR [
|

] &

Figure 2.15: Maximum constant boost control of the gZSI.

2.4.2 Space Vector Modulations

Driven by its merits like reduced current harmonics, complete DC-link voltage
utilization, and high modulation index, Space Vector Modulation (SVM) has found application
in impedance source inverters [39-42]. When employing SVM in gZSls, the shoot-through time
is evenly distributed into multiple parts per the sampling interval. The literature suggests four
primary ZSVM techniques:

The first technique is known as ZSVM with six insertions (ZSVMB®6). In this approach,
the shoot-through vector is evenly divided into six parts within one sampling interval and
inserted into the transition moment of switching states, as depicted in Figure 2.16(a).
Consequently, only one phase-leg is short-circuited in a single switching cycle, with each
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inverter leg having two shoot-through states in each cycle. Compared to traditional ZSVM, this

method eliminates additional switching transitions, requires no dead time in phase legs, and
maintains an invariant action time of effective vectors. These characteristics result in switching

losses identical to those of conventional VVSIs and increased reliability.

In the second technique, ZSVM with four insertions (SVPWM4), the shoot-through time
is also divided into six parts in one sampling interval, as in ZSVM®6. However, it modifies only
four switching signals, as shown in Figure 2.16(b). The third method is called ZSVM with two
insertions (SVPWM2). This modulation method divides the desired total shoot-through time

into four parts and modifies only two switching signals, as illustrated in Figure 2.16(c).

Table 2.1: Comparison of different conventional carrier-based PWM techniques for the gZSI.

SBC MBC MCBC
Maximum shoot-through duty cycle dmax 1-m 1—32£m 1—§m
T
Maxi boost factor b 1 i L
aximum boost factor
e 2m-1 3J§m—;r \/§m—1
Maxi G m zm m
aximum gain Gmax
g ma 2m-1 3\/§m—7z \/§m—1
Voltage stress v dc/Vin 2G,, —1 % -1 3G, -1
T

Finally, the ZSVM with single insertion (SVPWML1) is proposed. In comparison with
traditional and previous ZSVM methods, this technique modifies only one control signal —
either the upper switch of the minimum timing control signal or the lower switch of the
maximum control signal. Figure 2.16(d) illustrates the switching pattern for changing the upper
switch control signal.Figure 2.16: SVMs for the gZSI: switching time sequences of (a) ZSVMG,
(b) ZSVM4, (c) ZSVM2, (d) ZSVMI-I.
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Table 2.2 provides a comparative analysis of various ZSVM methods based on criteria
such as the maximum boost factor, overall inverter gain, and voltage stress. This summary aims

to offer insights into the performance of different modulation techniques.
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Figure 2.16: SVMs for the qZSI: switching time sequences of (a) ZSVMS6, (b) ZSVM4, (c)
ZSVM2, (d) ZSVM1-1.
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Table 2.2: Comparison of different ZSVM techniques for the qZSI.

ZSVVM6/2 ZSVM4 ZSVM1
Maximum shoot-through dut |
ghduycycle  3y3 - 3(; 38 ) 1f) 38
dmax 27[ 4 271' 2 272'
Maximum boost factor b i ai on
aximum boost factor — _
e 33am-z 9\3m-27 3/3m
Maxi inG m 47m 27
aximum gain e ——
gain Somex 33m—r ovam-27 33
343G 9/3G 27
Voltage stress v gc/Vi —mx 1] —_mx _2
g dc/Vin - Py 3\/§m

25 Conclusion

In summary, the chapter highlights the critical role of inverters in DG systems and
emphasizes the importance of selecting suitable control algorithms and strategies to achieve
optimal performance. It provides an overview of various control methods tailored for tracking
the maximum power point of a PV array. Various control methods of grid-connected PV
systems are reviewed, which include a specific focus on advanced control techniques such as
MPC, Intelligent Controllers, and FLC. A detailed comparison of control methods across
various stages is presented, emphasizing the distinction between linear and nonlinear control.
It also reveals that VVSI and gqZSI can be controlled using the same methods, whereas gZSI
requires specific control approaches tailored to its unique voltage boosting and reduction
characteristics. This research enhances understanding of the challenges and opportunities in
developing control strategies for energy conversion systems. These strategies aim to meet the

needs of local energy networks and seamlessly integrate with the public grid.
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Chapter 3: Dual-Stage Grid-Connected
Photovoltaic-Based PUC

3.1 Introduction

This chapter presents a novel grid-tied two-stage inverter topology aimed at addressing
the challenges associated with conventional control strategies and achieving high-performance
power conversion from PV sources. The proposed topology comprises a high-gain DC-DC
converter [1] and a 7 level packed U cells (7L-PUC) inverter interconnected with the grid. Both
components are meticulously controlled by the Finite Control Set Model Predictive Control
(FCS-MPC) strategy, which offers enhanced dynamic response and grid synchronization

capabilities.

To harness the maximum power output from the PV array, we employ an IncCon based
MPPT algorithm. Despite its simplicity, the IncCon algorithm exhibits commendable
performance in tracking the maximum power point under varying environmental conditions.
The IncCon algorithm is responsible for generating the photocurrent reference, which is then
adjusted using the FCS-MPC strategy for high-gain DC-DC converter control, ensuring optimal
power transfer from the PV array to the inverter.

One of the key contributions of this chapter lies in addressing the challenges associated
with controlling the DC-link voltage in multistage inverter systems. Conventional control
strategies often fail to maintain stable DC-link voltage, leading to suboptimal performance and
potential grid instability [~, =]. To overcome this limitation, we propose a novel DC-link control
scheme that leverages the active power equation derived from the PV panels and the power

injected into the grid. This approach not only ensures high dynamic performance but also

——

44

——'



CHAPTER 3 DUAL-STAGE GRID-CONNECTED PHOTOVOLTAIC-BASED PUC

facilitates precise DC-link voltage regulation, maintaining it at a reference voltage exceeding

the peak value of the grid current.

The efficacy of the proposed topology and control strategies is validated through
comprehensive simulation studies and real-time implementation results. By analyzing the
simulation and experimental data, we demonstrate the superior performance of the proposed
system in terms of power conversion efficiency, grid synchronization, and DC-link voltage
regulation. Moreover, we discuss the practical implications and potential applications of the
proposed approach in real-time grid-tied PV systems.

3.2 System describing and modeling
PV Array DC-DC Converter 7L-PUC Inverter in Grid-connected
D D
—l) - N.: D, DO Sb
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— %+ + - S +
e Sa " c
tL1 i;-)¢ Lg ! 1 1 T VS .
“ —
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IncCon MPC-MPPT Model Predictive Control for 7L-PUC Active power reference generation

Figure 3.1: Proposed power electronic interface system overview.

3.2.1 DC-DC converter with high gain

The high-gain DC-DC converter proposed in [1] was used in this study, because it has
a high boost ratio with relatively low voltage stress on its diodes and switches compared to
other similar topologies. As shown in Figure 3.1, the converter is composed of two power
switches, three diodes, an output capacitor and two inductors. The converter has two operating
intervals depending on the state of the switches (y = 0 or 1), as shown in Figure 3.2.
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Figure 3.2: Operation analysis of the high DC-DC converter: (a) two switches ON, (b) two
switches OFF.

e Switch ON (y =1): When triggered by a high pulse signal, both switches are activated.
As illustrated in Figure 3.2 (a), once the switches are turned on, diodes D2 and D, are blocked.
Therefore, inductances Ly and L are charged from the DC source. The equations 3.1) describing

this operating interval are given as follows:

( V() = Vpy

Ipy = Cpy —— + 2114

t
3.1
< Vi (t) = Vpy )

dv,
i

=l = —V1/R

e Switch OFF (y =0): Both switches are triggered with a low pulse signal, and
consequently, they are turned off. As seen in Figure 3.2 (b), once the switches are open, diodes
D2 and D, become conductive to provide a path for inductance currents, and diode D is then
blocked. Therefore, inductances L1 and L return their energy in series to the output capacitor.
The equations (3.2) describing this operating interval are as follows:
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(VLl(t) = V() = (VPV—VO)

2
dv,
< Ipy = Cpy dI;V + 111 (3.2)
dVy

L Cld_t =lIc1 = I, =V1/R

3.2.2 MPC-MPPT algorithm

The adopted control algorithm, known as MPC-MPPT, is based on the fusion of the
predictive and MPPT controls. This command was based on a limited number of linear models.
Each pattern corresponds to a specific switching state. Each switching state was pre C, dicted

using FCS-MPC, and the state with the lowest error was generated and applied to the circuit

after the minimization process using the cost function [4, 5].

Owing to the operation in the continuous conduction mode for the converter, there are
only two operating intervals. Therefore, using the Euler forward approximation, a predictive
model for the DC-DC boost converter proposed in [1] is constructed, and Ipy* (k + 1) (for state
y=1)and Ip;°(k + 1) (for state y = 0) can be stated by Egs. (3.3) and (3.4) respectively (where
T, is the sampling time).

Iy (k+ 1) =Ip, ' (k) + ZLEVPV(I() (3.3)
Iy’ (k+1) = Iy’ (k) + ;1_2 (Vey (k) — V1) (3.4)

While V; is the DC-link voltage, I, and Vpy, are the PV panel current and voltage, respectively.

The final phase of the MPC command involves optimizing potential future states and
choosing the state that produces the minimum error. The optimization is performed using the

cost function described by Eq. (3.5):
g=0Y = L., -1, (3.5)

Where g and I,., are the cost function and reference current, respectively. The
incremental conductance algorithm employed in the MPC algorithm, produces L., ¢, as shown

in Figure 3.3, where Al in the figure represents the fixed size of the perturbation step.
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Figure 3.3: Flowchart of MPC-MPPT control.
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3.2.3 Grid-tied PUC inverter

With grid-tied PV systems, more money can be saved when the PV system equipment
is cheaper with higher efficiency and lower installation cost. As a result, these systems are
typically less expensive and easier to install [©]. The latter converters depend on inverters to
control the current and voltage supplied by the DC-DC converters, which are in turn supplied
by the PV panels. Al-Haddad introduced the PUC inverter in 2011 [/] and Vahedi developed it
in 2015 [4, 7]. It can be utilized as a three-phase or single-phase inverter. Figure 3.1 show the
general layout of a grid-tied PUC inverter, where the PUC is connected to the grid by a line
filter (inductor (I) with parametric resistance (r)).

The 7L- PUC is composed of a DC voltage source, capacitor and six power switches:
Sa, Sb, S¢, Sa’, Sv' and S¢'. The switches Sx and Sx' (x=a, b, ) are complementary, and the source
of DC voltage is V; and another DC source is V, (capacitor). Third of the difference between
V1 and V, is used to create seven output voltage levels. Therefore, the waveform of the output
voltage V;,,, is created of the voltage levels of 0, E, 2E, and 3E if V;=3V,=3E. Table 3.1 lists

the different switching states and V;,,,, values.

Table 3.1: 7L-PUC inverter switching states.

States Sa Sb Sc Vinvw Value
Viny)
1 0 0 0 0 0
2 0 0 1 -V2 -E
3 0 1 0 V-V -2E
4 0 1 1 -V1 -3E
5 1 0 0 V1 +3E
6 1 0 1 V1-V2 +2E
7 1 1 0 V> +E
8 1 1 1 0 0

3.2.4 Model predictive control of 7L-PUC

For the PUC topology, many control techniques have been applied to it, including MPC
control technique. Due to its simplicity and ease of use, FCS-MPC is among the most promising
control techniques, and can accurately track and respond quickly and dynamically [ - ]. MPC
measures the variable x(k) and uses predictive control to determine the future value x (k + 1)

for each potential switching state. After that, the predicted value x (k + 1) and reference value
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x*(k + 1) are used to determine the cost function. The best switching state is ultimately selected
for the cost function's minimum value, and this leads to an increase in the energy quality and
efficiency of the system [/]. MPC is based on the measurements and equations of the system
model. Capacitor voltage V, and grid current Is are the two variables that need to be under
control in 7L-PUC. The flowchart for the MPC applied to the 7L-PUC inverter is shown in
Algorithm, as illustrated in Figure 3.1, the capacitor voltage and the grid currant are measured

for each sample time k.
The voltage vector generated by the inverter is calculated using equation (3.6).
Vinw = (Sa — Sh)V; + (Sb — So)V, (3.6)

Concerning the capacitor voltage,

dv.
i, =C, X d_t2 = —(Sb — Sc) X ig (3.7)

Using these values and forward Euler approximation, the equations V,(k + 1) and Is(k + 1)
were predicted as

T,(Sh — S¢)
Ve 1) = V00 - =522 1wy 9)
I+ 1) = (1= ) 500 + = Vi () = V) 39)

The cost function is expressed as follows:

Where T denotes the sampling time. ki, ko are the weighting factors, which are set
experimentally and are given in Table 3.3, Is(k + 1), I;"(k + 1) are the future behavior of the
grid current and reference respectively, V,(k + 1), V,"(k + 1) are the future behavior and

reference capacitor voltage, respectively.

Algorithm 1: Adopted FCS-MPC Algorithm

1 :function ModelPredictiveControl () Sampling time at T ,Input V, (k) , I¢(k) , V, (k) ,
Vs(k) .

g min&ow,j mne0

2: Loop-1: Computation of predictive control and cost function

forj=0,...,7:

I Predictive model:

I¢(k + 1)(j) & Compute from (3.9)

——
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V, Predictive model:

V,(k + 1)(j) & Compute from (3.8)

Compute g(j)from (3.10)

3: Loop-2: Minimize the cost function

if g(J) < g_min, then

g_min < g(j), j_min < j

end if

end for

4: Switching state

Return Si (Switching state that corresponds to )

end function

3.3  Reference current generation

Figure 3.1 shown a typical block diagram of the reference current generation. To control
the 7L-PUC, simultaneous control of multiple quantities is required. In general, V;, V,, and I
are controlled for a PUC inverter. V; voltage control is separated from the cost function, to
provide a simpler predictive controller and to facilitate the tuning of the weighting function. In
this study, we proposed a control for voltage V;, which is based on the active power equation

provided by the PV panels and the active power injected into the grid.

When a DC-link controller is applied, the DC-link voltage response is divided into two
states: the transient and steady-state responses. Two parameters feature the transient state: the
settling time and overshoot with the required value, whereas the steady-state phase is featured
by only one parameter, namely, the steady-state error. These three parameters must be

minimized to ensure the speed and efficiency of the DC-link controller.

For the first stage (at the DC-DC converter and PV panel set), the active power can be expressed
by Egs. (3.11) and (3.12), depending on whether the losses are negligible.

Pacigeas = IpvVpv = I1V1 (3.11)
Pdcreal = Pdcideal — Pross = IpyVpy — Pioss (3.12)
Where Pdqcideal, Pdcreat and Pioss represent ideal power, real power and losses respectively.

The expressions of the current and grid voltage are given by Egs. (3.13):

51

——
| S—



CHAPTER 3 DUAL-STAGE GRID-CONNECTED PHOTOVOLTAIC-BASED PUC

{Is(t) = V2 sin(wt — @)

Vs(t) = VV2sin(wt) (3.13)

Where ¢ is the phase angle, while V and | are the RMS values of grid voltage and current,

respectively.

For the second stage, at the PUC7 inverter output, the instantaneous power Pac(t) can be

expressed in terms of grid voltage and current, as in Eq. (3.14).
P, (t) = IVcos(p) + [Vcos(2wt — @) (3.14)

As shown in (3.14), P,.(t) is composed of the average value P,, Eq. (3.15), and double-
frequency ripple power B., Eq. (3.16),

P, = IVcos(p) (3.15)
P. = IVcos(2wt — @) (3.16)

When power factor is 1, meaning there is no phase shift, this instantaneous power could be
written as in Eq. (3.17):

P,.(t) =1V + IVcos(2wt) = P, + P,cos(2wt) (3.17)
The average value of the instantaneous power P, is equal to the power Py,

{ By = Py

IoyVpy = IV (3.18)

The purpose of the DC-link controller is to estimate the reference grid current and
stabilize the DC-link voltage V; at the reference voltage value V... In this paper, we propose
deducing the RMS value of the grid current from Egs. (3.12) and (3.18), to stabilize the voltage
V; at V,..¢ and then reduce the tracking error. Eq. (3.12), can be rewritten as Eq. (3.19)

PdCreal _ Pdcideal — Ploss (3.19)
74 V

Then Eqg. (3.19) can be expressed in terms of the reference current, as shown in Eq. (3.20),

Lier = Iref ideat = Iref_toss (3.20)

Where the current lref ideat may be expressed by Egs. (3.21) and (3.22).

PdC' 11V1
Lref idear = ]L/deal = v (3.21)
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Pyc. IpyV,
Leef idear = dCIL/deal = PVVPV (3.22)

To control the DC-link voltage, the ideal reference current I;ef jgea; Must be expressed
by the actual voltage V; and the reference voltage V;..;. So, from Eqgs. (3.21) and (3.22), the

ideal reference current is expressed as Eqg. (3.23),

IpyV,
I = PVV PV (3.23)
ref

By substituting Eq. (3.23) in Eq. (3.21), lref ideal Can be expressed using Eq. (3.24):

IpyVpyVy
Lref idear = W (3.24)
re

Similarly, using Eqg. (3.20), the current Iref 10ss Can be expressed as Eq. (3.25)
Iref_loss = lref_ideal — r (3.25)
Where I* is the RMS value of reference grid current.

By substituting Eq. (3.22) in Eq. (3.25), the expression for the current lret 10ss IS Obtained using
Eqg. (3.26):

IPVVPV %
Iref_loss = % —1

(3.26)

By substituting Egs. (3.25), (3.24), (3.26) and (3.22) in Eqg. (3.20), the final expression for the
reference current is given by Eq. (3.27) as follows:

IpyVpy
ViefV

Lier = (Vi — Vrer) +I* (3.27)

Eq. (3.27) is valid for the steady state, making it possible to guarantee the estimation of
the current injected into the grid, as well as the balance of voltage V; with the reference voltage
Vrer and zero stability error. With regard to the transient state, in this paper, a method is
proposed to reduce the response time and overshoot of the voltage V; for the required V;..r
value, which is achieved by determining the minimum and maximum RMS values of the
reference current from the variation of the capacitor C; voltage as proposed in [11], which is as

follows.

P

€= ———
L7 2nfv,AY,

(3.28)
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Where AV; is the peak-to-peak capacitor voltage variation and f is the grid frequency. The

amplitude of AVj is given by:

IpyVpy
AVi pear = anfv.c, (3.29)

Considering the amplitude of the reference current variation Aly.¢ ¢ peqx, from Egs. (3.11), (3.18)

and (3.29), we get its expression which is given by Eq. (3.30):

(IPVVPV)Z
Alyef peak = m (3.30)

By Eqgs. (3.27) and (3.30), the final expression for the maximum and minimum values of the

RMS reference current are given by Eqg. (3.31) as follows:

{IMAX = |1ref + AIref_zoeakl (3.31)

Iyiny = |Iref - AIref_peakl

Figure 3.4 represents the adaptive reference current estimator proposed to reduce the response

time and overshoot of the DC-link voltage.

(Ipvy x Vpy)/(V1 x V)

Adaptive

I T Estimator

Active power reference generation

Figure 3.4: Adaptive estimator block.

34 Simulation outcomes and discussion

The MATLAB/Simulink offers a flexible platform to validate the entire and underlying
performances of the designed systems. The proposed design inverter, composed of a BP SX120
photovoltaic module to create a photovoltaic array by connecting three panels in parallel and
two in series, a boost converter and single-phase 7L-PUC inverter connected to the grid with
FCS-MPC control, was simulated on the MATLAB/Simulink platform to verify its robustness
and effectiveness. Table 3.2 lists the system parameters used in this study. It should be noted

that T; = 15 ps was the sampling time.
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The simulation results of the steady state operation are presented in Figure 3.5. In Figure

3.5 (a), (b) and (c), the effectiveness of the MPC-MPPT algorithm that controls the converter

to operate at the MPP has been shown to be incorporated into reference current generation.
Where we note the accuracy and speed of reaching the maximum value of voltage V,,p and
current I,p , thus reaching the maximum power of photovoltaic panels Pypp with high
efficiency and excellent quality. The fully conditioned voltage balancing is also demonstrated
in Figure 3.5 (d) by the proposed DC-link controller.

Table 3.2: Test parameters.

Parameters Values
Voltage (Vyp) 67.4V
Current (Iyp) 10.68 A
STC Power (Pypp) 720 W
Grid Frequency (fs) 50 Hz
DC Capacitors (€1 &C5) 2000 pF
Parasitic Resistor (r) 01Q
Line Inductor (1) 2.5 mH
AC Grid Voltage (V) 120V
Converter Inductors (L &L-) 3 mH
DC Voltage Reference (V,.f) 150V
(a) | (c)
1072
720.08 Ppv (W) |
720.05 up T | :
720.04 | 11066 T
720.02 _ _ 110.64 ¢ .
(b) . (d) .
I —V1(V)
67.5
2007 - = =Vref (V)] |
67.4 S AT AT AT A B A e S
673 100
67.2 1
. . 0 . . .
1.2 1.25 1.3 1.2 1.25 1.3
Time (S}I Time {S]

Figure 3.5: Simulation results of MPC-MPPT and active power controller proposed.
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Figure 3.6 shows the starting conditions of the grid voltage and current, inverter voltage
and capacitor C, voltage. Because the capacitor voltage increases from zero to stabilize at the
required value, which is 1/3 of V;, a start circuit is not required. 7-level output voltage is
successfully produced at the PUC inverter output, and the current waveform clearly

demonstrates the rapid dynamic response of the proposed controller.

(@)

200
100

-100
-200

100

-100

200 .
100 — s (A)

0 Is* (A)["
-100 A
_?nn L 1 1 1 1 1 | 1

(d)
ig ; V2 (V)]
0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (s)

Figure 3.6: Simulation results of the grid voltage, grid current, capacitor (C,) voltage and

inverter voltage.

Figure 3.7 shows the reaction of the proposed system with an abrupt change in solar
radiation from 700 W /m? to 1000 W /m? and then to 800 W /m?. The abrupt change in
radiation corresponds to a fast response and low overshoot, where the maximum overshoot is
3.76 V and the voltage V; reaches a steady state within 100 ms, with the perfect equilibrium
voltage of capacitor V; as shown in Figure 3.7 (b). Consequently, the grid current changes with
the change in the reference current, and quickly stabilizes at the desired value as shown in
Figure 3.7 (a). The effect of an abrupt change in solar radiation for capacitor C, voltage and
inverter voltage V;,,, is almost insignificant, due to the accuracy and speed of response of the

proposed controller, as shown by the simulation results in Figure 3.7(c) and (d).
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Figure 3.7: Simulation results of the proposed control for an abrupt change in solar radiation

from 700 W /m?

(Ej)

to 1000 W /m? and then to 800 W /m?2.
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Figure 3.8: Simulation results of the proposed control for a gradual change in solar radiation
from 700 W /m? to 1000 W /m?.

Figure 3.8 shows the reaction of the proposed system with a gradual change in solar

irradiation from 700 W /m? to 1000 W /m?. The gradual change in irradiation was followed by
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a gradual change in AV;, and good tracking of the reference voltage V..., as shown in Figure

3.8 (b). As a result, the grid current changes with the change in the reference current and
stabilizes smoothly at the desired value, as shown in Figure 3.8 (a). However, the capacitor C,

voltage and inverter voltage V;,,, remained almost constant, because of the good tracking

accuracy of the proposed controller, as shown in Figure 3.8 (c) and (d).

160
140 1
120 1
100 1
. | 2 {80
1 15 2 25 3
Time (s)

V2w

T

108 1
-100 "'““ llllll?:lgl)
08 1 1.2 14 1.6 1.8 2 22 24 26 28
Time (s)

Figure 3.9: Simulation results of a P1 controller for an abrupt change in solar radiation from
700 W /m? to 1000 W /m? and then to 800 W /m?2.
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Figure 3.10: Simulation results of a PI controller for a gradual change in solar radiation from
700 W /m? to 1000 W /m?2.
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Figure 3.9 and Figure 3.10 represent the simulation results for an abrupt and gradual
change in solar irradiation respectively, by using a PI controller to regulate V; and estimate the
reference grid current, where the parameters K, and K; are set experimentally and depicted in
Table 3.3. In Figure 3.9 (b), we note that the maximum overshoot voltage of the capacitor C;
is 17.43 V, with a slow response of V; which reaches the steady state within 300 ms. This is
followed by a rise in the grid current and inverter voltage V;,,,, as shown in Figure 3.9 (a) and
(d). In Figure 3.10 (b), the capacitor voltage rises gradually with a fluctuation in tracking the
reference voltage V,..r, and this fluctuation in the capacitor voltage negatively affects the

inverter voltage and grid current, as shown in Figure 3.10 (a) and (d).

Table 3.3: Controller parameters.

Parameters Values
Proportional factor Kp -0.12
Integral factor K, -1.6
Weight factor k4 2.5
Weight factor k, 1.75

3.5  Experimental results

Experimental testing was conducted to verify the simulation results. Hardware in the
loop (HIL) was used to implement the proposed system, as illustrated in Figure 3.1 utilizing a
test bench based on a dSPACE 1104 control board. In the experimental stage, the parameters

used in the simulation are preserved, as listed in Table 3.2, with a sampling time of 50 ps.

Figure 3.11 represents the waveforms of the grid current, grid voltage, capacitor C;
voltage and inverter voltage, respectively. It is important to note that the sinusoidal grid current
and output voltage of the seven-level inverter are in phase with the grid voltage as they are

perfectly generated.

Figure 3.12 illustrates the experimental results of the proposed system for an abrupt
change in solar irradiation form 700 W /m? to 1000 W /m? and then to 800 W /m?2. While
Figure 3.13 depicts the results of the system for a gradual change in solar irradiation from 700
W /m? to 1000 W /m?. The abrupt and gradual changes in the solar irradiation correspond to

a rapid response and ideal balancing of the capacitor C; voltage.

Figure 3.14 and Figure 3.15 represent the experimental results of the proposed system
for abrupt and gradual changes in solar irradiation, respectively, using the PI controller to

regulate V; and estimate the reference grid current. These figures show a slow response, which
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negatively affects the system in terms of capacitor C; voltage and grid current. This reverses

the proposed controller which has proven to be highly efficient.

| .,'I_ i .:. EHARE:

Figure 3.11: Experimental waveforms of the grid voltage, grid current, capacitor (C,) voltage

and inverter voltage.
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Figure 3.12: Experimental waveforms of the proposed system for an abrupt change in solar
radiation from 700 W /m? to 1000 W /m? and then to 800 W /m?2.
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[ [k

Figure 3.13: Experimental waveforms of the proposed system for a gradual change in solar
radiation from 700 W /m? to 1000 W /m?2.
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Figure 3.14: Experimental waveforms of the proposed system with PI controller for an abrupt
change in solar radiation from 700W/m? to 1000 W /m? and then to 800 W /m?2.

These tests show the efficiency of the proposed active power controller on the Pl
controller, as it showed speed and dynamic three times larger from the P1 controller in tracking
the reference voltage and estimating the reference current to the grid. Achieving a low

overshoot of the required value six times less, and a low content of harmonic distortion at
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maximum power given by PV, as shown in Table 3.4. This proves that the injected current

conforms to the IEEE standards and requirements of grid connectivity (THD less than 5%) [1~].

..................................................

Figure 3.15: Experimental waveforms of the proposed system with PI controller for a gradual
change in solar radiation from 700W/m? to 1000 W /m?2.

In Table 3.4, the static performance, in term of the grid current THD, and the dynamic
performance, in term of the DC-link voltage overshoot, regarding the proposed predictive
control and the PI control. The obtained results clearly demonstrate that the proposed controller

outperforms a traditional PI controller.

Table 3.4: Static and dynamic performances.

Maximum overshoot

a gradual
an abrupt change
change
700 to 1000 to 700 to

1000 W /m? 800 W /m? 1000 W /m?

Simulation Experimental (V) (%) (V) (%) (V) (%)

THD% THD%
Proposed
1.41 3.33 03.765 02510 01.935 01.290 00.547 00.365
controller
PI
2.02 3.75 17.430 11.620 12.84 08560 03.270 02.180
controller
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3.6 Conclusion

In this chapter, a novel design of a two-stage grid-connected PV was proposed, using a
high-gain DC-DC converter and a 7-level PUC inverter that are controlled by the MPC-MPPT
and FCS-MPC, respectively. In addition, a novel DC-link voltage controller was proposed
which provides an estimation of the reference current injected into the grid by the direct control
of the PUC inverter power. A comparison was made between the designed controller and Pl
control by simulation and experimental results using a dSPACE 1104 board, where the results
demonstrate good operation of the proposed design with fast response and provision of quasi
sinusoidal grid current with a low THD.
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Chapter 4: Single-Stage Grid-Connected
Photovoltaic-Based qZSlI

4.1 Introduction

This chapter introduces a novel approach that combines Modulated Model Predictive
Control (M?PC) [1-3] with Fuzzy Logic Control (FLC) [4-6] to enhance the management of
the gZSI duty-cycle. By integrating these techniques, we aim to leverage their respective
advantages in controlling both DC and AC variables of the gZSI, thereby improving system
performance and grid integration capabilities. Specifically, the DC variables are regulated using
an FL control unit to enhance speed and accuracy, while the AC variables are managed by an

M?2PC control unit to stabilize switching and enhance grid current quality.

What sets this approach apart is its simplicity and effectiveness. Despite the complexity
of gZSI control, our method employs a reduced number of rules, making it easily implementable
while maintaining high system accuracy and speed. By combining FLC and M?PC, we exploit
the complementary strengths of both techniques to achieve superior control performance in
qZSl-based systems.

To validate the effectiveness of our proposed approach, extensive experimental testing
has been conducted, comparing the results with those obtained using Conventional Modulated
Model Predictive Control (CM?PC) [/, £]. The evaluation criteria include factors such as
current oscillations, control speed, and grid current quality. Through rigorous testing and
analysis, we aim to demonstrate the superiority of our approach in managing the qZSI duty-

cycle and enhancing overall system performance.

The findings presented in this chapter not only contribute to advancing the state-of-the-

art in gZSI control but also have significant implications for the broader field of power

——

65

——'



CHAPTER 4 SINGLE-STAGE GRID-CONNECTED PHOTOVOLTAIC-BASED QZSI

electronics and renewable energy integration. By improving the efficiency and reliability of
gZSl-based systems, our approach has the potential to accelerate the adoption of renewable

energy technologies and contribute to the development of a more sustainable energy future.

4.2  Quasi-Z-Source Inverter Structure

Figure 4.1 illustrates a photovoltaic system consisting of solar panels and a gqZSl
converter connected to the grid. A gZSlI is a type of power electronic converter that plays a
crucial role in energy conversion and control systems. This innovative inverter topology is
designed to overcome the limitations of traditional VVSI [2] and CSI [10]. The gZSI operates by
utilizing an impedance network, typically implemented using a coupled inductor and a
capacitor, to provide a unique feature of voltage buck-boost capability. The gZSI consists of
several key components that work together to enable its functionality. These components

include two capacitors C2 and Cy, and two inductors L» and L1, where Lo=L;1=L, C>=C1=C.

PV Array Quasi-Z-Source Inverter Grid
42 Vo
S _
HLY'I\ AMA H— I+ Lout_abe
1 Ry Cs i) J?Sl 16}53 18}5'5 i

12 T
1+ b T
T Ver L: Rp,
+
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i3S, 1('}5'4 JS}SG Vrid

S1 TS 2TS 3TS 4TS 5TS ﬁT Vgrid,'
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iy ZSVMS6 5
g Y
UL ref TTG TTITT2 5 dg0 2 ref
IncCon for Cost function Laf_re IV fe—"¢-
>+ T Aref Ve
MPPT :|—) FLC | calculation and |« Fle—
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i1 (K [P a0 Vi
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MPPT & Fuzzy Logic Control Modulated Model Predictive Control Reference generation module

Figure 4.1: Structure and the proposed control for PV grid-connected qZSI.

The shoot-through state (ST) and the non-shoot-through state (NST) are the two
operating states of the qZSl, as illustrated in Figure 4.2. When in active mode, the inverter
functions similarly to a VVSI, as shown in Figure 4.3 (b). In ST mode, the two switches within

the same circuit leg are turned on simultaneously.

Assuming that during one switching cycle T, the interval of the shoot-through state is

To, then the interval of the non-shoot-through state is T1; thus, T=To+T1 and the shoot-through
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duty ratio D=To/T. From Figure 4.2 (a), during the interval of the non-shoot-through state T,

we have:
di
Vi = Ld_lil :VPV Ve
Vi = Ve, (4.1)

VDC =Ve1 =V = Ve Ve,

Vgioge =0
where iL1, V1, and Vpy stand for the inductor L current, capacitor Cy voltage, input

voltage and, respectively. L represents the inductor's inductance.

VCQ VCZ

Ak -\t ® AL AAAL T s

MMM
+ - Y 7l T - Y i)
L, fin Cs * L RML Cy
+ - + -
+ R + | R
VPV = C PV +L 2 .2 VDC VPV ;:C PV +L2 L2
- Cr==Ven -

1 T out C"1 ’|j VGl out

(a) Nonshoot- (b) Shoot-through
through mode. mode.

Figure 4.2: gZSI equivalent circuit.

From Figure 4.2 (b), during the interval of the shoot-through state To, one can get:

vV, = L% =Vg, +Vpy,

Vi =Ver 4.2)
Vo =0

Vaioe = (Vo1 +Ve2)

At steady state, the average voltage of the inductors over one switching cycle is zero. From
Egs (4.1) and (4.2), we have

C To(Veo +Vey )+ T (Voy —Vey)

V=V, = =0
T 4.3)
- _To(Vc1)+T1( ch) ~0
Vo=V, = T =
Thus,
1-D
Cl =7 A~ VPV
1‘[2)[) (4.4)
Veo = —VPV
1-2D

From Eq (4.4), the peak dc-link voltage across the inverter bridge is
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T 1
=V =V
“ -1, " 1-2D0 ™

\Y V. +V

oc = Ve1 =BV, (4.5)

B represents the boost factor and D stands for the ST duty-cycle.

4.3  Proposed Controller

Considering the distinctive characteristics of qZSlI, an appropriate control technique
must be implemented to ensure maximum utilization of these features. This paper proposes
M?PC with an FLC of the ST. This combination of controls has been proposed to enhance the
control quality of the Direct Current (DC) and reduce the harmonic distortion of the injected

current into the grid. The suggested system's general controller concept is shown in Figure 4.1.

4.3.1 Modulated Model Predictive Control

M?PC integrates an appropriate modulation scheme into minimizing the Cost Function
within the MPC algorithm. In this study, a modulation scheme designed explicitly for qZSI
control is implemented within the framework of M?PC with SVM for the qZSlI, called the
ZSVM6. The ZSVM6 controller concept is shown in Figure 4.3 (a). To achieve the concept of
ZSVMBG, the firing times were derived by proposing an FLC, as explained in the following
section. In this section, we present the method of extracting traditional time intervals for SVM

by controlling the output current of the converter with an M?PC.

1

. ) BV py r
— J T ! 6

2 D

i
. : Us(001) U6(1015

T T R T
| PR s o 5 ik
Y « r g

(a) (b)

Figure 4.3: (a) ZSVMS6, (b) Switching states of the qZSI.

The mathematical model utilized in this study employs the voltage vector generated by
the inverter, denoted as V, to inject power into the grid voltage Vgrid_«p through an RL filter,

resulting in the predictive equation for the output current. The continuous-time equation for the
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inverter grid interface is represented by Eq (4.6). To make the computation more tractable, the
equation is then transformed into its equivalent discrete-time expression using the forward Euler
method, as provided by Eq (4.7). To further streamline the computation process, each three-
phase parameter is defined within a complex frame of reference represented by (af). This
approach effectively reduces the number of equations from three to one complex equation,

significantly reducing the critical computation time for algorithms such as MPC.

. di
V =ri+l anrid_aﬂ (4.6)

. _ r T 4.7)
i (k+1) = |aﬁ(k){1—l—TS } +T5[v () ~Vyrig_o5() ]

A cost function is formulated to achieve the control objective, which incorporates the output
current of the gZSI.

3 =|fip(k+2) i,k +2) (4.8)

iop(k+1) and i,s(k+1)" stands for the output and reference current of the qZSI.

The cost function is assessed for every prediction in M?PC, taking into account the ST
and the optimal two vectors, to determine the duty-cycles. Three dues, Ji, J2, and Jo, are the
outcome of this examination, where Ts stands for the sampling time. The following defines the

corresponding duty-cycles:

d, =T43,3,/(3,d, + 3,3, +J,3,)
d,=T,J,3,/(3,d, + 3,3, +J,J,) 4.9
dy =TJ,3,/(3,d, + 3,3, +J,3,)

Where J1, J2, and Jo are the cost function of vectors (Uo, U1 and Uy).

4.3.2 Fuzzy Logic Duty Ratio Control

In this work, a new strategy for controlling the shoot-through time of qZSI has been
developed using FLC, and this is without the need for a detailed mathematical model of the
system. Fuzzification, a fuzzy rule base, and defuzzification are the three components that make
up the fuzzy controller. FLC has emerged as one of the best practical applications of fuzzy sets.
The use of linguistic factors as opposed to numerical factors is one of its main features [11, 17].
The FLC approach is based on quality control regulations and depends on the human ability to
understand the behavior of the system. This approach allows for a more intuitive and human-
like control strategy, making it particularly suitable for systems with complex dynamics or

uncertain environments.
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The physical variables input's translation into fuzzy sets is possible through

fuzzification. The variation of the error "AE™ and the error "E" are our two inputs in this

instance, and they are defined as follows:

E=j, . (M- () (4.10)

AE =E(n)—-E(n-1) (4.11)
In the elicitation step, logical connections are established between the inputs and the
output, represented by their respective membership functions as depicted in Figure 4.4. These
membership functions are utilized to determine the inference rules. Subsequently, a table of

inference rules is constructed. Table 4.1 lists the 25 rules that make up the fuzzy D.
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Figure 4.4: Membership function: (a) The error, (b) The variation of the
error, (c) ST duty-cycle.
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Table 4.1: Fuzzy Rule Base.

AE/E | NB NS Z PS PB
NB Y4 NM NB PS PB
NS NS NS NM PS PM
z NB NS 4 PS PB
PS NM NS PM PS PS
PB NB NS PB PM Y4
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4.4 Simulation

The proposed control technique for the studied system has been validated and compared
with CM?PC based on the PI controller through computer simulation using “Simpower
Systems” in MATLAB/Simulink®. Table 4.2 presents the main system parameters. The system
is analyzed separately to monitor the MPP while also independently managing the active power

injection into the grid and observing the dynamic behavior of the controlled parameters.

Table 4.2: Test parameters.

Parameters Values
(Pypp) STC Power 2519W
(Iyp) Current 24.90A
(Vup) Voltage 101.16V
(V gria) AC Grid Voltage(RMS) 60V
(f) Grid Frequency 50Hz
(€C1&C5) qZS Capacitors 4700uF
(1) Line Inductor 10mH
(r) Parasitic Resistor 0.1Q
(L1&L4) gZS Inductors 5mH
(fs) Sampling Frequency 20kHz

The simulation results for the PV-side and AC-side steady-state operations are displayed
in Figure 4.5 and Figure 4.6. In Figure 4.5, we observe the precision and speed at which the
voltage Vmp and current Ivp reach their peak values, consequently achieving the maximum
power output of PV panels Pmpp with remarkable quality and efficiency. As for Figure 4.6 (a),
(b), and (c), they depict the steady-state

behavior of capacitor C, voltage, DC voltage, and grid current, respectively. The
pulsating DC-link indicates the boosting operation, with the system smoothly adhering to the
given instructions and exhibiting no abrupt voltage spikes in the DC-Link. This guarantees the

dynamic performance of the system and adheres to the current limits of the system.
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Figure 4.5: The results pertaining to the PV-side of the proposed control: (a) PV power, (b)
Solar irradiance levels, (c) PV Voltage, (d) Inductance current and inductance reference
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Figure 4.8: PV Voltage waveforms for the change in abrupt solar radiation: (a)
proposed control, (b) CM?PC.

In Figure 4.7, and Figure 4.8, we can observe the response of the proposed system and
CM?PC when exposed to a sudden shift in solar radiation levels, transitioning from 800 W/m?
to 1000 W/m? and then to 800 W/m?. This rapid change in radiation induces a swift system
reaction with minimal overshooting. As visually depicted in Figure 4.7 (a), and Figure 4.8 (a),
current L1, and PV voltage achieve a stable state within just 50 ms, and the maximum change
of current L1, and PV voltage is AI=2.5A and AV=2V, respectively. As for the CM?PC, the
current L1, and PV voltage reach a steady state within 60 ms, and the maximum change in
current, and PV voltage is Al = 6.1A and AV = 7V, respectively. As illustrated in Figure 4.7
(b), and Figure 4.8 (b).
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Figure 4.9: Inductance L1 current waveforms for the change in progressive solar radiation:
(a) proposed control, (b) CM?PC.
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Figure 4.10: PV voltage waveforms for the change in progressive solar radiation: (a)
proposed control, (b) CM?PC.

Figure 4.9, and Figure 4.10, we can observe the response of the proposed system and
CM?2PC when exposed to a gradual in solar radiation levels, transitioning from 1000 W/m? to
800 W/m?2. As shown in Figure 4.9, and Figure 4.10, the maximum change of current L1, and
PV voltage for the proposed method is much smaller than CM?PC.

The proposed system has proven to excel in response speed, surpassing the CM?PC by
16.67%. One of the key strengths of the proposed system lies in its significant superiority over
the CM?PC in terms of the maximum change in L1 current and photovoltaic voltage. The
percentage difference between them amounted to 59.01% and 71.43%, respectively, as shown
in Table 4.3 .This advantage on the PV-side positively impacts the AC-side. As illustrated in
Figure 4.11, the comparison is conducted of the THD ratio of the proposed system's grid current

and the CM?2PC, where the difference between them is 69.21%.

Table 4.3: Comparative analysis of the suggested and CM2?PC methods.

Time to steady-state (T) The maximum change (A)

Current Voltage Current Voltage THD%
(ms) (ms) (A) V)
CM?2PC 60 60 6.1 7 2.89
Proposed
50 50 25 2 0.89
method
The percentage
16.67 16.67 59.01 71.43 69.21

difference (%0)
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Figure 4.11: THD: (a) proposed control, (b) CM?PC.

45  Conclusion
In this chapter, we proposed a novel grid-connected gZSI control system, leveraging a

combination of M2PC and FLC. This approach was compared with CM?PC to evaluate its
performance in regulating a grid-connected PV system. To ensure continuous operation of the
PV system at its MPP, a simple yet effective current-based IncCon-MPPT algorithm was
employed to generate the reference current for the FL controller. This approach facilitated rapid
and efficient tracking dynamics, allowing the system to effectively extract maximum power
from the PV source. The proposed system exhibited exceptional capabilities in both power
extraction and grid integration. It demonstrated the ability to independently inject current into
the grid while maintaining stable operation. Simulation and comparison results confirmed the
robust performance of the implemented control techniques and the efficacy of the proposed
system. Through comprehensive testing and analysis, we have shown that the combined M?PC-
FLC approach offers significant advantages over traditional control methods, such as CM?PC.
Notably, our system achieved superior tracking accuracy, faster response times, and enhanced
grid current quality, thereby improving the overall performance of the grid-connected PV
system. The findings presented in this chapter underscore the importance of advanced control
strategies in optimizing the operation of renewable energy systems. By harnessing the
synergistic benefits of M?PC and FLC, we have demonstrated a promising approach for
enhancing the efficiency, reliability, and grid integration capabilities of qZSl-based PV

systems.
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General conclusion and Future works

Following the energy crisis and environmental problems including pollution and global
warming, research interest has shifted to the development of renewable energy sources.
Renewable energy from sources like solar and wind power is now considerably more prevalent
in the electrical system. Because of their flexibility for distributed production, photovoltaic
systems (PV) are regarded as one of the most popular and efficient renewable energy sources

for local and large-scale power generation.

Making significant advances in the field of power electronic interfaces for grid-
connected photovoltaic systems is the primary goal of this thesis. The new inverters topology—
PUC and gZSI—was selected for this reason. To make sure about the originality of the work
and to avoid repetition of the past work, an extensive literature survey was carried out first. The
literature survey covers a range of topologies employed for interfacing PVs. A part of literature
survey focusses on existing control strategies and modulation techniques. Whereas the last part
addresses grid connected PV systems, that incorporate PUC and qZSI as their power
conditioning unit. The survey was a useful way to determine the research gap in the field of
VSl and gqZSI for PV applications.

In chapter three, a novel design of a two-stage grid-connected PV was proposed, using
a high-gain DC-DC converter and a 7-level PUC inverter that are controlled by the MPC-MPPT
and FCS-MPC, respectively. In addition, a novel DC-link voltage controller was proposed
which provides an estimation of the reference current injected into the grid by the direct control
of the PUC inverter power. A comparison was made between the designed controller and Pl

control by simulation and experimental results using a dSPACE 1104 board.
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Chapter four focused on the design of controllers for a three-phase single-stage grid-
connected PV-fed gZSI. The design involved developing a DC-link current controller, which
allowed MPPT. The MPPT is based on the widely-used IncCond algorithm and can track the
MPP in the order of milliseconds. Control techniques were proposed in this chapter as well. has
been introduce a novel approach that combines FLC with M?PC to managing the duty-cycle of
the gZSI. It has been proposed to integrate these techniques to leverage the benefits they offer
to controlling the qZSI. The DC variables are controlled by proposing an FL control unit to
enhance speed and accuracy. Meanwhile, the AC variables are managed by an M2PC control
unit to stabilize the switching and improve the quality of the grid current. What makes this
approach apart is its simple design, a reduced number of rules, while maintaining high system
accuracy and speed. The effectiveness of this technique has been rigorously tested, and the
results have been compared to the CM?PC regarding its ability to control the gZSI duty-cycle.

Future works

The knowledge presented in this thesis can be expanded through the following proposed future

research projects:

e Creation of enhanced MPPT algorithms that have the potential to increase the amount
of energy gathered from photovoltaic sources, hence raising system efficiency. The
MPPT methods based on artificial intelligence, such as fuzzy logic, neural networks,
and others, offer an excellent avenue for further research.

e Investigation of the effect of partial shading of PV arrays and the effect of reactive
power on the proposed techniques in this thesis.

¢ Improve the performance of the predictive strategy by suggesting a method to determine
the weighting factors for MPC.

¢ Implementation of the proposed control scheme for two-stage grid-connected PV using
a Field Programmable Gate Array (FPGA) control board instead of the dSPACE
platform. Verify the efficiency of the proposed control scheme for single-phase grid-
connected PV experimentally using an FPGA board or a dSPACE platform.
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ABSTRACT

This research work deals with the integration of photovoltaic (PV) energy to the electrical grid by the
design of the power electronic interface. In this context, two topologies are considered, the dual-stage
topology based on a grid-tied multi-level inverter and the single-stage topology based on quasi Z-source
inverter. A two-stage grid-tied PV design based on a high-gain DC-DC converter and a 7-level Packed
U Cells (7L-PUC) inverter, controlled by Finite-Control-Set Model Predictive Control (FCS-MPC) is
presented, with the proposal of a novel model for controlling the DC-link voltage by considering system
losses. The simulation and experimental results demonstrate the high effectiveness of the proposed
control strategy in terms of response time under changes in weather conditions and demonstrate the
feasibility of the proposed strategy. This thesis also introduces a novel grid-tied PV quasi-Z-Source
Inverter (qZSI) control system, which combines the Modulated Model Predictive Control (M?PC) and
Fuzzy Logic Control (FLC) techniques. The proposed control is compared to the Conventional M?PC
(CM?PC) to assess its performance. The proposed control system exhibits rapid and accurate tracking
of the MPP. Additionally, it can autonomously inject current into the grid. Through comprehensive
simulation and comparative analysis, the effectiveness of the proposed system is verified, demonstrating
the high performance of the implemented control techniques. The results underscore the robust
performance of the system in regulating grid-connected PV systems.

Keywords : Photovoltaic; Inverter; Multi-level; PUC; MPC; gZSI; FLC

RESUME

Ce travail de recherche porte sur l'intégration de I'énergie photovoltaique (PV) au réseau électrique par
la conception de linterface électronique de puissance. Dans ce contexte, deux topologies sont
considérées, la topologie a deux étages basée sur un onduleur multi-niveaux connecté au réseau et la
topologie a un étage basée sur un onduleur quasi Z source. Une topologie a deux étages connectée au
réseau, basée sur un convertisseur DC-DC a gain €élevé et un onduleur a cellules U & 7 niveaux (7L-
PUC), commandée par une commande de type FSC-MPC est proposée. Une nouvelle commande du
bus continu est introduite, en considérant les pertes du systeme. Les résultats de simulation et
expérimentaux démontrent la grande efficacité de la stratégie de commande proposée en termes de
temps de réponse aux changements de conditions météorologiques et démontrent la faisabilité de la
stratégie proposée. Cette thése présente également un nouveau systéme de commande d'onduleur PV
quasi-Z (qZSlI) connecté au réseau, qui combine les techniques de commande prédictive modulé (M?PC)
et de commande a logique floue (FLC). La commande proposée est comparée a la M?PC
conventionnelle (CM?2PC) pour évaluer ses performances. Le systéme de commande proposé présente
un suivi rapide et précis du point de puissance maximale. De plus, il peut injecter du courant de maniére
autonome dans le réseau. Grace a une simulation compléte et a une analyse comparative, I'efficacité du
systéme proposé est vérifiée, démontrant la haute performance des techniques de commande mises en
ccuvre. Les résultats soulignent les performances robustes du systéme dans la régulation des systémes
PV connectés au réseau.

Mots clés : Photovoltaique ; Onduleur ; Multiniveaux ; PUC ; MPC ; gqZSI ; FLC
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