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ABSTRACT
The integration of grid-tied solar photovoltaic (PV) systems has become a key
strategy in transitioning towards a sustainable and renewable energy future.
However, the intermittent nature of solar power generation possesses challenges to
power quality, affecting the stability and reliability of the electrical grid. This thesis
aims to address power quality issues in grid-tied solar PV systems by focusing on the
enhancement of multilevel inverter technologies and advanced control methods.
The research begins with an extensive literature review, examining the current state-
of-the-art techniques in power quality improvement for grid-tied solar PV systems.
Multilevel inverters are identified as a promising solution to mitigate power quality
challenges, and various topologies are explored, including five-level T-Type, three
seven-level (PUC, PEC, and K-Type), nine-level CHB, eleven-level PEC, and
thirteen-level ladder-type inverters.
To achieve accurate grid synchronization and harmonic reduction, advanced
modulation techniques such as level shifted multi-carrier, nearest level, and selective
harmonic elimination (SHE) are employed. The thesis investigates the performance
of each multilevel inverter topology using these modulation techniques under various
operating conditions.
Simulation models are developed in MATLAB/Simulink to evaluate the steady-state
and dynamic performances of the proposed multilevel inverter-based grid-tied solar
PV systems. The effectiveness of power quality improvement is analyzed, focusing
on parameters like total harmonics distortion (THD), voltage regulation, and current
harmonics reduction. The simulation results demonstrate the superiority of the
proposed solutions in achieving grid-friendly power injection and reducing voltage

fluctuations.



Moreover, a comparative analysis is conducted to highlight the strengths and
weaknesses of each multilevel inverter topology and modulation technique
concerning power quality enhancement. The findings reveal the most suitable
combinations for specific applications and system requirements.

To validate the simulation results, real-time testing is performed using the OPAL-RT
simulator. The test bench real-time validation experiments validate the simulation
outcomes, providing confidence in the real-world applicability of the proposed
multilevel inverter solutions.

The performance of the grid-tied solar PV systems is assessed in terms of their
response to unpredictable variations in irradiance levels and change in temperature.
The control mechanisms enable robust operation, ensuring consistent power quality
improvement inchallenging environmental conditions.

In conclusion, this thesis presents a comprehensive investigation into power quality
improvement in grid-tied solar PV systems using multilevel inverters and advanced
control techniques. The proposed solutions demonstrate significant enhancements in
power quality metrics, making them valuable assets for the reliable integration of
solar energy into the electrical grid. The research contributes to the development of
more efficient and sustainable renewable energy systems, paving the way for a

cleaner and greener energy future.
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CHAPTER-I

INTRODUCTION

1.1 OVERVIEW

In recent years, there has been a growing emphasis on harnessing renewable energy
sources such as solar photovoltaics (PVs) generation and wind power to complement
traditional fossil fuel-based electricity generation. The aim is to mitigate the
detrimental impacts associated with the combustion of fossil fuels [1]. To ensure
reliable and efficient extraction of power, it is anticipated that a majority of these eco-
friendly power sources are to be connected to the electrical grid [2]. Power electronics
converters assume a significant role in this scenario, acting as integrators that facilitate
the seamless integration of distributed generation into the grid while maintaining high
levels of efficiency and performance [3]-[5]. Given that the utility grid operates on
alternating current (AC), inverters become indispensable components for grid-
connected renewable energy sources [6]. The deployment of these inverters for reliable
power transactions necessitates compliance with the harmonic limit standards set by
the IEEE Std.-519 (2022) due to the discrete switching actions of inverters, which can
result in harmonic distortions. Consequently, the literature reveals various
modifications to inverter structures aimed at meeting these regulations [7].
Overcoming these challenges, multilevel inverters (MLIs) have emerged as a superior
alternative to conventional two-level (2L) inverters in the field of grid integration.
MLIs have not only found widespread use in grid-connected applications but also in
motor drives, traction systems, flexible AC transmission systems (FACTS), high-

voltage direct current (HVDC) systems, and numerous other domains [8].
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Fig. 1.1. Basic components of grid-tied solar photovoltaic system

1.2 STATE OF ART

The global energy landscape has witnessed a remarkable transformation in recent
years, with a significant shift towards the utilization of renewable energy sources.
Among these, solar photovoltaic (PV) systems have emerged as a key player in
sustainable electricity generation. Grid-tied solar PV systems as shown in Fig. 1.1,
which are connected to the utility grid, offer numerous advantages such as reduced
carbon emissions, energy independence, and potential cost savings over the long term
[9]-[11]. However, the integration of renewable energy sources into the grid introduces
various challenges, particularly related to power quality.

As the adoption of grid-tied solar PV systems continues to grow, power quality issues
have become a primary concern for power utilities, system operators, and end-users.
The intermittent nature of solar power generation and varying solar irradiance can lead
to voltage fluctuations, current harmonics, and grid instability. These power quality
issues can adversely impact the performance of sensitive electronic devices, cause

equipment malfunctions, and increase maintenance costs.

The successful implementation of advanced multilevel inverter-based grid-tied solar

PV systems offer several significant contributions:



Enhanced Power Quality: The proposed systems mitigate power quality issues such as
voltage fluctuations and harmonics, leading to a more stable and reliable grid
operation.

Increased Renewable Energy Integration: Improving the power quality of grid-tied
solar PV systems facilitates higher integration levels of renewable energy into the grid,
reducing reliance on fossil fuels.

Cost Savings: By minimizing equipment malfunctions and reducing maintenance
costs, the proposed solutions can potentially lead to economic benefits for both utilities
and consumers.

1.3 GRID-TIED SOLAR PHOTOVOLTAIC GENERATING SYSTEM

Solar photovoltaic (PV) power generation technology has emerged as a prominent
renewable energy source in recent years, offering a sustainable and environmentally
friendly solution to the increasing global energy demand. To efficiently integrate solar
PV generation systems into the power grid, multilevel converters have gained
significant attention due to their ability to address various challenges associated with
conventional converters. This work explores the concept of multilevel converter-based
grid-tied solar PV systems, their advantages, and their potential impact on the future
of renewable energy.

Grid-tied solar PV systems are designed to operate in parallel with the utility grid,
allowing the generated solar PV array energy to be used locally and excess power to
be fed back into the grid. This two-way flow of electricity ensures energy stability and
promotes the concept of net metering, wherein consumers receive credit for the surplus
energy they contribute to the grid. However, integrating intermittent renewable
sources like solar PV array into the grid presents technical challenges like voltage

fluctuations, harmonic distortions, and grid synchronization issues.



A multilevel converter is a power electronic device that synthesizes a desired output
voltage from several levels of lower voltage values. In comparison to traditional two-
level converters, multilevel converters offer distinct advantages, including reduced
harmonics distortion, lower switching losses, and higher voltage capabilities. These
features make them ideal candidate for solar PV generation systems, as they enable
higher power quality and efficient energy conversion.

Several multilevel converter topologies are used in grid-tied solar PV generation
systems, with the most common being the neutral point clamped (NPC)[12]-[13],
cascaded H-bridge (CHB)[14]-[15] and hybrid of conventional topologies, which
offers more levels with reduced switch counts. T-Type, PUC (Packed U-Cell), K-
Type, PEC (packed E-cell), ladder-type, X-type [16]-[21] are some hybrid
configuration, which are used in multi-level converters. The NPC converter provides
multiple voltage levels by clamping the neutral point of the DC link, while the CHB
converter achieves multilevel operation by cascading H-bridge cells. Both topologies
offer excellent scalability, making them adaptable to various system sizes and power
requirements.

Following points show the importance of multilevel converter based PV systems.

e Improved Power Quality: Multilevel converters generate smoother output
waveforms with reduced harmonics content, ensuring cleaner energy injection
into the grid. This leads to fewer disturbances and higher power quality
meeting the IEEE 519 standard [22].

e Higher Efficiency: Lower switching losses in multilevel converters contribute
to higher overall efficiency, leading to better energy utilization and reduced

operational costs.



e Grid Synchronization:  Multilevel converters facilitate  seamless

synchronization ~ with  the grid, enabling quick and stable
connection/disconnection without causing disturbances.

e Voltage Boosting: These converters allow for higher DC voltage levels,
enabling longer strings of solar panels and reducing the current flowing

through the system, which leads to lower resistive losses.

1.4 MULTILEVEL INVERTERS TOPOLOGIES

A multilevel inverter (MLI) is a configuration comprising a collection of
semiconductor devices and isolated voltage sources that are carefully controlled to
generate a voltage waveform with multiple steps, allowing for adjustable and
controllable amplitude, phase, and frequency. MLIs have gained widespread
acceptance due to their remarkable features, including the ability to handle high
voltages while minimizing device stress, reduced switching and conduction losses,
and improved power quality with minimal harmonics distortion. Over time, numerous
MLI topologies have been reported, broadly classified as shown in Fig. 1.2. Among
the various options available, this new work will focus on a few recommended

topologies that are considered both applicable and well-established as classic MLIs.
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Fig. 1.2. Classification of multilevel inverter topologies
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1.4.1 NPC Multilevel Inverter
The Neutral Point Clamped (NPC) converter is constructed by stacking two

conventional two-level (2L) converters on top of each other and connecting them
through series capacitors. To achieve higher power ratings and additional output
voltage levels, the NPC topology can be expanded by incorporating extra power
switches and clamping diodes. However, the number of required clamping diodes
increases significantly as the number of output voltage levels rises. This, coupled with
the growing complexity of controlling the unbalance in the DC-link capacitors, has
posed challenges for industries in implementing the NPC topology for more than three
voltage levels.

1.4.2 Flying-Capacitor Multilevel Inverter

The flying capacitor (FC) topology bears some resemblance to the NPC topology,
although the primary distinction lies in the replacement of clamping diodes with flying
capacitors. Similar to the NPC, the FC topology also requires only four gating pulses.
However, the positions of complementary devices differ between the two topologies.
In contrast to the NPC, the FC topology exhibits a modular structure that facilitates its
seamless extension to higher voltage levels. This modularity provides an additional
degree of freedom in converter control, utilizing numerous redundant states that are
readily available.

1.4.3 Cascaded H-Bridge Multilevel Inverter

A cascaded H-bridge multilevel inverter is an advanced power electronic device used
in high-power applications, particularly in grid-tied solar photovoltaic systems. It
comprises of multiple H-bridge modules connected in series, producing a staircase-
like output voltage waveform with several voltage levels. These inverters offer

superior performance, reduced harmonic distortion, and improved power quality



compared to conventional inverters. The modular structure allows easy scalability and
fault tolerance, enabling continuous operation even with the failure of individual
modules. Cascaded H-bridge multilevel inverters play a vital role in optimizing solar
energy harvesting, enhancing grid stability, and facilitating the integration of
renewable energy into the electrical grid.

1.4.4 Hybrid Multilevel Inverter
Hybrid multilevel inverter topologies, such as T-Type, PUC (Partial Unit Cell), PEC

(Partial Element Capacitor), K-Type, ladder type, X-type have shown great promise
in improving the performance of solar PV array-grid operations. These topologies are
capable of addressing various power quality issues commonly encountered in grid-tied
solar PV generating systems.

Hybrid multilevel inverter topologies demonstrate remarkable performance in solar
PV generation-grid operations. These advanced topologies effectively address power
quality issues, such as harmonics distortion, voltage fluctuations, and power factor
regulation, ensuring smooth integration of solar PV generating systems with the grid.
By enhancing the efficiency and reliability of solar PV generation-grid operations,
hybrid multilevel inverters contribute significantly to the sustainable growth of
renewable energy adoption and the advancement of modern power systems. However,
the specific choice of topology depends on the system's requirements, size, and the
desired level of performance, and careful design and optimization are essential for
achieving the best results.

1.5 MULTILEVEL INVERTER CONTROL SCHEMES

Multilevel inverter control methods in solar PV generation-grid integrated systems
play a crucial role in ensuring efficient energy conversion, grid synchronization, and

power quality improvement. These control methods are designed to manage the



multilevel output voltage levels, regulate the grid connection, and optimize the solar

power injection into the grid.

1.5.1 MPPT Algorithms

As the widely recognized MPPT algorithms exhibit rapid convergence, this research
work utilizes these algorithms. Among various known methods, the perturb and
observe (P&O) and incremental conductance (INC) methods are selected for tracking
the maximum power from the PV array. These techniques introduce small
disturbances (perturbations) to track the maximum power point (MPP) and to
determine the voltage at which, the PV array can deliver its maximum power. Each
PV array is equipped with a dedicated MPPT algorithm and controller to effectively
handle unpredictable variations in irradiance levels, ambient temperature, shading

effects, and other relevant factors.

1.5.2 Multilevel Converters Control Structure

The power extracted from the PV array is fed to the grid by a Voltage Source Converter
(VSC) at unity power factor. The control of the VSC employs a decoupled current
control based on Synchronous Reference Frame Phase-Locked Loop (SRF-PLL) and
a voltage-oriented control with SRF-PLL for the grid synchronization. The SRF-PLL
ensures accurate synchronization with the grid . The performance evaluation is
conducted using MATLAB/Simulink software, analysing both steady-state and
dynamic behaviours. Power quality improvement is assessed using the FFT tool in
MATLAB, while the Total Harmonic Distortion (THD) of the output voltage and
current waveforms at various levels is comprehensively compared. Furthermore, the

results are validated through testing on the OPAL-RT simulator[23]-[25].



1.5.3 Modulation Techniques

Multilevel inverter switching in solar PV-grid integrated systems play a crucial role in
ensuring efficient energy conversion, grid synchronization, and power quality
improvement. The modulation techniques are designed to manage the multilevel
output voltage levels, regulate to the grid connection, and to optimize the solar PV
array power injection into the grid. Here are some widely used modulation techniques
used in multi-level converters.

1.5.3.1 Level shifted multicarrier pulse width modulation

Carrier-based PWM is a PWM technique commonly used in multilevel inverters[26].
It involves comparing a reference sinusoidal waveform with multiple triangular carrier
waveforms to generate the appropriate switching signals. This technique results in a
nearly sinusoidal output voltage with low harmonics distortion, making it suitable for
solar-grid systems, where power quality is crucial.

1.5.3.2 Nearest level modulation

Nearest level modulation is a fundamental frequency switching technique used in
multilevel inverters to control the switching of the power devices. It generates the
nearest output voltage level to the desired reference voltage with round function[27].
In multilevel inverters, the output voltage can be synthesized by combining multiple
voltage levels, and the nearest level modulation ensures that the inverter output closely
matches the desired voltage reference.

1.5.3.3 Selective harmonic elimination (SHE) modulation

SHE control is a modulation technique used to eliminate specific harmonic
components from the output voltage waveform [28]. By choosing appropriate

switching angles, certain harmonics can be cancelled out, leading to a smoother and



cleaner output voltage. In solar PV-grid integrated systems, SHE control is used to

mitigate harmonics distortion and to meet grid code requirements for power quality.

1.6 OBJECTIVES AND SCOPE OF WORK

In this research work, the solar photovoltaic power generating systems formed by

multi-level DC-AC conversion are investigated for the power quality improvement of

injected power to the grid. Various topologies, control, PWM switching techniques are

investigated to achieve the following research objectives.

>

Classification and design of different solar multilevel converters are done for
three-phase grid-tied applications. The power quality improvement is the main
motive for different configurations.

Design, Control and real-time test bench validation are carried out using
MATLAB/Simulink and RT-LAB for different multilevel topologies.

Different modulation techniques such as carrier PWM, nearest level PWM and
SHE PWM are tested towards harmonics improvement of the solar multilevel
converters.

The analysis, design, modeling, control and implementation are carried for several
PV array fed grid tied topologies such as T-Type-5 level, PUC-7 level, K-Type
7-level, PEC 1l1-level and Ladder-Type 13-level towards power quality
improvement of solar photovoltaic power generating applications.

System results of each topology are taken in constant and intermittent solar PV
power profile for proper validation of power flow and system control in closed

loop.
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1.7 OUTLINE OF CHAPTERS

This thesis has following chapters as given here.

Chapter I: This chapter gives general scenario of solar PV array electricity status and
future outlook. The requirement of multi-level inverter and solar irradiation to
electricity generation process, is identified in detail. Multi-level inverter advantages
in comparison to conventional two-level inverters are discussed. The pointwise
research objectives and contribution are introduced with the orientation of the thesis.
Chapter II: The classification and evolution of multi-level converters topologies are
given in detail. The literature survey of MPPT technologies, multi-level inverter
topologies, modulation techniques and inverter control methods, are presented in this
chapter along with identified research areas.

Chapter III: This chapter presents a new modified carrier modulation, which is first
time investigated for five-level T-Type unit template based AC current control for solar
photovoltaic applications. It is tested for harmonics performance with other carrier
techniques. The power quality of solar PV array grid interfaced system is improved
with minimum converter voltage THD. The simulated steady-state and dynamic
performances are validated in real-time test bench.

Chapter I'V: This chapter discusses the seven level PUC and PEC operation for solar
PV generation with asymmetric voltage ratio. PUC converter has given seven level
voltage output. In PUC, the power is fed in the grid with improved power quality and
different modulation schemes i.e. triangular PWM, parabolic PWM and modified new
triangular PWM. Switching states, modeling equations, closed-loop proportional
control and generation of parabolic, modified triangular are thoroughly investigated in
detail. PEC converter has generated seven voltage level output, which is fed to the grid
with phase-opposition (PO), phase-opposition-disposition (POD) and alternate-phase-

opposition-disposition (APOD) orientation of level shifted multi-carrier with the
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objective to select the best modulation for PEC. Switching logic, modelling, solar grid
PEC performance in steady state and varying solar irradiation are thoroughly
presented in detail.

Chapter V: This chapter deals with the seven-level symmetric K type converter’s
testing and execution for steady-state and dynamic conditions. The power flow is
regulated and controlled smoothly with K type arranged switches. Fifth and seven
harmonics are curtailed with SHE modulation scheme. The power quality assessment
is carried out with grid current within the IEEE-519 standard limits.

Chapter VI: This chapter presents the nine level CHB, modulated with integration of
nearest level modulation with third harmonic control for solar PV power generation
applications. Third harmonic injection has improved the fundamental component of
the converter voltage and line voltage harmonics evaluation is made in detail.
Effectiveness of the THI-NLM integrated control is validated by the obtained results
in MATLAB simulator and verified in real-time test bench.

Chapter VII: This chapter deals with the implementation, design and modelling of
eleven Level PEC for PV generating grid tied application. The converter is modified
version of PUC by adding of two sources with bidirectional pair of switches. The
complete control scheme with DC-link voltage of top and bottom PV arrays, resonant
current controllers, and code of NLM is explained for PEC11. The MATLAB and real-
time simulated results of DC and AC side of the PEC11 in steady and varying solar
PV generation conditions are demonstrated by the appropriate findings.

Chapter VIII: This chapter presents the higher level converter of thirteen level for
power quality improvement of solar power applications. It has a ladder structure with
lesser switches for thirteen level output than CHB configuration. The converter

performs excellently in steady state and dynamic conditions. The DC voltage control
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by proportional-integral control and proportional resonant control for the AC side is
discussed. Performance of ladder-type converter in terms of power quality and under
varying environmental conditions is explained in detail.

Chapter IX: This chapter deals with a comparison of different topologies covered in
the work. The topologies used in this thesis for every level is compared with other
similar level inverters [28]-[52] in terms of number of switches, sources, diodes,
capacitors per phase. A detailed comparison is carried for control, modulation
technique, switching frequency and grid-tied application.

Chapter X: This chapter presents the summary of work contributed in the research
work. Based on this research work, it is concluded that these solar PV generation
multilevel converters with the adopted modulation techniques and controls are

superior for solar photovoltaic power generation applications.
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CHAPTER-II

LITERATURE REVIEW

2.1 INTRODUCTION

The best utilization of renewable resources is conversion of energy into electricity
and its integration to the grid. This integration reduces the burden of traditional
energy sources specifically coal, which is major contributor of CO into the
environment. However, electricity generated from renewable needs to be processed
very carefully and it should meet the standards set by the regulator. Power
electronics interface with the electric grid is an important research area and many
related research work is presented by the researchers. The detailed review of
literature for this thesis is done on multi-level power converter topologies, maximum
power point tracking techniques, control of power converter, modulation techniques,
power quality control. The multi-level inverters are reliable, efficient, economical
interface solar PV array-grid interface for medium or high voltage system. This
chapter has a detailed literature review of solar photovoltaic array system, multi-
level converters, MPPT technique for solar panels, modulation techniques, power

quality control of electrical power.

The grid tied solar photovoltaic system covers many aspects like MPPT techniques,
converter topology, DC voltage source/sources and their voltage magnitudes ratio,
modulation techniques, voltage and current control of AC and DC side. The selection
of MPPT technique to extract maximum electrical power from solar panels, is very
important and so the converter topology, PWM for switching, voltage and current
controller. A detailed review of various level inverter topologies with symmetric &

asymmetrical configurations are presented in the following subsections that cover
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basic two level inverters to thirteen level for solar PV generation to grid power

transfer.

2.2 REVIEW OF MPPT TECHNIQUES FOR SOLAR PV ARRAY
APPLICATIONS

The solar irradiation is an irregular phenomenon and varying nature of it affects the
voltage output of solar panels. The I-V characteristic of solar panel clearly shows
that it acts as constant current source for low voltage and constant voltage source for
high voltage. It is very important to extract maximum power from the solar array to
maximize the solar energy utilization. The maximum power extraction is a big
challenge and researchers have developed various methods, referred as maximum
power point tracking (MPPT). There are various methods available for MPPT such
as perturb and observe (P&O) or hill climbing method, incremental conductance
(IC), fractional short circuit current (FCC), fractional open circuit voltage (FOCV),
ripple correlation control (RCC) are categorised in classical methods. Fuzzy logic
(FC) controller, artificial neural network (ANN), sliding mode (SM) controller,
Gauss-Newton approach based methods fall under the intelligent MPPT techniques.
The particle swarm optimization (PSO), Grey wolf optimization (GWQO), ant colony
optimization (ACOQO), are some optimization techniques, which have high speed
convergence. Besides these three categories there are some hybrid techniques, fuzzy
particle swarm optimization (FPSO), GWO-P&O, PSO-P&O, which have the
advantage of fast convergence and low oscillations. The intelligent algorithms are
accurate techniques but response time of these methods is high. However,
conventional methods are fast and robust so these methods have a widely
employment in solar PV-power generation applications. Among the basic MPPT
techniques, P&O and IC methods are most popular and applied in commercial and

industrial applications. The P&O and IC methods track maximum power point
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(MPP) by introducing small perturbations so that maximum power is extracted from

solar PV array. Table 2.1 here shows the detailed review of MPPT techniques for

solar PV applications.

Table 2.1 MPPT techniques reviewed

S.N.

Ref

Description

[29]

It proposes an enhanced adaptive perturb and observe (EA-P&O)
maximum power point tracking (MPPT) algorithm for the photovoltaic
system.

[30]

It proposes a MPPT technique, which is a hybrid between the adaptive
perturb and observe and particle swarm optimization (PSO).

[31]

The proposal suggests altering the MPPT (Maximum Power Point
Tracking) algorithm to incorporate a random selection of the sampling
rate, fluctuating between fast and slow values.

[32]

It introduces an improved incremental conductance (IC) algorithm
based on the mathematical residue theorem.

[33]

It proposes the P&O MPPT for constant power generation in PV
systems.

[34]

Falcon optimization algorithm is introduced in this paper for the
tracking of global maximum power point and implemented for the
partial shadind conditions.

[35]

In this paper, a novel approach is introduced, combining the Perturb and
Observe (P&0O) MPPT algorithm with Particle Swarm Optimization
(PSO), which is enhanced with an improved search space.

[36]

Novel generic maximum power point (MPP) tracking technique,
compatible with a wide range of transducers is presented in this work.

[37]

In this work, a Variable Step Size ANN-based MPPT technique is
adopted. It is compared with the other MPPT techniques in terms of
steady-state behavior, settling time of converter power, power point
tracing speed, oscillations of MPP, and operating efficiency.

10

[38]

Global maximum power point tracking strategy is implemented in a
efficient grid-tied PV inverter, which deploys one sensor each for
voltage and current.

11

[39]

An advanced technique called Higher Order Sliding Mode Observer-
based Integral Sliding Mode Control is applied for Maximum Power
Point Tracking (MPPT) in a closed-loop DC microgrid. This approach
guarantees a smooth and chatter-free output voltage.

12

[40]

This work introduces a novel algorithm designed to discover the global
maximum power point by integrating two commonly used MPPT
algorithms typically employed in uniform solar conditions.

13

[41]

A refined INC-MPPT technique is developed specifically for the boost
converter, enabling enhanced energy extraction from solar PV modules.

14

[42]

A MPPT, which offers rapid convergence and small oscillations is
derived from the golden section search, P&O, and INC methods to
achieve faster convergence and smaller oscillation,
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15 | [43] | A Proton Exchange Membrane Fuel Cell (PEMFC) system is equipped
with a predictive maximum power point tracking mechanism.

16 | [44] | a three-point model driven peak power tracking is adopted in this work,
which extract peak power in both normal and partial irradiation
conditions.

17 | [45] | The perturb and observation method is applied to the single input
multiple output solar PV converter.

18 | [46] | It investigates MPPT based on adaptive neuro-fuzzy inference system
implementation to photovoltaic based battery charger.

19 | [47] | It studies the fuzzy logic controller is adopted in MPPT for high voltage
gain dc-dc converter control.

20 | [48] | A new adaptive back-stepping neural network controller to extract peak
power in real time, is discussed in this work.

2.3 REVIEW OF MULTILEVEL INVERTER TOPOLOGIES FOR SOLAR
PV ARRAY APPLICATIONS

Multilevel inverters have gained significant attention in recent years due to their
ability to generate high-quality output voltages with reduced harmonic distortion.
These power electronic devices synthesize a desired output voltage by combining
multiple levels of DC voltages, offering numerous advantages over conventional

two-level inverters.

There are several multilevel inverter topologies that have been developed and
studied extensively. One popular topology is the Neutral Point Clamped (NPC)
inverter, which utilizes capacitors to provide multiple voltage levels at the output. By
using this topology, the voltage stress on the switches is reduced, leading to
improved efficiency and lower switching losses. Another commonly used topology
is the Flying Capacitor (FC) inverter, which employs capacitors connected between
the DC sources to generate multiple output voltage levels. The FC inverter offers
advantages such as lower component count, reduced switching losses, and improved
voltage balancing compared to other topologies. The Cascaded H-Bridge (CHB)

inverter is another popular choice, where multiple H-bridge modules are connected
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in series to generate a stepped voltage waveform. The CHB inverter provides a high
number of voltage levels and has excellent voltage waveform quality, making it
suitable for high-power applications. Additionally, the asymmetric cascaded
multilevel inverter is an emerging topology that utilizes different DC voltage sources
to generate output voltage with fewer switches compared to the CHB inverter. The
asymmetric multi-inverters offer improved efficiency and reduced complexity,

making it a promising option for multilevel inverter applications.

Overall, multilevel inverter topologies have demonstrated significant advancements
in power electronics, enabling high-voltage, high-power applications such as
renewable energy systems, electric vehicles, and motor drives. Continued research
and development in this area are expected to lead to further improvements in
efficiency, reliability, and cost-effectiveness of multilevel inverters, expanding their
applications in the future. Table 2.2 here shows the extensive review of multilevel

topologies for various applications.

Table 2.2 Multilevel Inverter topologies reviewed

S.N. | Ref Description

This article proposes a 9 level double boost common ground type flying

. [49] capacitor multi-level inverter topology with no leakage current.
5 [50] The paper intrc_)duces a curre_nt-bas_ed sliding mode control technique
tailored for a filter-less multilevel inverter.
This paper investigate a new nine-level ANPC-based inverter, which
3 [51] | needs a low number of switches compared to other symmetrical
inverters.
This paper proposes a single DC source based double level-doubling
4 [52] | network high-resolution multilevel inverter for the central inverter
application.
5 53] It discusses the CHB inverter operation with trapezoidal PWM for

equal power sharing in power cells.

6 [54] It proposes the NPC topology for the reduction of leakage current

This work proposes a single-stage switched-capacitor topology for
7 [55] | multilevel inverter to ,maintain the peak inverse voltage of all switches
within the dc source voltage
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This paper presents single phase PUC inverter with different

8 [56] modulation schemes.

This paper presents nine-level PEC (PEC9), which is formed by seven
9 [57] | active switches and two dc capacitors and it makes use of a single dc
link.

10 | [58] This paper presents a thirteen level inverter with boost factor 6 and
improved performance with reduced voltage ripples.

11 | [59] | This work discusses the the hybrid modular multilevel converter to
improve the overall efficiency.

12 | [60] | It proposes five level switched-capacitor multi-inverter with capability
of output voltage boost and leakage current elimination.

13 | [61] | A novel multilevel inverter topology for medium voltage is discussed
which is formed by several conversion units.

14 | [62] | This article proposes eleven level multi-level inverter consist of two
hal-bridge, one full bridge and one switched capacitor for medium
voltage applications.

15 | [63] | This paper presents single source thirteen level inverter topology
formed by a three-level T-type neutral point clamped (NPC), half-
bridge, and three-level switched-capacitor converter.

16 | [64] | This article presents switched-capacitor thirteen level multilevel
inverter which offers voltage boost of six times.

17 | [65] | This paper discusses the fifteen level inverter formed by the just eight
switches and one DC source for renewable energy applications.

18 | [66] | This article discusses a three triple voltage gain seven level inverter,
which has the ability of DC link capacitors voltage control.

19 | [67] | This article discusses the a new hybrid three phase multilevel inverter
with transformer.

20 | [68] | This work investigates the level-shifted PWM for THD reduction in a
eleven level cascaded H-Bridge inverter.

24  REVIEW OF MODULATION TECHNIQUES FOR SOLAR PV
GENERATION APPLICATIONS

Pulse Width Modulation (PWM): Pulse width modulation is the most commonly
used modulation technique in multilevel inverters. It involves varying the width of
the output pulses to control the average output voltage. In multilevel inverters, PWM
techniques are implemented by comparing a high-frequency carrier waveform with a
reference waveform. By comparing these two waveforms, the switching signals for
the power electronic switches are generated. The most popular PWM techniques for
multilevel inverters include sinusoidal PWM (SPWM), selective harmonic

elimination PWM (SHEPWM), and space vector PWM (SVPWM).
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Sinusoidal Pulse Width Modulation (SPWM): SPWM is a widely used modulation
technique in multilevel inverters. It aims to synthesize an output voltage waveform
that closely resembles a sinusoidal waveform. In SPWM, the reference waveform is
a sinusoidal waveform, and the carrier waveform is a high-frequency triangular
waveform. By comparing the instantaneous values of the carrier and reference
waveforms, the switch control signals are generated. SPWM offers good harmonic
performance and low switching losses but suffers from low modulation index

capability.

Selective Harmonic Elimination Pulse Width Modulation (SHEPWM): SHEPWM is
a modulation technique that aims to eliminate specific harmonics from the output
voltage waveform. By selecting appropriate switching angles, SHEPWM can
eliminate specific harmonic and improve the overall output waveform quality. This
technique requires solving a set of nonlinear equations to determine the switching
angles that achieve harmonic elimination. Although SHEPWM offers excellent
harmonics performance, it is computationally intensive and requires a higher number
of switching levels. Space Vector Modulation (SVM): SVM is an advanced
modulation method applied in multilevel inverters. It is derived from the concept of
the space-vector position and offers a good compromise between harmonics
performance and complexity. In SVPWM, the reference voltage vector is
decomposed into multiple voltage vectors in the space vector diagram. By selecting
the appropriate voltage vectors and the switching times, the output voltage waveform
can be synthesized. SVPWM provides a higher modulation index capability and
improved harmonics performance compared to SPWM. Table 2.3 here shows the

modulation techniques and review of the solar PV array generation topologies.
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Table 2.3 Reviewed modulation techniques

S.N. | Ref Description

1 | [69] A sine pulse width modulation (SPWM) is employed in this paper to
drive switches, and switching pattern is mainly focused to balance the
capacitors and to balance capacitor charging/discharging.

2 | [70] This paper discusses the generalized theory of phase-shifted carrier
pulse width modulation for cascaded H-bridge converters and modular
multilevel converters.

3 This article introduces a cascaded packed U-cell multilevel converter,

[71] o - :
which is operated at low-frequency switching, using the nearest level
modulation technique.
This article presents a novel method that utilizes the Selective

4 |72 Harmonic Elimination-Pulse Width Modulation technique over a wide
range of modulation indices. This approach enables the attainment of a
high-quality output waveform in a cascaded H-bridge multilevel
inverter.

This paper discusses the current state of the art in two-level Space

5 | [73] | Vector Modulation and extends it to 3-Level SVM. It includes a
comparative analysis of the performance of 3L SVM with other Multi-
Carrier Pulse Width Modulation techniques.

6 | [74] | This article reviews the various modulation techniques and challenges
associated with it.

7 |[75] | A low frequency hybrid modulation of phase shift and selective
harmonic PWM is proposed in this article.

8 | [76] | This paper discusses the modulation ratio in details for the modular
multi-level converters.

9 | [77] | This paper proposes modulation technique to reduce insertion time of
submodules.

10 | [78] | This article discusses a simple and low-computational-cost modulation
technique for multilevel cascaded H-bridge converters.

11 | [79] | This article dicusses the phase-shift and the step wave modulation
techniques implementation to symmetrical cascaded H-bridge
multilevel inverter.

12 | [80] | This paper studies the challenges faced by low device switching
frequency and improvement in the same.

13 | [81] | It explores further development of pulsewidth modulation techniques
for the current fed multi-level converters.

14 | [82] | This paper proposes the injection of the third harmonic to mitigate the
second harmonic current.

15 | [83] | In this article fuzzy logic is proposed to implement the traditional
modulation methods which uses the the logic gates.

16 | [84] | A dual inverter with battery and capacitor as a power source with space
vector modulation method is dicussed in this article.

17 | [85] | It reviews modulation techniques of fundamental switching frequency
implemented in multilevel inverters.

18 | [86] | It discusses the implementation of fuzzy logic based switching device.
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19 | [87] | This paper reviews various normal and modular multi-inverters with
different modulation methods.

20 | [88] | This article discusses the role of modulation techniques in power
quality improvement and DC link utilization.

24 REVIEW OF INVERTER CONTROL SCHEME FOR SOLAR PV
POWER GENERATION APPLICATIONS

Grid synchronization is a crucial aspect of multilevel inverter control when it comes
to connecting them to the utility grid. Various control methods have been proposed
to ensure accurate grid synchronization and power injection. One commonly used
approach is the phase-locked loop (PLL), which tracks the grid voltage and generates
a reference signal for synchronization. Different PLL variants, such as synchronous
reference frame PLL and enhanced PLL, have been studied for multilevel inverters.
Additionally, advanced control techniques like model predictive control and adaptive
control have been explored to enhance grid synchronization accuracy and robustness.
A review of these multilevel inverter grid synchronization control methods provides
valuable insights into their performance, stability, and applicability in grid-connected
applications as shown in Table 2.4.

Table 2.4 Reviewed Inverter control methods

S.N. | Ref. Description

1 | [89] This article presents a model predictive control with discrete time
control of grid integrated ANPC multilevel converter.

This article explores the application of a neutral-point-clamped
multilevel converter in grid-connected solar Photovoltaic systems. It
2 [90] | introduces a new voltage balancing converter to address voltage
imbalances and enhance the performance of the multilevel converter in
the PV systems.

The paper focuses on the control of a single-phase cascaded H-bridge
3 [91] | multilevel inverter specifically designed for grid-connected
photovoltaic systems.

This work uses model predictive control to control the thirteen level

4 | [92] L

solar-grid integrated system.

This study introduces hysteresis control applied to the UXE-type
5 [93] inverter topology, incorporating a Pl controller. The gains of the PI

controller are determined through Particle Swarm Optimization (PSO)
to enhance the performance of the inverter.
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This paper discusses about unit template based AC current control
using two methods: phase information from phase locked loop and

6 [94] voltage peak estimation method.

This paper presents a comparative study of discrete proportional

y [95] int_egral an_d proportional resonant current control for single-phase
uninterruptible power supply inverters.

In this paper, a fast and robust D-Q method for current control is

8 [96] | introduced for the purpose of regulating the output power of single-
phase grid-connected inverters.

This paper introduces a finite-control-set model predictive control

9 [97] | technique specifically designed for grid-tied packed U-Cells multilevel
inverters.

A comprehensive control scheme for multi-microgrid system is

10 | [98] | presented in this work, which compensates harmonics due to non-
linearity in the loads.

11 | [99] | The control scheme consist of proportional-integral, artificial neural
network and fuzzy logic is presented in this work for a fifteen level
multi-level converter.

12 | [100] | This article implements closed loop current control and presents
dynamic analysis in a solar panel companion inverter.

13 | [101] | This work presents self-voltage balancing control for five level active
neutral point clamped switched capacitor inverter.

14 | [102] | This article presents the method of designing current controller for a
grid-tied five-level packed U-cell inverter with LCL output filter.

15 | [103] | This paper presents model predictive control as an alternative control
strategy for H-bridge neutral-point-clamped converter for grid-
integrated string solar PV systems.

16 | [104] | In this paper, a robust and adaptive sliding-mode (SM) control
approach is proposed for a grid-connected solar photovoltaic system
that utilizes a cascaded two-level inverter.

17 | [105] | The mixed staircase-pulse-width-modulation by using the sorting
algorithm to decide cell’s switching state is presented in this paper.

18 | [106] | It discusses the control stucture based on multi-level energy buffer and
voltage-modulator for micro-inverters.

19 | [107] | This paper presents the control of two cascaded full bridge inverters
with different DC-link voltages.

20 | [108] | This article discusses the the active power transfer by the band

stopmgeneralized integral control and enhanced phase-locked-loop for
grid synchronization.

The comparison of the presented topologies from five level to thirteen level is done

with similar level topologies: five level T-Type with other five level topologies

discussed in [109]-[115], seven level PUC, K-Type and PEC with other seven level

topologies discussed in [116]-[119], nine level CHB with the other similar level
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topologies [120]-[123], eleven level PEC with other eleven level topologies

presented in [124]-[130] and thirteen level ladder type with other similar level

topologies presented in [131]-[135]. Multilevel inverters offer several advantages

compared to traditional two-level inverters, primarily due to their ability to

synthesize waveforms with higher voltage levels. Some advantages of having more

levels in multilevel inverters are tabulated here,

Table 2.5 Comparison of two level with multilevel inverters

S.N. | Disadvantages of Two Level Inverters | Advantages of Multilevel Inverters
1 THD is high due to square waveshape | THD is low due to stepped
of output voltage. waveshape of output voltage.
2 Low voltage handling capacity as high | High voltage handling as high
voltage cause more voltage stress voltages are generated by stacking
multiple voltage levels.

3 High Z—‘; and electromagnetic | Low Z—‘: and  electromagnetic
interference interference

4 Two level inverters are operated at high | Multilevel inverters operates at lower
frequency which leads to high switching | switching frequencies compared to
loss and poor efficiency. two-level inverters.

5 Modularity and scalability is not | Multilevel inverters can be designed

possible.

in a modular fashion, allowing for
easier scalability by adding more
levels or modules.

IDENTIFIED RESEARCH GAPS

Following research gaps have been identified from the outcome of the literature

review.

Design, control and real-time execution of five level T-type multilevel

converter for solar PV array power generation applications.

Design, control and real time execution of PUC and PEC type seven level

converter for solar PV array power generation applications.

Design, control and real-time execution of K-Type symmetric seven level

converter for solar PV array power generation applications.
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e Design, control and real-time execution of cascaded H-Bridge nine level
converter for solar PV array power generation applications.
e Design, control and real-time execution of packed E-Cell (PEC) eleven level
converter for solar PV array power generation applications
e Design, control and real-time execution of ladder type thirteen level
converter for solar PV array power generation applications
25  CONCLUSIONS
In this literature review, state-of-the-art on MPPT techniques are explored and
multilevel inverter topologies, modulation techniques, and control methods are
reviewed for various applications, particularly in the context of renewable energy
systems. The findings indicate significant advancements and a growing body of
research in these areas, demonstrating their importance in achieving efficient power
conversion, improving grid integration, and optimizing energy generation.
Regarding MPPT techniques, it has been observed that conventional methods such
as Perturb and Observe (P&O) and Incremental Conductance (INC) remain widely
used due to their simplicity and effectiveness. However, more advanced techniques
based on algorithms like artificial intelligence (Al), fuzzy logic, and neural networks
have shown promising results in enhancing the efficiency and tracking accuracy of
MPPT algorithms.
Numerous MLI topologies, such as Neutral-Point Clamped (NPC), Cascaded H-
Bridge (CHB), and Flying Capacitor (FC) inverters, have been extensively
investigated. The topologies emerging from the hybridization of traditional
configurations are explored for solar PV-grid integrated applications. Each topology

exhibits specific advantages and limitations in terms of complexity, cost, efficiency,
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and harmonic performance. The choice of topology depends on the requirements of
the application and the trade-offs between these factors.

Modulation techniques play a crucial role in multilevel inverters to synthesize high-
quality output waveforms with reduced harmonics. Pulse width modulation (PWM)
techniques, including carrier-based PWM (CBPWM), nearest level modulation, and
selective harmonic elimination (SHE), have been extensively studied. Each
technique offers advantages and challenges in terms of switching losses, harmonics
distortion, and complexity.

Lastly, control methods for multilevel inverters have witnessed significant
advancements. Traditional control approaches, such as proportional-integral (P1) and
proportional-resonant (PR) control, have proven effective in ensuring stable and
reliable operation. Further research is needed to explore the integration of these
advanced control methods with multilevel inverters, considering the requirements of
renewable energy systems, grid integration standards, and power quality regulations.
In conclusion, this literature review highlights the significant progress made in
MPPT techniques, multilevel inverter topologies, modulation techniques, and control
methods. However, several research gaps and future directions exist, including
optimal topology selection, advanced control strategies, improved modulation
techniques, fault detection and protection, scalability and expandability, reliability
and durability, cost-effectiveness, and manufacturing. Addressing these gaps is to
contribute to the development of more efficient, reliable, and cost-effective systems
for renewable energy integration and grid fed operation. Future research efforts
should focus on these areas to further advance the field and accelerate the adoption

of these technologies in practical applications.
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CHAPTER-III

CONTROL AND DESIGN OF FIVE LEVEL T-TYPE
MULTILEVEL CONVERTER FOR SOLAR PV GENERATION
APPLICATIONS

3.1 INTRODUCTION

In this chapter, the design, modelling and control of a modulation method with
newly developed carrier signal is presented. This scheme is operated at low
frequencies for the total-harmonics-distortion (THD) mitigation of three-phase five-
level T-type multilevel inverter are carried out for solar PV grid-tied generation
system. The proposed work is implemented without any DC-DC conversion state,
which has reduced the overall cost and complexity. The control algorithm of this
work consist of DC and AC side control. The DC-link voltage is maintained to the
reference value equal to maximum power point voltage while AC side control
consists of the comparison of grid current to the equivalent DC reference current.
The outer loop of DC voltage control consists of MPPT controller for each PV array
and P&O algorithm is implemented to track the reference voltage at maximum
power point. The inner loop of current control for active power transfer, is attained
by the unit template control method with the level shifted new low-frequency
multicarrier pulse width modulation. The harmonic filter of low inductance is placed
between the grid and the converter. The simulation of this system is done on
MATLAB/SIMULINK and findings are validated in real-time simulator OPAL-RT.
The solar PV generation system is operated in steady state and transient conditions
and results are discussed in detail in this chapter. The operating performance is

verified in accordance with the IEEE-519 standard. The system configuration,
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applied control, results, modelling are discussed in various sections of this chapter.
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Fig. 3.1. Five level T-Type SPV system

3.2 SYSTEM CONFIGURATION OF FIVE LEVEL T-TYPE
CONVERTER FOR SOLAR PV GENERATION SYSTEM

The five level T-type solar converter configuration is shown in Fig. 3.1, which
comprises of total six solar arrays and each array generates 6.3 kW power at MPP.
This MLI topology has six number of switches in each phase where four switches
S1-S4 form the H-Bridge power cell and S5-S6 act as a bidirectional directional
switch. The stepped converter output voltage is fed to the harmonic filter, while two
solar PV arrays in each phase power the inverter. The solar panel voltage Vev1 and

Vpv2 add up to generate the positive peak levels (Vpvi + Vpv2) and negative peak
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levels (-Vev1 - Vpv2) while Vevi & -Vpv2 do generate first level first level in negative

Table 3.1 Switching states for T-Type SPV converter

S1 S2 S3 S4 S5 S6 \oltage level
On Off Off On Off Off (Vpvl + Vpv2)
Off Off Off On On Off Vpvl
On On Off Off Off Off 0
Off On Off Off Off On -Vpvl
Off On On Off Off Off -(Vpvl + Vpv2)

and positive half cycle, respectively and zero level is generated by the bypass of all

switches. The detailed switching sequence is tabulated in Table 3.1.

The KVL equation for the T-Type SPV converter is represented as,

V. v —ir +L b (3.1)
dt

conx

Where x stands for phase ‘a’, ‘b’ and ‘c’, Vcon and Vx are converter and grid voltage

respectively, r and L are resistance and inductance of interfacing harmonic filter.

3.3 CONTROL STRATEGY OF T-TYPE FIVE LEVEL CONVERTER
FOR SOLAR PV GENERATION APPLICATIONS

Fig. 3.2 depicts the adopted control scheme of T-Type SPV converter, which insures
maximum solar power extraction from the six solar-arrays by the MPPT controllers
employed in every array. The control scheme ensures power fed to the grid under all

solar-irradiance conditions. The adopted control scheme is divided into three
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subsections. The system specifications are shown in Table 3.2.
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Fig. 3.2. The control scheme of T-Type inverter

Table 3.2 System Parameters

S

Symbol Parameter Value
Vou :)/c:)ilrf?ge of solar panel at Maximum power 197 .88V
Loy gcl)Jirnrfnt of solar panel at maximum power 31.88 Amps
(Ppv)phase Power/phase of solar panel at maximum power point 12.616 kW
Py Total Povyer of solar panels at maximum 37850 KW
power point
Pgrid Power fed to grid ( at 97% overall efficiency) 36.714 kW
Vgp Peak grid phase voltage 338.8 V
lgp Peak grid Phase Current 7224 A
L Interfacing inductor 3.5 mH
fsworfr Or 1/Ts  Switching frequency 500 Hz
Kp,Ki Gain of Modulating signal PI Controllers 0.008,0.001
Kp, Ki Gain of DC link controllers 4.9, 0.48
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3.3.1 MPPT Control

The widely adopted algorithm perturb & observation (P & O) is employed to track
the reference voltage corresponding to the maximum power point (MPP). This
algorithm works by varying the reference voltage perturbs and monitor the power
change as observer. The execution of this algorithm takes place in steps of increasing
reference voltage until MPP is reached. The MPP voltage determined from MPPT
controller acts as a reference for DC-link capacitor voltages in each solar-array. The

equations of this controlled voltage regulation are expressed as,

Iy W) =1, U-1)+Kp(e,, (U)-e,, U-1)+Ke,, (U) (3.2)

o, (W) =14, (U-1)+Kp(e,,, (U)-€,,, U-1)+K;e,,, (U) (3.3)
Where,

Cerx = Vrerix ™ Vactix» €cox = Vrerox ™ Vactax (3.4)

The total phase reference current is obtained by the addition of current of voltage

balance controller.

=gy, T (3.5)

'dref _x d2x

This reference current regulates the active power into the grid by balancing the
capacitor voltages in accordance with the solar-irradiance level.
3.3.2 Unit Template Inverter Control

The T-Type inverter synchronization with the grid is achieved by the unit template

control method. The unit-template of grid phase-voltage are determined as,

<
<

n
' Yeu
Vp VD

v, = -y, =y :\\//ﬂ (3.6)
p
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These unit templates and reference DC current give grid reference currents as,

i.”= 1, phasea*v,, i = | B*V,,,i | .. phaseC*v,, (3.7)

dref , phase C*:
These AC reference currents are used to generate the modulating Mac The
sinusoidal modulating signals act as reference signals with level shifted multi-carrier
PWM. The modified triangular wave is used as a carrier to improve the power

quality. The generation of new multi-carrier signal is discussed in next section.
3.3.3 New Multi-carrier Modulation Scheme

The level shifted multi-carrier sinusoidal pulse width modulation is a popular PWM
method that compares the high frequency triangular carrier wave with reference
sinusoidal and generates the switching pulses of inverter. Researchers have adopted
many variations of level shifted carrier such as phase disposition (PD), phase
opposition disposition (POD) for improvement of power quality. Many researchers
have used carrier signal waveform other than triangular waveform. They have used
parabolic shape for carrier, which has been generated by mixing of two signals. The
new multi-carrier signal used in this work is a modified triangular wave, which is
created by the integrating the two signals: pulse and triangular. Fig. 3.3(a) shows the
schematic to generate the new multi-carrier signal. The triangular and modified

triangular signals are shown in Fig. 3.3(b).

A triangular wave of five hundred Hertz and a pulse signal (2000 Hz) scaled by
constants ‘A’ and ‘B’ respectively are added and resulting signal is scaled by the
factor ‘C’. The value of ‘A’, ‘B’ & ‘C’ decide the amplitude of modified while the
frequencies of synthesized and triangular wave are same. The equation for the
modified wave is formulated as,

Winog =l Weri (F1)* A+ W (F2)*B)*C]| (3.8)

pulse
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New modified wave shape is achieved by integration of pulse function, however, the
triangular wave frequency or modulation index doesn’t change that is wave shape of
triangular carrier is modified without changing its frequency. The frequency

modulation index is given as.

carrier frequency f,

My = mod ulating signal frequency B (3.9)

mod

Fig. 3.4 validates of no change of time-period Ts, frequency of 500 Hz of modified
carrier wave and modulating signal 500/50 that is equal to 10. This carrier signal
created the four level shifted multi-carrier waves, which generate the five voltage
steps at the multilevel inverter output. Fig. 3.4 shows four level shifted carriers that
accommodate full reference sine wave signal for modulating index 10. This new
multi-carrier scheme can be applied to the other higher levels also. The modified
triangular wave is generated by the suitable selection of the frequencies f; and fo.
The shape of the carrier depends on the pulse signal frequency f, while change in the
ficauses the change in modulating signal. In this work, low frequency of 500 Hz is
selected for carrier signal and 2000 Hz pulse signal is integrated in the triangular
wave. This technique is applied to five level T-Type converter for achieving the

enhanced power quality.

Triangular IA\

Carrier |
Generator

Pulse
Generator

New Modified - New
Carrier Carrier 1
New
shifter |05 P L& Catiler 2

T New
Shifter 1 \_D—V Carrier 3

= New
Shifter |1.5 Carrier 4




Amplitude

Amplitude

(b)
Fig. 3.3. (a) block diagram of modified triangular wave (b) Triangular and modified
triangular signals
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Fig. 3.4. New multi-carrier for five level output with reference signal

34  MATLAB MODELING OF T-TYPE FIVE LEVEL CONVERTER FOR
SOLAR PV GENERATION APPLICATIONS

Fig. 3.5(a) shows the developed MATLAB model of power circuit the five level T-
Type converter. Each phase consists of two solar arrays having two DC power
terminals DC+ and DC-. The DC link capacitors are connected across the DC

terminals of solar arrays and the voltage Vactia & Vactoa are measured. The H-Bridge
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power cell is formed by the switches Sia-S4a, While switches Ssa & Sea are cascaded
back to back to form a bidirectional path. Phases B and C are formed similar to
Phase ‘A’. Three phases of converter are connected in the star and are fed to R-L
harmonic filter. The measurement of three phase voltages and currents is taken

before feeding the power to the grid.

Fig. 3.5 (b) shows the control scheme implementation of this converter. The DC link
voltage control consists of DC reference current generation by the balancing of
capacitor voltages. The DC reference current is multiplied by the estimated unit
voltage templates, which gives the modulating signals for PWM control. The system

response at steady and transient state is recorded in the results block.

Five Level T-Type Converter for Grid-Tied Solar Photovoltaic Applications

PHASE A

:)1 PHASEB PHASE C J
& :
¥| . . .
[ - ° +
. c cf
@i Dt __

TEMPARATURE

DC-LINK CONTROL. AC CURRENT CONTROL

(b)
Fig. 3.5 MATLAB model of (a) power circuit (b) control scheme, of T-Type
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converter

3.5 SIMULATED RESULTS OF T-TYPE FIVE LEVEL CONVERTER
FOR SOLAR PV GENERATION APPLICATIONS

This T-Type solar power generation set-up is simulated in MATLAB and validated
by the real time execution on OPAL-RT. The improved modulation strategy shows
enhanced power quality for the T-Type converter based solar PV generation system.
The results are discussed in three sections: steady state, dynamic state and harmonic

performance.

3.5.1 Steady State Analysis

Fig. 3.6 depicts the DC link capacitors voltage of phase A. The DC link capacitors
voltage is tracked to the voltage corresponding to voltage at maximum power point
by the proportional-integral (PI) controllers. The system performance at solar
irradiation of 1000W/m? is depicted in Fig. 3.7. Total 37.8 kW electrical power is
transferred, which is equally shared by all six solar-arrays of the three phases. A 36.8
kW power is transferred to the grid at unity power factor and 97% efficiency. The
constant solar irradiation ensures constant grid current injection, and balanced grid
voltages. The zero reactive power transfer ensures successful unity power factor

operation.

300

T T T T T
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Fig. 3.6. DC link capacitors voltages balancing
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Fig. 3.7. Steady state response of five level T-Type converter based SPV generation
system

3.5.2 Dynamic Response Analysis

Figs. 3.8-3.9 show the results of dynamic response of the solar photovoltaic system
when there is a change in solar irradiation. Fig. 3.8 depicts that power generation fed
to the grid becomes half when irradiance level decreases to half. The injected grid
current, which directly depends on the solar-irradiance levels, stabilizes to half of the
value corresponding to normal irradiation level. The converter five level voltage
maintains its enhanced harmonic profile, which is closer to sinusoidal shape. Fig. 3.9

shows the system response when solar-irradiation is increased to normal level from
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half, the power harnessed by the solar PV array is also increased to the normal level
and power transfer to the grid become normal at unity power factor with grid current
is increasing and stabilizing to normal value corresponding to normal irradiation
levels. These results are taken by operating the solar PV generation system with
closed-loop control and use of modulation with new multi-carrier. The system
performance indicates the better power quality and good performance in varying

irradiation situations.
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Fig. 3.8. Dynamic response of SPV system during the fall of irradiance
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3.5.3 Harmonic Response Ana lysis

The comparative harmo nalysis is done for the new multi- modulation
scheme with the popular oidal PWM. The compar ied for the THD
with both methods. The voltage THD of ¢ t full modulat index is

25.96% for sinuso

idal PWM at carrier frequency of 500 Hz. The voltage THD is

improved to the 23.66% when PWM with new multi-carrier is employed, which

nsures better harmo

nic performance. The improvement of THD is observed at the

low frequency, which enhances performance further owing to lower switching loss.



Figs. 3.10 (a-b) show the converter voltage THDs for both new and basic PWM
scheme, which shows that fundamental component of the converter voltage is also

increased with new modulation. Moreover the THD of grid current is also observed
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Fig. 3.10. Harmonic performance of converter voltage (a) with new multi-carrier (b)
conventional SPWM and (c) grid current with new multi-carrier
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TABLE 3.3 Modulation index vs THD of converter voltage (%)

Modulation SPWM SPWM SPWM New Multicarrier
Index (PD) (POD) (APOD) PWM Scheme
0.5 52.14 47.82 54.62 46.38

0.6 44.22 41.11 48.9 40.49

0.7 41.40 40.40 44.34 39.24

0.8 38.32 38.37 36.34 35.28

0.9 33.29 32.66 30.39 28.85

1.0 25.96 29.82 27.12 23.66

TABLE 3.4 Modulation Index vs fundamental voltage component(V)

Modulation SPWM SPWM SPWM New Multicarrier
Index (PD) (POD) (APOD) PWM Scheme
0.5 200.2 199.9 199.7 205.9

0.6 239.7 239.1 239.0 239.9

0.7 279.6 279.1 279.3 279.7

0.8 319.3 319.1 319.7 319.8

0.9 360.0 3458 361.3 365.6

1.0 399.8 388.7 400.1 401.8

and the depicted in Fig. 3.10 (c), which shows the current THD is 2.09% under the
IEEE 519 standard. Tables 3.3 and 3.4 shows the comparative assessment of the new
multi-carrier modulation scheme with the level shifted PWM. The level shifted
PWM in multiple orientations such as phase disposition (PD), phase opposition
disposition (POD) and alternate phase opposition disposition (APOD) is used for

comparison. The harmonic performance is observed at various modulation indexes,
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which indicates the solar irradiation levels. The new multi-carrier scheme
performance is better than traditional level shifted PWM and it gives high

fundamental voltage component, which is shown in Table 3.4.

3.6 REAL TIME EXECUTION OF T-TYPE FIVE LEVEL CONVERTER
FOR SOLAR PV GENERATION APPLICATIONS

The solar photovoltaic system simulation results are validated by the real time
execution on OPALRT. Digital time sampling control is used to validate the PI
controllers with modulating scheme. The real time simulation is performed at the

sampling rate of 5e™ sec.
3.6.1 Dynamic Response Analysis

Fig. 3.11 (a) shows the system performance when solar irradiance fall by half and
effect of grid power decrease is depicted by the zoomed view. The current injection

to the power-grid decreases with the decrease in the solar insolation.

Fig. 3.11 (b) shows the performance of T-Type system when the solar irradiation
increases to normal value of 1000 W/m2. The power fed increases in proportion to
the solar irradiation increase. The five level converter voltage maintains it waveform
and magnitude during varying irradiation.

3.6.2 Harmonic Response Analysis

Fig 3.12 (a-b) shows the harmonic performance with real-time simulator, which
validates the performance of system in MATLAB Simulink. The converter voltage
performance is validated in real-time with a value 23.19%, which is better than with
tri-angular carrier PWM. The grid current THD is 2.07% fairly better than
permissible limit of 5%. This shows the validation of successful operation of five T-

Type converter based solar photovoltaic generation system.
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3.7 CONCLUSIONS

The use of new multi-carrier modulation has improved the harmonic performance of
the five level T-type multilevel converter. This new multi-carrier is generated from
two different signals of different frequencies to provides a new modified wave

shape. The frequency modulation index of new PWM scheme remains same and
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fundamental voltage component of converter is improved. The new carrier signal at
lower than widely used frequencies is presented to switch the converter in the
feedback control mode. The dynamic response is verified in real-time digital
simulator. This work provide the new scope of power quality improvement of solar
PV generation system by application of the new modulation method. The low
frequency switching has improved the inverter efficiency owing to low frequency
switching. Harmonic performance is tested with THD of converter phase voltage is
23.19% and current THD of 2.07%. The harmonic performance of grid current is

within the 5% limit of the IEEE-519 standard.
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CHAPTER-IV

CONTROL AND REAL TIME EXECUTION OF PUC AND PEC
TYPE SEVEN LEVEL CONVERTER FOR SOLAR PV
GENERATION APPLICATIONS

4.1 INTRODUCTION

In this chapter, a seven level packed U-cell (PUC) in three phase configuration is
investigated for the harmonics distortion mitigation or power quality improvement.
three power quality investigation of a seven level three phase packed U-cell (PUC)
is presented. The system is compared for total harmonic distortion (THD) with
various multicarrier PWM schemes. The seven level PUC is formed by two solar
photovoltaic (PV) panels of different voltage in each phase and operated in grid-tied
mode to transfer the transformed solar power to the utility grid. The harmonic
performance of converter output voltage determines the quality of power transfer to
the grid and modulation technique plays important rule in that. The level shifted
pulse width modulation method is most popular for inverter switching control among
various methods because of the simple adaptation. The pulse width modulation
method for PUC7 converter based solar power generation system used a new
modified triangular shape carrier signal. The new scheme also increases the
fundamental voltage component of converter. The comparative analysis of
modulation techniques shows the better performance with new modified carrier
based PWM. The solar PV generation system is implemented with the closed loop
control and an inclusion of modified switching scheme. The power transfer to the
grid takes place smoothly as the proportional-controller (PR) performs excellently.
System is modelled in MATLAB and operated in varying irradiance parameters. The
outcome of response in SIMULINK confirms the minimization of THD by using the
new multi-carrier PWM. The system response in steady and dynamic state is
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validated in the real-time simulator under varying solar irradiation conditions. This
chapter is divided into sections to discuss the system configuration with the
explanation of converter switching logic for creating all voltage levels, control
scheme implementation for DC & AC side, modulation technique, performance in

result section and conclusion.

4.2 CIRCUIT CONFIGURATION OF PUC AND PEC TYPE SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The seven level symmetrical and asymmetrical converters are formed in by PUC
and PEC configuration, respectively. The performance of both inverters is analyzed

by implementation of different control and modulation techniques.

421 PUC Converter

Fig. 4.1 shows the three phase solar PV generation system based on seven level three
phase PUC multi-level inverter. This inverter topology generates seven voltage
levels by using the six unidirectional switches and two solar panels of different
voltages in each phase. The solar powered inverter is tied to the grid through a

harmonic filter. All solar arrays are equipped with MPPT controller to ensure

Sylk ¥ Sqo!

[0}

Fig.4.1. Seven level PUC SPV generation system
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the maximum power extraction. Table 4.1 shows the switching logic for every
voltage level PUC inverter output. Moreover, the upper solar PV voltages Vpyv: and
lower solar PV voltage Vpv2 are added to generate the peak voltage level Vpy1 +
Vpv2 of inverter, which is higher than the voltages of individual solar arrays. The
voltage of upper and lower solar module are 300V and 150V, respectively which is
in ratio of 2:1. The voltages of six levels other than zero voltage level, are +Vpy2
(+150V), +Vpvi(+300V), +Vev1+Vev2 (+450V) in positive half cycle and -Vpv2 (-
150V), -Vpv1(-300V), -Vevi-Vev2 (-450V) in negative half cycle. The peak voltage
levels of +(Vpv1 + Vpv2) is more than the higher source voltage Vpvi. Switching

sequence logic is given by these equations,

Veo = V1 (S1a = S22) + V2 (S0 = S20) (4.1)
Vyo = vpvl(S1b -S,.) + Vo (Ss,—S,p) 4.2
Vgo = vpvl(S1C -S,. )+ Voo (S;. —S,.) (4.3

Vabe = Riane + L % + Vgahe (4.4)

Equation (4.4) gives a natural ‘abc’ reference voltage loop equation. The notations R
and L are the resistance and inductance of the harmonic filter placed between the
converter and the grid.

The inverter switching sequence for generating all the voltage levels is shown in
Table 4.1. The power balance equation at the DC-Link of each phase is given by the
equation (4.5) as,

dvdci

Cdt

= ipvi—Ii (4.5)

Subscript i=1-6 represents the six solar modules.
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Table 4.1: Switching states for phase A of PUC7

Sia S2a S3a Saa Ssa Séa Vout(V)
1 0 1 0 1 0 Vv + Vpv2
1 0 0 0 1 1 Vvt
0 0 1 1 1 0 Vpv2
0 0 0 1 1 1 0
1 1 1 0 0 0 0
1 1 0 0 0 1 - Vpv2
0 1 1 1 0 0 - Vpui
0 1 0 1 0 1 -(Vpv1 + Vpw2)

Following are the system parameters of PUC Converter.

PV ARRAY |

Vp1=301.2 V, 1p1=33.5 A, N1=10, Np1=5, Vmpr=30.12V, Impr=6.7 A, Pp\1=10.10
KW

PV Array 1l
Vp2=150.6 V, Ipv1=33.5 A, Ns2=5, Np1=5, Vmpp=30.12V, Impp=6.7 A, Ppv1=5.04 kW.
Grid and Control Parameters

R=0.005 Q, L=2.5 mH, Vg=415 V, C=70000 pF, Ts=10 uS, fs=1000 Hz, Plqc:
kpdc:20.2, kidc:3.25, PRac: kpm:.009, k|m:000001

4.2.2 PEC Converter

Fig. 4.2 illustrates a seven-level PEC-based topology ideally suited for a three-phase
system. This configuration is a modification of the PUC design, wherein the lower
U-cell is transformed into an E-cell by introducing a bi-directional switch, G7a-Gga,
within phase 'a’. Alongside, there are six other switches, Si1a-Sea, identical to those in
the original PUC setup. The staircase voltage levels of positive and negative cycles

in phase ‘a’ are generated. The positive Half cycle is expressed as,
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Van = Vuya (G1a, Gsa and Gea are ON)
Van = Vua — Veaz2 (G1a Gsa, G7a and Gsa are ON)

Van = Vua — VBat -VBa2 (G1a, Gsa, and Gza are ON)

n

Van Vbn Vven
ia ib ic

La T Lb T Lc
Ra R Re

| ~Phase C
| Phase B
Phase A

PVuya
Gla—)ll} G4a—)|°

Fig.4.2. Seven level PEC SPV generation system

Van = 0 (Gia, G2a, and Gza are ON)

Similarly negative half cycle equations are given as,
Van = -VUal (Gz2a, G3a and Gsa are ON)

Van = -Vuait VBa1(G2a, Gaa, G7a and Gga are ON)

Van = -Vuaitt Vea1 + VBa2 (G2a, Gaa, Gea and Gga are ON)

Van = 0 (Gia, Gsa, and Gea are ON)
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Table 4.2 provides a comprehensive overview of the detailed switching states of the
inverter switches. The peak converter step is set at 369V, achieved by linking the
upper solar array, PVua1, as described in equation (4.6). The second peak voltage
level is attained by connecting PVga2 in series with PVuai, resulting in a net
converter voltage of 246V (369V - 123V), as expressed in equation (4.7). The first
voltage level is accomplished by connecting both bottom solar arrays, PVB1la and
PVB2a, in series and in opposition with PVua1, leading to a net converter voltage of
123V (369V - 123V - 123V). To achieve the zero level, all the arrays are bypassed,
as indicated in (4.9). Similarly, the negative half cycle of the converter's stepped

output is generated in switching states as shown in equations (4.10) to (4.13).

Table 4.2 Switching States For PV-PEC Converter

Gla G3a G4a GSa G6a G?a GSa Vout(V)

0 1 0 0 +Vya
1 +Vya- Vaa

0 +Vua- Vea1-Vea
0 0

0 0

0 -VUua

1 -Vuat Va1

0

O O O P O Fr KL B
|—\|—\|—\|—\oooo§)
©O O B B O LB O o
B B P O B O O

O O O O kB Bk

P O O O kB O O k.
O B O O O O Kk

-Vuat VeaitVea

System parameters of PEC converter

V=360V, V2 =154, V3 =52 V, l,v=23 Ppn=8.3 kW, C1 = C2=C3z= 1000 pF, L1=L>
=4 mH, fsw= 500 Hz, Grid Voltage, vs = 230 V.

Controller gains:

Kp1 = 0.1, Ki1=0.002, Kpo=1 , Ki2=0.004 , Kps=0.1and Kj3= 0.009, Kps =1, Kis =2
and Kps =0.1 and Kis= 0.09.
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4.3 CONTROL STRATEGY OF PUC AND PEC TYPE SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

This section explains the control structure for the PUC and PEC based solar PV
generation system. Two different control methods are presented to regulate the
power flow from DC to AC grid. The PUC converter utilizes PI controller based DC-
link balancing and PR controller based tracking of actual grid currents to the
reference magnitudes. The PEC converter is controlled with d-q theory based three

phase controller. The control is described in detail in the subsections here.

4.3.1 Control Strategy of PUC Converter
The control structure is divided into three sections: DC-link voltage control, current
control, and multicarrier modulation technique. The complete control scheme is

explained following subsections.

4.3.1.1 DC-Link voltage control

Fig. 4.3 shows the regulation of capacitor voltage and active reference current
generation laref1, laref2. The reference voltages at maximum power point of three solar
arrays connected to the upper power-cell of converter are added and averaged.
Similarly average DC-Link capacitor voltages of upper power cell are obtained and

compared with reference voltage, error voltage equation is given as,

€ = (\/refl)AV - (\/actl)AV (4.6)

A PI controller is employed to minimize the error ey, which balances the DC-link

voltages of upper SPV arrays and its equation is given as,
Idrefl(k +1) = Idrefl(k) + kpu{eu (k +1) - eu (k)}+ kiueu (k +1) (47)

Error voltage equation for lower SPV arrays is given as,

€. = (VrefZ)AV _(\/ath)AV (4.8)
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Similarly, PI controller is employed to minimize the error e, , which balances the DC-link

voltages of upper SPV arrays, and its equation is given as,
Lt 2 (K +1) = 1yrer o (K) + K {8 (K +1) —e (K)}+ ke (k+1) (4.9)
Fig. 4.3 shows that the total active component is given as,

I = larer1 + Larer 2 (4.10)

dTref

4.3.1.2 Converter current control

Proportional resonant controller is used in this solar photovoltaic system, which
produces a high gain at resonance frequencies. The expression of the controller is

given by the equation (4.11) as,

Ger= Kpx + Kix fl (S) (411)

Where,

20cS

f(8)=———
) S2 + 2w + wo”

(4.12)

Where oc is the frequency band around the resonant frequency of wo. At o,
controller has a fixed gain, which generates a small steady-state error. It performs at
the high precision and accuracy in comparison to Pl controllers. The applied current
control method is shown in Fig. 4.4, where reference direct current is converted to
three-phase reference current by the inverse Park transformation dgO to abc.
Transformed reference grid currents are compared with sensed grid currents, and the
equation gives an error signal as,

€k = Idref _ix (413)

Subscript x=a, b, ¢ represent the three phases of grid current.
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Three proportional resonant controllers, one each for each phase are employed for
the minimization of error and gives the modulating signal for pulse generation for

switching the inverter, its equation is given as

m, (k+1) =m, (k) +k,{e, (k+1) —e, (k)}+k, f,(s)e, (k +1) (4.14)

4.3.1.3 Multicarrier modulation
In this work, modified-triangular level-shifted multicarrier modulation techniques

are implemented for a switching-pulse generation. Modified-triangular and parabolic

Vi
I —‘L MPPT 1a Vrefla
Vreflb

_*;

pvlb MPPT 1b

e
IpVE& MPPT 1c

|dref1

lovza, | MPPT2a

Ipvzb MPPT 2b

Ipv2c MPPT 2

| dref2

Vactoy e m> (Vath)AV

VathC

Fig. 4.3. DC-Link voltage control for reference current generation
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Fig. 4.4. Current control and switching pulse generation

shape multicarrier signals are used in PD, POD, and APOD patterns. The generation
of the modified triangular wave is shown in Fig. 4.5. The triangular wave s; is a
repeating triangular wave of amplitude 0.0875 and frequency of 1 kHz, s; is a
rectangular pulse of amplitude 0.0225 frequency 4 kHz. s3 is obtained by summation
of s1 and s, and amplifying it by three times. The frequency of carrier wave sz is the

same as that of s;.

=
—
T

0

0.041  0.0415 0.042 0.0425 0.043  0.0435

Time(s)

Fig. 4.5. Modified triangular carrier generation
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The frequency modulation index signal of sz is given as,
Fo=—% (4.15)

Where f; and f, are carrier and reference Sine wave frequency.

As shown in Fig. 4.6, the parabolic carrier is generated by subtracting the pulse
signal p1 of the amplitude of 0.5 and frequency 1kHz from signal ps (Jabs| of
sinusoidal signal p2of frequency 500 Hz and amplitude of 0.5), |abs| of the subtracted

signal is multiplied by 0.66 to get the parabolic carrier pa.

0.4

& 02r

0 1 L
~l
=7
ar]
o

3k
Sl

0 C | ] | i | | |

0.011 0.012 0.013 0.014
Time(s)

Fig. 4.6. Parabolic carrier signal generation
4.3.2 Control Strategy of PEC Converter

The control strategy comprises of three key components: DC-link voltage control,
grid current control, and multi-carrier PWM for generating the switching pulses for
the inverter.

4.3.2.1 DC-Link voltage control

Fig. 4.7 illustrates the setup, where the DC-link voltage is compared with the
reference voltage obtained from the MPPT controller. To minimize the error signal,

P1 controllers are employed. Additionally, the reference DC current is derived by
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summing up all the reference currents from each of the solar panels. The orthogonal
components of DC reference current igrer and igref are represented as,

+ K i€ + KigeBuc (4.16)

dref (k) = laref (k-1) pdc

Iqref (k) = Iqref(k—l) + Kpdcedc + Kidcedc (417)

4.3.2.2 Converter current control
The direct-quadrature (D-Q) control of the AC side is depicted in Fig. 4.8. In this

control scheme, the grid voltages Vanc and currents ianc are transformed into direct
(va) and quadrature (vq) components, as well as direct (iq) and quadrature (iq)
currents. These components, iq and iq, are compared to reference values igref and zero,
respectively, resulting in modulating reference signals Mac.

These modulating reference signals, manc, are then compared with high-frequency
multi-carriers, generating the switching sequence for the PEC7 inverter. This process
ensures efficient and precise control of the AC side of the system, allowing for
smooth and optimized operation. The mathematical model of the current control is

represented as,
K )/ . :
Uy = (kp +—'](|dref —Iy )—a)qu +V, (4.18)
s

u, =(kp +%j(iqu —iy )+ wLi; +v, (4.19)

Here ug and ugq are the direct and quadrature axis components of the converter output
voltage.

4.3.2.3 Multicarrier modulation

The inverter's PWM switching is produced by comparing the reference signal with
high-frequency level-shifted multi-carrier signals. To achieve the seven levels, six
triangular carrier signals with identical amplitude and frequency are employed.
Three different types of level-shifted modulation techniques are utilized: phase

disposition (PD), phase opposition disposition (POD), and alternate phase opposition
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disposition (APOD). These modulation techniques are visually represented in Fig.
4.9, demonstrating the methods employed to generate the desired PWM patterns and
achieve efficient control over the inverter's output. The PD multicarrier modulation
as shown in Fig. 4.9 all six multi-carrier signals are vertically shifted top most carrier
signal varies between 0.67 to 1.0, second signal between 0.33-0.67 and third signal
oscillates in between 0.0- 0.33 for positive half cycle. Frequency of all the signals is
kept at 1 kHz. Similarly other three carriers are vertically shifted equally between 0
to -1.

In the APOD modulation, alternate carrier signals are phase-shifted by 180°, as
illustrated in the middle section of Fig. 4.9. The number of carriers and their
frequency remain the same as that of the PD modulation. This arrangement ensures
efficient utilization of carrier signals while achieving the desired phase opposition
disposition to regulate the inverter's switching and control the output effectively. In
the POD modulation, depicted in the bottom section of Fig. 4.9, the three carrier
signals on the positive side are in phase and evenly spaced vertically between 0 and
1. Meanwhile, the three carrier signals on the negative side are in phase with each
other but are phase-shifted by 180 degrees with respect to the signals on the positive
half.

The comparators compare all the multi-carrier signals with the sinusoidal reference,
and they respond when the value of the carrier is lower than that of the sinusoidal
reference. This comparison allows for precise control and regulation of the inverter's
switching patterns, ensuring smooth and accurate generation of the desired

sinusoidal output waveform.
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Fig. 4.9. The carrier signal orientation of PD, APOD and POD Multi-carrier PWM
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44 MATLAB MODEL OF PUC AND PEC TYPE SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The PUC and PEC converters are modelled in MATLAB according to their power
circuit configuration and control scheme. Simulation is carried for various
environmental conditions and results of the same are discussed. The power and

control circuits are shown here.
441 PUC Converter

Fig. 4.10 (a) shows the MATLAB model of power circuit the seven level PUC
converter. Each phase consists of two solar arrays having two DC power terminals.
The DC link capacitors are connected across the DC terminals of solar arrays and the
voltage Vactia & Vactoa are measured. The power circuit is formed by the switches Sia-
Sea. Phase ‘B’ & ‘C’ are formed similar to Phase ‘A’. Three phase of converter are
connected in the star and are fed to R-L harmonic filter. The measurement of three

phase voltages and currents are taken before feeding the power to the grid.

Fig. 4.10 (b) shows the control scheme implementation of this converter. The DC
link control consists of DC reference current generation by the balancing of capacitor
voltages. The DC reference current is converted to equivalent reference AC current
by Park’s transformation. The grid current is tracked to reference AC current by
proportional resonant controller. The system response at steady and transient state is
recorded in the results block.

Seven Level PUC Converter for Grid-Tied Solar Photovoltaic Applications

PHASE A GRID

- o
- =

 PHASE
B PHASE C

MEASUREMENT

(a)
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Control Scheme for Seven Level PUC Converter

DC Link Voltage Control AC Current Control
[
n - I . PWM Control System Results

Irradiance Variation
[~
E! |
BeE gt B

]

Temprature Variation m D— :|

[ - -
(b)

Fig. 4.10 MATLAB model (a) power circuit (b) control scheme PUC7 converter
4.4.2 PEC Converter

Fig. 4.11(a) shows the MATLAB model of power circuit the seven level PEC
converter. Each phase consists of three solar arrays having two DC power terminals.
The DC link capacitors are connected across the DC terminals of solar arrays and the
voltage Vua, VB1a and Veza are measured. The power circuit is formed by the
switches Gi1a-Gga. Phase ‘B’ & ‘C’ are formed similar to Phase ‘A’. Three phase of
converter are connected in the star and are fed to R-L harmonic filter. The
measurement of three phase voltage and current is taken before feeding the power to
the grid.

Fig. 4.11(b) shows the control scheme implementation of this converter. The DC link
control consists of DC reference current generation by the balancing of capacitor
voltages. The grid currents are converted to equivalent DC current, which is tracked
to the reference current of DC side. The modulating signals are generated after

adjusting the harmonic filter voltage drop.
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45  SIMULATED RESULTS OF PUC AND PEC TYPE SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The presented system is implemented in the MATLAB/Simulink, and harmonics
assessment is done for the triangular, parabolic, and modified triangular level-shifted
modulating carrier in PD, POD, and APOD patterns. The system is analysed for the
THD and fundamental component of converter voltage. A detailed comparative
harmonic performance is shown in Table 4.3. The system performance is assessed
for a steady-state and dynamic solar environment.

45.1 Steady-State and Dynamic Performance of PUC7 Converter

System performance at the solar irradiance 0f 2000 W/m? is shown in Fig. 4.12(a).
Each phase has two solar PV panels of 10.10 kW and 5.04 kW. The MPPT controller
of each PV panel ensures extraction of maximum power i.e. 15.14 KW per phase.
The three-phase solar PV array grid-tied system operates at total solar power (Ppy) of
45.40 KW. The power transferred to the grid Pq (kW) is 44.00 kW with an efficiency
of 97%. The injected grid current is constant for fixed 1000 W/m? irradiation the
while grid voltages remain balanced. The target of power transfer at unity power
factor is achieved, and reactive power Qq(kVAr) remains zero. The PUC inverter
generates seven-levels phase voltage (Vconph) and 13-levels line voltage (Vcont).

Figs. 4.12(b)-(c) show the dynamic results of solar PUC inverter during the rise and
fall solar irradiation. The solar irradiation level projected on PV panels, determines
the grid currents (iganc), and seven-level PUC converter voltages (Vconvt and Veonvph)
are achieved with low harmonics profile. When solar irradiation decreases to 500
W/m?2from 1000 W/m? then power fed to the grid also decreases to 22 kW, which is
half of 44 kW at 1000 W/m?. The grid current also falls to half of the rated current.
Similarly, during irradiation, a rise to 1000 W/m? from 500 W/m? power of solar PV
(Ppv) increases to 45.40 kW, and the grid power also increases to 44.00 kW with
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perfect dynamic balance. The converter output voltage is shown in the dynamic
conditions. These results are obtained at the closed-loop control, and new carrier
PWM has improved the power quality and performance in varying solar conditions.
4.5.2 Harmonic Analysis of PUC7 Converter

Table 4.3 shows the comparative harmonic performance of the seven-level PUC with
different multicarrier schemes. The results are taken for different modulation
indexes, which vary with solar irradiation. The following subsections represent the
superiority of the adopted new modified multicarrier modulation. The notations to
have simplified discussion are marked as A for SPWM, B for parabolic PWM, and C

for modified triangular PWM.
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Fig. 4.12. Simulation results (a) steady-state (b) dynamic performance with fall in
irradiance (c) dynamic performance with rise in irradiance.

4.5.2.1 Analysis with PD Pattern
For Ma=1, C shows the best harmonics performance with a THD of 16.47%, while A

and B have more THD of 17.90 % and 18.87%, respectively. Similarly, C shows
better harmonic performance for lower modulation indexes with lower THD i.e.
22.91%, 30.08%, and 40.74% for M,=0.8, 0.6 and 0.4, respectively.

Coming to the fundamental component V¢ of seven-level converter voltage, C shows
the best performance with Vs = 456.9V and value of Vs = 451.7 V and 456.2 V for A
and B, respectively. Hence, the presented new modified scheme improves the
system'’s power quality with a phase disposition pattern.

4.5.2.2 Analysis with POD pattern
Technique C shows THD of 14.91% at M.=1.0 with POD pattern, and THD of

techniques A and B are 16.05% and 18.87 respectively for Ma=1. Performance of C

remains better than techniques A and B for lower modulation indexes. The
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fundamental voltage component Vs is 457.7V, which is better than that of A (451.4V)

and B (456.2V).

Table 4.3: Harmonic performance of seven-level PUC inverter output

Modulation Carrier Ma=1.0 Ma=0.8 Ma=0.6 Ma=0.4
Scheme  Arrangement THD(®%) Vi(v) THD(%) V«(V) THD(%) Vi«(V) THD(%) V«(V)
Sinusoidal PD 1790 4517 2422 3616 3335 2711 4433 180.6
triangular POD 16.05 4514 2281 3614 3299 2699 43.69 180.0
PWM APOD 18.47 4520 2223 3613 3314 2711 4400 180.6
Parabolic PD 18.87 4562 2562 3712 36.13 268.8 48.76 187.8
PWM POD 18.87 4562 2562 3712 36.13 268.8 48.76 187.8
APOD 18.87 4562 2562 3712 36.13 268.8 48.76 187.8
Modified PD 16.47 4569 2291 3605 30.08 278.7 40.74 178.7
Triangular POD 1491 4577 2210 3627 2941 279.0 4044 1784
PWM APOD 16.67 460.2 2132 3613 29.72 2789 40.75 17838

4.5.2.3 Analysis with APOD pattern
Harmonic performance of C with APOD pattern is best with THD of 16.67% for

Ma=1, whereas A and B show THD of 18.47% and 18.87% respectively for the same

M,=1.0. Again technique C performs better lower modulation indexes i.e. Ma = 0.8,

0.6, and 0.4. Converter output voltage performance is also the best with V=460.2V

compared to V= 452.0V and 456.2V for A and B.

The best performing technique C with POD pattern is implemented in closed-loop

control. Simulation results in Fig. 4.13(a) show the converter voltage has a THD of

14.91%. Fig. 4.13(b) shows the grid current, which has THD of 1.35% with

technique C, which meets IEEE 519 standard.
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4.5.3 Steady-State and Dynamic Performance of PEC7 Converter
Figs. 4.14 — 4.16 shows the response of grid integrated solar system PEC7. The solar

PV generating system is operated at solar irradiation of 1000 W/m? with the
objective active power injection to the grid and response at the steady state is shown
in Fig. 4.14. The total extracted solar power Ppy is 82.9 kW and grid power Py is 81.3
kW at unity power factor and at the efficiency of 98%. The grid voltage Vg4 and
current ig are shown in the diagram. The dynamic response of the PEC7 when solar
irradiation falls to 50% of 1000 W/m? the solar power Ppy falls to half 41.5 kW and
grid power also follows the solar power and reduces to half 40.6 kW at unity power
factor. The converter voltage Vconp IS maintained and grid current reduces to 50%.
The dynamics of the system during the fall of irradiation are shown in Fig. 4.15.The
rise of solar irradiation to normal at 1000 W/m2 and the response of system is shown
in Fig. 4.15. The solar power Ppy resumes to 82.9 kW and grid power follows to
settle at 81.3 kW, reactive power remains zero. The converter voltage maintains its
shape while grid current iq rises by 100%.

4.5.4 Harmonics Analysis of PEC7

The harmonic analysis of the PEC7 converter is done for three types of the
modulations methods: PD, POD and APOD and results are tabulated in Table 4.2.

The PD modulation technique is selected for the analysis as it has given best
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harmonic response. Fig. 4.16 displays the harmonic response of the PEC7 with PD

multi-carrier PWM, Fig. 4.16 (a) depicts the voltage harmonic response, the phase

voltage component at 50Hz is 369 V and THD is 16.85%. Fig. 4.16(b) shows the

current harmonics, which stand at the 2.35% that meets the grid standards.
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Fig. 4.15 (a) Dynamic response at rise of irradiation , (b) dynamic response during
the temperature rise of grid integrated PEC7
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4.6 REAL-TIME EXECUTION OF PUC AND PEC TYPE SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The OPAL-RT simulator validates the system performance in a real-time
environment. It divides plant and controller into master and console blocks to
communicate through real-time dynamic processors. This solar generating system is
executed in real time and performance is assessed with RT test bench.

4.6.1 Performance of PUC7 Converter

Figs. 4.17 (a-b) show the results obtained from the real-time digital simulator in a
steady-state. The parameters iga, Vga, Vconpha are constant for irradiance of 1000 W/m?
in Fig. 4.17 (a). Converter phase voltages of three phases are shown in Fig. 4.17(b).
The dynamical parameters iga, Vga and Veonpna fOr irradiance rise are shown in Fig.
4.17(c). The grid powers Pg and Ppy and iga and vga are shown in Fig. 4.18(a), which
shows that power increases with irradiation. Figs. 4.19 (b-c) show the results with
fall in irradiance for iga, Vga, Vconpha Pg and Ppyv. Both grid and PV power fall with the
fall in irradiance. Figs. 4.19 (a-b) show the voltage and current harmonic

performance which validates the simulated results in the MATLAB.
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4.6.2 Performance of PEC7 Converter

The solar photovoltaic generation system with PEC7 converter’s MATLAB
simulated responses are validated by the real time simulator OPAL-RT. Fig. 4.20(a)
depicts the steady state response at the solar insolation of 1000W/m?. The obtained
response in real-time simulator validates the response shown by the MATLAB
simulation. The dynamic response when solar irradiation changes to 500W/m? from
1000W/m? is shown in the Fig. 4.20(b). The solar PV power also reduces to half
when irradiation decreases to the 500W/m?. Fig. 4.21 (a) shows the dynamic
response when solar irradiation increase back to normal 1000W/m? from 500W/m?,

which validates the MATLAB simulated results during the irradiation rise. Fig. 4.21

(b) shows the solar system response when temperature rises to 50°C from 25°C.
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The harmonic response is shown in Fig. 4.22 (a)-(b), which shows the voltage THD

of 16.736% and current THD of 2.376%, these values are very close to simulated

values.
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Fig. 4.20. Real-time simulated (a) steady state response, (b) dynamic response during
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47  CONCLUSIONS

The main objective of the selection of the best multicarrier scheme for a harmonics
reduction in PUC multilevel solar inverter is achieved under all environmental
conditions. Switching states, modelling equations, closed-loop proportional control
and generation of parabolic, modified triangular are thoroughly discussed.
Proportional resonant controllers have shown proper tracking of AC side grid
currents. The PUC inverter is analysed with three types of multicarrier PWM
schemes, and each multicarrier signal is arranged in three patterns. Modified
triangular carrier signal in POD arrangement is found best for PWM switching. The
dynamic performance of the PUC inverter with this PWM switching is analysed and
validated in real-time. Harmonic performance is found best in modified PWM with
THD of converter phase voltage is 14.789% and current THD of 1.77%. The
harmonics performance of grid current is within the 5% limit of the IEEE-519
standard.

This PEC7 is simulated in MATLAB/SIMULINK in grid integration mode for
medium power application. It has used the ternary configuration to generate seven
levels. It is evaluated for the PD, POD and APOD multi-carrier techniques. It is
found that the PD modulation is the best for harmonics reduction and used to operate
the PEC system. This system'’s performance is excellent in constant and varying solar
irradiance/temperature. This system is evaluated for temperature variation and its
performance found proper. This work is done for seven level with the future scope of
increasing levels by addition of more power-cell and solar PV arrays. Harmonic
performance of converter phase voltage is 16.85% and the current THD is of 2.47%.
The harmonic performance of grid current is within the 5% limit of the IEEE-519

standard.
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CHAPTER-V

CONTROL AND REAL-TIME EXECUTION OF K-TYPE
SYMMETRIC SEVEN LEVEL CONVERTER FOR SOLAR PV
GENERATION APPLICATIONS

5.1 INTRODUCTION

An enhanced K-type (IK-7) converter is presented in this work that utilizes three solar
arrays per phase to produce multilevel waveforms in a staircase pattern. By employing
symmetric voltage sources, this converter topology enables the efficient extraction of
power from solar photovoltaic array. The proposed IK-7 configuration generates seven
distinct voltage levels, utilizing three identical PV sources and eight solid-state
switches. The operating modes of the converter, are elucidating the conduction path
in detail. The system operates in a grid-tied mode and employs closed-loop control to
regulate converter voltage and current, adapting to dynamic solar conditions. To
ensure high-quality power output, a specific harmonic elimination strategy is applied
in the converter's switching operation, aiming to minimize the total harmonics
distortion (THD) of the converter voltage. The system is modeled using MATLAB to
evaluate its dynamic performance under varying solar irradiance conditions.

5.2 CIRCUIT CONFIGURATION OF K-TYPE SYMMETRIC SEVEN
LEVEL CONVERTER FOR SOLAR PV APPLICATIONS

Fig. 5.1 illustrates the phase 'A' of a seven-level K-type inverter. The ten switches are
categorized into three sections: upper (T1a, T2a, T3a, and T4a), lower (Tsa, Tea, T7a, and
Tga), and middle (Tea and Tioa). In the upper half cycle, three DC sources (Vsia, Vs2a,
and Vs3a) of equal magnitude (Vs) generate the voltage levels Vs, 2Vs, and 3Vs. Table
I provides the switching logic for controlling the switches, while Fig. 5.2(a)
demonstrates the various voltage levels obtained through specific combinations.

The voltage levels generated are as follows:

(1) Peak positive level +3Vs = Vs1 + Vs2 + Vs3

(11) 2nd positive level +2Vs = Vs + Vs

(111) 1st positive level +Vs = Vg

(iv) Zero level obtained by bypassing Vsi, Vs2, and Vs3

(v) Ist negative level -Vs =-Vs2
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Table 5.1 Switching Sequence of K-Type Converter

1 T1, T3, T6, T8, VS1+VS2+ VS3 +3VS
2 T1, T6, T7, T8, VS1+VS2 +2VS
3 T1, T4, T9 VS1 +VS
4 T1, T2, T3, T4 No source 0
5 T4, T5, T6, T7 -VS2 -VS
6 T4, T5,T10 -VS2-VS3 -2VS
7 T2, T4, T5, T7 -VS1-VS2-VS3 -3VS
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Fig. 5.2. (a) Output voltage profile (b) Positive peak level (c) zero level (d) Negative
peak level of IK-7
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(vi) 2nd negative level -2Vs =-Vsi - Vs
(vii) Peak negative level -3Vs =-Vsi - Vsa - Vs3
To achieve the peak level of 3Vs in the upper half cycle, the switches T1a, T3a, Tea, and
Tga are turned ON, connecting all three DC sources in series, as depicted in Fig. 5.2(b).
The second level of 2Vs is obtained by activating switches Tia, Tea, T7a, and Tga,
creating a series connection of Vs; and Vsz. The first upper half level of Vs is achieved
by turning ON switches Tia, T4a, and Toa. The zero level is formed by activating
switches T1a, T2a, T3a, and Taa, as shown in Fig. 5.2(c). Likewise, three negative levels
of the lower half cycle are generated by reversing the connection of the DC sources.
The first lower half level is produced by connecting Vs: in reverse through switches
Taa, Tsa, Tea, and T7a. The second level of '-2Vs' is obtained by connecting switches
Tsa, Tsa, and Ti0a. To achieve the peak level of the lower half cycle, the switches Taa,
Tsa, Tsa, and T7a are turned ON, connecting Vsi, Vs2, and Vs3 in series, as shown in
Fig. 5.2(d). Fig. 5.3 presents a complete three-phase solar PV system integrating the
proposed seven-level K-type inverter for direct PV plant integration. The system
consists of three single-phase inverters with the DC input from identical solar arrays.
Each solar panel incorporates MPPT controllers to maximize power operation. The
inverter output is connected to the grid system through series resistances (Ra) and
inductances (La) in each phase to mitigate harmonics. The grid's phase angle '0' is
measured using a phase lock logic (PLL).

System Parameters

Vsiac = 150.6V, Vszac = 150.6V, Vszac =150.6V, Ppy =76 kKW, Lapc =3.5 mH, fsw

(SHE)= 50 Hz, Angle 1=11.63° 2=26.09°, 3=56.03° Van =415V. Kpdc = 2.2,

Kidge=1.5, Kppr=0.009 , Kipr=0.0001
5.3 CONTROL STRATEGY OF K-TYPE SYMMETRIC SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS
The DC side of the system employs active current control to regulate the voltage Vmpp
at the maximum power point tracking (MPPT) of each solar PV array, achieved
through proportional-integral (PI) controllers. These controllers generate the current
references lysia), ld(s2a), and laessa) for phase 'a', as depicted in Fig. 5.3. The reference
currents from all solar PV arrays across the three phases are summed to obtain the total
current reference, laret. This larer iS then converted to equivalent AC currents using
inverse Park transformation, resulting in the current references iaret, ibref, and icrer. The

proportional resonant (PR) controllers PRa, PRy, and PR. are responsible for
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controlling the reference AC currents in phases 'a', 'b', and 'c', respectively. The
generated modulating signals Ma, M, and M. from these controllers are fed into the
selective harmonics elimination (SHE) modulation control.

The SHE modulation technique is highly effective in controlling specific harmonics
and switching frequency, thereby enhancing power quality. Fig. 5.3 illustrates the

voltage output with seven levels, which can be mathematically expressed as follows:

4
V= W;“ [Cos(wy,)+Cos(wy,)+--+Cos(wy,_,,)] (5.1)

Here L is the number of levels hence for L=7, the output voltage of the improved K-

type converter is given as,

N
V, = W—;[Cos(wh) +Cos(wy, )+ Cos(wy,)] (5.2)
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Fig. 5.3. Power and control scheme of solar-grid system of IK-7 multilevel inverter.

A1, A2 and Az are the angles of the positive quarter cycle, angles for second quarter cycle
are (180°%- ,), (180°% »,) and (180° ,). Similarly, (180%+ ,), (180°+ »,) and (180°%+

7,) are angles of third negative quarter cycles, angles (360°- A1), (360%- ,) and (360°-
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7,) belong to fourth negative quarter cycle. The fundamental voltage output equation
of the converter is as,

4
Vo,(Funda.) = W_;;_C[COS(%) + COS(72) + COS(73)] (53)

And equations for 5th and 7" harmonics are,

W,
Vo s =~ [C08(57,) + Cos(57,) + Cos(57;)] (5.4)

W
AV,
Vo =~ [C0s(772)+Cos(7y, )+ Cos(7;)] (5.5)

Placing w=1 in equation (3) gives,

Cos(y,)+Cos(y,)+ Cos(y,)=M, (5.6)

5% and 7" harmonics are eliminated by equating their corresponding equations to zero,
Cos(5y,)+Cos(57,)+ Cos(5y,)=0 (5.7)
Cos(7y,)+Cos(7y,)+ Cos(7y,)=0 (5.8)

M1, A2 and Az can be computed from equation (5.7) and (5.8) by using these relations,
Cos(5y) =16Cos’ () —20Cos* () +5Cos (7) (5.9)

Cos(5y) =64Cos’ (y)—112Cos’(y) (5.10)

+5Cos*(y) - +7Cos(7)

54 MATLAB MODEL OF K-TYPE SYMMETRIC SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 5.4(a) shows the developed MATLAB model of power circuit the seven level K-
Type converter. Each phase consist of three solar arrays. The DC link capacitors are
connected across the DC terminals of solar arrays and the voltages Vsia, Vs2a & Vsza
are measured. The power circuit is formed by the ten switches arranged such that
placing resembles with letter ‘K’. Phase ‘B’ & ‘C’ are formed similar to Phase ‘A’.
Three phase of converters are connected in the star and are fed to R-L harmonic filter.
The measurement of three phase voltages and currents is taken before feeding the
power to the grid.

Fig. 5.4(b) shows the control scheme implementation of this converter. The DC link
voltage control consists of comparison of average of all reference and actual capacitor
voltages to generate the reference currents. Reference currents are then compared with

DC equivalent of grid current and PR controllers are employed to track and modulating
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signals are generated.
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Fig.5.4. MATLAB models of (a) power circuit (b) control circuit

55 SIMULATED RESULTS OF K-TYPE SYMMETRIC SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The performance of the IK-7 solar PV generating system in injecting solar power into
the grid is simulated using the MATLAB/SIMULINK platform. The simulation
results, depicted in Figs. 5.5-5.7, illustrate the system's behaviour under various solar
conditions. Fig. 5.5(a) showcases the steady-state results, where nine solar arrays
extract a total of 79.15 kW when exposed to a solar irradiation of 1000W/m2. The PV
array end power smoothly transfers at 77.57 kW. The IK-7 converter generates seven
voltage levels, resulting in a sinusoidal grid current waveform.

In Fig. 5.5(b), the response of the solar PV generation system to a decrease in solar
irradiation from 1000W/m? to 500W/m? is presented. As expected, the PV array power
reduces by half, leading to a proportional decrease in the grid power and the current.
However, the reactive power remains zero, and although the converter voltage
decreases, it maintains the seven levels. Conversely, when solar irradiation increases
back to 1000W/m? from 500W/m?, the solar PV power and electrical powers resume
their normal values. Fig. 5.6(a) exhibits the dynamics of solar irradiation during the
rise condition. The system's response in the absence of solar PV power generation is
depicted in Fig. 5.6(b), where solar irradiation drops to zero from 500W/m2, resulting
in both solar PV power and grid power falling to zero as well. Figs. 5.7(a)-(b)
demonstrate the harmonics response of the IK-7 solar system. Fig. 5.7(a) presents the
total harmonic distortion (THD) of the IK-7 output voltage, which measures 13.58%.
The fundamental voltage component at 50 Hz is 451.7 V. Fig. 5.7(b) illustrates the
current THD, which stands at 1.32%, satisfying the IEEE 519 standard perfectly.
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Fig. 5.5. (a) Steady state response (b) dynamic response during irradiation fall of IK-
7 multilevel inverter solar-grid system
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5.6  SIMULATED RESULTS OF K-TYPE SYMMETRIC SEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The solar photovoltaic generation system with seven level K-Type converter simulated
responses are validated by the real-time execution on OPAL-RT. Digitally-sampled
time control is used to check the control performance with modulating scheme. The
real time execution is performed at the sampling time of 5e° sec. Fig. 5,8(a) shows the
steady state response of converter voltage, grid voltage and current at the solar
irradiation of 1000W/m?. These parameters validate the MATLAB simulation
response. The dynamic response when solar irradiation decreases to half is depicted in
Fig. 5,8(b). The solar PV power also decreases to half. Fig. 5.9 (a) shows the dynamic
response when solar irradiation resumes to normal 1000W/m? from 500W/m?2 which
is similar to the MATLAB simulated results during the irradiation rise. Fig. 5.9 (b)

shows the solar system response during evening when there is no sunlight.

The harmonic response is shown in Fig. 5.10 (a)-(b), which shows the voltage THD
of 13.06% and current THD of 1.376%. These values are very close to simulated

values.
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5.7 CONCLUSIONS

Performance of an enhanced K-type multilevel inverter, known as IK-7, has been
simulated in MATLAB using a closed-loop configuration. This system operates by
harnessing power from solar PV arrays and injecting the electrical energy into the
electric grid. To optimize solar power extraction, MPPT controllers are employed,
while PI controllers are utilized to maintain voltage balance. The AC power control is
achieved through the implementation of PR control, ensuring a straightforward and
robust operation. By incorporating SHE modulation, this system has achieved an
outstanding harmonics response. The converter phase voltage THD is found 13.58%
and current total harmonic distortion (THD) measured 1.32%, within the permissible
limits of 5% set by the IEEE-519 standard. This improved harmonic performance
ensures a high-quality power output. Furthermore, this system has demonstrated
exceptional performance under dynamic conditions caused by varying solar
irradiation. It successfully maintained the voltage and current profiles of the converter

output and grid, allowing for consistent operation and reliable power injection.
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CHAPTER-VI

CONTROL AND REAL-TIME EXECUTION OF CASCADED H
BRIDGE NINE LEVEL CONVERTER FOR SOLAR PV
GENERATION APPLICATIONS

6.1 INTRODUCTION
This work investigates the harmonic analysis of nine level three phase cascaded H-

bridge(CHB) multi-level converter by using the nearest level modulation (NLM) and
sinusoidal modulating signals are injected with third harmonic. The NLM technique
operates at fundamental frequency means improved inverter efficiency due to less
switching losses in comparison to the multi-carrier modulation pulse width
modulation. The THI combined with the NLM has many advantages, which are
increased magnitude of fundamental voltage component, improvement of power
quality by mitigation of total harmonics distortion (THD). The THI-NLM provides
lesser complexity and performs good in dynamic conditions. The mathematical
equations of voltage and current are the basis of modelling of presented CHB inverter
generating nine level to explain the operating performance. The robust DQ control
along with THI-NLM transfers solar PV power to the grid with improved efficiency
and power regulation. System is modeled in MATLAB simulator platform and its solar
generating system dynamics is assessed in varying environmental conditions of solar
irradiation. The comparison of THI-NLM with normal NLM is made at various solar
irradiances. Simulated results are tested in real-time simulator OP-5700.

6.2 CIRCUIT CONFIGURATION OF CASCADED H BRIDGE NINE
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The proposed solar photovoltaic (SPV) generating system is a single stage conversion
system as depicted in Fig 6.1, which is formed by a series connection of four H-bridge
inverter cells. Each H-bridge inverter cell is powered by a similar solar array of voltage

Vpv and output of each inverter cell takes three voltage levels +Vpy, 0 and -Vpy
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depending on switching states of four switches. Phase voltages of four power cells are

given as,
Vet =Vov1(Sat =S24) = DVpys (6.1)

Vorz ™Vovz (Si5-55)7D; Vi (6.2)

Viors=Vovs (S:57512)7D3 Vs (6.3)

Vions =Vova (Sa13-S:16)7Ds Vovs (6.4)
Here Veon1-4 , Vpevis are voltage output of H-bridge inverter and PV arrays of power
cell 1-4 respectively. Sai-a16 are switch positions, that are 1 and 0 for ‘on’ and ‘off’

respectively. D14 outcome of power cells and have the values -1,0 or +1 according to

the position of Sa-a16 Switches. CHB converter dynamics can be expressed by these

equations,
dVv . .
Cla % =loyia —ha (65)
CZa dvﬂ = iPVZa - iZa (66)
dt
dv, . .
C3a % =lpyza ~ 3 (67)
dv, . .
C dPtV4 =lpvsa ~lia (6.8)
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Fig. 6.1. Nine level CHB-PV generating system
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Switch logic of all the switches for nine-level stepped output of phase of converter is
depicted in Table 6.1. Every PV array is equipped with a maximum power point
tracker (MPPT) controller that confirms the maximum solar energy harness from
sunlight. The CHB converter output is fed to the power-grid through the harmonic
filter.

Table 6.1 Switch Logics of Cascade H-Bridge

S.N. Operating Switches Vout(V)
1 Sat, Sa4, Sa6, Sas, Sato, Saiz, Sai4, Saie +Vpv
2 Sat, Sa4, Sas, Sas, Sato, Sai2, Sai4, Saie +2Vyy
3 Sat, Sas, Sas, Sag, Sa9, Sai2, Sais, Sais +3Vyy
4 Sat, Sad, Sas, Sas, Sao, Sarz, Sa1z, Sate +4Vpy
5 Sa2, Sa4, Sa6, Sas, Sai0, Sai2, Sais, Saie 0

6 Sa2, Sa3, Sas, Sas, Sa10, Sai2, Sai4, Sale - Vpv
7 Sa2, Sa3, Sass, Sas, Sat0, Sa12, Sats, Saie -2V
8 Sa2, Sa3, Sass, Sas, Sa9, Sai2, Sai4, Saie -3V
9 Saz2, Sas, Sass, Sas, Sag, Saiz, Sa13, Saie -4Vpy

System parameters are as follows.
Vp=95.0V, 1=66.21A, Pp=75.55kW, R=0.05 ohm, L=1.0mH, V=415V, C
=10000 microF, Ts=10 microS, fs=50Hz, Plac: Kpdc=1.05, Kigc=0.001, PRac:
kpm=.0008, kim=0.0001.
6.3 CONTROL MODULATION TECHNOLOGY OF CASCADED H-
BRIDGE NINE LEVEL CONVERTER FOR SOLAR PV GENERATION
APPLICATIONS
The control structure of the nine level CHB Solar PV generation system comprises of
nearest level PWM coupled with third harmonic injection. The grid tied power control
ensures the smooth power transfer at unity power factor. The complete control scheme
is presented in the following sub-sections.

6.3.1  Concept of Third Harmonic Injection

The sinusoidal pulse width signals are obtained from the closed loop dg controller as
(Ma, Mp, Mc). There is a 120° phase difference between the modulating signals, which

can be expressed as,
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M, =V, Sin(d,,) (6.9)
M, =V,,Sin(g,, -120%) (6.10)
M, =V,,Sin(6,, —240°) (6.11)

Here M.y are reference for the modulation, Van & 0an are phase voltage of grid and
phase-difference of phase a. The reference modulating signals injected with 3™

harmonic component are generated. The 3™ harmonic injected signals are expressed

as,
Uy, = Ay, SIn(6,)+Sin (36,,) (6.12)
Una = Ay SIN(@,,) + Sin(3(6,, ~120%)) (6.13)
Une = Ay SIN(A,,) +Sin(3(6,, —240°)) (6.14)

Where Uria-c are reference modulating signals, which are 3™ harmonic injected and

reference for the nearest-level-modulation algorithm.

6.3.2 3" Harmonic Injected Nearest Level Modulated Switching

Figs. 6.2(a)-(b) depict the algorithm of 3™ harmonic injected nearest-level-modulation
and 3" harmonic injected carrier signal. The input, three phase 3™ harmonic signals

can be expressed as,
Yare = U (@—C) (6.15)

Where yane is output response of phases a, b, ¢ while urur are input-variable. The
function for the level is expresses as,

I‘inv = N_p (616)

Where N is the count of levels in half cycle of voltage profile. The The fraction K is
computed by division of urur and level function, which is given as,

K = (6.17)

The Rr is obtained by the rounding of fractional value K to nearest integer by applying
the round function, which is expressed as,

R- =round(K) (6.18)
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The value of Rr gives the level of inverter voltage, which is obtained by the switching
the sequence given in the Table 6.1.

6.3.3 Grid Tied Power Controller

Figs. 6.3 (a)-(b) depict the solar-power and 3™ harmonic injected NLM control of
CHB-inverter. The capacitors between solar PV array and converter are charged by
the solar-irradiation that transfers electric power to the grid. The voltage ripple are
caused in the capacitor as power propels to the grid. The power control is implemented
by the balancing of solar PV generated power and power transferred to the grid. This
control is achieved by generating the DC reference current lqger), which is obtained by
the comparison of average of reference voltages Vagen corresponding to maximum
power point and average of actual capacitor voltages Vqacy) of all sixteen solar PV
array. The proportional-integral controller PI; is employed for tracking of Ve to
the Veen. The control of grid-current injection comprise of direct and quadrature axis
currents Iq and Iy comparison with reference lqrer) and zero respectively, for unity
power factor transfer. The direct and quadrature reference voltages are obtained by

following equations,

Vdref = Kp(ld_ldref ) + Kl_[(ld - Idref )dt _O‘)LfIq +Vd (619)

Vqref = Kp(lq_lqref ) + Kl_[(lq - Iqref )dt -O‘)LfId +Vq (620)

Where Vet and Vgt are direct and quadrature voltages obtained from Park
transformation of grid voltages Vgae. The reference modulating signals Mape are
obtained by the dq to abc transformation. Fig. 6.2 depicts THI-NLM based switching

pulse generation.

Lr Third Harmonic Injected |
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© 0.5 [« NLM Switched Nine |
E Level Converter Voltage
2 0
o
£
<€
-0.5
-1 L i L L
0 0.005 0.01 0.015 0.02
Time (s)
(a) (b)

Fig. 6.2. (a) Control algorithm for NLM Switching, (b) THI Modulating signal and
converter output voltage
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64 MATLAB MODEL OF CASCADED H-BRIDGE NINE LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 6.4(a) shows the MATLAB model of power circuit the nine level CHB converter.
Each phase consists of four solar arrays. The DC link capacitors are connected across
the DC terminals of solar arrays and the voltage Vpevia, Vev2a, Vevia & Vpvaa are
measured. The power circuit is formed by the four H-bridge power cells, which have
solar array as DC source in each cell. Phase ‘B’ & ‘C’ are formed similar to Phase ‘A’.

Three phase of converters, are connected in the star and are fed to R-L harmonic filter.
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The measurement of three phase voltages and currents is taken before feeding the
power to the grid.

Fig. 6.4 (b) shows the control scheme implementation of this converter. The DC link
voltage control consists of comparison of average of all reference and actual capacitor
voltages to generate the reference current. Reference currents are then compared with
DC equivalent of grid current and PR controllers are employed to track and modulating

signals are generated.

Fig. 6.4. MATLAB models of (a) power circuit (b) control circuit

6.5 SIMULATED RESULTS OF CASCADED H BRIDGE NINE LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The system described in this work is modelled and simulated using
MATLAB/Simulink. Harmonic analysis is performed using THI modulated NLM, and

its performance was compared to a level shifted multicarrier PWM method. The
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converter performance with THI-NLM and level shifted multi-carrier is presented in
detail.

The system performances, under both steady-state and dynamic conditions of solar
irradiation are evaluated. Steady state response of the nine level CHB-PV generating
system, which is operated at normal 1000 W/m? solar irradiation, is illustrated in
various subsections of Fig. 6.5 (a). Subsection (A) demonstrates the balanced power
/phase, with grid power (Pg) equal to 24.43 kW. In subsection B, a total PV generation
(Ppv) 75.55kW is injected to the grid with a 97.0% efficiency. Sub-section C shows a
grid power of 73.28 kW, while section D displays the three phase grid voltages. The
section E shows the injected phase currents to the grid. The inverter output phase
voltage (Vconp) is shown in (F), the converter line voltage (Vcon) is illustrated in (G),
and sub-section (H) displays the THI modulating signal.

The solar generating system dynamics are explained in the Figs 6.5 (b)-(c). The section
B & C shows the profile of solar PV generated power Ppy and power transferred to the
grid P, during solar irradiation reduction to 600 W/m? from normal 1000W/m?, which
shows that both Ppy and P varies proportionally with solar irradiation variation, Sub-
section A shows that the per phase power transfer to the grid remains uniformly
distributed. The section D shows the grid voltages of three phases, which remain
stable in the varying solar conditions. In sub-section E, the grid current i, falls to 60%
of its normal value. The sections F, G, and H show the Vconp, Veont and Mabe, phase,
line voltage and modulating signal respectively, which remain stable and each phase
is 120° apart from one another.

In Fig. 6.5 (c), sub-sections A to H shows magnificent dynamics when solar irradiance
rises to normal from 60%. Additionally, during irradiation, as the solar power (Ppv)

rises from 500 W/m? to 1000 W/m?, the system's power output increases to 45.40 kW,
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and the grid power also rises to 44.00 kW while maintaining a perfect dynamic
balance. The converter output voltage is shown under dynamic conditions. These
performance is achieved using feedback-loop control, and a new modified-carrier

PWM technique has improved power quality and performance in varying solar

conditions.
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6.6 HARMONICS ASSESSMENT OF CASCADED H BRIDGE NINE
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Table 6.2 presents the harmonic performance of a nine level CHB solar PV generating
system by using the NLM and multicarrier PWM techniques, with sine wave and 3™
harmonic injected sine wave modulated references. The results are obtained for
various solar irradiations by adjusting the modulation index. The adopted modulation
technique demonstrates improved performance in terms of THD and higher
fundamental voltage component. The following subsections provide a detailed

analysis of the performance of the two modulation techniques.

6.6.1 Analysis with Nearest Level Modulation (NLM)

Table 6.2 illustrates the harmonics of the converter voltage based on NLM. When THI
injection is applied in NLM, the converter voltage exhibits a THD of 5.53% (line) and
16.16% (phase) at 1000 W/m? solar irradiation. The line and phase voltage THD rise
to 10.78% (line) and 28.01% respectively at 600 W/m?. When a sinusoidal reference
signal is used in NLM, the THD performance is measured at 7.63% (line), 9.37%
(phase) for 1000 W/m?, and 11.94% (line), 16.72% (phase) for 600 W/m2 solar
irradiation. These results indicate that NLM with the injected third harmonic signal

exhibits lower THD compared to sinusoidal reference signal.

Table 6.2 THI-NLM and Multicarrier PWM based Harmonic Comparison

1000W/m? 900W/m? 800W/m? 700W/m? 600W/m?
Modulation Modulating
i THD
Scheme6 Signal THD THD THD THD THD THD THD THD THD
(Vconl) (Vconp) (Vconl) (Vconp) (Vconl) (Vconp) (Vconl) (chnp) (V ) (chnp)
@) () () (%) (%) (%) (%) (%) (/ ) (%)
0
THI 5.53 16.16 8.08 19.55 7.27 15.84 6.43 17.82 10.78 28.01
Nearest Level
Sinusoidal 7.63 9.37 10.05 12.55 10.81 11.55 10.87 14.14 11.94 16.72
Multi-Carrier THI 7.48 19.89 7.87 22.93 9.40 20.01 10.85 25.23 12.86 27.84
Sinusoidal 8.28 13.46 8.62 16.78 10.58 17.41 12.11 24.41 13.35 27.84
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6.6.2 Analysis with Multicarrier Modulation

In the multicarrier modulation technique, the THD ranges from 7.48% to 12.86% for
line voltage and 19.89% to 27.84% for phase voltage when using a THI sinusoidal
reference signal. When a sinusoidal reference signal is employed, the line and phase

voltage THD varies from 8.28% - 13.35% and 13.46% - 27.84% respectively.

The 3™ harmonic injected NLM performs best with lowest line voltage THD, and
hence, it is used for the close loop control of the solar CHB solar PV generation
system. Fig. 6.6(a) shows a line voltage THD of 5.53% and an enhanced fundamental
voltage component. Additionally, 3.54% grid current THD, as shown in Fig. 6.6(b) is

well below of the 5%, IEEE 519 standard.

6.7 REAL-TIME EXECUTION OF CASCADED H BRIDGE NINE LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Performance of the system is verified using the real-time simulator OPAL-RT, which
employs a physical clock to validate the system's performance in real-time. Figs. 6.7-
6.10 exhibit the real time executed responses in the stable and dynamical conditions,
real time execution is carried on OPAL-RT simulator. Fig. 6.7 (a) illustrates the
voltage profile of inverter stepped output and grid. Fig. 6.7 (a) also shows power
transferred to the grid and generated PV power of solar arrays. In Fig. 6.7(b), the line
voltage of the nine-level converter is shown, with each voltage waveform being 120
degrees apart from one another. Fig. 6.7(c) displays the modulating signals of the
converter's three phases, specifically the third harmonic injected modulating signals.
The modulating reference signals are used to generate switching sequence by the
nearest level algorithm. Figs. 6.8(a)-(b) demonstrate the system dynamics during the
change of solar irradiation. The solar power generating system transfers half of the
normal power when solar insolation reduces to half from normal 1000W/m?. Similarly

grid power returns to normal when solar irradiation rises to normal from 500W/m?..
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Figs. 6.9 (a)-(b) exhibit the dynamic response of the injected grid current. When the
solar irradiation decreases by 50% while the grid voltage remains constant, the grid
current settles at 50% of its value at 1000 W/m?. Figs. 6.10(a)-(b) present the
harmonics performance, with the voltage total harmonic distortion (THD) measuring
5.53%, and the grid current THD measuring 2.78%. The real-time results obtained
from the OPAL-RT simulation validate the performance of the PV system based on

third harmonic injection and the nearest level algorithm.
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6.8 CONCLUSIONS

An improved control with 3™ harmonic injection and nearest-level PWM is applied
for closed loop control of CHB solar PV generating system. Cascaded H-bridge power
cells with twelve solar PV arrays have injected the solar PV power to the grid. This
work explained the 3™ harmonic injection in the modulating signals and performance
analysis of harmonics with and without THI. The operational performance results of
3" harmonic injection with nearest level PWM are obtained in the MATLAB platform

and verified by the real time execution on RT simulator. This 3™ harmonic injected
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NLM based feedback-loop controller has shown the excellent response, and grid-
power follow the solar PV power during the variation in irradiation. The grid injected
current harmonics (THD) are below the IEEE 519 standards of 5% with nearest level
PWM. This work has given the improved method for grid integrated solar photovoltaic
generating system with harmonics mitigation. The harmonic performance is tested in
OPAL-RT test bench with converter line voltage THD of 7.47% and gives a current
THD of 2.78%, which is much lower than the permissible limits of 5% as per the

IEEE-519 standard.
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CHAPTER-VII

CONTROL AND DESIGN OF PACKED E-CELL (PEC) ELEVEN
LEVEL CONVERTER FOR SOLAR PV GENERATION
APPLICATIONS

7.1 INTRODUCTION
A novel packed E-Cell (PEC11) converter is introduced, designed specifically for

three-phase eleven-level operation. This converter achieves a quintuple voltage ratio
(1:5) between the solar photovoltaic arrays. In each phase, the converter comprises of
three solar panels, where the highest voltage level is obtained from the top solar panel.
The subsequent voltage levels are derived using an algebraic formulation involving
the lower two solar panels. The operating modes necessary to obtain each voltage level
are explained in detail. The mathematical modelling of the system is presented,
incorporating voltage and current equations for the three-phase grid. To feed current
into the grid, the PEC11 converter utilizes closed-loop proportional-resonant (PR)
controllers. The gating pulses for the PEC converter are generated using the nearest
level modulation (NLM) technique. This modulation technique ensures minimal
switching losses and enables simple control in grid-tied mode. Performance of the PV
generation system is evaluated through simulations conducted on the
MATLAB/SIMULINK platform. The power is smoothly delivered to the grid in both
steady-state and dynamic conditions. These simulation results are further validated
using a real-time simulator (OPAL-RT), confirming the suitability of this converter for

solar applications.

7.2  CIRCUIT CONFIGURATION OF PACKED E-CELL (PEC) ELEVEN
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 7.1 illustrates a new three-phase solar photovoltaic (SPV) system featuring the
PECI11 converter. In this system, each phase incorporates six unidirectional switches
and one bidirectional switch. It is supplied power by a primary photovoltaic array,
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PV1a, and two auxiliary arrays, PV, and PV3,, which act as additional DC sources for
phase ‘a’. The voltage of first PV arary PV (370V) is five times higher than the
voltage of PV2.3 (74V). Each PV array is equipped with a power point tracker to ensure
optimal power generation. A harmonic mitigation R-L filter is connected between the
converter output and the power grid. Table 7.1 provides an overview of the switching
states and operational modes required to generate all the voltage levels in the system.
The voltage output equation for positive half cycle of phase ‘a’ is expressed as,

Vour = +3Vpy

VPVl _VPVS - +4VPV

Voo = VPVl _VPVZ _VPV3 =+ PV (7.1)

VPVZ +VPV3 - +2VPV

VPVZ = +VPV

Similarly negative half cycle is represented as,
Vpyy ==V

Vo1 Vo3 = =4V,
Vao =| Vovi +Voyo +Voys = —3Vpy (7.2)
Voyy =Vpys =+2Vp,
“Voyo = Voy

Grid voltage KVL expression is presented as,

Vabec = Riabc + L diabe -+ Vgabc (73)
dt

Figs. 7.2 and 7.3 illustrate the various modes of operation for the PEC11 converter.
Fig. 7.2 focuses on the positive half cycle of the eleven-level converter output voltage.
In Fig. 7.2(a), the peak step of +5Vpy is achieved by activating switches Sia, Ssa, and
Sea, connecting the main solar panel PVi. to the converter output. Fig. 7.2(b)
demonstrates the +4Vpy step by turning on switches Sia, Ssa, S7a, and Sga. This
combination opposes PVza to PV1,, resulting in an output voltage of +4Vpy (+5Vpv-

Vpv). Fig. 7.2(c) showcases level +3Vpy obtained by activating switches Sia, Sza, and
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Ssa, connecting both PV2a and PV, in opposition to PV, resulting in +3Vey (+5Vpv-
2Vpv). Fig. 7.2(d) shows the +2Vpy level, achieved by connecting PV2a and PVza in
series through switches Sia, S2a, and Sea. Fig. 7.2(e) demonstrates the +Vpy level by
connecting PV2a through switches Sia, S2a, S7a, and Sga. Fig. 7.2(f) represents the zero
level achieved by bypassing all PV panels through switches Sia, S2a, and Sza. Fig. 7.3
focuses on the modes of the negative cycle of the converter output. Fig. 7.3(a)
illustrates the zero level obtained by activating switches S4a, S5a, and S6a, effectively
bypassing all the PV panels. Fig. 7.3(b) shows the -Vpy level by connecting the
positive terminal of PV, to the converter's neutral point through switches S7a and Sga,
while the negative terminal is connected to the output via switches Ssa and Ssa. Fig.
7.3(c) demonstrates the -2Vpy level achieved by utilizing PVs. and PV4a through

switches Sza, Ssa, and Sse. Fig. 7.3(d) depicts the -3Vpy level

n

Cluster of Phase B
Cluster of Phase C

Fig. 7.1. Eleven level PEC SPV generating system
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Table 7.1 Switching states of PEC11

Switching and Levels

Si1a S2a S3a S4a Ssa Sé6a S7a Ssa Vout(V)
1 0 0 0 1 1 0 0 +5Vpy
1 0 0 0 1 0 1 1 +4Vpy
1 0 0 1 1 0 0 0 +3 Vpy
1 1 0 0 0 1 0 0 +2 Vpy
1 1 0 0 0 0 1 1 + Vpy
1 1 1 0 0 0 0 0 0
0 0 0 1 1 1 0 0 0
0 0 0 1 1 0 1 1 - Vpy
0 0 1 1 1 0 0 0 -2 Vpv
0 1 0 1 0 1 0 0 -3 Vpv
0 0 1 1 0 0 1 1 -4 Vpy
0 1 1 1 0 0 0 0 -5 Vpy

obtained by connecting the negative terminal of PV14 to the converter output through
switch Ssa, While PV2, and PV, are connected in series opposing PV, resulting in a
net converter voltage of -3Vpy. Fig. 7.3(e) showcases the -4Vpy level achieved by
connecting PV1a and PV2a in series through switches Sza, Saa, S7a, and Sga. Finally, the
-5Vpy level is shown in Fig. 7.3(f), obtained by connecting PV1a through switches Sza,
Sza, and Sza. These figures provide a comprehensive visualization of various voltage

levels generated by the PEC11 converter during both the positive and negative cycles.
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(d) (e) ()
Fig. 7.2. Positive cycle operating path
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Fig. 7.3. Negative cycle operating path
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Table 7.2 System parameters of PEC11

S.N. Parameter Value

1 VMPP (V) 37.01

2 IMPP (A) 7.47

3 No. of series modules in main 10

4 No. of series modules in 2

5 No. of parallel modules in all 10

6 Grid voltage (V) 415

7 Labc of harmonic filter (mH) 2.0

8 Kp, Ki (AC side control 0.002,0.0015
9 Kp, Ki (DC side control 2.1,0.35

7.3 CONTROL STRATEGY OF PACKED E-CELL (PEC) ELEVEN
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The control structure of PEC11 includes the DC-link voltage control, power control,
and NLM. Fig. 7.4 illustrates the complete scheme. Each solar panel's MPPT
controller utilizes the perturb and observe (P&O) method to generate a reference
voltage. These reference voltages, namely Vrer1a, VRerF2a, and VRrersa for PVia, PV2a,,
and PVs, respectively, are then compared with the measured voltages Vcia, Vcoa, and
Vcsa in phase 'a' to determine the reference currents. Likewise, the DC-link voltages

of phases 'b" and 'c' are compared with their respective charge controllers' reference

Three-Phase Grid
la¢c
2 b
3 Wy ; En i
& a 5 3 C PR Controller |
P laref
= ‘, dq() Throf b
=09 Wy =3 bref Q PR Controller
g0 2 g JW/ abe
o = C
» 2 9 :
0 W, 3-Ph. PLL ¢ [
) s Vaabe I
g Nearest Level Control -Phase A
function y = fen(u) | R-L Filter I
ref=ma; Nearest ares
Wib3 FL=1/5, e
A + Q=ref/FL; Level
MPPT&DC link control: Phase b —— Tl al] S I I
1 if :l- &6 2<1 Control | ¢\t g PCC
I8
W, . Phase B . %
. le-3¢ v | : Phase C | Grid-Integrated
MPPT&DC link control: Phasec  —— H elseif Z<=-5 & 2>-6 %-5VD( .| 11 level Packed E-Cell
o end L Solar Inverter

Fig. 7.4. Control structure of PECI11.
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voltages. To minimize the discrepancy between the reference and actual DC-link
voltages, PI controllers are employed. Mathematically, a Pl controller to regulate

error, is presented as,

W, (k +1) =W, (K) + K, py10){€py1a (K +1)

(7.4)
~€pv1a (k)}"' ki(PVla)ePV1a (k +1)

Here epvia, Kppvia) and Kipvia) are error, proportional gain and integral gain controller
Plia of main solar PV array of phase ‘a’
Reference d-axis current of all the solar arrays are added and total reference current

I"q is given as,

n n n
g =) Wi+ D W + > W, (7.5)
k=1 k=1 k=1
In the system, where "n" represents the number of solar panels in each phase, the total
current “lq” is decomposed using the dg-abc transformation. This transformation
yields three reference phase currents, namely "laret,” "ibret,” and "icrer.” The reference
quadrature axis current, "lg," is maintained at zero to only supply active power to the
grid. Furthermore, a phase-locked loop (PLL) is employed to synchronize the phase
of the grid voltage with the converter voltage. To compare the grid currents "ia,” "ib,"
and "ic" with the reference values, proportional-resonant (PR) controllers are utilized.
These controllers modulate the signals "ma,"” "mp," and "mc." The ideal mathematical
representation of the PR controllers is as follows:

§

F(s)=K, +Ki—— 7.6
= Tty (79)
While practical PR controller with damping is represented as,
Arfs
Gpr(S) =K, +K, : 7.7
(=Kt 's? a4 f s+ (2rf,)? (7.7)

Where K, and K are control inputs, f, is system frequency and f. is bandwidth.

The implementation of the carrier-less nearest level modulation (NLM) technique is
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utilized to generate the switching pulses for the inverter. Fig. 7.4 illustrates the code
for each phase. The reference signal "manc" is divided into five levels in the positive
half, denoted as "FL." A quotient (Q) is calculated by dividing "ms" by "FL," which
effectively divides the running reference waveform. In the positive half, the reference
waveform varies from 0 to 1, while in the negative half, it varies from 0 to -1. Since
the value of "FL" is 1/5, the value of “Q” ranges from 0 to 5 for the positive half and
0 to -5 for the negative half. o obtain discrete values, the value of "Q" is rounded off,
resulting in five integer values for each half, denoted as "Z." Five levels in each half
cycle are generated from Z as,

0, for0<Z <1

+Vp, forl<z <2

+2V,, for2<7Z <3

Vao = +3V,, for3<z <4 79
+4V,,, for4<Z <5

+5V,, for5<7Z <6

The quintuple operation is maintained in between the reference output voltages of the

MPPT controller blocks. The proper tracking of actual voltages with the reference
provides a perfect eleven level generation. Similarly, each phase controls the power
keeping the quintuple progression.

7.4  MATLAB MODEL OF PACKED E-CELL (PEC) ELEVEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 7.5(a) shows the developed MATLAB model of power circuit of the eleven level
PEC converter. Each phase consists of three solar arrays and eight switches. The power
circuit is formed by the two merged H-bridge power cells with six switches and two
switches act as a bi-directional switch and converter has solar arrays as DC source in
each cell. Phase ‘B’ & ‘C’ are formed similar to Phase ‘A’. Three phases of converter
are connected in the star and are fed to R-L harmonic filter. The measurement of three

phase voltage and current is taken.
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Subsystem

Subsystem]

Subaystem?

(b)
Fig.7.5. MATLAB models of (a) power circuit (b) control circuit
Fig. 7.5 (b) shows the control scheme implementation of this converter. The DC link

control consists of comparison of average of all reference and actual capacitor voltages
to generate the reference current. Reference current are then transformed to equivalent
AC currents and compared with grid current and PR controllers are employed to track

and modulating signals are generated.
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75 SIMULATED RESULTS OF OF PACKED E-CELL (PEC) ELEVEN
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The PECL11 converter operates in a grid-solar integrated mode, and its performance is
simulated. The system is subjected to a solar irradiation of 1000W/m? using the NLM
technique. Various parameters are measured and monitored under steady-state
conditions, including converter voltage (line and phase), active and reactive powers
transferred by the converter, and the grid voltage and the current. These results are
depicted in Fig. 7.6(a). The converter's phase voltage (Vconp) and line voltage (Vconr)
are maintained at their designated values, with eleven levels of Vconp. The active power
transferred to the grid amounts to 36.50 kW, achieving a remarkable 97% efficiency
with no reactive power transfer. The grid current is injected at a voltage of 415V and
an RMS value of 50.5 A. Performance of the PEC11 converter is then analyzed under
varying solar irradiation conditions. Fig. 7.6(b) illustrates the dynamic response when
the solar irradiation increases from 500W/m? to 1000W/m?. The solar power doubles
to 36.5 kKW, resulting in the grid current also doubling to 25.25A (RMS)

The converter voltages, Vconp and Veoni, remain unchanged. Fig. 7.7(a) showcases the
dynamic response when the solar irradiation decreases from 1000W/m? to 500W/m?.
The injected power decreases to half its value corresponding to 1000W/m?, while the
converter phase voltages (Vconp) maintain the voltage profile of eleven levels. The
PECI11 converter is also evaluated for its harmonic response, and the results are
presented in Fig. 7.7(b). The current total harmonic distortion (THD) shown in the top
section is 2.92%, which falls below the 5% limit established by the IEEE-519 standard.
The peak value of the fundamental grid current is 71.4 A. The bottom section of Fig.
7.7(b) displays the line voltage THD, which amounts to 7.96%, with a fundamental
voltage of 370V. This converter proposes new voltage ratios (5:1:1) to achieve

successful power conversion.
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7.6 REAL-TIME EXECUTION OF PACKED E-CELL (PEC) ELEVEN
LEVEL CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

To validate its performance, the solar-powered PEC11 converter is tested in real-time
using the OPAL-RT simulator. Fig. 7.8(a) illustrates the steady response obtained
under a solar irradiation of 2000 W/m?. The dynamic responses, corresponding to an
increase in solar power from 500 W/m? to 1000 W/m?, are depicted in Fig. 7.8(b).
Similarly, the real-time system dynamics when solar power decreases from 1000
W/m? to 500 W/m? are shown in Fig. 7.8(c). These real-time results serve to validate
the MATLAB/SIMULINK outcomes, affirming the excellent performance of the
PEC11 converter. The harmonic response of the converter voltage and injected current
is displayed in Fig. 7.8(d), showcasing THD values of 7.22% and 3.014% for voltage

and current, respectively.
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Fig. 7.8. PEC11 response in Real-time simulator; (a) Steady state, (b) Rise in
irradiation, (c), Fall in irradiation, (d) THD in real-time simulator, VVoltage harmonic
distortion and (e) Current harmonic distortion

7.7  CONCLUSION

A new 11-level PEC (Power Electronic Converter) based solar PV system has been
developed by selecting a quintuple voltage ratio for the voltage sources. The number
of switches and PV arrays remains the same as in a PEC9 system. The converter
voltage is represented using relevant equations. The switching states of the converter
are organized in a table, and the operating modes for each state are explained through
PEC11 diagrams. To regulate grid currents, PR (Proportional-Resonant) controllers
are employed, and the governing mathematical equations are provided. The complete
control scheme, including the DC-link voltage of the top and bottom PV arrays,
resonant current controllers, and the NLM (Nearest Level Modulation) code, is
presented for the PEC11 system. Simulated results showcasing the DC and AC side
performance of the PEC11 system under steady and varying solar conditions are
demonstrated. The harmonic performance, determined by using FFT (Fast Fourier
Transform), is presented in the results. Performance of the new PEC11 system is
verified using real-time OPAL-RT simulation, which offers an improved solution for
solar PV generation-grid integrated systems. The harmonic performance (THD) is
determined by FFT with converter phase voltage THD as 7.22% and grid current THD

as 3.014%.
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CHAPTER-VIII

CONTROL AND REAL-TIME EXECUTION OF LADDER TYPE
THIRTEEN LEVEL CONVERTER FOR SOLAR PV
GENERATION APPLICATIONS

8.1 INTRODUCTION
In this work, practical implementation of a grid-tied solar photovoltaic (PV)

generation system utilizing a thirteen-level inverter is explored. This system
introduces a ladder-type topology that effectively addresses common issues such as
harmonica distortion and low power quality. The term "ladder" refers to the series
connection of PVarray fed converter cells arranged in a staircase-like manner. Each
phase of the system consists of six cells, with an H-bridge module employed to change
the converter voltage polarity. Unlike the conventional Cascaded H-bridge (CHB)
approach that requires twenty-four switches for thirteen-level operation, the proposed
system achieves the same functionality with only fifteen switches. To evaluate its
performance, the system is analyzed under varying solar irradiation conditions and to
conduct simulations to validate its effectiveness. The results obtained demonstrate that
thirteen-level inverter-based system significantly reduces total harmonics distortion
and voltage imbalance, thereby improving the overall power quality of the grid-tied
solar PV generation system. These findings indicate that the proposed system holds
considerable potential for widespread application in the renewable energy sector,

making a significant contribution towards the realization of a more sustainable future.

8.2 CIRCUIT CONFIGURATION OF LADDER TYPE THIRTEEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 8.1 illustrates the solar ladder converter system, utilizing fifteen switches and six
identical solar arrays per phase. In the ladder structure of phase 'a', there are eleven

switches (T1a-T11a), and the phase inversion module employs four switches (TuB1a-
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ThB4a). Among the switches, T1a, T4a, T7a, and T10a serve as bypass switches (BS), while
T2a, Tsa, Tga, and T11a act as series connecting switches (SCS). The BS is responsible
for bypassing the solar PV array voltage, while the SCS connects the solar PV arrays

in series. The converter voltage polarity depends on the state of the switches. When
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Thg1a and Thp4a conduct, the converter voltage is positive, and when Thp2a and Thg3a
are in the ON state, the converter voltage is negative. The generation of positive peak,
negative peak, and zero voltage steps are explained as follows. The peak step of the
converter occurs when all SCS switches are turned ON, connecting all the solar arrays
in series. If Vsmpp represents the voltage of each solar array at the maximum power
point, the peak voltage step of the converter output voltage of phase 'a', Vcon, can be

expressed as shown in equation (8.1).

V,, =V, +V, +V +V,, +V, +V 8.1)
This converter voltage, Vcon, 1s positive when the phase inversion switches Tyg; and
Tug4 are turned ON, and negative when THB2 and THB3 are closed. The zero voltage
step is achieved by bypassing all the solar sources. Switching ON all BS switches
bypasses the last five solar arrays of the ladder, while the first solar array is bypassed
by closing the first SCS switch T2a and the bypass switch of the first solar panel Tj..
Fig. 8.2-8.3 demonstrate the generation of the remaining converter voltage profiles for
the positive cycle. Table 8.1 provides the corresponding switch positions for each step.
Each voltage step involves the activation of five switches, except for the zero converter
voltage, which requires the conduction of seven switches. To achieve the fifth voltage
level, the last or sixth solar array is disconnected by opening T11a and closing Tioa, as
depicted in Fig. 8.2(a). Fig. 8.2(b) illustrates the attainment of the fourth level by
removing the fifth array, achieved by switching OFF its SCS Toa and turning ON the
BS Tsa. Similarly, Fig. 8.2(c) demonstrates the fourth level. The third, second, and first
levels are explained in Figs. 8.3(a-c). The negative voltage levels of the converter are
realized by changing the phase inversion switches from Tug1a and Thg4a to THp2a and

Thg3a for each level. Table 8.2 shows the system parameters of the converter.
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Table 8.1 Switching modes of ladder converter

Level | T1 T Ts Ta Ts Te T7 Ts To Tio Tu The1 Ths2 Thes | Thea

+6 ON ON ON ON

+5 ON

+4 ON

+3 ON

+2 ON

+1 ON

Table 8.2 Parameters for ladder type solar multilevel converter

S.N. Parameter Value
1 V (Max power point) 47.76V
2 I (Max power point) 8.23A
3 Ns(series connected solar modules) 11
4 Np(parallel connected solar modules) 5
5 C (DC link) 700 pF
6 V(Grid Voltage) 3.3kV
8 L (harmonic filter) 20.0 mH
9 AC side PR controllers’ Kpac, Kiac 0.0017,0.0005
10 DC side PI controllers’ Kpdc, Kidc 0.5, 0.035
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8.3CONTROL STRATEGY OF LADDER TYPE THIRTEEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 8.4 depicts the control of proposed system, consisting of two control blocks. The
first block, shown in Fig. 8.4(a), regulates the DC-link voltage. Each solar module's
voltage is optimized using an MPPT controller, which calculates the maximum power
extraction from the solar module's voltage (Vev) and current (lev). Individual
proportional-integral (P1) controllers are employed to maintain the maximum power
point voltage of all solar panels at the DC link. The DC-link voltage of all solar
modules is summed to obtain the reference DC current lqeef). The second control block
converts the DC-side current (Id(ref)) into reference AC-side currents (ia-ref, ib-ref, and
icref). A phase-locked loop (PLL) is utilized to synchronize the utility grid and the
converter. The PLL ensures precise and rapid detection of the grid phase angle (wt)
for generating the converter reference signal. The AC reference phase currents are
compared with the actual grid currents (iga, igh, and igc), and difference between the
two is minimized by proportional-resonant (PR) controllers (PRa, PRy, and PR¢) in the
‘a', 'b', and 'c’ phases, respectively. PR controllers are preferred for AC-side control as
they offer a faster tracking response compared to PI controllers. The modulating
signals (Ma, My, and Mc) for phase 'a’, 'b', and 'c’, respectively, are generated from the
PR controllers. The transfer function of the PR controller for phase ‘a’ is expressed.

HPRa(S)zMa—(S)z(KPR)pea +(KPR)kea [;j (82)

lore_a) s +2w s +w, 2
loree_ay =larer —la (8.3)
Here Ipr(e a) error current signal, wn is resonant frequency, oo is corner frequency,
(KPR)pea & (KPR)kea are control parameters. Hence the modulating signal of phase ‘a’

IS given as,
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Fig 8.4. The Control Scheme (a) DC side control (b) AC side NLM-PR controller.
S
M, (5) = lore_a) {(KPR)pea + (Kpr)iea [mj} (8.4)
M, (s) s
HPRb(S) = IPR(e_b) = (KPR)peb + (KPR)keb m (85)
IPR(e_b) = ib—ref _ib (86)
Modulating signal of phase ‘b’ is given as,
S
M, (S) = lere_) {(KPR)peb + (Keg)iep [m]} (8.7)
Transfer function of phase ‘¢’ is given as,
M_(s) S
Ho..(5)=——==(K +(K —_— 8.8
PRc( ) IPR(eic) ( PR)pec ( PR)kec[sz +2WJS+WHZJ ( )
IPR(e_c) = ic—ref - ic (8'9)

And modulating signal of phase ‘¢’ is given as,

Mc(s) = IPR(e_c) {(KPR)peC + (KPR)kec [;\J} (810)

2 2
S”+2W S+ W,

Fundamental frequency switching nearest level modulation (NLM) is applied for
converter switching pulse generation and Ma, My and M are references for the NLM
algorithm. The implementation of the NLM algorithm is shown in Fig. 8.4(b). The

NLM function is executed by the following steps.
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(i) The FL is set as 1/6 as there are six levels in each half of the cycle.

(i)  Q =Ref/FL where ref is Ma, My and M for phase ‘a’ ‘b’ and ‘c’, respectively.

(ili)  Z=round(Q) and value of Z determines the level.

(iv)  For 0< Z<1 the switches T1-T4 ,T6, T8, T10, THB2, THB4 are turned ON for

zero converter voltage as shown in Table 8.1.

(V) For 1< Z<2 the switches T1,T4 ,T6, T8, T10, THB1, THB4 are turned ON for

Val first level converter voltage as shown in Table 8.1.

(vi)  Value of Z goes up to seven for positive half of modulating signals, second,
third, fourth, fifth and sixth levels are generated when 2< Z<3, 3< Z<4, 4< 7<5, 5<
7<6 and 65 Z<7, respectively by turning ON switches for corresponding level as

shown in Table 8.1.

(vii)  Similarly, Z varies zero to negative seven for the negative half of modulating

signal and six negative levels are formed for values of Z from zero to negative seven.

84 MATLAB MODEL OF LADDER TYPE THIRTEEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

Fig. 8.5(a) shows the developed MATLAB model of power circuit of the thirteen level
PEC converter. Each phase consists of six solar arrays and nineteen switches. The
power circuit is formed by the switching, which either connect the solar array in series
or bypass it. Phase ‘B> & ‘C’ are formed similar to Phase ‘A’. Three phases of
converter are connected in the star and are fed to R-L harmonic filter. The
measurement of three phase voltage and current is taken before feeding the power to

the grid.
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Fig. 8.5. MATLAB models of (a) power circuit (b) control circuit

Fig. 8.5 (b) shows the control scheme implementation of this converter. The DC link
voltage is converted to the equivalent AC values which are then compared with AC
current of grid and PR controller are used to minimize the error signal.

85 SIMULATED RESULTS OF LADDER TYPE THIRTEEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The performance of proposed solar photovoltaic generating system is assessed in both
steady-state and transient conditions. Various parameters are monitored, including grid
voltages (Vganc), grid currents (ianc), solar photovoltaic power (Ppy), active power
transferred to the grid (Pg), reactive power (P-Q), converter voltages (Vconph.), VeonL),
and the power quality indicators of voltage and current total harmonic distortion

(THD). The evaluation is carried out using MATLAB/SIMULINK.
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8.5.1 Operating Performance Analysis

Fig. 8.6(a) shows the steady-state response at a solar irradiation level of 1000 W/m?.
A total of 383.50 kW Ppy is generated across all three phases, and 373.90 kW of active
power (Py) is efficiently transferred in the grid with a 98.5% efficiency. The converter
output waveform exhibits a total of thirteen levels. Fig. 8.6(b) demonstrates the
transient response when the solar irradiance is reduced by half to 500 W/m?2.
Consequently, the Ppy decreases to half of its value at 1000 W/m?, and the grid-injected
current (ianc) also settles at half of its previous value. The voltage profiles of Vcon(ph,)
and VconL remain unchanged. In Fig. 8.7(a), the transient response under increased
solar irradiation from 500 W/m? to 1000 W/m? is presented. The system's behaviour
in this scenario is similar to the case of decreased solar irradiation. The Ppy increases
back to 383.50 kW, and the ianc stabilizes, reaching the same values observed at 1000
W/m?. Fig. 8.7(b) highlights the evening effect on the solar arrays. As the solar
irradiation diminishes to zero, both the Ppv and P, decline to zero. Overall, the
performance analysis provides valuable insights into the behaviour of the proposed
solar photovoltaic generating system under steady-state and transient conditions,

demonstrating its effectiveness in different operating scenarios.

8.5.2 Harmonic Performance Analysis

The power quality of the injected power is assessed by evaluating the total harmonics
distortion (THD) of voltage and current. The THDs are calculated using the fast
Fourier method, and the results are depicted in Fig. 8.8(a). The THD of the ladder
output voltage is measured to be 7.47%, with a fundamental voltage component of
3546V. The current THD is 1.72% Fig. 8.8(b)). It is worth noting that the current THD

limit, according to the IEEE standard 519, is set at 5%.
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Fig. 8.6. Ladder type converter result (a) at constant irradiance (b) with insolation fall.
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8.6 REAL-TIME EXECUTION OF LADDER TYPE THIRTEEN LEVEL
CONVERTER FOR SOLAR PV GENERATION APPLICATIONS

The presented system is tested with the real-time simulator OPALRT for the validation
of results obtained by the MATLAB/SIMULINK. The results of OPALRT are
presented in Figs. 8.9-8.12 The steady state performance is shown in Figs. 8.9(a)-(b)
which validates the power transfer at unity power factor and while thirteen level
converter voltage profile is maintained. Transient state of falling and rising irradiation
is shown in Figs, 8.10(a)-(b) and 8.11(a)-(b) and power transfer changes corresponding
to increase and decrease of solar irradiation that is 1000 W/m? to 500 W/m? and 500
W/m? to 1000 W/m?. Figs. 8.12(a)-(b) show the harmonic performance in terms of
voltage and current THD. The operating and harmonics performance matches the

results obtained from the simulations.
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Fig. 8.9. RT simulator results (a) grid voltage, power(Active and reactive) and current
(b) PV power, grid current, Converter voltage (Line and Phase) at steady state.

Grid ypl,tage PR Grid Power (Active) 400 kW/div
Grid Cuuent 100 A/div
ARARRARAARAR B i nnnnr e,
Grid Power (Active) 400 KW/div \ ] \} \/\ [ \ f \ ’ WA A /\ ﬁ\N\
WYy AR
B 3150 V/div
_Grid Power (Reactive) 400 kW/div iy MNV\NVWWV\ !\
i iy
Gud Cuu_ent o 100 A/div ! 0

E—
—
=
—
—
==

I ;‘ | 1 j ] W \H IV \I\ \\'\'\ﬁ., )

\ \‘ !
(a) (b)
Fig. 8.10. RT simulator result (a) Grid voltage, power(Active and reactive) and current
(b)PV power, grid current, Converter voltage (Line and Phase) at irradiation fall.
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Fig. 8.11. RT simulator result (a) Grid voltage, power(Active and reactive) and current
(b)PV power, grid current, Converter voltage (Line and Phase) at irradiation rise.
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Fig. 8.12. RT simulator result of (a) Voltage harmonic response (b) Grid current
harmonic.

8.7 CONCLUSIONS

The primary objective of reducing the switch count in a thirteen-level solar inverter
has been successfully achieved. Nearest-level modulation is employed for
fundamental frequency switching. The control strategies for DC voltage regulation
using proportional-integral (PI) control and proportional resonant (PR) control for the
AC side have been comprehensively discussed. The Pl controllers have effectively
tracked the actual DC-link voltage to the reference MPPT voltage. The harmonic
performance (THD) is determined by FFT with converter phase voltage THD as 7.47%

and grid current THD as 1.72% well below the IEEE-519 standard of 5%.
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CHAPTER IX

COMPARATIVE STUDY OF DIFFERENT MULTILEVEL
CONVERTERS FOR SOLAR PV GENERATION
APPLICATIONS

9.1 INTRODUCTION
This chapter presents a comparison of different topologies of PV generation systems

covered in the work. The comparison is made on the basis of circuit configuration of

the inverters presented in this work with other same level topologies. The number of

switches, diodes, capacitors, are compared for each type of configuration. Control

method, grid-integration, switching frequency are also considered for the

comparison. The results are depicted in the tables for all levels inverters. The

summary of comparison provides the new findings for solar photovoltaic systems as

follows.

> A symmetric five level T-Type inverter, modified NPC topology is used. This
configuration uses the switches in place of diode to clamp the voltage. A new
modified triangular carrier signal is generated as a contribution, which has given
the excellent harmonics performance.

> A asymmetric PUC topology is used for seven level solar PV plant. PUC is a
modification to the CHB configuration and uses less switches. This solar PV
generation system is tested for different modulation techniques with various
patterns as a contribution.

> A symmetric seven level K-Type converter is used for the medium power solar
PV plant. The SHE modulation method is applied for the voltage level
generation. Performance of the solar PV generation system is analyzed in steady,
rising, falling and no irradiation conditions.

> Well known CHB topology is used in nine level solar PV plant. The THI-NLM
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PWM is applied for the switching of converter as a contribution in modulation
side.

> A asymmetric eleven level converter based on PEC topology is used for the a
grid integrated solar system. The PEC topology is a modification to PUC
topology by nesting of bidirectional switch branch to generate eleven levels.

> A symmetric thirteen level ladder type converter based solar PV system is
formed for high power. The ladder type topology uses lesser number of switches
than conventional CHB. Fundamental frequency switching is achieved by the
nearest level modulation, which improves the efficiency of power transfer.

9.2 FIVE LEVEL T-TYPE CONVERTER COMPARISON WITH OTHER
FIVE LEVEL CONVERTERS

The proposed T-Type inverter generates the five levels by using the six number of
switches per phase, which are lowest among the other five level topologies. The
proposed topology is analysed in grid integrated mode and switching of inverter is
done with new multicarrier at 500 Hz which is lowest in other converters and gives
the higher efficiency and power quality. The detailed comparison is shown in Table
9.1.

93 SEVEN LEVEL PUC, PEC AND K-TYPE CONVERTER
COMPARISON WITH OTHER SEVEN LEVEL CONVERTERS

The seven level topologies of PUC, PEC and K-Type are compared with other
widely used topologies CHB, FC and others. The presented converters are operated
in grid integrated mode by using the various modulation techniques with lower
frequencies and maintaining the power quality with THD below the IEEE standard
limit. PUC, PEC and K-Type converters need only six, eight and ten switches per
phase for generating the seven levels. The detailed comparison of presented seven
level inverters are depicted in Table 9.2.

9.4 NINE LEVEL CHB CONVERTER COMPARISON WITH OTHER
NINE LEVEL CONVERTERS

The nine level CHB converter is compared with other nine level topologies,
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presented converter is operated in grid integrated mode while other converter are
operated in stand-alone mode. The third harmonic is injected to the modulating
signal to improve the DC-link utilization. The fundamental frequency switching of
converter is done by the implementation of nearest level modulation. The detailed
comparison of presented nine level inverters is shown in the Table 9.3,

9.5 ELEVEN LEVEL PEC CONVERTER COMPARISON WITH OTHER
ELEVEN LEVEL CONVERTERS

The eleven level converter PEC 11 is formed by twenty four switches and nine
sources in all three phases which is among the lowest with most of the inverters.
This converter utilizes the voltage ratio of five to one and switched at power
frequency of fifty hertz. A simple and robust PI controllers are used for grid voltage
synchronization, which have given the excellent operating performance. The detailed
comparison of presented nine level inverters is shown in Table 9.4.

9.6 THIRTEEN LEVEL LADDER-TYPE CONVERTER COMPARISON
WITH OTHER THIRTEEN LEVEL CONVERTERS

The presented thirteen level converter is operated in grid tied mode and switched at
fundamental frequency. The switching frequency in most of other similar level
inverters is very high. The other work in thirteen level converters discussed
converter in standalone mode. The detailed comparison of presented nine level
inverters is shown in Table 9.5.

Table 9.1 Comparison of other converters with T-Type five level converter for solar

PV generation applications

Parameter | [109] [110] [111] | [112] [113] [1114] Propos
HERI |CHB |Boost |LLC |EC NPC eT‘i,pTé
C Invert | Boost
Active- er
Clamp
ed
No. of 5 5 5 5 5 5 5
levels
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No. of
Switches/P 8 8 8 8 7 8 6
h
No. of
Sources/Ph. 1 2 1 2 2 1 2
No. of Nil Nil 2 4 Nil 4 nil
diodes
No. of
Capacitors/ 2 2 3 2 2 2 2
Ph.
Voltage 1|11 1 1:1 1:1 1:1 1:1
ratio
Closed/Ope Closed | Closed | Closed | Closed | Closed | Closed Closed
n Loop Loop Loop Loop Loop Loop Loop Loop
Control
Synchron

PWM Phase . PDCP | ous New
Technique shifted | Carrier | PCC WM Carrier optimize carrier

PWM q PWM
SWItching | 5511, | 70kHz | - | 8kHz |1kHz |350Hz | 500 Hz
Frequency
Control Not
Method PR DSP PCC Pl RT-PI discussed Pl
Grid Tied Discus N.Ot Discus N.Ot Discus N.Ot Discus
Implementa Discus Discuss Discusse
X sed sed sed sed
tion sed ed d

Table 9.2 Comparison of other converters with PUC and K-Type seven level
converter for solar PV generation applications

[115] [116] [117] [118] [119] Propos | Propos
Parameter | Multiple | FC | Hybrid | CHB | Triple | & ed

xed Dual Boost | PUC K-

Inv. Type

No. of 7 7 7 7 7 7 7
levels
No. of
Switches/P 8 12 8 8 8 6 10
h
No. of 1 1 1 1 1 2 3
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Sources/Ph.
No. of 2 Nil Nil Nil 2 Nil | Nil
diodes
No. of
Capacitors/ 2 2 Nil Nil 3 2 3
Ph.
Voltage 1 1 1 1 11 | 21 | 111
ratio
Closed/Ope | Closed Closed | Closed Closed | Closed
Closed | Closed
n Loop Loop Loop Loop Loop Loop
Loop Loop
Control
PWM SPWM | PD- Space Carri New SHE
Technique PWM | Vector P\?\rlnl\/?r Carrier | Carrier
PWM

Switching | 5 kHz 5kHz | fundame Not 1kHz |50Hz
Frequency ntal 80 kHz | Discus

sed
Control OPAL- DSP DSP PR PR
Method RT and Pl PR

DSP

Grid Tied Not Not Not Not Discus Discus | Discus
Implementa | Discusse | Discus | Discusse | Discus sed sed
: sed
tion d sed d sed

Table 9.3 Comparison of other converters with CHB nine level converter for solar

PV generation applications

[120] [121] [122] [123] Proposed
. CHB

Parameter FC Series ANPC Quadruple

connected Boost Inv.

capacitor
No. of levels 9 9 9 9
No. of 20 (three
Switches/Ph 8 ph.) o 16
No. of
Sources/Ph. 1 1 . 4
No. of diodes Nil 3(three ph.) Nil Nil Nil
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No. of
Capacitors/Ph. 2 (three ph.) 4 2 4
\oltage ratio 1 1 1 1 1:1:11
Closed/Open Closed Closed Closed
I L I L

Loop Control Closed Loop Loop Closed Loop Loop Loop

. Space Vector
PWM Technique | SPWM SPWM PWM SPWM THI-NLM
Switching 5 kHz 2 kHz 10 kHz 5 kHz 50 Hz
Frequency
Control Method (;)SSp;ce and | pep MPC ARDUINO | PI
Grid Tied Not Not Not Not Discussed
Implementation | Discussed Discussed | Discussed Discussed

Table 9.4 Comparison of other converters with PEC eleven level converter for solar
PV generation applications

Paramete | [124] [125] [126] | [127] [128] | [129] | [130] Propose
r d PEC11

HI MMLI HC- Cascade | PUC1 | UXE1 | H-

MLI d MLI 1 1 NPC-
HB

No. of 1 1 1 1 1 1 1 1
levels
No. of
Switches 36 36 36 18 24 36 30 24
No. of 3 15 9 9 9 3 6 9
Sources
No. of Nil 12 Nil Nil Nil | Nil 12 Nil
diodes
No. of ] ] ] ] ]
?ﬁi'(t)age 111 | L1111 | 221 | 122 | 531 | 411 | 211 5:1:1
Closed/Op | Closed | Closed | Close Open Close | Open | Open Closed
en Loop Loop Loop d Loop d Loop Loop Loop
Control Loop Loop
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PWM Carrier Carrier SHE- SHE Carrie | Carrie | Carrier NLM
Technique PSO r r

Switching | 2 kHz 10kHz | 50Hz | 50Hz | 1kHz | 5kHz | 10 kHz 50 Hz
Frequency

Control dSpace | dSpace DSP DSP RT-PI | DSP DSP Pl
Method Pl Pl
Grid Tied Discuss Not Not Not Discu Not Not Discusse
Implemen Discusse | Discu | Discusse Discu | Discuss

; ed ssed d
tation d ssed d ssed ed

Table 9.5 Comparison of other converters with PEC eleven level converter for solar
PV generation applications

[131] [132] [133] [134] [135] Proposed

Parameter PEC FC UXE Dual SCMLI |Ladder-
Boost Type

No. of levels 13 13 13 13 13 13

No. of

Switches/Ph 10 13 12 29 10 15

No. of

Sources/Ph. 1 1 1 1 ! 6

No. of diodes Nil 2 Nil Nil 2 Nil

No. of

Capacitors/Ph. 4 4 2 > 1 6

\oltage ratio 1 1 1 1 1 1

Closed/Open Closed Closed Closed Closed Closed Closed

Loop Control Loop Loop Loop Loop Loop Loop

PWM NOU 1 spwm | spwm | sPwM | NLM | NLM

Technique Discussed

Switching Not "1 5kHz | 5KHz | 10kHz | 50Hz | 50Hz

Frequency Discussed

Control Not Pl, PR,

Method Pl Discussed Pl Fuzzy DSP PR

Grid Tied Discussed Not Not Not Not Discussed

Implementation Discussed | Discussed | Discussed | Discussed
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9.7 CONCLUSIONS
In this chapter, converters from five to thirteen level for the grid integration of solar
PV power generation are discussed. The converters are operated by using various
modulation techniques, power balance control methods. The converters are operated
for the medium to high power transfer handling capacities. Modulation techniques of
switching frequency of fifty to order of kHz are tested for the objective of containing
the THD to the standard limits. Power balance control is achieved by implementing
the Pl and PR controllers. This work is done for solar PV generation based grid
application with various environmental conditions of rising, falling solar irradiation
and temperature change. This work also analyses the power quality during the
dynamic conditions. The selection of the best multilevel inverter depends upon the
requirement of total power to be transferred to the grid. The increase in number of

levels increases power quality and power handling capability.
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CHAPTER X
MAIN CONCLUSIONS AND FUTURE WORK

10.1 INTRODUCTION

The multilevel converter-based solar photovoltaic generation system has performed
better in power conversion efficiency and reduced harmonic distortions compared to
traditional converters. The system's modular and scalable architecture allows for
easy integration with various PV array configurations and the grid. Control strategies
applied to the converter successfully have managed voltage levels and ensured
seamless grid synchronization in all environmental conditions. Various modulation

techniques have shown the better power quality.

10.2 MAIN CONCLUSIONS

The main conclusions of this thesis are listed here.

> Five level symmetric T-Type topology converter is investigated for grid-tied
solar PV generation applications. The new multi-carrier modulation method is
applied with unit template based AC control. The results are recorded for new PWM
along with other commonly used techniques. Harmonic performance is tested with
THD of converter phase voltage of 23.19% and current THD of 2.07%. The
harmonics performance of grid current is within the 5% limit of the IEEE-519
standard. The T-Type converter with new multi-carrier modulation is found suitable
over CHB and NPC topologies.

» Seven level asymmetric PUC topology converter is investigated for grid-tied
applications. Proportional resonant controllers have shown proper tracking of AC
side grid currents. The PUC inverter is analyzed with three types of multicarrier
PWM schemes, and each multicarrier signal is arranged in three patterns (PD, POD,

APQOD). The results are recorded for SPWM, parabolic PWM and modified PWM.
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Harmonic performance is found best in modified PWM with THD of converter phase
voltage of 14.789% and current THD of 1.77%. The harmonic performance of grid
current is found within the 5% limit of IEEE-519 standard.

» Seven level symmetric K-Type topology converter is investigated for grid-tied
solar applications. The PR control provides simple and robust AC power control.
The implementation of SHE modulation ensures an excellent harmonics response
with converter phase voltage THD of 13.58% and gives a current THD of 1.32%,
which is much lower than the permissible limits of 5% as per the IEEE-519
standards. These results have shown that the grid power is fed smoothly at steady
state and dynamic conditions.

» Nine level symmetric CHB topology converter is investigated for grid-tied solar
PV generation applications. Proportional resonant controllers have shown proper
tracking of AC side grid currents. An improved control with 3 harmonic injection
and nearest-level PWM is applied for closed loop control of CHB solar PV
generating system. Cascaded H-bridge power cells with twelve solar PV arrays have
injected the solar PV power to the grid. This work explained the 3™ harmonic
injection in the modulating signals and performance analysis of harmonics with and
without THI. The harmonic performance is tested in OPAL-RT test bench with
converter line voltage THD of 7.47% and gives a current THD of 2.78%, which is
much lower than the permissible limits of 5% as per the IEEE-519 standard.

» Eleven level asymmetric (1:5, Quintuple) PEC topology converter is
investigated for grid-tied solar applications. The complete control scheme with DC-
link voltage of top and bottom PV arrays, resonant current controllers, and code of
NLM is shown for PEC11. The simulated results of DC and AC side of the PEC11 in

steady and varying solar conditions are demonstrated in detail. The harmonic
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performance (THD) is determined by FFT with converter phase voltage THD as
7.22% and grid current THD as 3.014%. The performance of the new PEC11 is
verified on real-time OPALRT successful.

» Thirteen level symmetric ladder type topology converter is investigated for grid-
tied solar applications. The fundamental frequency switching is done with nearest-
level modulation. The DC voltage control by proportional-integral control and
proportional resonant control for the AC side have been achieved. The harmonic
performance (THD) is determined by FFT with converter phase voltage THD as

7.47% and grid current THD as 1.72%.

10.3 FURTHER WORK

Following are the possible research directions for further research in solar multilevel
converters.

» Hybrid topologies are to be explored for increasing the number of levels with
lesser count of the switches for better conversion efficiency.

» Control strategies involving the neural network and artificial intelligence are to be
explored for faster response to varying solar irradiation conditions.

» Development of new modulation techniques for the mitigation of harmonic
distortion.

» The inclusion of solar irradiation forecasting into the control algorithm of solar

PV system.
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APPENDIX

In the RT-LAB environment, a MATLAB model operates as the master and console,
while OPALRT empowers it to run at physical clock time. Refer to Fig.1 for the
schematic representation. After a successful execution, Fig. 1 displays the
automatically generated real-time window. The remarkable high sampling speed of
OPAL-RT turns it into a dynamic real-time system. For detailed specifications of the
real-time OPAL-RT simulator. Difference between offline and online simulation is

discusses here.

Offline MATLAB Simulation

The time taken to compute all equations and functions representing a system during a
given time-step in real-time may vary, being either shorter or longer than the duration

of the simulation time step.

Real-time Test Bench Execution

The real-time simulator precisely generates the internal variables and outputs of the

simulation in the same time frame as its physical counterpart would.

These are the advantages of real time execution:

Early Discovery of Design Issues: It enables the identification of design issues at an

earlier stage in the process, facilitating timely corrections and improvements.

Reduced Development Costs: Real-time execution helps in reducing overall

development costs by streamlining testing and validation processes.

Cost-Effective: Real-time test benches are more economical compared to physical

setups, and they can be utilized for multiple applications, maximizing their utility.
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Table: OPAL-RT software block-sets and features

Key Parameters  Hyper-sim Phasor-sim FPGA-sim Mega-sim
Application Power system Power system  Power Power
System electronics and
power system
Network Scale 9000 real-time - - 900 real-time
nodes nodes
Processing Time 1-10 ms 200 ns-2 s
200 ns-100 s 200 ns-100 s
Mode of EMT Mode Phasor Mode ~ EMTMode  EMT Mode
Simulation
Simulink and Simulink, Simulink and
Compatibility Sim-scape CYME, Power Psim, Sim-scape
PLECS

Fig. Real-Time Test Bench

Fig. Real-Time Test Bench

Substitution for Risky or Expensive Tests: Real-time execution allows for the
substitution of risky or costly tests that would otherwise require physical test benches,

enhancing safety and cost-effectiveness.
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