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Resumen

Entre las diversas tecnologias de energia renovable, la energia procedente de paneles
fotovoltaicos es una de las mas implementadas comercialmente y ampliamente utilizadas en los
paradigmas energéticos actuales en todo el mundo, donde ocupa un lugar significativo entre otras
fuentes de energia renovable, y de hecho tiene una tasa de crecimiento mas rapida que cualquier
otra fuente. Las fuentes de energia renovable, como la conversion de energia solar fotovoltaica,
han recibido una mayor aceptacion en los ultimos afios debido a la necesidad de una menor
dependencia de los combustibles fosiles. En comparacion con los combustibles fésiles, los paneles
fotovoltaicos tienen beneficios significativos, como la produccion de energia limpia y confiable y
su idoneidad para la generacion distribuida.

A medida que aumenta la importancia de la energia fotovoltaica, la eficiencia y el
rendimiento de los convertidores de potencia utilizados para controlar la energia fotovoltaica seran
cada vez mas importantes. Como resultado, es fundamental analizar el rendimiento de las
aplicaciones fotovoltaicas basadas en convertidores de potencia conectados a red para lograr una
alta productividad y crear técnicas de control mejoradas que permitan logras una mayor
rentabilidad de los sistemas fotovoltaicos.

Recientemente se ha propuesto una nueva topologia para los sistemas fotovoltaicos
conectados a red, utilizando convertidores multinivel modulares (MMC) vy distribuyendo los
paneles fotovoltaicos en todas las celdas del MMC. La topologia MMC ofrece varias ventajas en
comparacion con otros convertidores multinivel, como la modularidad del convertidor que permite
alcanzar en principio cualquier nivel de tension, mientras que el equilibrado de tensiéon de los
condensadores se puede lograr con relativa facilidad. Ademas, se generan formas de onda con baja
distorsion armonica, se puede implementar una operacién tolerante a fallos y el condensador de
enlace de continua (CC) se puede reducir al minimo o incluso eliminar en una situacion
equilibrada. Sin embargo, todavia existen desafios asociados con el control y la modulacion del
MMC, como su comportamiento en cortocircuito en el lado de continua. Por otra parte, la
distribucion de los paneles fotovoltaicos sobre la topologia MMC tiene dos ventajas principales:
elimina las pérdidas y los costos relacionados con los convertidores CC/CC utilizados para seguir
el punto de maxima potencia en los string converters y los central inverters, porque esa tarea se
delega a las celdas del MMC, y reduce las pérdidas de potencia relacionadas con el traslado de la
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energia a los condensadores MMC desde una fuente de CC externa. Sin embargo, las técnicas
tradicionales de modulacion por ancho de pulso (PWM) tienen muchos problemas cuando se trata
de esta aplicacion porque la distorsion en la salida aumenta a valores inaceptables cuando las
celdas del MMC tienen como objetivo diferentes tensiones.

Este proyecto de investigacion ha propuesto una nueva técnica de modulacion denominada
“Modulacion de ancho de pulso con portadora local” (LC-PWM) para MMC con diferentes
voltajes de celda, teniendo en cuenta los voltajes de celda medidos para generar secuencias de
conmutacion obteniendo una sincronizacién mas precisa. También adapta el periodo de muestreo
del modulador para mejorar las transiciones de nivel a nivel, un aspecto importante para reducir el
ruido de las corrientes circulantes internas. Como resultado, la nueva técnica de modulacion LC-
PWM reduce la distorsion de salida en un rango mas amplio de situaciones de voltaje. Ademas,
elimina de manera efectiva los componentes innecesarios de alterna de las corrientes circulantes,
lo que resulta en menores pérdidas de energia y una mayor eficiencia de la aplicacion.

Finalmente, se ha utilizado un modelo de simulacién del MMC conectado a la red para
evaluar la modulacion propuesta. El rendimiento de LC-PWM también se ha validado
comparandolo con un PWM de cambio de fase tradicional en cargas aisladas para descartar
cualquier interaccion de la red o del controlador. Los resultados de la simulacién revelaron una
distorsion de salida mas consistente en un amplio rango operativo, asi como una reduccion efectiva
de las corrientes circulantes y de las pérdidas de potencia.
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Abstract

Among the various renewable energy technologies, photovoltaic (PV) cell energy is one of
the most commercially implemented and widely used in today's energy paradigms throughout the
world, where it has a significant place among other renewable energy sources, and with a growth
rate faster than any other source. Renewable energy sources, such as solar PV conversion, have
received greater acceptance in recent years with reduced reliance on fossil fuels. In comparison to
fossil fuels, PV panels have significant benefits such as clean and reliable energy production and
suitability for distributed generation.

As the importance of PV energy increases, the efficiency and performance of power
converters used to control PV energy become increasingly important. As a result, it is essential to
analyze the influence of power-converter-based PV applications on the grid in order to achieve
high productivity and to create improved control techniques that will allow for further penetration
of cost-effective PV systems.

A new topology has recently been proposed for grid-connected PV systems, using modular
multilevel converters (MMC) and distributed PV panels throughout the MMC cells. The MMC
topology offers various advantages compared to the other multilevel converters, such as the
modularity of the converter that conceptually enables any voltage level to be reached, while
capacitor voltage balancing can be achieved relatively easily. Furthermore, waveforms with low
harmonic distortion are generated, the fault-tolerant operation can be implemented, and the DC-
link capacitor can be reduced to the minimum or even eliminated in a balanced situation. However,
there are still challenges associated with the control and modulation of the MMC, such as the short
circuit fault DC side. In contrast, distributing the PV panels over MMC topology has two main
advantages: it removes the losses and costs related to the DC-to-DC converters used to track the
maximum power point on string converters or central converters, because that task is delegated to
MMC cells, and it reduces the power losses related to moving the energy into the MMC capacitors
from an external DC source. However, traditional pulse width modulation (PWM) techniques have
many problems when dealing with this application: the distortion at the output increases to
unacceptable values when MMC cells target different voltages.



This research project has proposed a new modulation technique called “Local Carrier Pulse
Width Modulation” (LC-PWM) for MMCs with different cell voltages, taking into account the
measured cell voltages to generate switching sequences with more accurate timing. It also adapts
the modulator sampling period to improve the transitions from level to level, an important issue to
reduce noise at the internal circulating currents. As a result, the new modulation LC-PWM
technique reduces the output distortion in a wider range of voltage situations. Furthermore, it
effectively eliminates unnecessary AC components of circulating currents, resulting in lower
power losses and higher MMC efficiency.

Finally, a grid connected MMC simulation module has been used to evaluate the proposed
modulation. The performance of LC-PWM has also been validated by comparing it to a traditional
Phase Shift PWM on isolated loads to rule out any grid or controller interaction. The simulation
results revealed a more consistent output distortion throughout a wider operating range, as well as
an effective reduction in circulating currents and power losses.
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Chapter 1. This chapter explains the study objective and motivation, as well as the most
relevant points of the modular multilevel converter (MMC) as a power converter for
photovoltaic (PV) applications linked to a grid or to a load. An introduction to the state of
the art is presented and a new modulation is identified for the MMC to deliver the highest
power conversion efficiency and the lowest overall device losses.

Chapter 2. This chapter introduces the basic operational concepts of PV panels and
explains how costs and installed power are shifting. The characteristics of current-voltage
(1-V) and power-voltage (P-V) are described in detail to represent their effects on various
algorithms for maximum power point tracking. It also highlights the most important PV
applications.

Chapter 3. In this chapter, multi-level converter types are discussed focusing on the main
parts and topologies of each type, with an emphasis on the advantages of raising the level
of conversion and the pros and cons of each type.

Chapter 4. Introduction to the MMC topology description, basic operation, and
mathematical modeling have been demonstrated in this chapter. The chapter includes the
technical work of the main part of the converter represented by the submodule (SM) to
construct the arm’s converter with different topologies. It also identifies the most essential
MMC applications.

Chapter 5. Different modulation methods and power control related to the MMC have
been demonstrated in this chapter. The circulating current effect and voltage ripple control
are described indicating the performance over power conversion. In terms of the MMC
scalability and modularity, the advantages and implementations are listed in depth to
illustrate the converter work.

Chapter 6. This chapter explains and studies the controller of a grid-connected PV
generation application with distributed panels throughout an MMC, taking into
consideration phase to phase and arm to arm power imbalances, as well as maximum power
point tracking (MPPT) for each set of PV cells connected to an MMC submodule. It also
explains in detail the proposed modulation methodology, named Local-Carrier PWM (LC-
PWM), as well as the rationale for using a new modulation and the precise calculations
used to validate the modulation concept. The framework of the simulation results
developed as part of this research project is presented. The consequences of on-grid and
off-grid connections are discussed.

Chapter 7. This chapter concludes with the findings of this research project and offers
an outline of the immediate areas for future research.
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Introduction

Contents of This Chapter

» Section 1.1 introduces the aim and motivation of the research project, as
well as the most effective use of a modular multilevel converter as a power
converter in photovoltaic applications. New modulation for this converter
based photovoltaic applications has been identified that give the highest
power conversion efficiencies and the lowest overall device power losses.

» Section 1.2 defines the scope of this research project and the key scientific
objectives are presented.

» Section 1.3 defines the tools used to verify the simulation and analyzing
the functional effects.

» Section 1.4 lists the most critical points of the study production to present
the key scientific contributions.

» Section 1.5 demonstrates the journal that confirmed the thesis work.

» Section 1.6 shows the structure of the thesis work by defining the topics
and main points of each chapter.







1.1 Introduction

The global energy situation is undergoing a significant transformation. Because of
environmental issues, scarce energy, and the rising cost of traditional fossil fuels, reducing reliance
on them has become a priority for developed countries. As a result of this situation, countries have
allocated significant capital to the quest for safer and affordable energy supplies, as well as
optimum productivity in all energy conversion processes [1]. Since a large portion of the installed
capacity will be linked to delivery levels in the near future, the growing penetration of renewable
energy, as well as more challenging criteria in terms of performance and stability in the electrical
network, poses a significant challenge.

Among various renewable technologies, photovoltaic (PV) energy is one of the most
commercially applied and broadly adopted green energies in today’s energy paradigms around the
world [2]. In fact, it has a relevant position among other renewable energies, its growth rate is
faster than all other sources [3], and it may eventually surpass all other renewable energies in the
near future. This is because PV cell installations are spreading around the world almost in step
with Moore's Law, approximately doubling the cumulative installed PV capability every two
years: in 2002, about 2 GWp were installed, 40 GWp were usable in 2010, and in 2018 and 2019,
more than 480 to 593 GWp were operational globally [3][4][5]. The installed capacity reached
707.5 GWp in 2020 [3]; compared to 2010, PV installed power has grown rate at a sustained rate
of +33% per year. Currently, according to the latest research [6][7], PV panel installations rose by
27% in the early start of 2021, reaching more than 950 GWp. Moreover, since 1980, photovoltaic
modules have decreased regularly in cost at an average rate of about 10% per year [4]. As long as
this trend continues, efficiency, performance, and cost are the most important features of power
converters used to manage PV energy.

Grid connected PV systems usually consist of series or strings of PV panels. They are
frequently made up of a couple of serially connected power converters, first a DC-DC converter
that gets the maximum energy from the panels and then a DC/AC inverter transfers all the available
power to the grid [8].

Central inverters are normally used in three-phase grid connected PV plants larger than
tens of kWp [9][10]. This technology generally delivers great productivity at a lower cost due to
the maximum power point tracking (MPPT) control applied across all linked panels; yet it requires
high voltage DC connections [11] and uniform irradiance. Furthermore, due to its low immunity
to hotspots and partial shading, the power mismatch issue is significant in this concept, leading to
a lower PV utilization. In contrast, the MPPT control is achieved separately in each string of the
string/multi-string PV inverters, leading to a better total energy yield [8]. However, this topology
requires more power electronics converters and reactors, resulting in increasing costs and losses,
and there are still mismatches in the PV panels in each string.



For low-power PV applications, module PV inverters are generally used, allowing module-
level monitoring and diagnostics [1]. This topology also minimizes the effects of partial shadowing
and power mismatch since the module converter acts on a single PV panel with an individual
MPPT control. However, the low overall efficiency is the main disadvantage of this concept [1].

Considering the above issues, spreading the PV panels over the submodules (SM) of a
modular multilevel converter (MMC) by integrating PV strings directly on converter cells has
recently been proposed in [12][13]. This topology has nearly the same installation cost as central
inverters while achieving better performance, as it gets mostly the same power optimization as
string converters at a lower cost, and it may work in a wider power and voltage range with fewer
losses than all previous topologies due to the removal of DC-DC converters.

MMC converters were introduced in 2003 [14] and they have attracted significant research
interest in medium-voltage [15] and high-voltage applications [16]. Modular converters, such as
the MMC, allow any number of voltage levels to be reached by increasing or decreasing the
number of SMs. They also offer various advantages over other multilevel topologies, such as fault
tolerant operation, easy to achieve capacitor voltage balance, low harmonic distortion, and the
elimination of the bulky DC-link capacitor [16][17]. Therefore, they have seen fast growth in a
broad field of applications, including DC transmission, solid-state transformers, and renewable
energy integration.

When using MMC converters on renewable energies, specifically on PV applications as in
[18][19], PV panels are connected to the grid or load by the MMC through a DC-link. In contrast,
a new topology has recently been proposed in [12][20][21]. This thesis focuses on the latter due to
important advantages: on the one hand, the optimization function of string converters is performed
at no additional cost by the MMC cells, reducing the costs and losses related to the intermediate
booster converters; on the other hand, with an appropriate control, placing the PV panels inside
the MMC converter leads to smaller circulating currents that mean smaller power losses,
increasing the converter efficiency. However, this topology has an important drawback: the
voltage of each SM depends on the irradiance and temperature of its PV panels, and when MMC
cells target different voltages and traditional PWM modulations are used, the output distortion
increases, reducing the operation range. The new modulation proposed in this thesis will solve this
problem and reduce the MMC internal circulation currents, while simultaneously reducing
semiconductor power rating and conduction power losses.

In addition, a developed sorting method, used to sort all SM voltages in the MMC, means
the SMs capacitor voltages must be balanced to keep the average cell voltage at the reference value
[22]. This results in less SM switching and lower switching losses, as well as reducing the sorting
complexity and cost.



In order to expand the application of MMCs to medium-voltage and high-voltage
renewable energy applications, this thesis proposes a new modulation method, named Local
Carrier Pulse Width Modulation (LC-PWM). The LC-PWM deals with different voltages in MMC
cells, and the higher precision of this technique reduces the output distortion in a wider range of
voltage situations. In addition, with appropriate control of the MMC arms in a balanced situation,
it removes unwanted AC components of the circulating currents, which also means fewer power
losses, thus increasing the MMC efficiency. As an important variable of the MMC, internal
circulating currents affect the semiconductor rating because of the arm peak current and capacitor
voltage ripple, and they also change the operating range of the MMC under balanced conditions
[23][24].

In fact, using capacitor voltage information on duty cycle computation, switching
sequences generated by the proposed LC-PWM modulation greatly reduce the root mean square
(RMS) value of circulating currents. Circulating currents usually contain a DC component when
energy is transferred from phase to phase or from an external energy source at the DC side to the
MMC phases [25]. That energy is then sent to the AC side by means of the output AC current. In
addition, circulating currents may have a 50 Hz component that can be used by the controller to
transfer energy from the upper arm to the lower arm or back [20] and keep the arm in a balanced
situation as much as possible. The main drawback of the MMC is that an additional 100 Hz
negative-sequence component arises in the circulating current when using traditional modulators,
and, under unbalanced AC grid conditions, they may also include a 100 Hz positive-sequence and
even a zero-sequence component [26]. All of these undesired effects, which become more critical
on unbalanced grids, usually have an important impact on the operating range of the MMC, so this
issue has been analyzed for different circulating current control methods [27].

The implementation of LC-PWM is discussed and checked using simulations in diverse
circumstances to verify the above concepts, first to show the feasibility of the proposed concept,
while the performance and behavior of the LC-PWM is evaluated using a grid connected MMC
simulation module. Later on, the performance of this new modulation technique is compared to a
conventional PS-PWM on isolated loads to rule out any possible grid or controller interaction.
Finally, the feasibility of the proposed LC-PWM modulation is evaluated through a study and
analysis of the circulating currents, the corresponding converter power losses, input power
accuracy, the performance and efficiency of the MMC converter on this application, and the total
harmonic distortion (THD) under different scenarios is used to assess the viability of the proposed
LC-PWM modulation.



1.2 Objectives of The Thesis

The main objectives of the thesis are to:

1. Study and analyze the recently suggested topology of directly connecting PV panels
to the MMC cell by detecting the behavior of the circulating current and analyzing
its generated components to further explain the power losses and reveal more
details of the converter performance.

2. Evaluate the efficiency of various modulation techniques, such as level-shifted
pulse-width modulation (LS-PWM), when applied to distributed PV panels over
MMC. The total harmonic distortion (THD) of line-to-line voltage and the root
mean square (RMS) value of the circulating current are used as a benchmark to
evaluate the performance of the different modulations.

3. Propose, analyze, and test a new modulation system to handle instantaneous voltage
level changes caused by the recently proposed topology, which will distribute the
MMC cells over the PV panel string.

4. Study and analyze the controller of a grid-connected distributed PV application-
based MMC to determine converter efficiency and application performance with
an AC grid interaction.

5. Improve the cell selection algorithm to reduce the computational load
implementation of the voltage balancing algorithm.

1.3 Tools Used

The findings of this study are based on extensive simulations of different scenarios in order
to validate the proposed modulation technique. The main program used to model the power
electronics converter is MATLAB/Simulink. The MATLAB function code is used to define the
controller function and the variables in a highly flexible manner.

In addition, Microsoft Visio has been used to create the diagrams required for the
descriptions of the topologies and schemes. Microsoft Excel has been used to draw the registered
simulation results in order to provide precise figures for high-quality presentations.



1.4 Thesis Contributions

The main contributions of this thesis are:

e By integrating the PV panels directly in the cells of an MMC and injecting the
energy directly in the converter phases, the DC component of the circulating
currents has been eliminated, reducing conduction losses.

e Controlling the MPP of the PV panels with the MMC cells, power losses are further
reduced by eliminating the requirement for a DC-DC booster converter, which is
generally required to keep the PV voltage at its maximum when the PV is externally
connected.

e Proposing a new modulation that is more appropriate for distributed PV
applications that accommodates an instantaneous voltage level due to the PV panels
being directly connected to the MMC cells.

e A secondary effect of the proposed modulation is that it removes the 100 Hz
frequency component of the circulating current.

e The new proposed LC-PWM modulation helps to further reduce the power losses
caused by the circulating current by applying a very hard synchronized level-to-
level transition to remove transients in the circulating current.

e Implements a cluster distribution in the PV panel field by placing the MMC SM of
each arm from each phase in the same location, so as to make the arms and legs of
the converter as balanced as possible, lowering the DC and 50 Hz components of
the circulating current, and further decreasing the power losses.

e Other modulation techniques help to balance the energy stored at the MMC arms
when there are small imbalances, while LC-PWM does not. So a controller has been
implemented to react to any unbalanced energy in the MMC arms and legs caused
by circulating current while using the proposed modulation.

e A comparison of conventional PS-PWM and the proposed LC-PWM modulation,
demonstrating the superior performance of the proposed modulation in MMC based
PV applications with a low number of SMs per arm.

e The sorting method used to keep the capacitor voltages balanced has been improved
with a reduction complexity from O(n?) to about O(n).



1.5 Publication

e Aljawary, Z.A.; de Pablo, S.; Herrero-de Lucas, L.C.; Martinez-Rodrigo, F. Local
Carrier PWM for Modular Multilevel Converters with Distributed PV Cells and
Circulating Current Reduction. Energies 2020, 13, 5585. https://doi.org/ 10.3390/
en13215585.

In this paper, a new modulation technique for MMC based PV application
has been proposed. The proposed modulation shows more consistent behavior in
the output distortion throughout the operating range; it also reduces the circulating
currents and cuts the conduction losses by half. The behavior of the new modulation
has been compared to a traditional modulation to validate the idea.



1.6

Thesis Outline

The thesis is organized as follows:

Chapter 2 introduces the basic operational concepts of PV panels and explains how costs
and installed power are shifting. The characteristics of current-voltage (I-V) and power-
voltage (P-V) are described in detail to represent their effects on various algorithms for
maximum power point tracking. It also highlights the most important PV applications.

Chapter 3 discusses multi-level converter types, focusing on the main parts and topologies
of each type, with an emphasis on the advantages of raising the level of conversion and the
pros and cons of each type.

Chapter 4 introduces the MMC topology description, basic operation, and mathematical
modeling. The chapter includes the technical work of the main part of the converter
represented by the submodule (SM) to construct the converter arms with different
topologies. It also identifies the most essential MMC applications.

Chapter 5 introduces different modulation methods and power controls related to the
MMC. The circulating current effect and voltage ripple control are described, indicating
the performance over power conversion. In terms of the MMC scalability and modularity,
the advantages and implementations are listed in depth to illustrate the simplicity of the
converter work.

Chapter 6 explains and investigates the controller of a grid-connected PV generation
application with distributed panels through an MMC, taking into consideration phase to
phase and arm to arm power imbalances, as well as MPPT for each PV panel connection.
It explains the methodology of the proposed LC-PWM in depth, including the reason for
using a new modulation and the precise calculations used to validate the modulation
concept. The framework of simulation results developed as part of this research project is
presented. The consequences of on-grid and off-grid connections are discussed.

Chapter 7 concludes, setting out the findings of this research project and offers an outline
of the immediate areas for future research.
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Photovoltaic System

Contents of This Chapter

» Section 2.1 introduces the value of using PV panels as a renewable energy
source. The statistic illustrates the rapid growth of PV energy usage around
the world, especially as prices fall at an exponential rate.

» Section 2.2 describes the characteristics of PV cells and defines the solar
cell parameters required for extracting the maximum power generated by
PV panels. The influence of limiting factors on the efficiency of PV cells
is also revealed.

» Section 2.3 analyzes the equivalent electric circuit of a PV cell to get a
deeper understanding of how it operates. It also demonstrates how it
performs under different circumstances.

» Section 2.4 presents a general configuration of different PV module power
converters by identifying the most common power converter technologies
and their applications across a broad range of power ratings. In addition, a
more efficient high-power converter is demonstrated.

» Section 2.5 emphasizes the significance of tracking the PV panels'
maximum power output and introduces several tracking strategies for the
maximum power point.

» Section 2.6 explores possible PV power applications for off-grid and on-
grid connections.
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2.1 Introduction

Photovoltaic (PV) cell energy, among various renewable technologies, is one of the most
economically deployed and generally used in today's energy trends worldwide [2]. Solar PV
conversion has achieved significant acceptance and popularity in recent years due to its ability to
provide energy with reduced reliance on oil fuels and other renewable energy sources. Particularly
opposed to oil derivatives such as gasoline, PV panels offer such significant advantages as
sustainable and reliable energy production and distributed generation appropriateness.

A photovoltaic energy system is one of a simple, clean, inexpensive, and inexhaustible
renewable energy source and can be considered an important alternative sustainable energy source
for the next electricity generations. According to NASA research and calculations, the sun, as a
bright star that provides light and heat to the earth, may still have around 6500 million years of life
remaining, and it sends more energy to Earth per hour than is required to meet the global need for
a year. The entire planet's surface could receive about 120,000 terawatts of sunlight irradiation,
which is 20000 times more power than the planet requires, and it is estimated that in about 18 days
of solar irradiation, the earth receives an amount of energy equivalent to all the world's reserves
from such sources as coal, oil, and natural gas [28].

In the last few decades, the contribution of solar energy to the world total electricity
generation has increased rapidly, and PV installations have grown throughout the world almost in
line with Moore's Law, duplicating the cumulative installed PV capacity roughly every two years:
about 2 GWp were installed in 2002, 40 GWp were available in 2010 and more than 593 GWp
operate worldwide in 2019 [2][5]. In 2020, the installed capacity reached 707.5 GWp [3][29], see
Figure 2.1, which represents a growth percentage of more than 33% each year. PV deployment
will continue to grow as the global energy portfolio transitions more towards renewable energy to
reach approximately 4800 to 8500 GWp of cumulative PV capacity by 2040 and 2050 respectively
[30].

Recent reports clearly show a high rising trend in the use of solar energy, with many large
and powerful countries setting ambitious goals and strategies for the next few decades to embrace
highly penetrated PV systems as part of their renewable energy systems and deploying various
projects across their territories to promote the use of clean energy. For example, the European
Commission has set renewable energy regulations for 2020 and 2030 in countries with abundant
solar resources, such as Germany, Spain, and ltaly, with 13 percent of European electricity
consumption predicted to be met by PV systems by 2021.

In Spain, with better sunshine than many other European countries, the installed capacity
is currently at 5.6 GW and the coming years will see significant solar capacity additions because
of the national target to reach a 100% renewable power sector by 2050 [31]. Denmark, on the other
hand, which has a short summer season and a prolonged winter season, has begun to plan for
increasing the use of renewable energy in order to reshape its associated renewable energy
structure, with a goal of 100% renewable energy in power and heating by 2035 [32].
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Figure 2.1: Cumulative PV capacity estimated growth worldwide.

On the other side of the world, notably in Asia, China and Japan are leading the solar energy
market, even though Japan's solar PV industry is predicted to shrink by 9% in 2020 compared to
2019. However, China is predicted to build almost 33% more PV capacity in 2020 than it did in
2019. According to reports, China and Japan intend to build a total installed capacity of 200 GW
by 2050 [1].

As a result, there are rising global expectations for energy production via PV panel energy
systems, notwithstanding the challenges that come with this increased need for reliable and clean
energy. Furthermore, due to the difficulty of reaching the mainline electricity connection, solar PV
provides the possibility of increasing energy accessibility in poor regions or remote places by
constructing off-grid systems, where a further cost reduction is a key focus with a high-power
efficiency [34].

Moreover, over the last 40 years, PV panel prices have dropped exponentially at an average
rate of about ten percent for per year [4]. Figure 2.2 shows a comparison of the increase in PV
panel production with a notable decrease of the prices, where the solar module production
increased from about 20 GW in 2010 to 140 GW in 2020. On the other hand, solar cell (multi-
silicon module) prices dropped by 10% within ten years, from over $2 per watt to just over $0.20
per watt in 2020, according to Wood Mackenzie. One of the most important elements driving the
global expansion of the use of PV cell energy is the 90 percent price decrease over the last few
years. During this time period, no other electricity generation technology has been able to keep up
with PV panel cost reductions.
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Figure 2.2: Global PV module manufacturing capacity versus module price for ten years
between 2010-2020 [35].

As long as prices continue to fall, as Figure 2.2 shows, power converters that interact with
PV panels must be developed in a highly efficient and cost-effective manner to properly manage
PV energy. As a result, it is essential to examine the influence of power-converter-based grid
connection PV applications in order to achieve high productivity and develop sophisticated control
strategies that will help cost-effective PV systems become more widely used.

2.2 PV Cell Parameters

Photovoltaic cells are constructed in such a way as to take advantage of the photovoltaic
effect, which means that when sunlight hits the PV panel's surface, the PV cells convert solar
energy into electric energy. As of today, monocrystalline, polycrystalline, and amorphous silicon
are the most commonly used materials for manufacturing solar cells [19]. Since one single cell
power is limited, multiple cells are connected in series and parallel to build a higher-power PV
array where modern panels modules typically included 72-96 cells connected in series with three
to four bypass diodes connected over substrings of the panels [1]. When Solar-cells are connected
in series and parallel; the output voltage and current flow increase correspondingly. Figure 2.3
depicts the behavior and characteristics of the current and voltage in an ideal PV module for a
particular set of operating conditions, as specified by the current-voltage (I-V) characteristic curve
[36]. A PV module I-V curve has a nonlinear behavior and is sensitive to such environmental
influences as the temperature of the installed panels and the irradiation of light. To put it another
way, this property fluctuates dramatically in response to changes in solar light and cell temperature
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because the output current produced by each PV panel is mostly affected by solar radiation,
whereas the terminal voltage is primarily affected by temperature.

Figure 2.3:The I-V curve of a practical PV cell [36].

The following parameters are used to describe a PV module:

1.

Open-circuit voltage, Voc: this voltage represents the maximum voltage produced from the
cells in the PV module, which occurs when the net current through the device is zero.

Short-circuit current, Isc: this current is the maximum current flow in a PV module cell and
is measured when the voltage across the module terminals is zero.

Maximum power point, MPP: the maximum power point is the operating point on the | -V
curve which yields the highest possible power output. The MPP can be measured by
tracking the maximum value of the current and voltage produced through the PV module.
The current and voltage at this point are referred to as the maximum current point Impp and
the maximum voltage point Vimpp, respectively.

Mismatch losses: when the PV string connected the panels in series, the current in the string
is restricted by the weakest cell in the string [37]. Thus, if the current of any single cell in
the string is reduced by any cause as a hot-spot effect or partial shading, for example, the
current is reduced for all the cells in the series connection. In addition, the weaker cell will
dissipate some of the power, generating hot spots in the other cells, and this will cause
heating and possible damage to the array if the error is not fixed [38]. Consequently, all the
PV cells in a string should ideally be monitored and maintained periodically, also, if
possible, to keep the work environment of the PV panels under the same conditions to
prevent any possible damage between the cells in the same string and thus maximize
efficiency. Mismatch losses can also occur due to physical imperfections in the cells. To
limit the scope of the thesis, only mismatch losses caused by different irradiation will be
considered. Furthermore, all cells in a string are considered to run at the same temperature.
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5. Maximum power point tracking, MPPT: this represents a method to extract the maximum
power from the PV module by tracking the produced voltage and current at their maximum
values [39]. In fact, the PV cells should be controlled to continually operate on that point
to extract all the available power in the module. From Figure 2.3, it is apparent that a PV
module has a single maximum power point obtained from the multiplication of lmpp by Vimpp
for a given set of operating conditions.

2.3 PV Cell Modeling

Modeling the PV cell is important to better understand its functionality and the way it
works under different conditions. The equivalent electric circuit model of the most commonly used
model is the single-diode Rp-module PV cell, which is shown in Figure 2.4. There are many other
models that have been proposed in [40], such as the Rs-module, and the two or three-diode
modules, which include more parameters for their computation. Figure 2.4 also targets the ideal
diode module, consisting of a current source and a diode. Thus, the presence of the shunt resistance,
Rp, corresponds to the leakage from the diode p-n junction. The I-V curve is mathematically
described by Equation (2.1), which leads to Equation (2.2):

I'= Ipv_cell —Ia—1Ip (2.1)

I'= 1L,y cen — 1o (2.2)

aV+ IRY\ ] V+ IR
P\ kT R,

where lpy_cenn is the current generated by the incident light (this value is proportional to the intensity
of the radiation hitting the PV cell surface), lq4 is the Shockley diode equation, I, is the reverse
saturation current of the diode, Rs represents the series resistor, T is the operating temperature of
the PV cell, and a is the diode ideality constant or can represent the quality factor of the diode
[36]; while k is the Boltzmann constant (1.380653 x 102 J/K), q is the absolute value of electron

charge (-1.60217646 x 10°° C), and Rs is the cell series resistance.

Ideal Model Rs I

_] lpv cen l lq l le +
3 £ 3
: : <

Figure 2.4: Equivalent electric structure of the single-diode Rp-model PV cell.
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The two most important environmental factors that influence PV characteristics, and which
also directly affect the produced voltage and current are solar irradiance incident on the PV surface,
measured in (W/m?), and cell temperature, measured in Celsius (°C).

Figure 2.5 describes the shape of the ideal PV cell output current I regarding the component
(Tpv_cen - 1d), where lpy cen determines the vertical translation of the curve, while lg defines the
exponential shape.

ngcell Id I
A A A
| 4 | 4 | 4

Figure 2.5: Decomposed characteristic 1-V curve of PV cell. The net cell current (1) is
composed of the light generated current ( lpv ) and the diode current ( 1q) [40].

2.4 PV Cell Converter Technology

Power converters for PV applications are power-dependent, with a maximum efficiency of
98.8% [8]. As a response, the design, control, and operation of the power electronic converters
should be carefully considered in order to ensure a safe, stable, and effective energy conversion
from PV panel systems. When it comes to the cost of PV energy, performance, efficiency, and
reliability are the most essential factors to consider. PV systems usually consist of a set of PV
panels connected to the load or grid system, as can be seen in Figure 2.6.

They are often made up of a pair of serially coupled power converters; first a DC-DC
converter-based power optimizer that extracts the most energy from the panels, and then a DC/AC
inverter that converts all the accessible power to an AC grid or AC load [8].

The DC voltage produced by the DC-DC converter is affected by the irradiance and
temperature of the PV panels, but the DC voltage at the second inverter, measured at the capacitor
in the middle of the two converters, is independent of the irradiance and temperature of the PV
panels. The capacitor in the middle is often used at the DC-link to buffer the power imbalance
between the DC and AC sides. It is positioned between the DC-DC converter and the DC/AC
inverter, as can be seen in Figure 2.6.
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Figure 2.6: General structure of a PV module power converter.

Different types of DC-DC converters can be used for PV panels, including buck, boost,
buck-boost, flyback, Cuk, and other converters. These converters have different connection
topologies used for different voltage applications, some include a transformer for improved fault
isolation, while others do not [41]. This thesis will concentrate on DC/AC inverter forms (as
described in Chapter 3), primarily MMC converters.

The main power converters, represented by module inverters, string/multi-string inverters,
and central inverters, are presented in the following section, covering a broad range of power
ratings. In addition, a technology for a higher power converter is also presented.

2.4.1 Module Inverters

Each PV module is attached to a separate inverter in this configuration, and the maximum
power is obtained from each PV panel as a result, since each inverter tracks the individual MPP,
as can be seen in Figure 2.7. This configuration may be used when the operating points of the
various modules vary significantly. However, it is more costly as each panel has its own DC-DC
converter.

Module PV inverters are commonly used in low-power PV applications since they enable
module-level monitoring and diagnostics [42]. As the module converter optimizes a single PV
panel with an independent MPPT control, this topology minimizes the effects of partial shadowing
and power mismatch. However, the average performance is lower and the efficiency is less when
applied to central and string converters [1].
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Figure 2.7: Module PV inverter configuration based on single-phase connection.

2.4.2 Multi-String Inverters

In this configuration, each string of PV panels connected in series is connected to a separate
DC-DC converter before being connected to the central DC/AC inverter, as can be seen in Figure
2.8. Since MPPT is implemented independently on each string of the string/multi-string PV
inverter, this individual DC-DC converter connection will potentially boost the MPPT power,
resulting in better overall energy output [42]; nowadays, they represent a market share of 52% [3].

DC bus AC bus
PG JH o {pe 4
_“:}I;C {1 ¢t—DcC 10r 3-phase
pinal <[ T Ho Dj@ 1 _“i:ic
DC —

Figure 2.8: Multi-string PV inverter configuration based on single-phase or three-phase
connection.

This topology, however, needs more power electronic converters and reactors, resulting in
higher costs and losses, and there are still PV panel mismatches in each string.
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2.4.3 Central Inverters

Central inverters represent a simple configuration connection as the PV panel strings,
consisting of series of connected PV panels, are connected in parallel to obtain the desired output
power as can be seen in Figure 2.9. This configuration is normally used in three-phase grid-
connected PV plants larger than tens of kWp, with a market share of about 44% [3][10].

DC bus AC bus
Bal pgr\\]el N pgr‘\/el il pgrYel DC DC
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> PV IV || PV r I AC
panel panel panel |

Figure 2.9: Central PV inverter configuration based on three-phase connection.

This technology generally achieves high productivity at a lower cost, yet it requires high-
voltage DC cables [11] and uniform irradiance. Besides, the power mismatch issue is significant
in this structure due to its low immunity to hotspots and partial shading, leading to a lower PV
utilization.

2.4.4 High-Voltage Converters

On the one hand, there are problems with previous inverter technologies such as power
mismatch, converter performance, power loss and increased cost. On the other hand, the problems
reside in increasing the number of PV plants to meet high-power applications. Multilevel inverters,
which run on more than three levels, should be improved to compensate for high voltage stress
and efficiencies.

Modular converters, such as MMC, which were introduced in 2003 [14], can achieve any
number of voltage levels due to the modularity of the converter topology. They also have a number
of advantages over other multilevel topologies, including fault tolerance, capacitor voltage balance
that is simple to achieve, low harmonic distortion, and the ability to remove the bulky DC capacitor
[16][17]. Consequently, they have seen a rapid expansion in a variety of fields, including DC
transmission, solid-state transformers, and renewable energy implementation.

The MMC are discussed in more depth in Chapters 4 and 5. Furthermore, a newly proposed
topology, by integrating PV strings directly on the MMC converter cells, which has recently been
proposed in [12][13], will be further investigated, analyzed, and simulated, with a new proposed
modulation as part of the thesis developments.
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2.5 Maximum Power Point Tracking Methods

Solar cells generate their MPP at a certain combination of voltage and current, depending
on the cell temperature and solar irradiance that hits the cell surface, and even the irradiation angle
affects the current generated by the PV cell [43][44]. The relationship between solar irradiance
and temperature is proportional; as solar irradiance grows, the MPP current rises proportionally;
as the cell temperature rises, the MPP voltage falls marginally, resulting in lower output power at
the same input irradiance level [33]. It is thus considered that the effect of the changing solar
irradiance is stronger and faster than the effect of the changing temperature.

Tracking the maximum power produced by the PV panels using MPPT algorithms is
important for two reasons: first, to monitor the potential power generated by the PV panels in order
to extract the maximum power; second, to monitor the power variation caused by the solar panel's
power which is highly influenced by changes in the irradiation and temperature of the incident
light.

Various strategies for tracking the MPP have been developed and suggested over the years.
A total of 19 MPPT methods were investigated in [45][43]. The number of sensors needed, the
complexity, cost, range of functionality, convergence speed, accurate monitoring under various
mismatch losses, and the hardware associated with implementation, are just a few of the
differences between these strategies. This information can be useful in determining the right
method for a specific application.

MPPT techniques might be direct, indirect, or a combination of both [43][46]. This means
that the MPPT can be monitored online or offline, depending on whether the PV panels are
connected to a grid or supplying a load.

Hill Climbing (HC), Perturb and Observe (P&O), Incremental Conductance (InCond),
Fractional Open-Circuit Voltage (FOCV), Fractional Short Circuit Current (FSCC), Curve Fitting,
Look-up Table (LUT), Temperature, and Fuzzy Logic Control (FLC), are among the commonly
used MPPT methods. Those methods are either direct and/or indirect in MPPT controllers, with
some differences regarding the simplicity, efficiency, and execution time of each method.

The HC strategy introduces a perturbation in the duty ratio of the power converter and then
observes the new power and compares it to the previous power level to determine the perturbation
direction. Perturb and observe (P&O) and incremental conductance (InCond) are the most common
HC methods. While the fuzzy logic control method, which is based on different work principles,
is also common and does not need an accurate model, but it does require advanced user knowledge
to set up the algorithm variables properly [45]. The FOCV, FSCC, Curve Fitting, LUT, and
Temperature techniques are considered as indirect methods of tracking the MPP, as some PV
features, such as material and/or electrical parameters at different irradiance and temperatures, are
required before applying them.

In the next sub-section, these approaches are discussed further, including their benefits and
drawbacks. Choosing those methods is comprehensible as they are the most generic algorithms
capable of precisely detecting the MPPT under a variety of conditions [47]. The methods work
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under uniform irradiance settings to describe the procedures clearly. It is assumed that all PV cells
in the panel have the same cell temperature and irradiance.

2.5.1 Perturb and Observe Method

The Perturb and Observe (P&O) method, which is also called the hill-climb method based
on how it is applied, is one of the most frequently used MMPT algorithms for the high-quality
MPPT findings in practice. Figure 2.10 illustrates the procedure for determining the MPPT, in
which the controller perturbs the system by marginally adjusting its operating point. It then
observes the current power and compares it to the previous power level to decide the perturbation
direction for the next step. More precisely, if the comparison indicates a power boost, as seen in
Figure 2.10(a), the P&O algorithm keeps perturbing in the same direction, but if the power
decreases, this means that the MPP has been exceeded and the P&O algorithm reverses the
perturbation, as seen in Figure 2.10(b).

The P&0O MPPT algorithm is illustrated in Figure 2.11 as a simple flow chart. The
algorithm perturbation variables may be dependent on the duty ratio of the converter controlling
the PV panel, or on a converter voltage reference value. If a reference value is used, that is either
the PV input current or voltage, then this requires the use of a regulator to ensure that the converter
retains a stable operation while providing the maximum amount of energy at the stated reference.

T T 1 T T T T
MPP MPP

Initial operating
point (Left side of the MPP)

PV Power (W)

PV Power (W)

Initial operating
point (Right side of the MPP)

PV Voltage (V) PV Voltage (V)

(@) (b)

Figure 2.10: The P-V characteristics of the PV operating points using the P&O algorithm. (a)
The perturbation attempts to reach the MPP when the voltage reference is less than the voltage
at the MPP point; (b) the perturbation attempts to reach the MPP when the voltage reference
is higher than the voltage at the MPP point [48].

The operation point will still move toward the higher power point in a typical P&O MPPT,
but if it hits the MPP, it will begin to oscillate at the MPP. This means that the procedure does not
always operate at the exact MPP, resulting in power losses relative to the scale perturbation’s
movement. In fact, both the PV current and voltage must be measured since the PV power must
be calibrated periodically in the P&O MPPT algorithm, and this requires both voltage and current
sensor circuitry, which increases costs and takes up space on the hardware panel.
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Figure 2.11: Flowchart of the P&O algorithm.

Lastly, the P&O algorithm will lose MPP monitoring in the case of rapidly changing
irradiance conditions [49], depending on the perturbation steps. Even so, it is a simple and effective
power optimization algorithm for PV systems in steady-state operation.

2.5.2 Incremental Conductance Method

The Incremental Conductance (InCond) process, the second well-known MPPT algorithm,
claims to boost the P&O by contrasting the PV array’s instantaneous (1/V) and incremental (dI/dV)
conductance instead of the derivative of the power versus voltage dP/dV used by the P&O [49][50].
In Figure 2.12, the slope of the curve power versus voltage (current) of the PV module is zero at
the MPP, positive (negative) on the left of the MPP, and negative (positive) on the right of the
MPP as follows:
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dP/dV =0, or (dP/dl = 0) at the MPP.
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Figure 2.12: The P-V curve characteristics of the PV operating points using InCond
algorithm [50].

The change in the MPP voltage can be determined using a method that compares the
increase of power versus the increment of voltage between two successive intervals. Thus, the
InCond method has better sensitivity than the P&O in terms of solar irradiance change, because
the method can find how long far from the MPP depends on the ratio of the power derivative over
the voltage derivative.

Both InCond and P&O have two major drawbacks. The first and most important is that if
the irradiation varies quickly, they easily lose track of the MPP [51][52]; especially when the
irradiance is not uniform, since the curve on which the algorithms are based changes continuously.
As aresult, the algorithms are unable to decide if the power shift is due to its own voltage increment
or to a change in irradiation. The second drawback is the oscillations of the voltage and current
around the MPP in the steady-state [53]. This is due to the control in the frequency domain while
the voltage and current are changing in the time domain and there is no constant value at the MPP,
so the controller oscillates back and forth. Therefore, the easiest solution to reduce the oscillation
is to perturb in very small steps so that, the oscillations decrease. The MPP is then reached slowly,
but accurately.

By adding an external calculation element, a modified P&O has been proposed in [51] and
[52] to increase the process outcomes in terms of rapid change in irradiation conditions. In
addition, a variable perturbation step for the P&O algorithm to solve the oscillation problem
around MPP was introduced in [53].
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2.5.3 Fractional Open-Circuit Voltage Method

The Fractional Open-Circuit Voltage (FOCV) algorithm, also known as the constant
voltage method, is the most basic MPPT control method. It is considered an indirect or offline
strategy, since it requires the PV electrical parameters to be known ahead of time in order to track
the MPP [43].

The FOCV approach relies on a roughly proportionate relationship between the Voc and the
Vimpp [54][55]. It maintains that the most significant elements that might impact the PV solar cell
are the irradiance level variation and the temperature. To keep the voltage at the MPP constant,
Equation (2.3) is used to create a proportional controller:

Vmpp = k . VOC (23)

where K is a proportionality constant. Since k depends on the solar cell technology and atmospheric
conditions, it must be calculated beforehand determining both Voc and Vimpp in different conditions
of irradiance and temperature [43]. Approximately, k varies between 0.71 and 0.8 for
polycrystalline PV panels. The common value used is 0.76; hence this algorithm is also called the
“76% algorithm” [56]. Nevertheless, it can reach values of about 0.9, depending on the I-V curve
characteristics of the PV panel module.

As a result, the voltage at MPP may be determined by measuring the Voc, while
disconnecting the PV system for a fraction of a second and applying Equation (2.3). According to
[57], the Vo is intended to remain generally constant throughout a wide range of irradiance and
temperature levels. Finally, the MPPT controller changes the converter's duty ratio [58]. The
FOCV method is shown in Figure 2.13 as a complete method for determining the MPPT [59].

Due to the fact that Equation (2.3) is only an estimate [43], this approach does not offer
genuine MPP. Furthermore, according to [55][60], it is not accurate under partial shade. Finally,
the Voc is determined by making an open circuit when the load is disconnected for a fraction of a
second. As a result of the power loss [55], modified open-circuit voltage methods have been
advanced.

However, this technique has the benefit of being simple to implement while also requiring
minimal costs, because no complex embedded systems like microcontrollers or fast processors,
are required [43][55]. As a result, because it is not a precise method, it is used when accuracy is
not a concern. It is also a quick technique that does not require a lot of sensors [58], which is means
a low cost. Finally, [45] claims that the FOCV method is more successful in low-irradiance
circumstances.
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Figure 2.13: The P-V curve and |-V curve characteristics of the PV operating points using
the FOCV method [59].

2.5.4 Fractional Short-Circuit Current Method

The Fractional Short-Circuit Current (FSCC) algorithm uses the same technique as the
FOCV, but instead of Voc and Vmpp, it uses an approximate linear relationship between the short-
circuit current (lsc) and the current at the MPP (Impp). As shown in Equation (2.4), this is also
implemented under different atmospheric circumstances [43][61].

Impp =k - Is (2.4)

The proportional constant k varies depending on the PV panel. The value of k, according
to [62] [54], varies between 0.78 and 0.92, and it is difficult to determine the exact value for the
best results. Other studies, however, suggest a broader range between 0.7 and 0.9 for accurate
calculation, depending on the cell technology [58].

As a result, the current at MPP may be determined by measuring lsc and using Equation
(2.4), in the same manner as the Vo can be determined using the FOCV method. If the duty ratio
is controlled, then the pulses of the converter switch can be used to measure Isc [62]. A current
feedback loop is used to regulate the desired current until the Impp iS reached [62]. The main
advantage of the FSCC technique is that it is simple to use and is suitable for MPP tracking
applications that do not require extreme precision [55]. Figure 2.14 shows a comprehensive
explanation for calculating the MPPT with the fractional short-circuit current method.
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Figure 2.14: The P-V curve and I-V curve characteristics of the PV operating points using
the FSCC method [59].

However, because Equation (2.4) is an estimation identical to that of the FOCV method in
Equation (2.3), this methodology does not produce an exact MPP. Nonetheless, [57] claims that
this method is more accurate than the FOCV technique because of practical issues with measuring
the ISC. The fact that the current is more sensitive to changes in irradiance than the voltage is due
to the fact that the latter is affected by temperature more than current, but the irradiance impact on
the PV cell is typically quicker. To monitor the PV panel short-circuit current, a short-circuit
switch and a high-sensitivity current sensor are required [55][63]. As a result, more units are
required, resulting in higher prices and power losses.

Finally, partial shading can cause problems, since changes in the irradiance produce
multiple local maximum power points. Therefore, the proportional gain k is updated periodically
by sweeping the PV voltage from the open circuit to short-circuit for a better efficiency tracking
the MPP and avoiding loss of power [62][63].

The FOCV and FSCC techniques fail to give maximum output power to the load for two
reasons. The first is that the load interruption occurs during the Isc or Voc measurement, and the
second is that the MPP can never be accurately tracked using these methods in the first place, as
stated by Equations (2.3) or (2.4). In fact, these two approaches are just estimated MPPT methods;
however, they are suitable for use in creative hybrid methods because of their simplicity and ease
of implementation [57].
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2.5.5 Curve Fitting Method

The Curve Fitting method represents an easy method with little complex mathematical
calculation that can be considered an indirect technique, since it needs practical measurements for
different situations of the P-V curve characteristics to build data for tracking the MPP accurately
[55][58].

Essentially, this technique entails predicting the PV array characteristic curve and
calculating the MPP as the maximum of that curve [55][54]. The nonlinear characteristic curve of
the PV array is first modeled off-line using a polynomial function. The precision with which the
curve can be estimated is determined by the degree of the selected polynomial function [43].
Generally, higher degree polynomials offer more exact calculations, but they also add complexity
and make the process slower. A third-degree polynomial is employed in [61], as illustrated in
Equation (2.5):

( )—al +a2"/z,3{7+a3'%3:l7+a4, (25)

where ai, a2, az and as are the coefficients of this polynomial function, and Vyy is the voltage of the
PV array. Thus, four equations must be constructed to obtain these coefficients, depending on the
PV module current, voltage, and power changes regarding the experimental measurement under
different solar irradiance and temperatures. The MPP is then determined using the polynomial
coefficients in Equation (2.5) to obtain the maximum voltage, as illustrated in Equation (2.6) [61].
At the maximum voltage Vimpp, the dPpv/ dVpy is equal to zero.

—a; +\aj -3 a; as (2.6)

Vo = 3-a

One advantage of this method is its simplicity; even if the calculations are a little
complicated, there will be no extra cost added to the process. However, there are certain
drawbacks, such as the requirement for a prior understanding of PV electrical characteristics.
Furthermore, fluctuations in atmospheric conditions are not taken into account in the simplified
form, which might cause changes in the PV properties [58].
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2.5.6 Look-up Table Method

The Look-up Table (LUT) method is considered an indirect MPPT method because a map
of the PV cell module related to the I-V curve characteristic must be stored in the memory before
starting to apply this method [64]. This means that, before it can be used, PV electrical properties
at various temperatures and irradiances are required [58].

Essentially, the LUT method entails calculating multiple MPP at various irradiances and
temperatures in the region where the PV panels are mounted and then storing all the data in the
memory of the control system used to track the MPP [43]. Then, the Vpy and Ipy are measured in
order to calculate the Ppy, which is then compared to the MPP corresponding to the current
atmospheric irradiance and temperature circumstances [54][58].

Finally, because the PV panels are typically connected to a booster DC/DC converter, the
duty ratio of the booster is adjusted by a PI controller to get the MPP [64]. Consequently, a benefit
of the LUT approach is that it offers fast and accurate results under changing environmental
conditions, but the accuracy is highly dependent on the information stored earlier under different
environmental conditions [55].

However, because this tracking technology is applied to a specific PV system and requires
prior knowledge of the datasheet of the PV module used in the system to be installed, a large
memory is necessary for improved method efficiency [55][64]. This is not an important issue right
now, because memory costs have decreased dramatically in recent decades, and increasing
memory capacity will increase the prior information needed for calculating and tracking the MPP
under various situations, thereby improving the accuracy of the LUT method [54].

2.5.7 Temperature Method

The Temperature method is one of the indirect simple methods for tracking the MPP,
where, as previously said, the irradiance and temperature are the most essential conditions that
affect the power produced by the solar cell. Whereas the short circuit current fluctuates with
variations in irradiance, the temperature impact has a greater influence on the open circuit voltage
[43].

As a result, because the Vimpp is directly proportional to the Vo, as stated in the FOCV
technique explanation, it is likewise affected by temperature. Consequently, the MPPT
Temperature method is based on the temperature dependency that Vimpp e€xhibits [54]. As a result,
the PV temperature is monitored, and Equation (2.7) is used to perform this procedure [65]:

Vmpp(t) = Vmpp(Tref) + Txyoc (T - Tref) (2.7)
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where Tref is the standard test conditions temperature, T is the measured working PV temperature
and Tkvoc IS the temperature coefficient computed from the PV cell data and the experiments [65].
Thus, the MPPT can be fulfilled regardless of temperature fluctuations, and a highly efficient
temperature sensor is used to improve MPPT performance.

This method has the benefit of being simple to construct and inexpensive [54] due to the
low cost of temperature sensors. However, because of the uneven temperature distribution of the
PV cell and the sensor calibration error, the temperature reading may be inaccurate. In small PV
converters, however, the inconsistency may be eliminated [43][65].

2.5.8 Fuzzy Logic Control Method

The Fuzzy Logic Control (FLC) method is one of the most used MPPT methods, according
to [43][66]. The FLC method can be classified as an indirect or direct method, and it is also
categorized as a soft computing technique [54].

The FLC controller, as shown in Figure 2.15, consists of three process blocks:
Fuzzification, Fuzzy Inference Rules, and Defuzzification [62][66]. The following is an
explanation of the FLC blocks, which have a direct impact on the controller's effectiveness:

e Fuzzification: this block represents the initial block, which takes input variables in realistic
domain format and transforms them into linguistic variables. Typically, the input variables
of the controller are the error (E) computed according to Equation (2.11), where Ppy, the
instantaneous output power from a PV system, can be estimated using Equation (2.8), and
the difference between every two consecutive powers and voltages may be calculated using
Equations (2.9) and (2.10), respectively, where lpyand Vpy are the PV system's current and
voltage, respectively, and k denotes the sampling instant; while the error variation (AE) is
given by Equation (2.12) [66][67]. The calculated error E shows the operating point of the
PV system with respect to the MPP, where it would be zero (4P/4V = 0) at the MPP,
because based on the fact that the MPP point is located at the top position of the power
curve with respect to the PV voltage, and its variation shows how this point moves in the
P-V curve [67], where the input linguistic variable of the instantaneous error E(K) is
represented by the following five levels: NB (Negative Big), NS (Negative Small), ZE
(Zero), PS (Positive Small), and PB (Positive Big). The input linguistic variable of the error
change 4E, however, is represented by three levels: NS (Negative Small), ZE (Zero), and
PS (Positive Small). The output linguistic variable names are designed by five changes in
the duty cycle level 4D: NB (Negative Big), NS (Negative Small), ZE (Zero), PS (Positive
Small), and PB (Positive Big) change [66].

APy, (k) = Pyy(K) + Py (k — 1) (2.9)
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AV () = Vo () + V(K — 1) (2.10)

4B, ()
E(k) = 70 (2.11)
AE(K) = E(k) + E(k — 1) (2.12)

e Fuzzy Inference Rules: this second block is designed using the Mamdani technique, which
comprises the specified inference rules used to ensure a fast-tracking function of the
proposed controller to the maximum power that the photovoltaic system can extract [66].
These block entries are the linguistic variables of the error, and their variation is responsible
for implementing the rule-based table that defines the behavior of the controller [43]. The
controller output is a linguistic variable that defines the duty ratio of the converter which
iteratively makes the error tend to zero.

e Defuzzification: this block produces the realistic value of the change in the duty cycle 4D
based on the center of gravity method. The membership functions are applied to obtain a
numerical output value. Based on the principle of the PWM strategy, controlling D controls
the instantaneous value of the converter output voltage. Indeed, the FLC will decide the
additional value change in the duty cycle 4D to the initial constant duty cycle D by
evaluating the instantaneous values and the trends of the input variables to the controller
[68].

Fuzzy Logic Controller

E ' Fuzzy Inference
AE | Fuzzification Rules Defuzzification

Figure 2.15: The main process blocks of the FLC method.

As a result, the FLC technique is useful for working with inaccurate entries, nonlinear
systems, or systems without a precise mathematical model [43], and it is reasonably easy to
develop [67]. It thus offers quick control and minimal oscillations once the MPP is attained, as
well as a strong performance under changing irradiance [67][68]. However, it has the drawback of
providing estimated outputs based on a trial-and-error method, which may be time-consuming
when developing membership functions and inference rules [43][57].
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2.6 Photovoltaic Applications

With the need for electricity growing in recent years, PV systems are being used in several
applications, which can be classified into two categories: low-power applications, which are
usually off-grid, and high-power applications, which are typically grid-connected, as can be seen
in the PV panel connection shown in Figure 2.16.

Sunlight

Sunlight
TR r h
» # - 4= + # Utility Grid
Charge Biattacy;Bank DC Loads
Controller ‘ Solar PV Panels
Solar PV Panels ‘ Me_ter
A | N .- - - =—
AC Loads Battery Bank \/\
Off-grid Hybrid
Inverter InverteyrICharger AcLoads
(a) (b)

Figure 2.16: PV power system connection. (a) Off-grid connection. (b) On-grid connection.

As shown in Figure 2.16(a), the off-grid application normally feeds a small system with
energy, such as small rooftop PV units feeding remote houses or cottages and even some small
DC appliances, such as toys, watches, calculators, radios, televisions, flashlights, and fans, can be
directly connected to the DC power equipment. A battery storage system is used to store the energy
and function as a backup power source when the need arises at night or when there is poor sunlight
due to shadowing. In other cases, stand-alone systems rely on conventional generators for backup.

There are numerous applications of low-power PV systems, electricity for remote areas,
disaster relief, water pumping and charging vehicle batteries, etc. On the other hand, in Figure
2.16(b), PV modules are connected to inverters that convert the DC power produced by the PV
modules to the AC power in the grid-connected PV systems. Thus, connecting to the grid increases
the system requirements in terms of connection synchronization, efficient power converters, high-
performance MPPT as mentioned before and, a backup system is frequently required to ensure a
continuous supply of electricity irrespective of the weather conditions by connecting batteries for
saving power in the night, etc. Different applications are discussed in the following section for a
better understanding of the importance of PV panels applications.
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2.6.1 Disaster Relief and Remote Areas

Portable PV panel systems are easy to install, small, easy to move, and are commonly used
to provide electricity in the aftermath of a disaster or provide services to remote areas in the
absence of an electric grid.

Natural disasters frequently result in a power outage. As a result of natural catastrophes
such as storms, floods, cyclones, and earthquakes, power generating, and distribution networks are
destroyed. Portable PV systems can provide interim solutions for building light, and water systems
in instances like these, where power will be off for a lengthy period, see Figure 2.17. Furthermore,
because renewable energy eliminates the problems of fuel transportation and pollution, emergency
health clinics prefer solar-powered electricity over traditional systems [69].

Figure 2.17: The power PV systems powering area struck by a natural disaster [70].

Moreover, some regions are too far away from the distribution network to connect to the
grid. Before they may be linked, areas under development require a power source. PV systems are
a viable choice in these situations. PV systems can also be backed up by conventional generators
to ensure that power is available at all times.
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2.6.2 Communication and Tele-Communication Power Backup
System

Different communication systems require power 24/7 in many places, particularly in rural
areas, and signals require amplification stations at intervals for long-distance connection for some
communication systems. To improve radio, television, internet, and mobile phone transmissions,
a number of relay towers have been erected. Repeater stations are most commonly located on high
terrain. These locations are often located far away from grid-connection lines. PV systems with a
backup battery are being deployed as a feasible alternative to generators to lessen the associated
complexity and cost.

2.6.3 Scientific and Research Centers

Scientific experiments are set up in a variety of locations that are not connected to the
electrical grid. PV systems may be used to provide electricity for scientific research in rural areas
and remote locations. PV systems may power systems that monitor earthquake activity, roadway
conditions, meteorological data, and other research operations. Nonetheless, navigational devices
such as beacons, traffic warning signs, and airplane warning signals can be located far from the
electric grid. PV systems can provide a stable power supply for these critical applications.

2.6.4 Water Pumping

PV panels are a fantastic option for agricultural and farm water demands, particularly
during seasons of strong sunshine. These pumping systems may either give water directly to fields
in times of need or store water in big tanks for later use. Additionally, it may offer water to isolated
places and villages, as well as storing water in case of need [71].

Figure 2.18 depicts the ESSENSE company solar water pumping system, which is powered
by a PV panel system [72].

Solar energy is converted into electricity by the photovoltaic array, which is used to power
the motor pump set. Water is drawn from an open well, a bore well, a stream, a pond, or a canal
via the pumping system. PV panels must be placed in an open location with sufficient irradiance
to improve the energy system’s performance.
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Figure 2.18: Solar-powered water pumps can be incredibly cost-effective for remote
settlements [72].

2.6.5 Charging Electric Automobiles

Vehicles that operate on electricity can be charged at solar-powered charging stations.
These vehicles can also use PV-powered sources to maintain their key battery conditions. Electric
vehicles are a wonderful way to enjoy your ride without the expensive cost or negative
environmental effects associated with gas-powered engines.

Figure 2.19 shows a charging kit that enables users to increase their flexibility by installing
a charging station in the works car park, or even in commercial lots, that is powered entirely by
renewable energy [73]. PV systems can also be used to charge other types of transportation, such
as boats and other recreational vehicles.

The massive amount of research that has been done over the last few decades has sparked
a surge in interest in putting PV systems in place to meet energy demands. Instead of putting up
separate support structures, PV systems can be installed directly on the building structure, saving
space. PV systems come in a variety of sizes and may be installed on practically any surface, with
different shapes to capture solar energy and provide clean and steady energy. The installation of
PV panels on a building’s exterior is known as Building Integrated Photovoltaics (BIPV) [74][75].
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Figure 2.19: Solar charging stations for electric vehicles [73].

37



38



Multilevel Converters

Contents of This Chapter

>

Section 3.1 introduces the general multi-level converter of the different
applications and explains the fundamental operating principles.

Section 3.2 presents the benefits of increasing the levels of voltage
conversion.

Section 3.3 introduces the basic work of line commutated converters as
two-level converters and highlights the drawbacks over high voltage
applications.

Section 3.4 explains different topologies of voltage source converter to
demonstrate the impact of increasing the voltage stages over high power
transmission applications.
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3.1 Introduction

The aim of this chapter is to clarify and bring into perspective the circuit topology and the
function of different multilevel converters. For this reason, the chapter begins with an introduction
to the evolution of different types of the two-level converter and multi-level converter. An analysis
of the line commutated converter (LCC) and the various topologies for the voltage source
converter (VSC) has also been presented. It acts as the basis for an MMC analysis and research
which is discussed in depth in the next chapter.

Before the 1970s, the transfer of power relied heavily on current source converters (CSC)
where the alternating current (AC) was converted to direct current (DC). Rectification, to provide
direct voltage for DC motors and industrial processes, was the key application. High-voltage direct
current (HVDC) transfer of electricity also initially made use of CSCs [76]. The valves then
available, first mercury arc valves and later thyristors, lacked the capacity to turn off and were thus
only suitable for naturally switched converters.

The beginning of power semiconductors that could be switched on and off (such as diodes)
and full control switches (such as transistors), allowing for forced current commutation, paved the
way for VSCs that would work independently off the AC grid. These converters provide enhanced
controllability and enhanced harmonic efficiency, which have significantly extended the field of
operation.

Several new problems in terms of energy conversion have arisen with various applications
over the last few decades. The focus here is on green energies and questions about the harmful
effects of conventional energy sources on the atmosphere, such as the burning of oil or fossil fuels,
thus contributing to the use of cleaner sources such as wind and solar power as renewable energy
sources (RES). None of these use the kind of large synchronous generators typically used for
electricity generation that run at constant speed [77]. There is also a need for an electronic power
interface, which is better introduced by VSC in most situations. Demands for energy conservation
have also arisen from related issues. A transition to variable-speed control inside electrical drive
systems would yield very considerable savings.

In earlier times, application work on motors, such as water pumps and fans, were typically
run at a constant speed, with the fluid flow controlled by throttling, which caused performance at
low flow rates to be very weak. If the electric machine's speed can be controlled, total power losses
can be dramatically reduced. In addition, in many manufacturing processes, variable speed
processing facilitates better control and accuracy, leading to increased automation and improved
product quality. As it allows for easy torque and speed control of both synchronous and induction
machines, the VSC suits these specifications very well. CSCs could control the speed of DC
motors; however, because of the high maintenance expense of their brushes and commutators,
such motors are less desirable [78].

Furthermore, due to the independently controlled active and reactive power, the VSC does
not require reactive power adjustment, especially in the high voltage transmission grid applications
such as HVDC and FACTS (flexible alternating current transmission systems). This allows the
VSC to have greater overhead in comparison to the LCC converter [79][80]. As a result, the VSC
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is more concise than an LCC station, since the harmonic filters at the output are smaller and no
switch yards or transformers are required [79][81].

The two-level converter was the dominant VSC topology from the beginning but, due to
the high losses, it is dedicated to applications of a few kilowatts. However, it is less effective for
devices operating at voltages above a few kilovolts, since no power semiconductors are available
that can block voltages beyond this amount. In order to build valves capable of resisting higher
voltages, an alternative is to directly link semiconductor elements in a series. These principles have
been developed, but they appear to be complicated because it is important to solve many problems
to guarantee the operation and fault tolerance of such a valve [79]. Furthermore, this kind of valves
cost more money and are more complex to control.

As an alternative, a move to multilevel converter topologies provides improved
opportunities for higher voltages to provide cost-effective power transfer. To increase the
operating voltage, such topologies do not need direct series connection. In addition, the overall
total harmonic distortion (THD) is strongly improved, such that the voltage and current distortion
requirements can be fulfilled without excessive switching losses and, of course, the filter can be
minimal or it may even be eliminated at some stage [82].

The two and three stage neutral point clamped (NPC) converter was the first VSC
multilevel topology to be used in a large-scale voltage application [83]. A flying capacitor
converter (FLC) was then proposed to decrease the switching losses as well. For high-power
engine drives, it is still in frequent use [84].

However, the voltage level cannot easily be expanded to additional levels due to the
complexity of the converter design, which restricts the area of operation to the medium voltage
range, at least if the semiconductor series link is not used to improve the voltage power. Using a
cascaded half-bridge (CHB) converter, based on the serial connection of converter sub-modules
rather than semiconductors for high-voltage operation, is a much more feasible solution and much
simpler in terms of connection complexity to increase the voltage level [79][84].

This chapter aims to understand the development of multilevel VSC topologies for high
and middle power conversion with a heavy emphasis on MMCs, as these are the key focus of the
implementation of this thesis. First, as state-of-the-art, the LCC will be introduced to illustrate the
benefits of the converter application, and then the multi-level VSC will be defined by
demonstrating various forms of topologies.

3.2 Multilevel Converter Benefits

Two-level converters are generally the most cost-effective option for low power ratings,
up to megawatts. They have a simple structure with a few elements that reduce the complexity of
the controller. However, a variety of drawbacks are apparent for such applications as medium or
large industrial drives, such as wind turbines and solar cell farms for grid connection, where a
medium or high voltage needs to be highly regulated and stored. Due to the switching frequency,
the converter output represented as AC-side voltages will include high major harmonic
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components [83]. Any suggested alternatives, such as metal oxide semiconductor field effect
transistors (MOSFETS), with high switching frequency low-voltage power semiconductors, can
be used in converters to alleviate this problem, as low-order harmonics can dramatically decrease
and only high-order harmonics can emerge in the spectrum. In contrast, for a converter in
transmission line applications, such devices as insulated gate bipolar transistors (IGBTSs) that work
with kilovolts of blocking voltage are usually required. Due to switching and conduction losses,
each switching of such devices usually results in high losses, which increase dramatically when
the frequency increases, particularly when accessing 1 kHz or more [85].

On the other hand, the THD at the output would be increased with the use of a low
switching frequency or fundamental frequency, leading to more expensive filters to prevent the
harmonics from having harmful effects on the system or the grid connected to the converter.

The voltage drops for the switching devices, such as transistors and diodes, fall within the
range of a few kilovolts for the high-power application, the key component of VSC converters.
Consequently, a sequence of semiconductor contacts must be used to build a high-voltage
converter for grid applications. This is linked to a few problems and there are no readily available
technological solutions to accomplish such a relation in a sequence.

In addition, the step voltage is often transferred between the DC poles in a two-level
converter. The switches must be fast, typically within a couple of kilohertz, in order to sustain
switching losses at feasible speeds. This means that the voltage slope would be high at high direct
voltages, which places very considerable stress on the insulation of any equipment attached to the
AC terminal.

All these problems can be greatly modified by a transition to multilevel converter
topologies. Since multilevel converters rely on the availability of many DC-link capacitors to
manage several levels of voltages, those capacitors create distinct DC levels and generate
additional levels inside the same converter. The various capacitor voltages, not only the highest
DC connection voltage, are used to estimate the blocking capacity of any switch types utilized by
that converter. The voltage level, and hence the converter's power rating can be increased without
using direct series connections of semiconductor components [84].

On the other hand, the influence of the total harmonic distortion at the output voltage and
the switching frequency losses of the semiconductor switch can be handled individually. First, the
output voltage waveform has more than two different stages, and this is significant since it implies
that the harmonics' amplitude can be reduced. Second, not every switching device is participating
in every output voltage transition, which implies that the output voltage may be altered at a higher
frequency without raising the switching frequency. As a result, the initial harmonics spectrum will
emerge at a higher frequency, where they may be easily eliminated by using a filter.

The consequence of a change from the use of two-level to multilevel converter topologies
is shown in Figure 3.1, which clearly displays the harmonics order being continuously decreased
by increasing the voltage levels from two to seven. The switching frequency of the switching
device is fixed at 15 times the fundamental, considering the switching losses will be the same in
all cases. For any number of stages, both the phase voltage and the amplitude range of this signal
are also shown [78].
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Figure 3.1: The consequence of the two-level to multi-level converter transition. (a) Shows
the phase voltage of two, three, five, and seven-level converters in the time domain,
respectively. (b) Shows the amplitude of the harmonics of all frequency domain converters
[78].

The pulse frequency is often raised when a converter with a larger number of levels is used,
as stated in the figure above. The two-level waveform does not resemble a sinusoid at all, the
reason being that the use of PWM enables a distinction between the desired fundamental and the
undesired harmonics in the frequency domain. However, the flipped waveform would gradually
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imitate the reference with more levels. It is apparent in the frequency domain that more frequencies
allow both the harmonics to appear at greater frequencies and to have a smaller magnitude. In
order to achieve reasonable harmonic distortion, both effects lead to a reduction in the amount of
filtering required [85].

3.3 Line Commutated Converters

Thyristor-based Load Commutated Converters (LCC) were originally presented in the
1970s [79]. The term "line-commutated™ refers to a conversion method that uses the line voltage
of the AC system to move from one switching unit to its neighbor.

LCC uses switching devices that can only be enabled by providing current by control
operation, such as thyristors. While, in theory, HVDC converters can be made from diodes, they
can only be used in the rectification mode and the lack of DC voltage controllability is a significant
drawback [86]. Consequently, all LCC HVDC systems in practice used either grid-controlled
mercury-arc rectifiers, at the beginning of the use of LCC, while the early installation had to be
substituted by thyristors.

The LCC is still the highest power rating converter that can be constructed and is thus the
best option for the transmission of high power. The low power losses, usually 0.7 percent per
converter, are another advantage of LCC [76]. The main drawback is that a differing amount of
reactive power from the grid is consumed by both the inverter and the rectifier, so flexible reactive
compensation is required [80]. To be able to achieve performance with switching, the LCC would
also require an AC voltage source at each terminal. These stations need a large AC network to be
run due to the 'blocky' type of current arising from the low-frequency commutation process, as
commutation draws large amounts of reactive power and produces a large number of low-order
harmonics. Therefore, because of the harmonic filters and reactive power compensation needed,
the station size is reasonably large [82][86].

3.4 Voltage Source Converters

Another technique has been available since the 1990's. This uses a capacitor as the feature
of interface impedance and energy storage and occurs on the DC side as a constant voltage. It uses
IGBTSs that self-commutate. These techniques were called "Voltage Source Converters (VSC)' [87].
They do not establish a strong AC grid since the systems are self-commuting, and they can turn at
higher frequencies, removing low order harmonics and regulating the phase change on the AC side
between the output voltage and current. This can substantially reduce or eliminate the need for DC
filters, AC filters, and compensation for reactive power. The losses for VSC systems are
significantly higher than for LCC due to the regular switching and use of IGBTSs instead of
thyristors [82].

Classical VSC-HVDC implementations were implemented by the HVDC Light definition
of ABB in 1997 [82]. For HVDC applications, classical VSC is based on two-level or three-level
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converters [88]. It is not possible to change the voltage magnitude at AC terminals with this
definition, but the voltage will be either (+V or -V) with two levels, whereas the voltage would be
(+V, 0 or -V) with three levels of VSC [78]. To estimate the desired voltage waveform, PWM is
used and the disparity between the desired and applied waveform is an unnecessary distortion that
must be filtered. IGBTs are normally linked in series in various VSC topologies to increase the
voltage blocking capability. Due to IGBTS, the power of the voltage blocking is limited. The use
of the PWM technique has a great impact on reducing the voltage over each switching type,
especially across the series of linked IGBTs that need to be switched simultaneously for better
efficiency [82].

This entails complicated gate drive circuits to enforce voltage sharing under all conditions.
The most important point in VSCs is that both active and reactive power flows can be controlled
independently, and this lead compensation is needed to drive the reactive power [80]. As the
harmonic filters are smaller and no switch yards or capacitor banks are required, VSC stations
have more overhead than an LCC station. Other benefits of the VSC are that the converter can be
connected to poor AC-grid networks [81], and it can use ordinary transformers as no phase shift is
necessary. The primary downside of VVCS is that it has higher power losses than LCC, which is
usually 1.7% per converter [79].

In addition, power reversal in VSCs is accomplished by changing the current direction
rather than the current direction being fixed, and power reversal is accomplished by changing the
voltage polarity through LCC. As a result, the VSC technology is better suited to a DC grid
application [3]. VSC power reversal can be achieved progressively so the maximum spectrum of
active power is available, and a positive or negative reactive power can even be paired with zero
active power. As positive and negative values can be obtained from both active and reactive power,
the converter is said to work in all regions of the PQ plane [89]. LCCs usually have a minimum
active power output of 5% below the rated power in [83]. This makes VSC more favorable for
power transfer, as for electricity produced from a photovoltaic farm, with differing power.
However, with LCC HVDC, one benefit is that in the converter station, DC pole to pole short
circuit faults can be cleared. This is not the case for conventional VSC HVDC, where the fault
currents have to be blocked in most situations by opening the AC breaker feeding the converter
[90].

A few multilevel VSCs that were implemented and formed before the MMC and other
cascaded topologies, namely the neutral point clamped (NPC) or diode clamped converter, flying
capacitor converter (FLC) and cascaded half bridge (CHB) converter, are briefly defined in the
following section. These types of multilevel converter have been used widely in the medium-
voltage direct current (MVDC) systems, as well as high-voltage converters for power transmission
applications in some circumstances. However, the number of levels cannot usually be easily
expanded beyond a few due to the complexity of connecting and reconfiguring the converter,
which means that, for handling transmission-level voltages, direct series communication of power
semiconductors is necessary [91]. What all the types have in common, as is the case with the two-
level converter, is that the maximum DC voltage supplied at the DC-side is taken up by a single
DC-link capacitor, or a series connection of multiple capacitors.
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3.4.1 Neutral Point Clamped Converter

Nabae, Takahashi and Akagi first invented the three-level Neutral Point Clamped (NPC)
converters in 1981 [92]; the three-level and four-level converter topology is shown in Figure 3.2
and they clearly show how the design complexity increased through increasing levels. The DC
connection is divided by series-connected capacitors which generate additional levels of DC.
These topologies are often distinguished by the supply of diodes called clamping diodes; the main
work of the diode is to provide additional current paths such that the AC terminal can be
temporarily linked during operation to these DC stages.

Thus, it is possible to establish additional AC voltage levels. As the clamping diodes in this
case will connect the AC terminal to the midpoint of the DC link, the three-level version is referred
to as an NPC converter, as the diodes work as a clamped point to increase the voltage levels. This
was also the name used in [92], which did not cover more than three levels in the definition because
of the complexity of higher levels.

The only diode-clamped converter that has gained major market success is the NPC
converter. While the principle can be generalized to four or more stages by increasing the diode
clamped link, as seen in Figure 3.2, the losses were still not feasible in most cases in terms of costs.
The number of clamping diodes increases as the number of levels increases and, more specifically,
the number of interconnections between the various elements of the valve increases. This makes
the converter's mechanical architecture more complicated. This is especially undesirable for a
high-voltage converter because, due to the insulation specifications present, large mechanical
clearances must be observed in this situation. On the other hand, the three-level NPC converter is
widely used in medium-voltage applications, mainly industrial high-power motor drives [93]. They
are also used in converters for tram train power and for the grid connection of renewable energy
e.g., wind turbines.

In Figure 3.3, the various switching states of a single phase of the three-level NPC
converter are clearly displayed. When the AC-side current is led out of the phase terminal, the
states (a) to (c) are presented, whereas the states with the opposite current direction are (d) to (e)

().

The states where the phase out, as seen in statuses (a), (c), (d) and (f), should be attached
to each of the dc poles are the same as in the two-level converter. To reach these states, either all
upper switches are ‘on’ to give the positive voltage output [V, = +Vqc/ 2], or both lower switches
are ‘on’ to produce the negative voltage output [Vo = -Vac/ 2]. On the other hand, both internal
transistors S2 and S3 are switched on in states (b) and (e), connecting the AC terminal of the phase
leg to the DC connection midpoint to produce a zero voltage level [Vo = 0], while the outer
switches are kept in the ‘off’ state.
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Figure 3.2: NPC converter topologies for a single-phase connection. (a) Three-level connection
to produce voltage output [+Vac/ 2, 0, and -Vac/ 2]. (b) Four-level connection to produce [0,
+Vdc/ 3, +2Vdc/ 3, and +Vdc] [3]

In fact, as long as the DC connection capacitors are well balanced, no switch needs to block
more than (Vac/ 2) in any of the switching states, as can be seen in Figure 3.2(a). Thus, the three-
level NPC converter can accommodate two times the direct voltage and thus twice the power of a
two-level converter using transistors and clamped diodes with a specified blocking voltage and
current rating.

The key drawback of using the NPC converter in HVDC applications is that, when
operating at high switching frequency and with mainly active power flow, the losses dissipated in
the power semiconductors will be unevenly distributed. In the case of the three level NPC, the
outer transistors represented in S1 and S4 will suffer both high switching losses and high
conduction losses. On the other hand, the internal switches S2 and S3 will primarily have
conduction losses, since they remain in the conducting mode while there are transitions between
states (a) and (b) and between states (e) and (f) [78]. Therefore, the outer switches can see
substantially greater losses than the inner switches at an operating point that is common for an
HVDC converter. For this effect, it would be appropriate to use semiconductors with separate
grades for the inner and outer switches, respectively; yet this kind of solution could increase the
cost and complexity, especially for a higher level of conversion.
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Figure 3.3: Switching states of a single phase three-level NPC converter.

The ANCP implemented a new NCP topology, proposed in [94] and called Active Neutral
Point Clamped (ANPC), by removing the clamped diodes and exchanging them with the controlled
transistors. This allows for a more even distribution of the losses among the semiconductors. The
ANPC topology was successfully implemented in the framework for VSC HVDC [95].

3.4.2 Flying Capacitor Converter

The so-called Flying Capacitor converter (FLC), first introduced in 1992 by Meynard and
Foch, is a further multilevel converter topology [96]. The structure of the FLC is like that of the
NPC, except that a capacitor is used in the inverter instead of clamping diodes. The single-phase
and three-phase topology can be seen in Figure 3.4, which demonstrates three-level single phase
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leg schematics in Figure 3.4(a) and the three-level FLC topology for the three-phase connection in
Figure 3.4(b). As with the diode clamping in the NPC, the capacitor clamping requires a large
number of very big capacitors to clamp the voltage. For each of the capacitors, the voltage rating
equals the main power transfer. The capacitors have no connection to a typical DC connection in
this case and are thus referred to as flying capacitors.
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Figure 3.4: Three-level FLC converter topology (a) Single phase connection. (b) Three phase
connections.

Vdc/Z L

The multiple switching states of a three-level single phase leg are shown in Figure 3.5 for
the scenario when the AC-side current is directed out of the AC terminal at the phase leg midpoint.
The three-level voltages are approximately equal to [+Vqc/2, 0, and -V4c/2] as with the voltage out
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as stated in (a) to (d). Here, the two upper switches need to be turned ‘on’ for the positive voltage
level [+Va4c/2], as shown in (a); while, for the negative voltage level [-Vq/2], the two lower
switches need to be turned ‘on’ as shown in (d). For the zero-voltage level [0], however, we have
the two situations as shown in (b) and (c), depending on the current direction. Thus, the flying
capacitor will be charged in state (b), while it will be discharged in state (c). Therefore, the voltage
ripple of the flying capacitor can be balanced through a proper selection of the zero-level switch
combination.

Vae/2 | Vae/2 | Vac/2 L

— — —

Y
Va2 | Vac/2 L Vac/2 L Vacl2 L

[S—

o~ ——

(@) Vo=Vur2 (b) vo=0 (©) vo=0 (d) vo=-vas2

Figure 3.5: Switching states of a single phase three-level FLC converter.

As stated, when the AC-side current is driven out of the terminal, Figure 3.5 shows the
current directions during the different possible switching states throughout the positive half-cycle.
The current directions in the phase leg are the same for the reverse case, which means that the AC-
side current is driven into the terminal, but the current flows through diodes in the valves whereas
it flew through switches in this figure, and vice versa.

Each switch in the three-level flying capacitor converter has to block half of the DC-bus
voltage in terms of voltage rating specifications. Therefore, the required voltage blocking capacity
of each transistor device's is the same as that of a three-level NPC converter, and thus half that of
a two-level converter with the same rating.

Increasing the level of conversion using FLC would be very complicated, referring to the
many flying capacitors that would be bound to the switches at various locations, making many
patterns. This would lead to problems in the technical design of the converter; not least because
the necessary insulation standards, which involve the physical isolation of sections of separate
electrical potential to prevent flashovers. In addition, a large number of capacitors rated for
different voltages will also be needed, adding substantial costs and scale to the above.

Furthermore, using a voltage converter for a HVDC application means increasing the
stored energy for the capacitors, and this will also increase the size and cost. On the other hand,
the large-scale voltages needed to increase the number of levels of the converter will also result in
an increase the number of capacitors needed to perform the conversion. Thus, a high-voltage
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converter would most likely need to be installed using a relatively small number of levels and this
would require switches capable of dealing with high voltages like IGBTs [97].

The key advantage of using a flying capacitor multilevel inverter is that it is capable of
working at voltages greater than the blocking capability of each diode and switching element
power cell [98]. The current coefficient of each arm in polarity is equal and opposite. That is why
charging the capacitors does not have a negligible difference. Within a stable band, the cell and
capacitor voltage differential are preserved and there is no risk of unbalancing the voltages of the
capacitor either.

3.4.3 Cascaded Half-Bridge Converter

First introduced in 1990 to stabilize plasma, the Cascaded Half-Bridge (CHB) inverter is a
well-known cascaded multilevel inverter topology. This was a fundamental principle for the
sequence of connections between single-phase H-bridge inverters and multiple isolated DC
supplies to produce multilevel waveforms [83]. In other words, the topology is established in
separate DC sources and used by multiple full H-bridges to generate a staircase waveform for the
output voltage, see Figure 3.6.

Each inverter level, or submodule, consists of four switch (like IGBTs with a freewheeling
diode) H-bridge inverters, and can produce three output voltages [+Vac, 0 or —V4c], where transistor
S1 and S3 are switched on to obtain the positive voltage +Vqc. By switching on S2 and S4, the
negative voltage —Vqc can be obtained: while the zero voltage can be obtained either by turning on
S1 and S2, or S3 and S4. Each H-bridge will be switched on and off with a specific period and at a
specific moment using the multicarrier pulse width modulation (MCPWM).

The harmonics produced in this way will be the main harmonic, in addition to odd sine
harmonics only. The AC outputs of each of the various full-bridge inverter levels are then related
in a sequence to synthesize the staircase waveform for the multilevel inverter output voltage. The
number of output phase voltage levels in a cascade inverter is equal to (2 m + 1) for the m number
of the full-bridge inverter. A seven-level staircase waveform voltage output is presented in Figure
3.6(b).

The three-phase seven-level CHB inverter is shown in Figure 3.7. Each phase employs
three H-bridge circuits to provide a seven-level output voltage. The voltage out for phases 'a’, 'b’,
and 'c' is represented by Vo _a, Vo b, and Vo _¢, correspondingly. The independent DC voltage source,
V., is attached to each H-bridge module. Both upper and lower switches of the H-bridge leg cannot
be turned on at the same time in a standard CHB inverter. The dead-time between upper and lower
switches should be used carefully to avoid any switch collisions that would result in high voltage
out in the H-bridge circuit [99].

Along with its easy modular design, ease of control, and lack of clamping diode or voltage
balancing for flying capacitors, CHB is preferred over other VCS topologies such as NPC and FLC
multilevel inverters. Most importantly, the number of potential output levels is double that of the
DC source [85].
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Figure 3.6: Seven-level CHB converter (a) Single phase connection topology (b) Output
voltage diagram.

The number of levels of a multilevel inverter must be chosen carefully, because higher
levels create lower values of undesirable harmonics and need lower-rated power switches, but at
the expense of increasing the number of components and management complexity. The sole flaw
of the CHB is that each submodule will require its own DC supply, which limits the circuit's uses
dependent on the available sources [85][100].

Furthermore, the most essential issue is to maintain phases balanced energy, since the way
the three-phase CHB connects, as shown in Figure 3.7, demonstrates that there is no mechanism
to transfer energy between phases and no DC component of circulating current to transfer power
between phases as with the MMC converter.
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Figure 3.7: Three-phase seven-level CHB converter.

3.4.4 Modular Multilevel Converter

No pure cascaded converter topologies for power conversion have been available in recent
decades. Wide scale voltage VSCs for HVDC applications have been introduced to sustain the
voltage using direct series-connection of semiconductor devices. Reactive power compensation
converters using full-bridge submodules have been used [101], but they lacked a DC terminal and
were thus not suitable for DC/AC conversion. CHB converters existed, but these involved
individual isolated transformers feeding the submodules and were not genuinely modular.

A breakthrough was made with the introduction, by Prof. Marquardt in 2002 of the MMC
with half-bridge submodules [14]. It allows easy to use submodule strings to be created in an
ingenious way in order to make DC/AC conversion possible, while retaining the major voltage
scalability and harmonic efficiency advantages of cascaded converters [34].

Figure 3.8 depicts the MMC single-phase connection and the submodules string connection
streamlining across each arm, where the MMC normally has an upper and lower arm in each phase
leg. The two-transistor in series and the compact in parallel with capacitor architecture represents
one submodule that may be adjusted in various topologies to satisfy the voltage scale required by
the application when used with a converter [42]. Furthermore, the number of conversion levels is
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determined by the submodules linked in each arm, with the number of level conversions equal to
the number of submodules in each arm plus one in a non-interleaving situation.
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Figure 3.8: Single-phase of the MMC with an AC load connection.

This explains the MMC topology’s simplicity and scalability, which helped it to
outperform all other multilevel converters. When a submodule is selected, it will contribute to the
voltage of its own capacitance, which implies that switch one, S1, will be on and switch two, S2,
will be off. On the other hand, if the SM is not selected or it is bypassed, S1 is turned off and S2 is
turned on.

Additionally, the MMC topology has a single connected arm inductor in both the upper
and lower arms to control the arm current; in fact, it is used to reduce the phase circulating current
weight and its impact on the output voltage. The MMC output voltage is determined by the voltage
of the upper and lower arms, where the voltage of each arm is equal to the sum of the voltages of
the chosen submodules in that arm. Thus, the output voltage scale can be expanded by having more
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connected submodules in each arm. The output current, on the other hand, will be determined by
the current flow on each arm, which is first provided through the DC side [102]. In this case, the
DC side of the MMC, which represents the primary power provided to the converter, has been split
by two capacitors, Cqc, with the initial voltage value equal to Vqc/2 to create the middle point, where
the converter output voltage is referenced to that point and separated from the neutral point, which
serves as the AC load side reference.

Due to the key subject constraints of this study, Chapters 4 and 5 would describe the
topologies, mathematical modeling, modulation, control methods and organizational
specifications of the three-phase MMC in depth.

56



57



Modular Multilevel Converter

Contents of This Chapter

» Section 4.1 introduces the Modular Multilevel Converter (MMC) for the
different applications and explains the fundamental operating principles.

» Section 4.2 presents the different submodule topologies and highlights the
advantages and disadvantages of the main two topologies, the half-bridge
and the full-bridge.

» Section 4.3 presents a general description of the MMC topology,
summarizing the essential advantages and drawbacks.

> Section 4.4 describes the general mathematical modeling to analyze the
operation of the MMC. The converter equations are decoupled using a
linear variable transformation that links the phase arm currents and
voltages to values that make it easier to describe the process.

» Section 4.5 identifies the most appropriate applications for the MMC, with
emphasis on high-voltage direct current applications as the MMC has high
power scalability.
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4.1 Introduction

Modular Multilevel Converters (MMC) were first introduced in 2003 [14] and have
attracted significant research interest in medium-voltage and high-voltage applications [15].
Modular converters, such as the MMC, reach any number of voltage levels by increasing or
decreasing the number of connected submodules (SM). MMCs are built up by a series of connected
SMs that are individually controllable. They offer various advantages over other multilevel
topologies, such as fault-tolerant operation, easy to achieve capacitor voltage balance, low
harmonic distortion, and elimination of the bulky DC-link capacitor [17]. They have therefore seen
rapid growth in a broad field of applications, including DC transmission, solid-state transformers,
and renewable energy integration [42].

SMs identify the most important part of the MMC platform and can be expressed in various
topologies to generate the voltage level needed by the converter. The general topology used for
each SM may be either a half-bridge converter, which is considered to be a two-level converter
because each SM is capable of producing positive or zero voltage, or a full-bridge converter, which
also produces two levels of voltage, positive or negative [90].

A two-level controllable voltage source reflects each SM in the MMC, and the voltage
output levels can be conveniently increased by increasing the number of SM attached in series in
the MMC. The independence of regulating the SM in the MMC provides the modularity properties
of the converter. Increasing the voltage level, on the other hand, impedes the production of any
significant harmonic material in the output [81].

The MMC not only has modularity features but is also a highly scalable technology. The
voltage standard determines the number of available submodules and the technology can be used
up to the highest transmitting voltages without the semiconductor transfer sequence relationship,
so simultaneous switching issues are irrelevant [103].

In terms of power losses, compared to VCS, MMC has about one percent fewer losses,
considering the two or three levels of the converter. This is due to the lower frequency used to
switch each transistor and the fact that the SMs are selected at different times. In addition, the low
losses are obtained by considering the voltage across each switch, which is slightly lower in the
MMC [79].

On the other hand, by increasing the SMs, the MMC can increase the voltage level, which
will then increase the connected switches in the converter, and this will certainly increase the
power losses. However, the harmonic distortion is intensified by increases in the levels. In short,
the additional voltage levels in the transistors of each SM boost the equilibrium between harmonic
distortion and power loss. Depending on the application, whether this gain of increasing voltage
level is significant enough to avoid the increased number of semiconductors may be further
evaluated.

This chapter focuses on the basic operation and design constraints of the MMC, beginning

with the SM general topologies and how, by increasing the voltage level, these devices can help
to handle high voltages. In addition, to explain the theory of the converter operations, the

60



mathematical modeling of conventional MMC topology is described in detail, showing the current
and voltage direction in each case.

4.2 Submodule Topologies and Theory Works

The typical configuration of the MMC consists of a series of SM connections. The most
commonly used topologies of SM are based on a half-bridge or full-bridge circuit with a capacitor
as a source of DC voltage to store energy in each SM. This represents the basic building blocks of
all the multilevel cascading converters. The capacitor size is analyzed further in [104].

Different topologies of SMs have been studied and suggested for MMC over many years,
such as the cascaded half-bridge SM, which can be done by joining two half-bridge SMs in series
[105]. In terms of power loss and performance, this topology is close to that of the half-bridge. It
is also easy to mount and monitor. This topology will generate three voltage levels (positive,
negative, and zero) at the SM output terminal.

Another SM topology built with four series-connected transistors, two clamping diodes
each connected to the middle point of two series transistors, and two capacitors is analyzed in
[106]. This is called the three-level point-clamped neutral topology. Its benefits are the output of
the bipolar voltage to control the ride through the DC fault; while the main issues are the loss
distribution between the switches and the neutral point voltage balance. The replacement of the
clamping diode with transistors would lead to an improved distribution of losses as well as
improving the neutral point voltage balance power, as suggested in [107].

However, increasing the connected switches and the connection complexity leads to less
reliability, lower efficiency, and greater losses of power. Different SM topologies are developed
either to generate bipolar voltages to deal with the DC-side faults, or to improve the performance
with less connected switches, as well as providing better controllability for capacitor voltage ripple
[87][108].

In this chapter, two fundamental SM topologies are explained in detail. Figure 4.1 shows

the half-bridge SM with unipolar output voltage and the full-bridge SM reflecting the bipolar
output voltage with respect to the switching status.

61



A A
+Ve +Ve
0 - 0 >
t t
'VC "'VC
(a) (b)

Figure 4.1: SM topologies with output voltage waveform. (a) Half-bridge SM (b) Full-
bridge SM.

4.2.1 Half-Bridge Submodule

The Half-Bridge Submodule (HBSM) consists of a two-level phase leg represented by two
IGBT transistors with a Freewheeling Diode (FWD) connected in parallel with a DC capacitor to
maintain a direct voltage. The output terminals of the SM are formed by the phase leg midpoint
on the one hand, and one of the DC capacitor terminals on the other. The output voltage has two
possible switching states. The output voltage of the SM, Vsw, is described in Table 4.1.

Table 4.1. Switching states for HBSM.

SM states S1 S2 Vsm
ON ON OFF Ve
OFF OFF ON 0
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When the SM is selected and its status is ON, the Vsw equals the voltage of the capacitor,
Vc; otherwise, when the SM is not selected or bypassed, the Vsm equals zero. The dead time state
can be considered when both switches (S1 and S2) in the off status consider the SM that has not
been selected. In this state, the Vsm value will be affected by the flow direction of the current, since
only the FWD in each IGBT may conduct. When the current flows into the SM, the capacitor
voltage will be present; however, in the other direction, the current flows out of the SM, so the
voltage will be zero. This state is not used in normal operation, only during start-up and certain
emergency conditions.

The HBSM connection can only provide a positive or zero voltage, unipolar voltage, and
is therefore the produced voltage has an AC plus a DC component. Figure 4.2 clearly indicates the
series of HBSM connections with the output voltage beginning from level zero to the complete
voltage of all selected SMs.

A
Y Vsmx
+Vsm
0 >
t
(a) (b)

Figure 4.2: (a) String connection of Nsm module of the HBSM (b) Possible output voltage levels.
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The serial connection of the submodules helps to extend the voltage that can be managed.
Figure 4.2(b), on the other hand, explicitly indicates that the amount of output voltage level rises
when the number of submodules attached to the sequence increases. The Nsm series connection,
the number of connected SM, will yield total levels equal to Nsm + 1, with values between zero
and Nsm VC.

4.2.1 Full-Bridge Submodule

The Full-Bridge Submodule (FBSM) has two series of IGBTs (Sland S2) connected in
parallel to another two series of IGBTs (S3 and S4), all connected in parallel with the capacitor, as
can be seen in Figure 4.1(b). The output voltage of the SM is formed by the midpoints between
the S1 and S2, representing the positive pole, and the midpoint between S3 and S4, representing
the negative pole. As shown in Table 4.2, the standard switching states of these switches give rise
to four separate switching states for the entire submodule.

Table 4.2. Switching states for FBSM.

SM states S1 S2 S3 S4 Vsm
OFF ON OFF ON OFF 0
ON ON OFF OFF ON +Vc
OFF OFF ON OFF ON 0
ON OFF ON ON OFF -Vc

When S1 =S4 =0 and S1 = S4 = 1, the two states both select the submodule, resulting in
(-Vc) and (+Vc) output voltages for the same current flow path. Also, when all the IGBTs are
switched off, the FBSM can be blocked. It will serve as a diode bridge in this situation, and the
terminal voltage will match the capacitor voltage (+Vc), irrespective of the current path.

In conclusion, if the voltage of the submodule capacitor is held sufficiently stable, the said
converter submodules will act as controllable voltage sources. In comparison, unlike the HBSM,
the complete bridge is actually capable of supplying differential voltage, positive and negative
voltage. In reality, the full-bridge would create the negative voltage just to eliminate the effect of
the system DC-link fault [109].

The sequence of FBSM contacts with the output voltage starting from the positive voltage
level and going to the negative voltage level can be clearly seen in Figure 4.3.

64



Z-VSMN -

(a) (b)

Figure 4.3: (a) String connection of Nsm module of the FBSM (b) Possible output voltage levels.

Increasing the connected SM, as shown in Figure 4.2, would raise the voltage level and
thus cause the voltage that can be managed to increase. Figure 4.3(b) indicates that the output
voltage of the FBSM string connection will have all the voltage levels between - Nsm Vc and + Nsm
Vc, including zero, since the voltage level produced is equal to 2Nsm + 1 levels in total; this is due
to the voltages produced.

Using the HBSM in an MMC requires twice the number of IGBTs of a three-level VSC
type FLC or NPC at the same rating. While using FBSM in an MMC, the need for IGBTs is double
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that when using HBSMs. In both SM topologies, the capacitor must be of a significant size, since
it can retain an approximately constant direct voltage when holding significant currents. This
makes the MMC special, since it has no DC-link capacitance, but rather an embedded capacitor in
each SM; therefore, to maintain the voltage level and the energy stored on it, these capacitors need
to be the correct size. A heavy and bulky circuit is the result of many high-rated semiconductor
switches and capacitors, offering a converter that is less lightweight than the classic VSC, but
much more compact than the LCC [79][110].

On the other hand, the MMC is intended for high voltage applications because the level of
conversion can increase for many levels. Thus, series connections of a few hundred submodules
may be required to handle the high voltage scale, like the HVDC transmission system needs about
200 to 400 SM in each arm to reach a few hundred of kilovolts to operate sufficiently [111][87].
This number could be less, between 15 to 200 SM per arm, if STATCOMSs are used to reach the
operating voltage of between (14 - 220) kV [87][112]. Under such circumstances, there is no need
to connect a bulky filter at the output in this case, since the voltage given is almost continuous.
This is because the size of one voltage level is extremely small in contrast to the overall voltage
given by the submodule string, which is dependent on the capacitor size. Moreover, sing additional
submodules significantly reduces the harmonic content.

To sum up, the primary difference between HBSM and FBSM, in terms of voltage output,
is that the former can only give a unipolar output voltage and is thus only suitable for producing
an AC voltage with a DC component. The latter, on the other hand, is bipolar and may supply
either pure alternating voltage or a mix of AC and DC with negative polarity. The main advantage
of the bipolar voltage produced by FBSM is that the MMC using HBSM cannot block fault currents
during a DC-link fault because the voltage produced is just positive. The FBSM, however, can
suppress the fault current as the opposing voltage produced in terms of the DC fault happens. This
would thus, eliminate the need to use a fuse or AC breaker in the grid side connection [79][90].
Nevertheless, this duplicates the need for IGBTs due to the different topology. This can be
discussed and analyzed further in order to decide whether this benefit is significant enough to
justify the higher number of semiconductors.

4.3 Basic Operation and Design Constraints of MMC

The previous section described the basic work of individual SM and the SMs string
relations, and the different topologies of SM, the main component of MMC, were discussed in
detail. It was concluded that, because of the integrated capacitor, the string of SMs can act as
controllable voltage sources within the range of the summation of the capacitor voltages. In
addition, to consider the SM string as an optimal power supply, the power balance must be
maintained: firstly, by regulating the capacitor voltage in each SM to the overall capacitor voltage
in the arm; and secondly, by controlling the total energy exchange within the total capacitor
voltages of each arm, thereby maintaining a constant total energy in it. This is equivalent to
regulating the sum of the capacitor’s voltages at the desired value. This control feature is, therefore,
aimed at regulating the average voltage over a cycle, which will be discussed further in the section
in Chapter 6 concerning the control of the MMC.

66



The schematic diagram of a three-phase MMC is illustrated in Figure 4.4. It consists of
three legs, one leg per phase. Each phase leg is designed with two cascaded arms, called upper and
lower arms. There are six arms in total, each assembled in sequence by a string of SMs. However,
the switches (transistors and diodes) are incorporated internally in the SM strings instead of
floating in the phase arms of each stage. Therefore, the method of operating the converter is
radically different due to the flexibility of increasing the converter levels.

SM
String

A Phase SM1 Upper
leg arm

SM2

SMN

Larm

AC-side

DC-side > |VVdc

Larm

Figure 4.4: Schematic diagram of a three-phase MMC.

The MMC circuit diagram also reveals that each arm has small inductors connected to the
SMs string in series, which is also a major difference from the previously described multilevel
converters, where the inductance of the phase legs should be kept low to allow for a fast flow in
the current during the phase leg transitions. This is not needed in the MMC because the
commutations are internal to the SMs, and no such quick changes in the current flow in each phase
arm could happen. Instead, reactors are needed in the phase arms to prevent the direct parallel
connection of the voltage sources introduced by the SM strings. A DC fault current occurs between
the legs of the phase without inductors. However, provided that the voltages of the SM strings can
be regulated with great precision, these inductors normally do not need to be large, especially if
the number of SMs is high [42][110].
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In fact, each arm in the MMC can be represented as a voltage converter because they have
the ability to generate a multilevel voltage, where the number of voltage levels depends on the
number of connecting SM, with a DC offset of the DC-link voltage [79].

Furthermore, the MMC topology provides a solution with low power losses, low switching
frequency, high system modularity, and voltage scalability. This is because the easy cascading of
SMs will increase the voltage levels at the output, producing a pure sine voltage, which leads to
the elimination of the filter on the AC side. By establishing a proper modulation technique, a
sinusoidal multilevel waveform at the AC terminal is synthesized [113][114].

4.4 Mathematical Modeling for MMC

The conventional structure of a three-phase MMC is shown in Figure 4.5, which typically
makes up a series of SMs. The basic SM topology is discussed in this section, based on the half-
bridge circuit with a capacitor (Cswm) as a DC voltage source (Vc).

The switches are usually constructed with an IGBT and FWD. As stated in Table 4.1, the
two switches (S1 and S2) at each SM operate in a complementary fashion, so when S1 is ON, S2
must be OFF, and vice versa. Based on the state of the two switches, the SM is either inserted or
bypassed, adding a voltage Vsu to the arm that is equal to either Vc or zero, respectively. This
operation of the SM s illustrated in Figure 4.6. When an SM is bypassed (OFF), its capacitor
voltage remains constant, but inserted capacitors will charge or discharge depending on the flow
direction of the arm current, in, (h denotes the upper or lower arm).

The phase-leg consists of upper and lower arms with a number of SMs (Nsm) per arm
connected in series with the arm inductor (Larm). The function of the arm reactor is to limit the
phase circulating current and the DC fault current within the phase-leg of the MMC. It also allows
for the current flowing inside the converter to be controlled [42].

The voltage out for the upper and lower arms can also be seen in Figure 4.5, for the
relationship to the converter voltage out, which reflects the average voltage difference of the lower
and upper voltages over one cycle. So, the output voltage magnitude will not overtake the DC-link
voltage, Vqc, average. This makes it possible to set the potential at the AC outlet to any point
between the DC poles, neglecting the voltage drop across the relatively small arm inductors [110].

In Figure 4.5, as symmetry is being considered, the operation of the separate phases ('a,
'b', and 'c’) will be equivalent, aside from a phase shift of 0°, -120° and -240° degree respectively,
applicable to all the variables of the corresponding phase leg. So, all the analyses take phase 'a’ as
an example.
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Figure 4.5: The conventional structure of a three-phase MMC with the upper arm voltage out,
lower arm voltage out, and the converter voltage out based on phase ‘a'.

Figure 4.6: MMC based on a half-bridge switching operation when: (a) The SM is ON and
(b) The SM is OFF.
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The phase 'a’ output current is denoted as ica; the upper arm current is iuwa; the
lower arm current is i, and the DC current is defined as lq. The DC-link current is
divided evenly between the three phase-legs in a balanced situation. The circulating
current is made up of one-third DC-link current and an AC portion resulting from the
voltage ripple on the phase leg capacitors and the voltage differences between the
phase legs. The circulating current is denoted as i.a. As a result, the current in the upper
and lower arms can be represented as Equations (4.1) and (4.2).

[

lya = % + iz (4'1)
i

llg = — % + iz (4-2)

Equation (4.3) is obtained by subtracting Equation (4.2) from Equation (4.1), which
represents the output current ica. This is obtained by using Kirchhoff's Current Law:

loa = lua = lia (4.3)

The circulating current is defined as the current that circulates through both the upper and
lower arms, as described in Equation (4.4), after adding Equations (4.1) and (4.2).

_ lua + lia

ba = 2 (4.4)

The DC component of this current, represented by (% ldc), is responsible for the energy
sent or received by this phase to or from other phases or from a common DC network [25]; its 50
Hz AC component can be used to move energy from the upper to the lower arm, and vice versa
[20]. Other unregulated components, normally at 100 Hz, that cause losses with no contribution to
the MMC control, can be present in the circulating current [26].

Furthermore, by applying Kirchhoff’s VVoltage Low on phase ‘&', the voltages of the upper
and lower arms of the MMC can be expressed as in Equations (4.5) and (4.6):

di
%Vdc = Vya — Larmﬁ_ Vog = 0 (4'5)
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%Vdc — Vg — L —— + Voa = 0 (4.6)

where vya and via are the total voltages of the cascaded SMs in the upper and lower arms for phase
‘a', respectively. Meanwhile, voa is the output voltage from phase 'a’ to the DC middle point 'm'.

Adding Equations (4.5) and (4.6) leads to Equation (4.7), expressed as Equation (4.8) using
the circulating current defined in Equation (4.4):

di dll
Vdc = Vya + Vig + Larm dz;a arm d_ta (4'7)
di
(Vdc - Uua) — Vg = 2 Larmﬁ (4-8)

where via is the voltage of the inserted cells at the lower arm, and also the value of the converter
voltage referred to point 'n' through the converter lower arm; while (Vac — vua) reflects the converter
voltage related to the negative point 'n' from the upper arm, which is normally required to be equal
to via in order to keep the upper and lower arms in a balanced state.

The conduct of the circulating current is explained in Equation (4.8). In fact, later in
Chapter 6, this equation will be used to design an effective controller.

At the same time, subtracting Equation (4.5) from Equation (4.6) leads to Equation (4.9),
and applying Equation (4.3) leads to Equation (4.10):

dl dll
Vig Vya = Larm dlza arm d_ta + 20,4 (4-9)
Via Vya 1 dioa
2 = Vpq T ELarm W (4'10)

where Voa again represents the converter voltage in phase 'a’ referred to point 'm'.

Connecting the converter to grids, the output voltage at each phase is related to the grid
voltage by the output inductor Lo, as stated in Equation (4.11):
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digq

Voa ° " dt + Vac_a + Ugm (411)

where vac_a is the AC voltage at phase 'a’ related to a neutral point named 'g', and vgm is the voltage
between that AC neutral point and the DC middle point 'm'. The latter voltage, vgm, could be
neglected for output current controllers as long as there is no path for the zero sequence
components of those currents. Thus, an equivalent inductor Leq can be defined in Equation (4.12)
to get Equation (4.13), an equation usually applied to PI or deadbeat controllers to manage the
active and reactive power transferred to the grid.

Leq = 2Larm + Lo (4.12)

(4.13)

As stated in Equation (4.13), output currents depend on the voltages generated by the upper
and lower arms, which rely on the switching states of the SMs, and the modulation technique
applied to the converter.

The above mathematical equations are developed for the MMC with DC-link connection
and middle point connection, but these equations are also applicable to the newly proposed
topology of the MMC without the DC-link [20], as described in Chapter 6, whose results are shown
in the simulation section. There is no direction for the output current in the suggested MMC model.
Hence, it is possible to neglect the proposed model corresponding to the common-mode current.
So there is no change in the output current at the AC side, the AC component of the circulating
current, or the DC current component models. In addition, Equation (4.11) shows that,
underbalanced situation the zero-sequence voltage can be neglected, while it can be used to
decrease the capacitor voltage ripple in the SM in an unbalanced situation [87].

4.5 Applications of MMC

For high-power applications, MMCs are commercialized as standard and personalized
products. MMCs are mostly used in HVYDC transmission systems because of their high voltage
capacity and high-power efficiency. The MMC is used in a variety of industrial applications,
including power transmission systems, motor drives, and power quality improvement. This section
delves into the finer points of high-power applications, such as HVDC, which have a strong
connection to the application of the thesis work.

72



HVDC transmission systems become more viable and economical for transmitting power
over a long distance with low power losses. This is due to the high increase in building renewable
energy projects, such as hundred acres farm of PV panels far from the cities. HVDC systems have
several additional operational and environmental benefits, such as higher controllability and
stability, improved power quality, low acoustic noise, and less expensive bus-bar structures on the
AC-side in comparison with the high-voltage alternating current systems [115].

The HVDC system has been implemented before with a two-level converter represented
by LCC and a three-level converter by using different VCS converter topologies. However, there
were many consequences, represented through a high THD at the voltage output leading to the
application of a bulky filter to improve the voltage out. Of course, the VCS has improved those
issues, as it is improved the independent control of active and reactive power, the black-start
capability, operation with passive and weak grid connections, and the possibility of implementing
a multiterminal connection [116].

As aresult, using a multilevel converter for HVDC, such as MMC, allows for a significant
rise in output voltage levels and output switching frequency, allowing for a further decrease in
filter size due to the high dynamics of increasing the conversion level. Despite the high-
performance switching frequency, the switching frequency in each cell may be as low as a few
hundred hertz or even operate at the fundamental frequency, minimizing switching losses even
more. In comparison to LCC and three level VSC converters, where the voltage steps are the full
or half DC-link voltage, the MMC's output voltage waveform has small voltage steps. Since the
voltage time derivative is reduced, this function decreases the high-frequency emissions.

A typical back-to-back configuration of an MMC-based HVDC system is shown in Figure
4.7. The AC-side of MMC1 and MMC2 is connected to the grid through a transformer, and their
DC systems are interconnected through a DC-link cable of several hundreds of kilometers in lingth.
Since long-distance connections require a DC voltage to avoid attenuation and power losses, back-
to-back converters operate in the following way: the first converter MMC1 converts AC to DC,
while the second converter MMC2 converts DC to AC. The MMC generates high-quality output
voltage and current waveforms, eliminating the need for harmonic filters on the DC and AC sides
of the MMC-HVDC configuration.

DC link
connection

£ 3

w ~

Grid ‘+GD+ -~ ~ +GD+‘ Grid

SR
5

MMC1 MMC2

Figure 4.7: MMC based HVDC back-to-back system.
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The MMC is equipped with a large number of SMs to achieve a high conversion ratio and
lower THD. The SMs numbers could reach 200 - 400 SM/arm in HVDC applications. This high

number is necessary for representing an operating voltage range of 320 kV to 500 kV. In the future,
it is expected that the MMC- HVDC system could reach an operating voltage of more than + 600
kV [117], which means increasing the SMs in each arm or using high voltage semiconductors to
manage the high voltage scale . The Trans Bay project in San Francisco, which was Siemens' first
MMC-based HVDC system project implemented in 2010, is one example of MMC-HVDC project
connection systems. This project uses an 85-kilometer subsea cable to carry 400 MW of electricity
at a voltage of 200 kV [104]. The MMC used in this project was constructed using cascade HBSMs
[80]. In 2015, Siemens completed another HVDC project in Europe, the France-Spain Electrical
Interconnection: This interconnection between Spain and France is made possible by a 65-
kilometer-long underground cable. Two DC-links, each capable of transmitting 1000 MW and
running at 320 kV, were considered for the project [118].

The implementation of the MMC can be applied with a different SM topology by using
standard half-bridge, full-bridge or diode clamped cells [16].

The modularity and scalability of the converter topology are the key advantages of using
MMC in high-power applications, where the MMC provides distributed energy storage and has a
modular configuration that offers higher availability and fault tolerant operation. The MMC
biggest disadvantage to the other alternative converters is that the controller is more complex, and
the control hardware needs more computing power.
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Modulation and Control Schemes for
MMC

Contents of This Chapter

» Section 5.1 presents the controlling aspects of the MMC by pointing out
the important elements that need to be controlled to improve the quality of
the converter.

» Section 5.2 illustrates the classifications of MMC modulations regarding
the implementation work that summarizes the vital positive and negative
aspects of each method.

» Section 5.3 explains in detail the output current control and identifies all
the dynamics that the elements need in the controller in terms of grid
connection.

» Section 5.4 sets out the regulating process of the capacitor voltage balance
in each SM and details their impact on the stability and controllability of
the MMC.

» Section 5.5 describes the voltage ripple problems on each SM capacitor
and how they affect MMC performance.

» Section 5.6 explains in detail the cause and effect of the existing circulating
current flow in the MMC phases, and the controlling process for removing
undesirable harmonic components.
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5.1 Introduction

The control aspects of the MMC are considered in this chapter. The MMC has relatively
complicated internal dynamics, unlike many other converter topologies. For this reason, the
previous chapter started with a description of the converter topology for the purpose of clarifying
the dynamic modeling and paving the path towards a better understanding of the MMC control.

The MMC control objectives can be divided into two main parts, as shown in Figure 5.1.
The primary part consists of regulating voltages or currents at the input/output terminals of the
converter. The first part includes controlling the voltage of the capacitor at each SM, as those
capacitors have a great impact on the MMC work stability. It may be appropriate to regulate the
DC and AC voltages or currents, depending on the specific application. In addition, the converter
acts as an energy interface between input and output, using the SM capacitors as energy storage
modules, which is why the average capacitor voltage must be regulated. The second part consists
of reducing the capacitor voltage ripple and the circulating current. Meanwhile, the circulating
current control is considered as an internal control to improve the performance of the converter.

Therefore, control of the MMC may be separated into many parts based on the control
objectives by controlling all of the following: the output voltages using the output currents, the
average (balancing) capacitor voltage, the capacitor voltage ripple, and the circulating (internal)
current.

Primary Part

Output current ~ SM capacitor

control voltage control References Switching
gl Modulation PIERALE
Secondary Part algorithms _’

Circulating SM capacitor
current control  voltage ripple

Figure 5.1: The block diagram of the MMC control system.

The modulation algorithms block appears in Figure 5.1. This is responsible for producing
the switching signal for each SM to be inserted or bypassed, and plays an important role in
balancing the SM capacitor voltage based on separate modulations of the upper and lower arms
[119].
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These objectives can be implemented using either classical control methods, such as the Pl
controller, or advanced control methods related to module predictive control. This chapter provides
an outline of the classical regulation methods and their limits. Each control part is accomplished
using an individual PI regulator. In addition, various modulation techniques are proposed to
produce the control signal for the SMs.

5.2 Modulation Methods for MMC

The modulation technique is widely used to control the output voltage of the converter.
The modulation work is based on generating specific signals to turn switching devices on or off to
get the targeted AC voltage at the output. The modulation schemes are designed to reduce the total
harmonic distortion of the output voltage and to increase the magnitude of the output voltage at a
given switching frequency. In addition, the SM capacitor voltage balance can be regulated, power
losses can be minimized by reducing the switching frequency of devices, and the minimization of
the output current ripple can be achieved with different modulation methods [120], particularly if
the modulation methods can pinpoint the exact time to switch levels.

The modulation schemes are graded based on the applications used with the MMC. As seen
in Figure 5.2, the scalar methods are phase-voltage modulation techniques, i.e., they work to
individually modulate each phase, and can be divided into two types: carrier-based methods that
typically use high switching frequencies and carrier-less methods that correspond to simple
switching frequencies [121].

Modulation methods

| l
Scalar methods Vectorial methods
| ' ! |
Carrier-based methods Carrier-less methods Space vector modulation Space vector control
(SVM) (SVC)
1
| S —
| } ) }
Level-Shift| Phase-Shift Nearest Selectiv'e
PWM PWM level harmonic
LS-PWM)| (PS-PWM modulation elimination
( ) |(ES W) (NLM) (SHE)

Figure 5.2: Different modulation schemes for controlling MMC.
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While the vectorial methods work line to line voltage, i.e., they simultaneously work with
all phases [122], selecting the right modulation method depends on the level, or the number of SM
per arm, applied by the MMC. A low level of conversion would indicate choosing high-frequency
modulation in order to reduce the harmonics distortion at the MMC output. Conversely, a low-
frequency modulation would be chosen to reduce the switching losses when a high level of
conversion is applied [123]. Low, medium, and high conversion levels define the low, medium,
and high-power application used by MMC, respectively.

5.2.1 Carrier-Based Methods

Carrier-Based PWM (CB-PWM) methods are modulation techniques at high switching
frequencies that are based on triangular-wave carrier signals with shifted phase or level, as shown
in Figure 5.3. The technique works on the basis of comparing modulation signals with a single
triangular carrier signal, in the case of the two-level converter, to generate the gating signals for
the switching devices. While the comparison can be extended to the multiple triangular carrier
signals, in the case of the multilevel converter, each carrier will present one level of conversions.
This method is regarded as a multicarrier PWM scheme [87].

(a) (b)
Figure 5.3: CB-PWM techniques for MMC: (a) LS-PWM, (b) PS-PWM [124].

Overall, carrier-based modulation techniques are simple and straightforward to implement
using the MMC control system. The disadvantages include the significant switching losses
compared to simple frequency modulation, and the change in the number of SMs impacts the
modulation scheme carrier structure, which means that adding or deleting one carrier completely
changes the modulation framework. As a result, the carrier PWM modulator must be modified in
accordance with the converter configuration, adding to the difficulty of expanding the present
MMC system to a higher voltage scale [125].
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Depending on the carrier arrangement, the CB-PWM is divided into two groups: level-shift
PWM (LS-PWM) and phase-shift PWM (PS-PWM), as presented in Figure 5.3. The LS-PWM is
detected by positioning multi-carriers at adjacent vertical heights; while the PS-PWM is
characterized by having multi-carriers shifted in phase angles. The individual descriptions are
presented in the next sections.

5.2.1.1 Level Shift PWM

The Level Shift-PWM (LS-PWM) strategies were mainly the carriers that have the same
amplitude and frequency, but were positioned at a different height. Those strategies have been
used with such early multilevel converter as NPC, FLC, and CHB [126]. For CHB converters, the
LS-PWM is not an acceptable choice because they create an uneven distribution of power between
the SMs, resulting in an increase in harmonic distortion on the output side [127]. In MMC,
however, this problem was partly solved by combining it with selective control of the SMs in each
arm [128].

As can be seen in Figure 5.4, the different LS-PWM strategies are listed briefly in the
following sections:

Phase Disposition (PD): all the carriers in this type have the same phase angle with different offset
levels, as seen in Figure 5.4(a). The configuration of the carrier produces considerably greater
harmonic distortion at the frequency of the carrier.

Phase Opposition Disposition (POD): in this case, the carriers above the zero line of the reference
wave were shifted to 180°degrees with respect to those carriers below the zero line of the reference

wave, as seen in Figure 5.4(b). The arrangement of this carrier indicated a decrease in the harmonic
distortion at the frequency of the carrier by increasing the symmetry between the upper and lower
arm modulators; however, the result shows that the distortion at the frequency of the carrier is still
high.

Alternative Phase Opposition Disposition (APOD): this approach uses zero and 180°-degree
alternating phase changes between each neighboring carrier, as seen in Figure 5.4(c). This
arrangement of carriers provides better results than the previous one due to the better symmetrical
attitude of the carriers by moving the greater harmonic distortion to the sideband along the
frequency of the carrier [110].
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Figure 5.4: Level-shifted PWM strategies: (a) phase disposition (PD), (b) phase opposition
disposition (POD), (c) alternate phase opposition disposition (APOD).

Other carriers and hybrid LS-PWM arrangements are presented in [128], such as carrier
overlapping and variable frequency PWM, which show strong outcomes in certain situations based
on a high modulation index and low/high frequency switching, respectively. However, no
references found for these strategies were practically applicable to MMC.
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5.2.12 Phase Shift PWM

This strategy has horizontal arrangement of carrier signals of identical triangles with the
same frequency and amplitude, and an angle shift, ¢, equal to (360°/Nsm) between the carriers,
where Nsm is the number of SMs in each arm. The intersection of each carrier with the voltage
reference wave, Vrer, produces the switching signals for each SM, see Figure 5.5. This method has
advantages over other LS-PWM modulation techniques [129], as it provide a great balance
between the SM capacitor voltage and the harmonic distortion reduction.

The highly symmetrical carriers in this modulation method lead to an equal distribution of
the voltage stress on the semiconductors and the power handled by each SM. Furthermore, the
practical results are better in the DC-bus current ripple [121].

Carriers

Vref

Figure 5.5: Phase-Shift PWM strategy.

These CB-PWM techniques, because of the high number of SMs, are not suitable for
MMC-HVDC application [130]. Since one carrier is allocated to one SM in a similar manner, the
SM string can create unequal switching patterns. The SM switching patterns will be somewhat
different, allowing unequal loading and switching losses to be spread unevenly. More specifically,
though, this method does not provide the potential for balancing the energy of the capacitors. This
is because the DC and fundamental components of the output voltage of the SMs would differ
considerably. Therefore, methods that decouple the waveform generation from the SM selection
are used in [125], since the power balances cannot be fulfilled simultaneously. These strategies
can also be implemented with an interleaving angle, i.e., the carriers used in the upper arm have
opposite phase angles of 180°degrees, with the lower arm carriers, which improves the output

voltage harmonic spectrum. This is because it duplicates the output voltage level, and naturally
balances the SM capacitor voltages by decreasing the select time for each SM [121][131].
However, this process raises the ripple of the capacitor voltage in the SM, which also increases the
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amplitude of the circulating currents. For these purposes, assigning carriers to SMs is not an
attractive method [110].

5.2.2 Carrier-Less Methods

The carrier-less modulation strategy works at low/fundamental frequencies to reduce the
semiconductor switching losses. The absence of the carriers makes this scheme very effective for
such high-power converters as CHB and MMC [122]. This is because the increase in the
conversion level enhances the effect of the harmonics at the output and makes no extra work for
the configuration of the converter as compared to the carrier-based method. The Selective
Harmonic Elimination (SHE) and staircase modulation, or nearest level modulation (NLM),
schemes belong to this category [87][132]. The individual descriptions are presented in the next

sections.

5.2.2.1 Selective Harmonic Elimination

The Selective Harmonics Elimination (SHE) is a carrier-less method working at
fundamental frequency [133]. The method involves the calculation of switching angles, «, as seen
in Figure 5.6 [134]. This calculation can greatly reduce the undesirable low frequency harmonics,
but the mechanics are complicated and slow [135], since the calculation attitude for solving the
equations to find the angles, «, is nonlinear and depends on iteration. The method shows a good
behavior with a CHB converter [136].
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Figure 5.6: The SHE method creates a staircase sinusoidal output waveform for a multilevel
converter by using switching angles (o) [134].
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Applying this scheme with MMC [137] to a low and medium voltage scale application
[138]would be preferable rather than being applied with HVDC. This is because the complex
calculation of defining the switching angles, which in turn is due to the complex process with a
huge number of voltage levels. In other words, the number of switching angles increases greatly
with the increase in the number of voltage levels [138].

As aresult, the SHE scheme is not an optimal solution for a high voltage MMC application,
especially for PV panel applications, since the voltage levels change constantly, possibly resulting
in incorrect angle calculations. The staircase modulation method, on the other hand, is simple to
apply and does not need any complex calculations [87].

5.2.2.2 Nearest Level Modulation

The staircase modulation, or Nearest Level Modulation (NLM) as seen in Figure 5.7, is
switching the power converters at a fundamental frequency to minimize switching losses [139].
The principal work of the NLM method is to generate the voltage level when switching at the
closest point to the voltage reference (Vrer) over the whole switching time. As a result, this strategy
relies on an estimate of finding the closest point to the voltage reference rather than on modulating
the reference.

A fSwitchjng point
Vref

i —

VA -
- I
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Figure 5.7: The NLM method generates a staircase sinusoidal output waveform for a
multilevel converter by switching at the closest point to the voltage reference (Vrer).

However, the Total Harmonic Distortion (THD) of the output voltage and current
waveforms is significantly high. Since the HVDC system needs a large number of SMs in each
arm to achieve a high-power level, resulting in very low THD at the output voltage, the NLM
scheme is commonly used in MMC-HVDC applications [140]. Otherwise, a large filter at the
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converter output will be used. As can be seen in [141], the NLM technique has been applied to a
401-level MMC-HVDC system with THD less than 1.25%.

However, increasing the level to get more sinusoidal output can also be done by designing
the NLM with an interleaving angle to improve the output voltage quality, which generates an
output voltage with a double number of voltage levels in comparison to the non-interleaving angle
[21]. At each switching cycle, the interleaving work is based on increasing the level by
approximating two nearest levels instead of one, which introduces the PWM operation and leads
to a reduction of the THD.

In addition, fundamental frequency modulation schemes need a higher sampling frequency
to produce an output voltage equivalent to its target [142]. Thus, in this situation, the capacitor
voltage ripple in the SM and the circulating current amplitude would both increase.

To sum up, different modulation schemes have been presented for MMC [143]. The
fundamental switching frequency modulation regimes are the best alternative for the HVDC
application. Furthermore, the NLM considers a suitable strategy, since these methods do not
include average value calculations compared to SHE and no complexity of configuration.

As well as increasing the capacitor voltage balance, the low-frequency modulation schemes
could be combined with the sorting methods for all the SM voltage capacitors, and the SM can be
on or off depending on the current flow direction, as explained in [124]. The SM capacitor voltage
balance control will be discussed further in section 5.4.

5.2.3 Space Vector Modulation

The Space Vector Modulation (SVM) works with line-to-line voltages and can represent
another adapted carrier-based technique, which is applied at low-frequency switching compared
to the carrier-based techniques. SVM eliminates the effect of common-mode voltages, used by
phase-voltage modulation by directly regulating the line-to-line voltages relative to the above-
mentioned modulation methods, as well as allowing more freedom to improve the output of the
MMC [144][145].

However, the SVM reveals greater difficulties, in particular when considering a large
number of SMs. In other words, because of the park transformation, in each calculation of the
reference vector position, the new orientation axes of the d-q plane need to be rotated by a certain
angle, so the procedure is not easily applied to higher-level inverters, see Figure 5.8.

The complexity created by the greatly increased number of switching states and sequences
that surround the higher number of levels [145] is an obstacle to applying SVM to MMC- HVDC
applications. However, new computing algorithms, described as fast and simple, and proposed in
[146] to compute SVM duty cycle based on hexagon vectors close to the reference voltage rather
than the normal three nearest vectors, simplify the selection of the central space vector and increase
the possibility of using SVM with a high-level inverter.
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(a) (b)

Figure 5.8: Space vector modulation states for (a) Three-level inverters (b) Five-level
inverters [147].

In addition, [144] presents a new SVM scheme that is suitable for any reference vector
with any modulation index and can be easily generalized to satisfy particular specifications, such
as symmetric switching sequences, and has been implemented with a 101-level inverter in a real-
time scheme.

5.2.4 Space Vector Control

Space Vector Control (SVC) is a vectorial method, which deals with line-to-line voltages
and can represent another adapted carrier-less technique. It is applied to fundamental frequency
switching.

According to Figure 5.9, the function theory is based on estimates of the voltage related to
the nearest accessible state vector. This vector strategy is explicitly defined for use with the large
number of voltage vectors produced by multilevel converters. This principle enables the SVC to
work under fundamental switching frequencies, so power losses will decrease further due to the
lower losses from switching. The basic concept of the SVM operates in a similar way to the NLM
methods, approximating the close voltage level instead of the vector that can be generated by the
converter [143]. Indeed, the NLM represents the time domain version of SVC. At the same time,
the switching sequence can be generated online, resulting in a comparatively simple
implementation of SVC compared to SHE in closed-loop and high-bandwidth applications [148].
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Figure 5.9: The SVC is based on estimates of the voltage related to the nearest accessible
state vector; comparing the distances of each candidate vector v'hand v’y with respect to
V'ref, Where the nearest vector is chosen [149].

Both SVC and NLC are ideal for MMC with a high number of SM string connections on
the basis of an approximation instead of a modulation. On the other hand, owing to the low and
variable switching frequency, while the voltage levels and/or modulation indexes are low, these
two strategies suffer from high THD. Therefore, to minimize THD by increasing voltage levels, it
is advisable to work with the HVDC applications.

In general, depending on the converter parameters such as topologies and applications,
each modulation scheme has its own set of advantages and disadvantages. In fact, due to lower
switching loss and lower THD (in the case of high conversion levels), low switching frequency
modulation techniques are preferred for high-power applications; whereas high switching
frequency algorithms allow better output power quality and higher bandwidth and are therefore
more suitable for applications of low or medium voltage scale.

5.3 Output Current Control

Depending on the application, the MMC has a separate strategy for current and voltage
regulation. As in [22], the voltage-oriented control is used for the HVDC application; while in the
STATCOM application, the current control is used to satisfy the requirements for reactive power
[150]. Typically, the control strategies are established and implemented in the three-phase
stationary-abc; by using the Clark and Park transformation, the reference frames are produced in
the af-stationary, and the synchronous dg, respectively, for easy control [87].
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Figure 5.10 indicates the key current control schemes that can be used in the modulation
system to fire the switching signals for the generation of the three-phase voltage reference.
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Figure 5.10: MMC control scheme (a) dg-PLL synchronization (b) Output current control.

Connecting the MMC with the grid must essentially be synchronized using a phase-locked
loop (PLL); thus the phase angle, 6gyrig, Is needed to successfully transform the quantities from the
abc frame to the dqg synchronous reference frame, as shown in Figure 5.10(a) [151]. In the other
words, PLL can be specified as a feedback system used to synchronize the MMC converter to the
grid connection.

The PLL transforms the grid three-phase voltage values represented by the abc-frame into
the dg-frame. Thus, the g-axis component is forced to be null, with the PI regulator to remove any
reactive power. The PI controller in the PLL measures the rotation speed of the dg-axes by
calculating the phase angle of the grid, as seen in Equation (5.1), such that the g-axis component
of the grid voltage vector is preserved at zero.
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_ degrid
dt
w=S. Bgrid (51)

1
Qgrid =3 w

In fact, the PLL does not measure the frequency, . However, it can regulate the frequency
difference, dw, through a PI controller, and this brings it back to the point where the PI controller

is slow. Thus, the PI controller can rapidly find the difference and move the system into a steady
state; otherwise, measuring the frequency could make the system unstable for a long time. The PI
output value can thus be positive, which means the rotation of the d-axis needs to be speeded up
in order to realign with the grid voltage; or it could be negative, which means the rotation of the
d-axis needs to be slowed down in order to realign with the grid voltage. It is also necessary to
know the grid frequency reference value (w =2z f) to find the frequency and phase angle to apply
to the MMC voltage references. This criterion is interpreted as a grid synchronization. That is, the
d-axis information is aligned with the real grid voltage vector in the control algorithm. In this way,
a reference point can be provided by independently monitoring the active and reactive current
elements. For instance, to regulate the active power, the current part associated with the grid
voltage vector is used.

The MMC voltage regulation needs to control the output current, which is calculated from
the measurements of the current flow through each arm. The arm currents have two major
components: the output and circulating currents, as can be seen in Equations (5.2) and (5.3).

i
lyx = % + i (5'2)
. L .
lix = _% + L (5.3)

where iux and iix represent the upper and lower arm currents, respectively, and x refers to phase 'a',
‘b, or'c.

If the arm currents are measured, then these components can be isolated and regulated. If
the MMC is replaced by a regulated voltage source, such as Voa, Vob, and Vo, as seen in Figure 4.5,
an equivalent MMC topology can essentially be modeled, as in Figure 5.11, where the grid voltage
is expressed by Vac_a, Vac b, and vac . The MMC output voltages can be represented by Equations
(5.4), (5.5), and (5.6), where the corresponding resistance, Req, describes a sum of half of the arm
impedance and the output impedance.
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Figure 5.11: The basic three phase MMC equivalent circuit connected to an AC grid.

] dioa

Voa = Reqloa +Leq? + Vac_a
. diob

Vob Reqlob +Leq dt + Vacib
dioc

Voc Reqloc +Leq7 + Vac ¢

log t lop T lpe = 0

(5.4)

(5.5)

(5.6)

(5.7)

Due to Equation (5.7), the sum of the three-phase currents is zero, which means that the

three phases are not independent. Therefore, transforming to the dq frame representation is mainly
used to test the entire system, while it also reduces the number of independent variables from three
variables (a, b, and c¢) to two (d and g). The fundamental concept behind using the dq representation
comes from electrical machine analysis, where the vectors represent the sum of the fluxes of the
three phases and are expressed in a two-dimensional coordinate system.

The three-phase currents can be described in Equations (5.8), (5.9), and (5.10), considering

that the currents are balanced and in a positive sequence.

i,, = I, cos(wt + 6)

i = I,cos(wt+ 6 —2m/3)

(5.8)

(5.9)
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e = I, cos(wt + 0 — 4m/3) (5.10)

The three phase currents can also be represented in the space vector as magnitude and
phase. Normally, transforming the three-phase current from the abc frame to the dg-synchronous
frame means it will pass through the stationary af-frame axes, which is known as the Clark
Transformation (abc—to—a/) [151]. Whereas the o and B axes are stationary representations, the d
and q axes represent the synchronous reference frame rotating with the space vector. Generally,
the d-axis is synchronized with a reference vector which may be a rotor grid voltage vector.
Therefore, the projections of the space vector on the d and g axes become the DC quantity, which
is easier to deal with. This transformation is also known as the Park Transformation (o/5—to—dq).

The direct transformation of the output currents from the abc-frame to the dg-frame (abc—
to—dq) may be done as shown in Equation (5.12), using the transformation Equation (5.11), where
T represents the matrix transformation from the abc-to—dq frame.

_ 2 7cos(8) cos(0—2m/3) cos(6—4m/3) £ 11
3 [Sin(@) —sin(@ — 2n/3) —sin(6 —4m/3) (5.11)
[i(’ Z] =T [lob (5.12)

Similarly, applying the Park transformation over the three-phase voltages, by using the
transforming matrix in Equation (5.13), it may be performed as in Equation (5.14).

Voa loa] d [loa Vac a
T |Vob| = RegT |ion |+ Leq =T |iob + T |Vacn (5.13)
Voc loc dt loc Yac_c
Vo_d _ io_d_ d io_d_ —w io_q Vac_d
[vo_q] = Req [io_q_ * Leg (% [io_q_ + [ w io_d]) + [vac_q] (5.14)

Equation (5.14) describes the overall structure of the current controller in the dg-frame, as
illustrated in Figure 5.10(b). However, Equation (5.14) indicates there are decoupling terms
(wLeqio ¢ and wLeqlo_q) t0 compensate for the voltage drop in the reactors and the grid voltages
(vac_d and vac_g) as disturbances. The decoupling can describe the effect of axes d and g on each
other, due to the derivative which actually represents a rotation of 90° degrees. In addition, the

output of the PI controller, Avo ¢ and 4vo g, becomes the only one that affects the voltages on io d
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and i _q after using the feed-forward terms. Here, the purpose of the Pl is to compensate for the
effect of the resistance, Req, Which is due to the hard measurements of the temperature effect.
Therefore, in the control part, the feed-forward terms are used to generate the reference voltage
Vo_d and Vo_q terms. In the end, the vo_g¢ and vo_q Will transfer back to the abc-frame to generate the
reference voltages v oa, V'ob, and v'oc, Which are produced by the current controller in Figure 5.10.
This reference information will be combined with the circulating current controller outputs
(presented in Section 5.6) to determine the arm voltage reference through the modulation block.

On the other hand, the reference current in the dg-frame (i" ¢ and i*, ) used in Figure
5.10(b) can be generated using the references of active power, P”, and reactive power, Q". Here,
Equations (5.15) and (5.16) describe the active and reactive power in the dg-frame, respectively.

3 . .
P = 2 (vac_d “loag t Vacq- lo_q) (5.15)
3 . .
Q = ) (vac_d "loqg —Vacq ' loa ) (5.16)

If power loss in the MMC is artificially neglected, the active power on the DC side should
be equal to that on the AC side. Thus, the vac q is forced to be zero by the dg-PLL, as it aligns the
d-axis with the grid voltages, and the only vector to influence the power is the current at the d-
axis, for active power, or current in the g-axis to regulate the reactive power. Therefore, the power
terms in Equations (5.15) and (5.16) can be simplified to define the power references in the dg-
frame as shown in Equations (5.17) and (5.18).

3

P = E Vacd * i*o_d = Ve * lac (5.17)

where, Vqgc and lqc are the DC-link voltage and current entering from the DC side, respectively.
3

Q" == 3 Vaeg i, (5.18)

since the vqc g value is constant and known to the controller through the PLL, the active and
reactive power can be controlled linearly by changing i q0r i g, respectively.

93



5.4 SM Capacitor Voltage Control

The operating voltage of the MMC can easily be increased by connecting more SMs in
each arm, which will also increase the level of conversion. These SMs have floating capacitors,
and their voltages should be balanced with a controller at their nominal value. The SM capacitor
voltage control is an essential requirement to achieve a high-performance current control, as they
represent the most important part of the converter. The controller over all these capacitors will
then improve output power quality and provide stability and controllability to the MMC efficiency.

The voltage balancing of each SM capacitor in the MMC arms depends in general on two
stages; first, each SM capacitor voltage must be controlled and sustained at the reference value,
usually equal to V4c/Nsm; second, the selection methods to manage switching on or off for each
SM. Based on the capacitor voltage balancing, the selection methods are divided into individual
and centralized selection control approaches.

The individual selection method is dependent on the direct selection of individual SMs, so
this method can only be applied with the PS-PWM schemes [152][153]. As the PS-PWM technique
has a high symmetrical carrier for the upper and lower arms, this makes it possible for each of the
carriers to directly associate with an individual SM in order to switch it on or off frequently.

Regulating the SM voltage with individual selection methods can be defined as the
distributed control approach. This controller fast and has better controllability, given that the SM
switching frequency should be high enough, due to the charge and discharge of the capacitor in
the selection stage. On the other hand, a huge number of linking SMs raises the difficulty due to
the increase in the number of carriers needed in the PS-PWM.

The centralized selection depends on the regulation and sorting of all the SM capacitor
voltages within each arm in order to make the right selection. Figure 5.12 shows the flow-chart
that describes the commonly used selection algorithm [148][154], where the selection,
implemented after the modulation stage, is based on sorting the capacitor voltage values and the
direction of the arm currents.

First of all, the selection or deselection of the SM to be inserted or bypassed depends on
the voltage reference of the arm voltage compared to the carrier signal used in the modulation,
since each intersection between those two signals produces a ‘select’ or ‘deselect’ order of the SM,
depending on which one is greater. Then, the selection of the SM will be applied based on the
current direction in each arm individually, choosing the greatest or smallest voltage among the
sorted SMs, or deselecting, as follows:

e Ifthe current is positive and the number of connected SMs in the arm increases/decreases
to generate the required voltage level, the new connected ones will be those that have
lower/higher voltages because the current will be charging/discharging the selection SMs.

e Ifthe current is negative and the number of connected SMs in the arm increases/decreases,

the new connected ones will be those that have higher/lower voltages because the current
will be discharging /charging the selection SMs.
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Figure 5.12: The centralized selection for balancing the SM capacitor voltages for both
upper and lower arms separately.

The centralized control concept can be applied with the scalar and vectorial methods of
modulation and still have a reliable outcome [87][155][156]. On the other hand, the sorting
methods usually become overwhelming when the number of SMs increases.

5.5 SM Capacitor Voltage Ripple Control

One of the main issues related to power losses in the MMC is the SM capacitor voltage
ripple [157]. Low-frequency operation of the MMC, specifically second and fourth-order harmonic
components, can be observed to cause problems linked to the capacitor voltage ripples in the SM
capacitor voltage.

Capacitors can be well regulated, as presented in the previous part, but the voltage peak
value ripples become unacceptably high during charging, when the positive current flows within
the arm, or discharging, when a negative current flows within the arm. The issue is that the arm
current includes a circulating current with its low-frequency component, especially 100 Hz, which
contributes to prolonged charging and discharging intervals in the capacitor voltage due to the
increased period of output voltage and current. To overcome this problem, a sophisticated
circulating current control method must be applied to limit the voltage ripple at the capacitors, as
suggested in [158]. Here, the circulating current increases the peak value of the arm current, thus
raising the voltage tension on the devices and introducing further conduction losses. So, the control
approach uses circulating current to limit capacitor voltage ripple by forcing an artificial
circulating current with a higher frequency than the output frequency, which eventually neutralizes
the effects of the low output frequency operations and reduces the periods of capacitor charging
and discharging. On the other hand, the SM capacitor voltage ripple can be minimized at the device
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level by identifying the suitable size of the SM capacitor, which may lead to increases in the cost
and size of the converter [87].

According to [154][159], an approximate value of the SM capacitor can be calculated using
Equation (5.19), derived from the arm energy equation and depending on the energy deviation
stored in each SM.

N ]
M= 30 Ngy V2, AVsy

(5.19)

where |S] is the absolute apparent power of the MMC converter, Vsm represents the nominal SM
capacitor voltage, and 4 Vsw is the desired voltage ripple in the SM capacitor.

5.6 Circulating Current Control

Another major issue in the MMC is the circulating currents among the converter legs as
presented in the equivalent MMC circuit in Figure 5.13. These currents derive from the voltage
differential at the arm inductors, between the upper and lower arms of the MMC legs.

lac A I2a 126 Izc
Vua Vub Ve
Vdc a~
+ i 2:Rarm 2-Rarm 2:Rarm
_) 2V
§ 2:-Larm 2-Larm 2:-Larm
Via Vib Vic

Figure 5.13: Equivalent MMC circuit for internal currents effect.

Regarding [42], the circulating currents typically have a DC component, representing the
active power, when energy is transferred from phase to phase, or from an external energy source
at the DC side to the MMC phases in order to exchange the energy with the AC side. In addition,
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circulating currents may have an AC component at the fundamental frequency that can be used by
the controller to transfer energy between the upper and lower arms to keep them balanced.

However, the most effective component over the MMC efficiency is the negative-sequence
component, as some low-frequency fluctuations occur in the SM voltage at twice the fundamental
frequency arise in the circulating current when using traditional modulators. Furthermore, under
unbalanced AC grid conditions, they may also include a positive-sequence and even a zero-
sequence component at twice the output frequency [26]. In fact, all components, other than the DC
part, may well be classified as reactive power flow among the MMC phases.

Consequently, certain 100 Hz components in the circulating current with inadequate
control contribute to raising the arm current magnitude value, which eventually increases the rating
of the SM switches, the converter power losses, and the voltage ripple in the SM capacitor [160].
However, a closed-loop control technique is needed to eliminate, or at least minimize, the
circulating currents entirely.

In [104], a different controller of the circulating current was established, where the
circulating currents can be regulated in each arm, as they form a part of the input current of the
upper or lower arms [161], or as a completely independent current controller scheme [162]. Both
strategies have a similar performance, but the use of an individual controller simplifies the
controller configuration. The popular way to monitor circulating currents is by using a series of
proportional-resonant controls in the af-frame [163][164]. Besides, the circulating currents can be
reduced in the modulation stage due to multilevel modulation [165]. On the other hand, the
circulating current magnitude can be minimized to an extent by using arm inductors with a proper
size [166].

Traditionally, the synchronous dg-frame based Pl-regulator method is used for the
complete elimination of the100 Hz component of the circulating currents, as can be seen in Figure
5.14.

These harmonic components are time-varying in nature, and difficult to control using PI
regulators without any error or fault in the steady-state. Therefore, using the dg-frame, the time-
varying signals are converted into DC signals, rotating at twice the fundamental frequency. The
DC signals can be conveniently regulated using a simple Pl-regulator [167].

The circulating current dynamics has been defined previously, in Chapter 4 Equation (4.8),
and is based on the equivalent circuit in Figure 5.13. These dynamics can be modified as in
Equation (5.20).

2- Larm? + 2 Rorm " lzx = Ve — Vux — VUi (5.20)

where vyx and vix are the total voltages of the cascaded SMs in the upper and lower arms for each
phase, and they are the only components that will be used when applying the circulating current
controller. Evidently, the circulating current regulation occurs in the summation expression of the
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arm voltages and vanishes in the subtraction expression as the circulating current does not present
any interaction with the output current.

Applying KVL in Figure 5.13, the sum of the arm voltages can be split into DC-link voltage
and circulating current driving terms (referring to the circulating voltage), Vac and vz, respectively.
So the circulating current dynamics is again written as shown in Equation (5.21).

di
Vac — (Vdc - szx) =2- Larmd_ztx 2 Ryrm * gy (5'21)

Notice Equation (5.21) shows that (Vdc -2v2x)/2 is common in the arm voltage reference of
both arms, as can be seen in Figure 5.13. v, has been multiplied by coefficient 2 because it
represents the control signal shared by the upper and lower arms. As a result, the current dynamics
is reduced to Equation (5.22).

Ve = L —— + Rarm * iz (5.22)

Through Equation (5.22), the three-phase circulating current model in the abc-stationary
frame might be written as (5.23).

Vza d iza lzaq
Uzp| = Larm E Lp| + Rarm lyp (523)
Vze lzc Izc

Because the controlled part of the circulating current is based on the elimination of the
second harmonic, the circulating currents for the phases 'a’, 'b’, and 'c' are separately formalized in
Equations (5.24), (5.25), and (5.26).

1 —

iyq = §Idc + I, cosQQwt + 0) (5.24)
1 A

ip = gldc + I,, coswt + 6 + 2m/3) (5.25)
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1 —
e = gldc + I, cosQQwt + 0 + 4m/3) (5.26)

The current phases are given according to the fact that the second harmonic is a negative
sequence. The I, is the peak value of the double line frequency circulating current. Note that the
rotation is in a downward direction as the angle (-2w? + ) indicates. The control scheme, in Figure
5.14, indicates the circulating current regulated at dg-frame spinning at (-2wf) speed, since the
second harmonic is a negative series. The phase angle that dg-PLL produces is multiplied by
negative two (-2), while being used in the park transformation (abc-to-dq), as well as in the inverse
park transformation (dg-to-abc) at the control scheme to compensate for the values in the abc-
frame.
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Figure 5.14: Closed loop circulating current control.

Notice that the DC components are disregarded in the analysis, since the controller targets
the second harmonic portion in the circulating current. The phase angle 6 used in this transform is
equivalent to (-2wf). In the end, applying the transfer function in Equation (5.11) over Equation
(5.23) to represent the circulating dynamics in the dg-frame, can be seen in Equation (5.27).

Vza] Iz d d [iza W iz q
[Uz_q] = Rarm [iz_q] + 2Larm (E [iz_q] + [_w iz_d]) (527)

Obviously, the mathematical model in Equation (5.27) shows how the circulating current
control scheme in Figure 5.14 has been configured [129][168]. This configuration indicates that
the input circulating currents are derived from the measured upper and lower arm currents in each
converter leg.
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These currents are transformed to the synchronous dg-frame and give the i, ¢and i, qcurrent
components. The reference current components in the dg-frame, represented by i, ¢and i*; o, are
set to zero, as the control target is to eliminate the circulating current. The error produced from the
comparison between the reference and real currents, described as 4i; ¢ and 4i; 4, are reduced by
applying Pl-regulators. The d and q axes current control loops are decoupled by adding the induced
speed voltages in the inductor to the current control loops. The PI regulator generates the reference
voltage at the dq frame commands v", ¢ and v, q. The reference dq voltages are transformed back
to the stationary-abc frame using the inverse Park transformation. The resultant reference voltages,
V', Vb, and Vg, are used, along with the SM capacitor voltage balance controller and output
current controller, to improve the efficiency and reliability of the MMC.
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Proposed Local Carrier Modulation

Contents of This Chapter

» Section 6.1 introduces the benefits of power conversion choices for
processing PV energy by demonstrating the advantages of spreading MMC
cells over PV energy; as well as the significance of using the proposed
modulation in terms of increasing converter performance and efficiency
with distributing PV panels.

» Section 6.2 describes the MMC general controller in detail based on its
application to PV panels, starting with the MPPT method, output current
control, and voltage differences at the arm inductor by regulating the
circulating current components. Its controller has been demonstrated in the
module used with the proposed modulation.

» Section 6.3 describes the proposed modulation technique in depth by
describing the key method components for calculating the specific duty
cycle, the needle eye passing to eliminate the circulating current glitches,
and the sorting method development to reduce the capacitor voltage
computation burden.

» Section 6.4 implements different scenarios used to test the MMC
performance in grid and load connections with the proposed modulation.
These scenarios have also been used with PV applications in two ways: by
connecting PV panels externally located outside of the MMC, and by
distributing the MMC cell throughout the PV panel string.
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6.1 Introduction

Grid connection requirements are the most important point for the configuration, control,
and service of grid connected PV systems that must be achieved without exception. The THD
level, for example, should usually be less than 5% [1]. Furthermore, under the rating condition
with optimum MPPT, the power quality requirements demand that the efficiency and output power
extraction must be kept at acceptable levels. The controllability of the power converters should be
retained as the heart of the power conversion process, where reliability is essential [1].

The PV panel inverters connected to the grid systems typically consist of a pair of serially
connected power converters, where the first represents a DC-DC converter that manages the PV
panel to ensure that it works at its MPP; while the second represents a DC/AC inverter that converts
all the available power to the grid system or isolated load [8], as described in Chapter 2.
Synchronization is essential in terms of the grid connection, which means the inverter must
synchronize its AC output with the grid in terms of phase, frequency, and amplitude to ensure that
the collected solar power is efficiently transmitted, as described in Chapter 5, using a dg-PLL.

There are three main power conversion options to process PV energy: central, string, and
module inverters, as described in detail in Chapter 2. Central inverters achieve a high efficiency at
a lower cost, at the expense of high voltage DC cables [11], but they also need uniform irradiance.
However, the power mismatch problem is important in this technology, due to its poor immunity
to hotspots and partial shading, resulting in lower PV utilization. String inverter technology, on
the other hand, achieves better MPPT control by applying the maximum power tracking separately
to each string of PV connections, resulting in a higher total energy yield [8]. Conversely, this
technology necessarily requires the use of more power electronics converters and reactors,
resulting in higher costs and losses, and there are still PV panel mismatches at each string. Module
inverter technology allows module-level monitoring and diagnostics. Since the module converter
operates on a single PV panel with an independent MPPT control, the effects of partial shadowing
and power mismatch are minimized in this technology. The biggest drawbacks of the module
technology are poor overall efficiency [1] and the high cost due to replicating the structure of the
converter for individual MPPT control.

Considering the above problems, a novel PV panel connection based on MMC has recently
been proposed in [12][13] by distributing the MMC over the PV panels, integrating the PV strings
directly on the converter cells. Integrating PV panels directly into the MMC topology has a lower
installation cost than central inverters, which are based on two serially connected converters.
Furthermore, central inverters usually require a DC-DC booster converter to regulate the PV
voltage at its maximum before being connected to the MMC to generate a correct DC voltage for
the inverter. This increases the cost, but delivers higher efficiency. In addition, the distributed
topology achieves almost the same power optimization as string converters at a lower cost, and
they can operate in a larger power and voltage range with fewer losses than all previous topologies,
due to the removal of the DC-DC converters as mentioned before. In fact, the string and module
technologies can be described as multiple DC-DC converters plus one DC to AC inverter; whereas
MMC with distributed PV panels can be described as multiple DC to AC inverters that greatly
increase converter efficiency by removing the need for multiple DC to DC converters in the latter
technologies.
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As described in Chapter 4, MMCs allow any number of voltage levels to be achieved by
increasing or decreasing the number of SMs, and they have a number of advantages over other
multilevel topologies, including fault tolerant operation, easy capacitor voltage balance, low
harmonic distortion, and the removal of the bulky DC-link capacitor [16][17]. Therefore, they have
seen fast growth in a broad field of applications, including DC transmission, solid-state
transformers, and renewable energy integration.

When using MMC converters on renewable energies, specifically on PV applications, the
mainstream is the topology shown in Figure 4.5, used in [18][19], where PV panels are separated
from the converter and are connected to the grid or load by the MMC through a DC-link. In
contrast, this thesis work focuses on distributing the PV panels over the MMC topology, as shown
in Figure 6.1. This has important advantages: on the one hand, the optimization function of the
string converters is performed at no additional cost by the MMC cells, reducing the costs and losses
related to the intermediate booster converters; on the other hand, removing the DC-link by placing
the PV panels inside the MMC converter makes the DC component of the circulating current
unnecessary, so the power losses will be reduced.
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Figure 6.1: (a) Three phase MMC with integrated PV panels; (b) PV panel string integrated in
SM.

In addition, using the MMC cells to track the maximum power in each PV string lowers
the power accuracy. This is because the capacitor voltages, at each SM, have an AC component
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that produces a voltage swing near the MPP. By increasing the capacitor size, the voltage swing
can be reduced slightly, but the cost will also rise.

However, this topology has an important drawback: the voltage of each SM must follow
the MPP, which depends on the irradiance and temperature of its PV panels; while the output
distortion increases when traditional PWM modulations are used due to the MMC cells targeting
different voltages, which also reduces the operational range.

The new modulation proposed in this thesis, named Local Carrier Pulse Width Modulation
(LC-PWM), solves this problem and, at the same time, reduces the MMC internal circulating
currents with important savings on the semiconductor power rating.

The LC-PWM deals with different voltages in the MMC cells, and the higher precision of
this technique reduces the output distortion in a wider range of voltage situations. In addition, an
appropriate control of the MMC arms to keep it in a balanced situation removes unwanted AC
components of the circulating currents, which also means fewer power losses and increased MMC
efficiency. In the subsequent simulation sections, the implementation of LC-PWM is discussed
and checked using simulations in diverse circumstances to verify the above concepts; first to show
the feasibility of the proposed concept, while the performance and behavior of the LC-PWM will
be evaluated using a grid-connected MMC simulation module. Later on, the performance of this
new modulation technique is compared to a conventional PS-PWM on isolated loads to rule out
any possible grid or controller interaction. An analysis of the circulating currents, the resulting
converter power losses, the performance of the MMC converter on this application, and the THD
under various scenarios is used to assess the viability of the proposed LC-PWM modulation.

6.2 Control of MMC Based Distributed PV Panels

The fundamental objective of controllers and regulators in various sections of the MMC is
to force the converter to obey the desired reference signals so as to improve the conversion
performance and efficiency.

MMC switching and control difficulties are comparable to typical VSCs functioning on
two or three levels, as discussed in earlier chapters. The methods for controlling the DC-link
voltage, active and reactive power, and output current are substantially the same as for the other
multilevel converters.

However, different multilevel converter connections and topologies have their own sets of
characteristics. Extra control requirements must be added as the MMC includes floating capacitors
in each SM. These floating capacitors store energy and that energy requires extra management to
balance the energy of cells, arms, and phases. Moreover, attaching the PV panel string directly into
the MMC SMs introduces energy sources inside the converter and increases the control needed to
keep the converter arms and legs balanced, decrease the power losses, and maintain the converter
stability. So the balancing of the arm and phase voltages is the most significant control difference.
If they are not handled properly, the MMC may lose its stability and become unusable.
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On the other hand, the existence of the circulating current implies the need for additional
control, and the suppression of the circulating current's harmonic content. This approach would
surely improve the converter efficiency. In addition, low-rated components may also be used to
improve the converter efficiency.

In fact, the MMC has two major currents in each phase, as detailed in Chapter 4, one in the
upper arm and another in the lower arm. These currents will be used to produce the phase output
current and circulating current. The converter output current is responsible for delivering active
power to the AC grid or loading through the MMC by determining the output voltage reference.
The circulating current is in charge of moving energy between the converter phases via its DC
component and moving energy between the upper and lower arms via its AC component. This is
done to keep the converter legs and arms balanced by deciding the voltage reference in the arm
inductors between the upper and lower arms.

A generic control diagram for a PV application is shown in Figure 6.2. It covers all aspects
of MMC control, including DC-link voltage control and active/reactive power management, output
current control, circulating current control, and the modulation scheme, which includes a sorting
algorithm and PWM generators.
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Figure 6.2: General controller scheme of MMC PV panels application-based grid connection.

The DC-link voltage reference and output power are the primary references for the whole
controlling system of the MMC. Here, the DC-link voltage can decide the active power needed to
be consumed at the load side in terms of the off-grid connection or the power to share with the grid
in terms of the online connection. In fact, the active power controller generates the output current
references, as Figure 5.10 in Chapter 5 shows, to regulate the output voltage produced by the
MMC. Meanwhile, the MMC reactive power reference has been set to a value that reduces the
grid’s reactive power to be zero.

The DC-link voltage in our thesis work has been defined as the PV panels connected to the
MMC under two considerations: first, the PV panels are connected externally to the MMC to
provide the power required for the AC grid through the MMC; second, the MMC cells are
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distributed throughout the PV panels, as shown in Figure 6.1, to provide the power produced inside
the MMC to the grid. Therefore, an MPPT algorithm needs to track the maximum power to decide
the voltage reference at the maximum power point.

6.2.1 MPPT Control System for Connected PV Panels

The MPPT control system is an essential component of any PV system. Indeed, its purpose
is to decide the overall DC voltage, V'qc, at which the MMC should work, as well as the voltages
of each PV module in order to get the maximum power under the given solar irradiation and
temperature. Different methods for tracking the maximum power point of PV cells have been
presented in the literature, see Chapter 2 section 2.5.

The LUT method is the MPPT technique used in this PV application because it provides a
simple and efficient MPPT scheme where the required values are obtained directly from the data
stored in a static memory.

The LUT method is applied in the simulation as follows: first, the temperature of the PV
panels is measured to choose the correct lookup table; in the external PV panel connection, an
average temperature is applied to all connected panels; whereas, in the internal PV panel
connection, the average temperature of the PV panels for each SM is applied. For instance, several
lookup tables registered for temperature values with 5°C intervals may be used. PV current and
voltage measurements are used to find the PV panel irradiance using the proper LUT.

The measured current and voltage of the PV panel are used to look for the exact irradiance
value for finding the maximum voltage from the defined irradiance LUT. To do so, different search
methods may be used to find the irradiance value from the selected irradiance LUT. A binary
search has been implemented to obtain the irradiance value, but other search methods, such as
bottom-up or top-down searches, can also be implemented faster. Binary search method has been
selected as it has a maximum search complexity of O(log2(n)); while other methods have a search
complexity of O(n), where n is the number of objects at the selected LUT. Thus, when compared
to other search methods, the binary search method indicated a lower search cost with a little more
complex implementation. In the end, these search technigques have no influence on the MPPT result
or the stability of the simulation; the only consequence that can be considered is the search
execution time.

The final stage of the LUT method procedure is to determine the voltage at the maximum
power point Vmpp by using the irradiance value, where Vmpp is specified as a function of a two-
dimensional matrix, Vmpp [Temperature][Irradiance], with varying temperatures and irradiances.
Here, the irradiance data used in the lookup table range from 0 W/m? to 1000 W/m?, with a
continuous interval of 25 W/m?. The intersection of the measured temperature in the matrix
columns with the irradiance value determined in the previous step in the matrix rows corresponds
to the specific Vmpp value.

To sum up, two lookup tables were used in the LUT method to obtain the MPPT: the first
depended on the measured temperatures to select the right lookup table and with the observed
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current and voltage of the PV panel to determine irradiance; while the second depended on the
irradiance table to determine the voltage at the maximum power point.

The main advantage of the LUT is that it is stable and does not require perturbations as in
the P&O or InCond methods. Indeed, the P&O MPPT algorithm may have a better tracking
performance at constant temperature and irradiance, but it has a delayed reaction to changes in
variable weather conditions, and oscillations around the MPP may also be noticed [54]. The LUT
method has a faster and more robust response to sudden changes in irradiation or temperature,
compared to other MPPT, since it requires less time to obtain the MPPT.

The DC-link voltage reference, indicated by V'qc, is computed using Equation (6.1) in the
case of PV panels distributed throughout the MMC; while in the case of the external PV panel
connection, V'qc is computed by applying a global MPPT over all the connected PV panels. The
observed Vqc value can be determined using Equation (6.2), which gives the average value of the
sum of the SM voltages in each arm.

Nsm

1
V(;C = gz (Vmpp_ua (]) + Vmpp_la(j) + Vmpp_ub (]) + Vmpp_lb (1) + Vmpp_uc(i) + Vmpp_lc(i)) (6'1)
j=1

Nsm

1
Vae = ¢ ]Z (Veria®) + Vera® + Vero @ + Vet O + Voo O + Ve 1)) (62)

where the Vimpp_ux and the Vimpp_1x  in Equation (6.1) represent the upper and lower arm voltages in
each phase of the MPP, and each cell voltage is obtained by applying the MPPT method for its
connected PV cells. However, the V¢ uwxand V¢ ixin Equation (6.2) indicate the voltage measurement
of the upper and lower arms in each phase, respectively. Furthermore, the sum of all voltages has
been divided by six, as the number of arms in a three-phase MMC is equal to six.

6.2.2 Active Power Control

Figure 6.3 shows a typical controller design employing a PI controller to regulate the output
power in response to the voltage provided by PV panels connected (externally or distributed
internally) with the MMC. The PI regulator, also known as a proportional-integral regulator,
contains two tuning components that are independent of other regulators and are indicated by Kp
for the proportional gain and K for the integral gain, as seen in Figure 6.3, where the integral gain
represents the ratio of the proportional gain with the time response coefficient denoted by T;.
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Figure 6.3: Active power regulation for connected DC side voltage, with a Pl regulator block
describing the proportional gain Kp, integral gain Ki, and time response coefficient Ti.

The PI controller can decide whether more or less power must be delivered to the grid,
based on the measured DC voltage Vqc and the reference V4. When the Vg is greater than the Vgc
more power is delivered to the output to reduce the DC voltage and vice versa.

In addition, the V4. measurement may be obtained directly through the DC-link capacitor,
but the problem is that the DC capacitor, Cqc, was installed to provide a path for circulating currents
to move between the upper and lower arms. Where, the power transfer between the upper and
lower arms is required to keep the arm balanced, and the power transfer will be performed by using
the circulating current AC component, the 50 Hz component, to move the power from the upper
to the lower arm or vice versa. In fact, the DC capacitor can be eliminated or reduced if the upper
and lower arms of each phase are kept in a fully balanced situation. So, as the AC components of
the circulating current pass through, the Cqc produces an oscillation that will appear in the Vqc
measurement, and this oscillation may propagate to the active power reference P~ through the PI
regulator, leading to an imprecise measurement at the DC-link side. As a result, a moving average
filter, used and adjusted to the grid frequency, works as a low pass filter to remove the oscillations
generated by the unbalanced currents that pass through the DC capacitor Cqc. This averaging filter
will attempt to reduce the voltage ripple at P” by obtaining stable measurements of Vgc.

6.2.3 Output Current Control

The output current reference is produced after receiving the active power reference and the
information supplied by the dg-PLL, which includes the voltage amplitude, phase angle, and
frequency of the grid, as discussed in Chapter 5 and depicted in Figure 5.10. The output current
controller produces the necessary output voltage reference that allows the active and reactive
currents to flow as desired, see section 5.3 in Chapter 5. These voltage references are used to
calculate the final voltage reference for the upper and lower arms in each phase, which will be
used by the modulator, see Figure 6.4, after adding the effect of the circulating current control in
the following section.
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Figure 6.4: Upper and lower arms voltage references are generated to determine the correct
number of chosen SM signals via modulation.

In Figure 6.4, v'ux and vy, are the upper and lower arm reference voltages, as specified in
Equations (6.3) and (6.4), respectively.

* 1 * *

Vux = EVdc — Vox = VUzx (63)
* 1 % *

Vix = EVdc T Vox — VUgx (64)

where Vo is the alternating reference for the output voltage in phase 'a', 'b', or 'c'. The references
V' are used to control the evolution of the circulating current in each phase.

6.2.4 Circulating Current Control

At the MMC, the circulating currents have two major components that work together to
provide a balancing power between phases using the DC component and to balance the energy
between the upper and lower arms in each phase using the AC component at 50 Hz. On the one
hand, these components must be regulated sufficiently to keep the energy of the MMC in a
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balanced state; while on the other hand, suppressing those components to the minimum would
increase the converter performance and efficiency.

Figure 6.5 depicts the MMC circulating current controller, which includes both the DC and
AC circulating current component regulators.
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Figure 6.5: The circulating current controller regulates the internal flow of current: (a) the
controller for the DC component for phase balancing; (b) the controller for the 50 Hz
component for arms balancing; and (c) a fast controller to apply them using the proposed
modulation.

Controlling the DC component of the circulating current has been sketched in Figure 6.5
(). A Pl regulator is applied to keep the energy of the three MMC phases in a balanced situation.
This PI regulator deals with the value responsible for maintaining the phase voltage balance, while
the PI inputs are determined by the DC voltage reference stated in Equation (6.1) and the phase
voltage vpn x indicated in Equation (6.7), where vpn_x represents the average voltage of the upper
and lower arms calculated by using the measured voltage of each cell, as shown in Equations (6.5)
and (6.6) for the upper arm and lower arm voltages, respectively. These regulators work with
voltages, but their purpose is to balance the energy stored in the arm capacitors, which is
proportional to the square of the voltages.

Vux = Z Vc_ux(].) (6.5)
=1
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1
Uphx = E [Vix + Vil (6.7)

Similarly, Figure 6.5(b) shows a controller that regulates the AC component of the
circulating current using a PI regulator to balance the energy between the upper and lower arms,
in which the PI regulator input value is based on the measured voltage of each cell, as shown in
Equation (6.5) for the upper arm voltage and Equation (6.6) for the lower arm voltage. The PI
results, which represent the amplitude of the AC component of the circulating current reference,
are multiplied by the value of the output voltage reference, v'ox, divided by the amplitude of the
voltage grid in the d-axis, Vac_¢. This is done to generate the circulating current reference with a
sinusoidal shape in the same phase as the output voltage reference, so as to be able to transfer
active power between the upper and lower arms in order to keep them balanced. If these currents
were shifted 90° from their location, the reactive power will be transferred with no balancing

effect.

The average filter used in the circulating current controller also has a very important role.
Due to the AC components of the arm currents, the cell voltages are not constant. They have a 50
Hz component, and they may also have oscillations at 100 Hz, 150 Hz, and so forth. Thus, an
average filter tuned at 50 Hz is very efficient for removing these variations in the cell voltages that
do not contribute to the regulator’s main task, which is to keep the energy of all SMs in the MMC
balanced.

In order to be effective, the moving average filter must be adjusted to the grid frequency,
which is measured using the PLL, as mentioned in Chapter 5. Therefore, the average filter works
by calculating the average value between the instantaneous value and the previous value. The time
separation between the two values is the sampling time, which is about 20 ms with regard to 50
Hz. To get the average, the number of samples regarding the switching frequency must be divided
exactly at 800 samples, regarding the switching frequency equal to 2 kHz. Indeed, the length of
samples can be implemented using a First In First Out (FIFO) memory; where the length of the
FIFO represents the number of samples. The following steps can be used to determine the FIFO
length for adjusting the average filter on the precise grid frequency: first, measure the grid
frequency by using a PLL, then use an LPF in an extremely low pass frequency to eliminate
variations in the frequency due to the phase change during the lock phase; and second, after the
sampling division to get the average value between the instantaneous and previous values, this
value has to be rounded up to determine the precise length of the FIFO. Eventually, the filtered
frequency must be adjusted by using frequency detection, to find the proper frequency and thus
exclude unnecessary frequencies.

113



Indeed, in the controller of the DC component, the average filter removes the 100 Hz
component from the signal generated in the phase voltage, vpn_x, due to the sum of the upper and
lower arm voltages, as the simulation shows. However, in the AC component controller, the
average filter is employed in the controller to eliminate the 50 Hz component that occurs when the
upper and lower voltages of the same arm are subtracted.

Afterwards, the value of V' is used to regulate the evolution of the circulating current in
the last section of the controller. Figure 6.5(c) shows that a fast deadbeat controller, based on
Equation (5.20), has been used to keep the circulating current close to the required value, iz, as
specified in Equation (6.8):

L arm

Uy = T— (izx — lzx) (6.8)
sx

where the circulating current reference in each MMC leg is i"z, a reference to its controller; while
the i is the measured circulating current in each phase, as stated before in Equations (5.24), (5.25),
and (5.26) for phases 'a’, 'b’, and 'c’, respectively. The deadbeat controller represents a proportional
controller and is used for a quick response with a gain value, depending on the ratio of the arm
inductor to the time sampling of the specific phase, as indicated in Equation (6.8).

The deadbeat controller plays an important role in the overall behavior of the MMC
converter in terms of the circulating current control. The determination to use a deadbeat controller
rather than a PI-controller to regulate the circulating current was taken for the following reasons:

e First and foremost, a different modulation is proposed in the following section that
does not generate 100 Hz circulating current components, unlike other carrier-based
modulations such as PS-PWM or LS-PWM, which can inject regular 100 Hz harmonic
distortion due to the fixed frame of carriers used in those modulations that can be fixed
with a regular P1-controller. The circulating current must follow both the DC and AC
references, as shown in Figure 6.5; the DC references can be followed using a PI, but
it would be too slow to follow the AC reference, but the deadbeat controller has a quick
enough reaction to follow both.

e Second, the new modulation does not emit repetitive noise, which slows down the Pl
regulator by requiring it to constantly adapt for non-repetitive small glitches,
preventing it from achieving the desired regulation on time. The deadbeat controller,
on the other hand, can respond quickly to those glitches and keep the circulating
current at its reference.

When using the proposed modulation care must be taken not to drive any energy to become
unbalanced on the MMC converter. This requires a separate PI controller to control the AC and
DC components before using the deadbeat controller to correct those components, bringing them
close to the most reasonable value and suppressing the effect to the bare minimum. The following
section describes in detail the work methodology and mathematical module of the newly proposed
modulation.
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6.3 Proposed Local Carrier-PWM

The Local Carrier PWM (LC-PWM) modulation approach has been proposed to control
the MMC switching signals in a difficult circumstance, such as when the variable voltage power
sources are inserted into the MMC, as is the case when the MMC is distributed over the PV panels
by integrating the MMC SMs directly to the PV panel string.

In the proposed modulation, instead of using a fixed carrier frame where modulator waves
locate their switching times, as in previous carrier-based modulations, the LC-PWM creates a
private carrier for each modulator at each switching interval using the measured cell voltages,
which results in more precise switching times. Consequently, the LC-PWM technique reduces the
output distortion in a wider range of voltage situations. Furthermore, it effectively eliminates
unnecessary AC components from circulating currents, resulting in lower power losses and higher
MMC efficiency.

In contrast, a great challenge has been faced in the LC-PWM as the modulator introduces
small changes in the switching periods to anticipate each change in the number of cells used to
modulate the output in order to reduce distortion. Incorrect duty cycle computation leads to wrong
decisions when crossing from one level to another, resulting in fast transients or glitches in the
circulating currents that must be avoided. The main challenges and modifications of the proposed
LC-PWM are explained in detail in the following sections.

6.3.1 Duty-Cycle Computation

The LC-PWM modulation produces a specific local carrier, for each MMC arm, to compute
a precise duty cycle for each sampling period, as illustrated in Figure 6.6. Using the capacitor
voltage information on modulation improves the timing of the switching sequence, produces more
precise voltages at the converter output, and helps to eliminate the annoying 100 Hz component
on circulating currents; in fact, it removes all unwanted components from the circulating currents,
except the switching ripples. Since those voltages are measured and used in the sorting process to
keep the cell capacitors balanced, using that information on MMC modulators has no extra
overheads.

Figure 6.6, which refers to the lower arm of phase 'a’, describes the proposed modulation
in detail. When using four-SM per arm, the available voltages for each arm are the closest voltages
[0, ¥aVdc, Y2Vde, ¥aVdce, Vac]. However, the real arm voltages will be a few volts above or below those
levels, not only because of voltage fluctuations on the MMC capacitors due to their charge and
discharge processes, but also because the MPPT on PV panels may target different voltages for
different cells due to the differences in irradiance and/or temperature. Despite these challenges,
the LC-PWM method produces an effective output voltage by computing a local carrier for the
lower arm, using the previous voltage and the target voltage of each arm at each sampling time, as
described in Equations (6.9) and (6.11). A separate carrier is generated for the upper arm using
Equations (6.10) and (6.12).
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Figure 6.6: LC-PWM modulation generates, a more accurate output voltage for each arm,
following a reference (a) generated at each sampling period Tsa, using a local carrier (b)
computed using the known converter voltages at the beginning (c) and at the end (d) of
that period. This figure referred to as the lower arm of phase 'a'.

In these equations, previous voltages are known from the previous sampling period, and
target voltages at the end of the sampling period can be estimated after a decision is made on which
cell must be inserted or bypassed at each arm and this voltage value should never equal zero.

Ngm
via(8) = ) Veli(©) - Sy(® (6.9)
=1
v () = Z Vew(¢) - Sy (t) (6.10)
j=1
Vi ( + Tog) = Z Veli(t) - SL(t + Tyy) (6.11)
=1
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Vya(t+ Tgg) = Z Veui(t) - Su;(t + Tyq) (6.12)
j=1

In these equations, Vcujand Vcl; represent the SM voltages for the upper and lower arms,
whereas Su;j and Sl are the switch statuses on the upper and lower SMs at the beginning and end
of the switching period.

Figure 6.7 shows in detail how the LC-PWM strategy generates the local carrier for each
sampling period Tsa for the upper and lower arms of phase 'a'.

Vdc(t + Tsa) - l7ua(t + Tsa)!

1 % =
EVdc * Vpq - ';2 . vZ*a

Vdc (t) — Vua (t)

Via (t) i

Figure 6.7: Upper and lower arms voltage generation using local carriers (a) Upper local
carrier (b) Lower local carrier.

The intersection of two separate carriers with the two output references, v*ia and (Vac —
V*ua), generate an upper arm voltage and a lower arm voltage that exactly match the desired voltage
for each arm during that period. Even with no circulating current controller, that is mean v’ = 0,
the upper and lower voltage references generate different voltages due to the separation of the
upper local carrier and the lower local carrier, as shown in Figures 6.7(a) and (b), respectively.

Therefore, the desired duty cycles, dua for the upper arm and dia for the lower arm, are
computed using Equations (6.13) and (6.14) for each sampling period:
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Tsa 17ua(t) vua(t + Tsa)
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Tsa vla(t) — Via (t + Tsa)

where Tua and Tia are the exact timing when an SM must be inserted or bypassed, and v'ya and v'ia
are the reference voltages for the upper and lower arms, as described in Equations (6.3) and (6.4),
respectively. Furthermore, the absolute value is added to get the integer number, as the duty cycle
represents a ratio of the time to switch on over the sampling time.

In fact, an important contribution of the proposed method is that the LC-PWM accurately
finds the precise times to change from one state level to the next, allowing full control of the
generated voltages. In fact, the more precise the duty cycle computation is, the smaller the
circulating current produced will be. This modulation improves the generating switching sequence
to the point where the circulating current is no longer out of control.

6.3.2 Level Crossing Synchronization

As can be seen below in Figure 6.15, in the simulation results, when using capacitor voltage
information on duty cycle computation, the switching sequences generated by the LC-PWM
greatly reduce the root mean square (RMS) value of the circulating currents by removing the 100
Hz component. However, an important source of noise remains on those internal currents due to
the lack of any level crossing synchronization. In several situations, when the converter changes
the number of cells used to modulate the output, for example when it alternates between using one
or two cells and two or three cells, it is possible that the voltage given as reference cannot be
reached in those switching periods just by inserting or bypassing one cell; and then an important
transient alters the circulating current, seriously affecting its RMS value. Thus, the LC-PWM must
anticipate all those events, adapting the duration of a few sampling periods just before each
crossing point, in such a way that it guarantees the converter will have the appropriate number of
active cells when arriving at all crossing points. In the given example, the converter must have
exactly two active cells at every sampling period when the converter changes from one or two
active cells to two or three. So, the following steps must be applied for better level crossing:

1. The first step for this task is to anticipate the voltage for the following crossing level, as
shown in Figure 6.8. Depending on the selected cells regarding the voltage level, the upper
and lower arms have many different options to generate a voltage near the targeted crossing
voltage, and these options increase by increasing the number of SM in the MMC, as shown
in Table 6.1. This is true for any of the three phases, where the available options of the
SMs for generating upper and lower arm voltages based on MMC with four SMs and five
levels of conversion are detailed.
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Table 6.1. Upper and lower arm options to generate a voltage near the targeted
crossing voltage level.

Voltage Options for selected SMs for Options for selected SMs for
level generating Lower arm voltages generating Upper arm voltages
0 0 [Vdc — Vsmi — Vsmz2 — Vsmz — Vswma]
[Vsm1] or [Vdc — Vsmi — Vsm2 — Vsms] or
. [Vsm2] or [Vdc — Vsm1 — Vsmz — Vsma] or
[Vsms3] or [Vdc — Vsmi — Vsmz — Vsma] Or
[Vsma] [Vac — Vsmz — Vsmz — Vsma]
[Vsm1 + Vsmz] or [Vac — Vsmi — Vsmz] or
[Vsm1 + Vsma] or [Vdc — Vsm1 — Vsms] or
) [Vsm1 + Vsma] Or [Vac — Vsm1 — Vsma] or
[Vsm2 + Vsma] or [Vdc — Vsmz — Vsms] or
[Vsm2 + Vsma] Or [Vac — Vsmz — Vsma] or
[Vsms + Vsma] [Vdc — Vsmz — Vsma]
[Vsm1 + Vsmz + Vsma] or [Vac — Vsmi] or
3 [Vsm1 + Vsmz + Vsma] or [Vdc — Vsmz] or
[Vsm1 + Vsmz + Vsma] or [Vac — Vsma] or
[Vsm2 + Vsmz + Vsma] [Vdc — Vsma]
4 [Vsm1 + Vsmz + Vsmz + Vsma] Ve

As a compromise solution, valid for the upper and lower arms, the modulator will
use the midpoint between the greatest and the lowest of all the options, for both the upper
and lower arms, as an appropriate estimation for the following crossing voltage. To do so,
the upper and lower cell voltages are always kept sorted, and a few cells in each sampling
period are selected at the beginning and at the end. Their voltages are then added to
compute four values, named Vmax_up_a, Vmin_up_a, Vmax_iw_a, @Nd Vmin_w_a. Then, the estimated
voltage for the following crossing is computed for each phase by using Equation (6.17).
Here, the average of the maximum voltage, Vmax a, cOmputed in Equation (6.15) depends
on the maximum voltage in the upper and lower arms, while the average of the minimum
voltage, Vmin_a, IS cOmputed in Equation (6.16) depends on the minimum voltage in the
upper and lower arms. Briefly, Equation (6.17) attempts to find a value for the voltage
levels based on the voltage change in each SM capacitor in the upper and lower arms, rather
than the fixed levels specified previously as [0, ¥aVdc, ¥2Vdc, ¥Vadc, Vdc], when using four
SM per arm.
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Umax_a = Max (Umax_up_a' 17max_lw_a) (6-15)

Umin_a = min (vmin_up_a' 17min_lw_a) (616)
~ vmax_a + vmin_a
Vievela = > (6.17)

Figure 6.8: Depending on the selected cells, the upper and lower arms may generate different
voltages near each level. At each sampling period, an intermediate value is computed using the
maximum and minimum values over all available options.

2. The second step applied to achieve clean crossings, defines the modulator state as ‘even' or
‘odd". The 'even' state means that the oscillations are at the same voltage level, so the
transition number required to move from one voltage level to the next and back is an even
number of transitions. The ‘odd’ state means that, when switching from one voltage level
to another, the number of transitions required is an odd number, thus allowing for a clear
crossing. When an arm voltage is near to the next crossing voltage, the value previously
computed as Dye,¢; o fOr the first phase, then the arm is said to be at an 'even'’ state, because
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the next crossing will be cleaner if the modulator executes an even number of switches
before the transition. The opposite situation is found when the arm voltage is far from the
crossing level, where an ‘odd' number of sampling periods is then desired.

. The third step, described in Equations (6.18), (6.19), and (6.20), computes the length for
the following PWM period using the remembered time for the next crossing point thext cross_a
and the registered time teurrent during the grid cycle. In this case, a central value of the
sampling time, Ts / 2, is used for a nominal switching frequency (Fs) to generate a local
carrier to define the required time to switch on, and another Ts / 2 would be needed to
generate another local carrier to switch off for a full duty cycle. In fact, this sampling time
is changed by adding or subtracting about 10% of Ts/ 2 to consistently reach the following
crossing point at an 'even' state, which guarantees the correct switching decision and
removes undesired transients from the circulating current at each phase. In the case of 2
kHz, the sampling period Tsa would be 250us when the modulation is aligned to the
following crossing point, but would be changed to 225us, or 275us, when acceleration or
deceleration is required to guarantee the correct switching decision; while also removing
undesired transients from the circulating current at each phase. Equation (6.18) shows the
crossing time calculation.

tcross_a = tnext_cross_a - tcurrent (618)

When the modulator is in the ‘even' state, near the estimated Dy,,¢; ,, Equation (6.19) is
used to calculate the next sampling time; when it is in the 'odd' state, far from D;e,e; .
Equation (6.20) is used:

T T.

Tsq = ?S + (?S ’ 10%) - sign (tcross_a —Ts - (ltcross_a/TS + OSD) (619)
TS TS .

Tsq = ? + (? ’ 10%) - sign (tcross_a —Ts - (ltcross_a/TS + OSD) (620)

where all times including the sampling period 'Tsa' for phase 'a’, are measured in
microseconds and | x| represents the lower bounded integer of 'x'.

. The final step for this task detects the exact time when the MMC converter crosses from
one level to the next in order to remember that point for the next cycle. It is not difficult to
detect each crossing by comparing the reference voltage and the estimated voltage
Diever x TOr the next crossing. At each crossing, the current and previous voltage differences
computed in Equations (6.21) and (6.22) have different signs. At those sampling periods,
assuming a smooth evolution on the capacitor voltages, the time deviation of the crossing
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point from the middle of the sampling period is estimated using Equation (6.23). Figure
6.9 shows the schematic diagram calculating the time deviation of the crossing point, where
the equivalent triangle approach is used to calculate the Ateross a in Equation (6.23).

Ava(t) = ﬁlevela - vl*a(t) (6.21)

Avg (t — Tge) = ﬁlevela - vl*a(t — Tsa) (6.22)

At _Tsa 1804 (8)] — 1Ava (t — Tsa))| (6.23)
rossa 2 |Avg(t)| + |Avg(t — Tso)| |

tCTOSS _a tcurrent

bl . O O O OO OO OO o .- 6level_a
Ava(t - Tsa)[

" A
Viq (t - Tsa)

Atcross _a

Tsar2

Tsa
(t —Tsqa) )

Figure 6.9: The time deviation of the crossing point is computed using the equivalent triangle
approach.

Afterward, this information is used in Equation (6.24) and stored to give a better estimation
of the current crossing point for the following crossing of the same kind, and Equation (6.26) is
used to retrieve the position of the incoming crossing point from the same suitable store:
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crossings phaseAliy] = teyrrent — Dteross, (6.24)
ig=(g+1)mod6 (6.25)

tnext cross.a = Crossings_phaseAli,] (6.26)

where ia is an integer value that identifies each type of crossing point. Because the utilized MMC
has four SMs per arm, this index is changed in Equation (6.25) to have a value ranging from 0 to5.
This implies there might be up to six possible crossing places.

6.3.3 Sorting Method Development

Traditional MMC controllers search for the greatest or lowest capacitor voltages at each
arm to select those cells for switching in order to keep all the cell capacitors balanced, so well-
known sorting methods such as bubble sort are used [169]; these methods have a complexity from
O(n-logzn) to O(n?), where n is the number of sorting items, and can be used to sort all the SM
voltages before choosing the most appropriate for each case. When using internal energy sources,
however, the distance to each cell reference voltage must be used instead of the absolute value of
the voltages. In any case, in order to use Equations (6.11) and (6.12), the required SMs to be
inserted or bypassed during the current switching time must be chosen using a quick and simple
sorting process.

Sorting all the cell voltages using bubble sort and choosing the cell with the greatest or
lowest voltage to be inserted would cost O(n?), as this algorithm needs (n-1) passes over n
elements. As an improvement, the developed sorting is simply based on looking for one or two
cells with the highest or lowest voltage to be inserted, only checking on bypassed cells when they
must be inserted, or only checking on inserted cells that must be bypassed. This approach generally
reduces the sorting task to O(n), as well as reducing the switching in the MMC.

However, the LC-PWM actually needs to know the greatest and lowest sum of the voltages
of the available cells that would be inserted, as described in section 6.3.2; however, adding up all
the possibilities is an overwhelming task. It is much better to sort all the voltages and compute the
sum of one of the cells that needs to be inserted, which is located at the beginning or the end of the
sorted list. Then, a full sorting of all the voltages is required, and bubble sort is an O(n?) task, as
said above. As long as the capacitor voltages evolve slowly, this task can be executed in several
sampling periods, running only one bubble sort step at each sampling period, and keeping the
location of all the cells in a linked list that stores their relative positions will reduce the sorting
cost to O(n).
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6.4 Simulation Results

In order to validate the proposed local carrier modulation, different simulation scenarios
were conducted using a MATLAB/Simulink model for three-phase MMC converter-based PV
applications. The model was conducted twice, once with external PV cells linked directly to the
MMC DC-link side, and another with distributed PV panels attached to each SM at the MMC, as
shown in Figure 6.1. The proposed LC-PWM has been validated first with a grid connection in
scenario 1, then a comparison between the PS-PWM and LC-PWM connected to an isolated load
to rule out any possible effect of the grid or controller interaction applied in scenarios 2 and 3,
respectively. In the simulations, a discrete 0.25-microsecond sampling period was used for the
plant and the converter, with Tustin integration. Switching signals were generated with a resolution
of 1 microsecond. For the controller, a 25-microsecond period was used for LC-PWM to switch
one SM in each phase every 225, 250, or 275 microseconds; a constant 250-microsecond period
was used with PS-PWM.

6.4.1 PV Panel Module

The PV system implemented by simulation uses the Suntech STP320-24/Ve PV cell
parameters described in Table 6.2. Figure 6.10 shows the I-V and P-V curve characteristics of the
Suntech STP320-24/Ve PV cells for different irradiances at a temperature of 25°C, using a test
bench module with MATLAB/Simulink and the module datasheet in [170].

Table 6.2. Parameters of the Suntech STP320-

24/Ve PV panels.

Parameters Value
Maximum power (Pmax) 320 W
Maximum power voltage (Vimax) 36.7 V
Maximum power current (Imax) 8.72 A
Open circuit voltage (Voc) 456 V
Short circuit current (lsc) 9.07 A
Shunt resistance (Rsh) 4.24 Q
Series resistance (Rs) 0.03 Q
Ideally factor of diode (m) 1.1238
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The different irradiance impacts, caused by clouds or shadows, on the PV panel can be
seen in Figure 6.10, where Figure 6.10(a) shows how the current produced by the PV panel
decreases as the irradiance declines; while Figure 6.10(b) shows how the power produced by the
PV panel depends on the current and voltage produced in each irradiance situation, where the
power curve reaches its maximum point at the maximum current and voltage produced by the PV
panel for each irradiance.

I-V Curves
10 T T T T T T T T T
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Figure 6.10: Characteristics of the Suntech STP320-24/Ve PV panel for different
irradiances at T = 25°C (a) I-V curves (b) P-V curves.
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6.4.2 Approximated Behavior of PV Panel Model

The behavior of the PV panel module was approximated in the simulation instead of using
a PV panel module included in MATLAB. This was due to unexpected errors related to the
sampling time, which led to stopping the processing of the simulation. In fact, the MATLAB model
is very precise, but it uses a closed-loop model which introduces problems when using a fixed
sampling period. In order to provide a more realistic behavior of the PV panel characteristics,
especially in terms of the MPPT computation, the developed PV panels are also used in the
simulations instead of a fixed voltage source or current source at the external or internal
connections.

The behavior of the PV panel was modeled as a voltage-controlled current source, using a
fifth-order polynomial approximation that guarantees the correct power and slope at the maximum
power point and other relevant points, such as open circuit and short circuit. A full set of
polynomials was developed for different irradiance values, ranging from 100 W/m? to 1000 W/
m2, with steps of 25 W/m?.

Figure 6.11 shows the PV characteristics of the panel model, which is developed using a
fifth-order polynomial based on the datasheet of the STP320-24-Ve polycrystalline PV module
manufactured by Suntech at standard test conditions (irradiance G = 1000 W/m? and temperature
T = 25°C) [170]. The characteristic P-V curve of the developed PV module was then scaled to
follow different irradiance values ranging from 100 W/m? to 1000 W/ m?, with steps of 25 W/m?.
The scaling considered the variations in the maximum power point voltage and the open-circuit
voltage for each irradiance change.

The fifth-order polynomial in Equation (6.27) is used to represent the curved part of the P-
V curve, whereas Equation (6.28) is used to compute the straight-line part, as depicted in Figure
6.11(a). Here we assume that the current at the short circuit is nearly constant and equal to k until
31.8 V, as described in Figure 6.11(b).

Po(Vpp) = a-Vy+b Vo +c- Vi +d-Vii +e Vo, + f (6.27)
Pyy(Vo) = k -V (6.28)

To obtain the values of the polynomial coefficients a, b, c, d, e, and f, six equations must
be constructed, given the following constraints:

1. At the maximum power point voltage, Vpv = Vmpp, the given maximum power point is as
in Equation (6.29).
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Py (Vimpp) = @ Vispy + b - Voo + ¢ - Vi +d - Via,, + € Vi + f
(6.29)

320 = a-36.7°+b-36.7*+c-36.7°+d-36.7°+e-36.7+f

where Vimpp IS equal to 36.7 V and Pmpp is equal to 320 W, as obtained from the PV model

datasheet.
2. At the open circuit voltage, Vpv = Voc, the output power, Ppy, is zero.

aVo+b-Veet+cVoptd-Vite Vot f

va (Voc) =
(6.30)

a-45.6°+b-456*+c-45.63+d-45.6°+e 456+ f

where Vo is 45.6 V, as obtained from the PV model datasheet.

3. Ata point beyond peak power point, an output power Py, of 291.2 W is measured through
the Matlab module for a voltage Vpy of 41 V.

Po(Vpp) = a-Vy+ b Vo +c- Vi +d-Vii +e- Vo, + f
(6.31)

2912 =a-415+b-41* +c-4134+d-412+e- 41+ f

4. At the peak power point, the power slope is equal to zero, where the Vimpp is equal to 36.7
V and the derivative of the power Ppy is equal to zero, as applies in Equation (6.32).

apb,,
va(vmpp) =a- 5Vr{‘{pp

+b -4V + 3y +d - 2V, te
(6.32)

0 =a-5-41*+b-4-413+c-3412+d-2-41 +e

5. The meeting point of the straight line with the curved portion is represented by the power
before the peak power point, where Vpy is equal to 31.8 V and the measured Pyy is equal to
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286 W, making k equal to 8.99 A, as the short circuit current value to match the left and
the right parts.

Po(Vpw) = a-Voy+b Vb +c- Vi3 +d-VZ +e -V, + f
(6.33)
286 = a-31.85+b-31.8*+c-31.83+d-31.8%+e-31.8+f
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Figure 6.11: Characteristics of the Suntech STP320-24/Ve PV panel for different
irradiances at T = 25°C (a) I-V curve (b) P-V curve.
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6. At the short circuit point, where the V,y is equal to zero, the output power Ppy is set to zero
in order to give the coefficient f the value of zero in order to simplify the polynomial
computation.

Solving the above equations constructed at each point by the matrix described in
Equation (6.34), we get the value of the coefficients for the fifth-order polynomial to describe
the curved part in the P-V curve characteristic of the PV panel model.

320 " (36.7)°  (36.7)*  (36.7)°) (36.7)* (36.7)' 17 a
0 (45.6)° (45.6)* (45.6)° (45.6)> (45.6)' 1|
2912 _| (41 )® (41 )* (41 )® (41 )* (41 ) 1€ (6.34)
0 5(36.7)* 4(36.7)° 3(36.7)2 2(36.7)! 1 o4
[2§6J 5(31.8)* 4(31.8)> 3(31.8)2 2(31.8)! 1 oflf
L0 0 0 0 0o 1l

Figure 6.12 compares the calculated P-V curve, using a fifth-order polynomial
approximation, Equation (6.27) and the line equation, Equation (6.28), to the modeled P-V curve
of the identical Suntech STP320-24/Ve PV panel module. The calculation of the approximated
module shows a similar behavior so it can be applied within the simulation as a PV application.
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Figure 6.12: The behavior of the PV panel module is modeled using a fifth-order
polynomial approximation and the line equation for the modeled P-V curve of the same
Suntech STP320-24/Ve PV panel module.

129



6.4.3 Total Harmonic Distortion and Low Order Harmonic
Distortion Computation

The THD and LHD measurements for the voltage and current signals out of the converter
in the various scenarios are included in the simulation analysis. These measurements are important
to validate the output quality and to reflect the PWM implementation controlling the MMC. In
fact, unlike high order harmonic distortion, LHD measurements show the distortion of the output
signal at low frequencies that are difficult to eliminate using a filter. Higher and lower order
harmonics both cause distortion or noise at the output signals, so the LHD must be very low and
within acceptable limits to keep the distortion under control. High-frequency distortion can be
removed more easily at the output by using a filter without affecting the current or voltage signal.

Indeed, the THD and LHD of the output voltage and current represent the quality of the
converted signal and how near they are to the pure sinusoidal signal used with an AC grid or AC
load [171]. The distortion of a signal caused by the presence of several harmonics in the same
signal is known as harmonic distortion, where harmonic frequencies are frequency components in
a periodic voltage or current signal that are integer multiples of the main signal frequency [171].
In the electric system, a voltage or current signal that is not perfectly sinusoidal will have higher
frequency components in it, adding to the signal harmonic distortion. In general, the less a periodic
signal resembles a sine wave, the stronger the harmonic components and the greater the harmonic
distortion. This is the basic outcome that the Fourier analysis of a periodic signal shows. Equation
6.35 explains the major component of the signal using Fourier analysis [172].

x(t) = ag + Z(akcos(k - wt)) + (bgsin(k - wt)) (6.35)
k=1

After performing the Fourier analysis expansion, x(t) represents the voltage or current signal as a
function in the time domain. The average value of the DC component is ap, the cosine component
IS a, and the sine component is bk in the waveform, where k is the harmonic number. These
components must be calculated to find the harmonics magnitude in each component, as indicated
in Equations (6.36), (6.37), and (6.38).

T
a, = %fx(t) dt (6.36)
0
T
a, = ; fx(t) -cos(k - wt) dt (6.37)

0

130



T
b, = ; fx(t) - sin(k - wt) dt (6.38)
0

where the harmonic magnitude, Hy, can be calculated as follows:

Hk = /akz + ka (639)

In practice, LHD and THD must be calculated by obtaining the harmonic magnitude value
of the fundamental frequency and all the harmonics, where THD is defined as the ratio of all the
harmonic frequencies (from the 2nd harmonic on) over the fundamental frequency harmonics. The
fundamental frequency is the main frequency of the signal, i.e., the frequency that would be
identified when examining the signal with an oscilloscope.

In the simulated scenarios, LHD was calculated using Equation (6.40), which considers the
impact of low harmonics from the 2" to the 19" harmonic; while the THD computation obtained
by applying Equation (6.41).

11c92 sz 6.40
= 4
LHD = ——— - 100% ( )

Hy

S5 He

= 41
THD = — - 100% (6:41)

Hy

where Hi represents the first harmonic magnitude. So, the proportion of harmonic distortion is
calculated using Equations (6.40) and (6.41) to obtain the percentage of LHD and THD,
respectively.
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6.4.4 Power Losses, Accuracy, Efficiency and Performance
Computation

The analysis of power losses is important for demonstrating the impact of the modulation
controller on the MMC-based PV applications. The power loss measurements indicate the
efficiency of the converter and attempt to demonstrate the improvement gained by the proposed
LC-PWM for both external and internal PV panel connections over conventional modulation, as
detailed in each scenario in the following sections. Switching losses have not been considered in
the power loss calculations, as the switching loss calculations depend on the switch device type
and the switching frequency, where all the scenarios use the same IGBT in the SMs and the
switching frequency for all cases is fixed at about 2 kHz. This gives no advantage to any
modulation used with MMC, where the switching losses, by definition, occur when a switch is
switched from off to on or vice versa. This interval is characterized by a significant voltage across
the switch terminals and a significant current flow through it, and the energy dissipated in each
transition needs to be multiplied by the frequency to obtain the switching losses [127].

The total converter power losses (Piosses) have been estimated using a simplified model that
includes three main components, as shown in Equation (6.42): first, the power losses when each
semiconductor is ON (Piosses_on), where a 30 mQ series resistance (Ron) has been considered for
each IGBT and FWD when they are active; second, the power losses when each semiconductor is
OFF (Plosses_off), where a 100 KQ resistance (Roff) has been considered for each IGBT and FWD
when they are bypassed; third the power losses at the phase output (Piosses_out), where a 30 mQ
resistance (Ron) has been considered for each output reactor.

Plosses = Plosses_on + Plosses_off + Plosses_out (6-42)

The Plosses on, Plosses_off and Plosses out have been estimated using Equations (6.43), (6.44),
and (6.45), respectively, throughout a period (T) of 20 milliseconds for a 50 Hz system.

1" . . . . . .
Plosses_on = TJ Nsm : Ron : (lela + lib + llzw + lea + leb + llzc) dt (643)
0

where Nsm is the number of SM in each arm, this means that Nsm semiconductors are always active
at each MMC arm in the applied simulation. iux and iix represent the upper and lower arm currents,
respectively, where x refers to phase 'a’, 'b’, or 'c'.

NSm
T 1
f > (V) + V2ial) + Vs () + Vi) + Ve () + V21 () ) dt - (6.44)
0

S =

Plosses_off =
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Ve_ux(j) @and Ve _ixg represent the voltage in the upper and lower arms at each MMC cell, respectively.

1

ro, . . (6.45)
Plosses_out = Tf R, - (lga + lgb + lgc)dt
0

where Ro is a small series resistance due to the windings of the output inductor Lo, which is
included with the MMC component. This is due to the converter output current flow through it.

Then, the accuracy of the MMC regulators, the efficiency of the MMC converter, and the
performance of the application can all be computed using Equations (6.46) to (6.48).

P
Accuracy = 22V . 100% (6.46)
mpp
P
Efficiency = —=<2"T . 100% (6.47)
MMC_IN
P
Performance = —=<2"T . 100% (6.48)
mpp

where Pmpp represents the maximum power that can be extracted from the PV panels at their
maximum power point under different situations of irradiance, Pmmc N represents the
measured power at the input of the MMC, and Pmmc_ourt represents the power delivered by the
MMC to an AC grid or load. In ideal circumstances, by removing any type of noise and power
loss, these powers would be equal to attaining 100% accuracy, efficiency, and performance.

The calculation of the Pmmc v is described by Equation (6.49) for the external and
internal PV panel connection.

Ngm ([Vc_ua (]) : ipv_ua (1)] + [Vc_la (/) : ipv_la (])]
PMMC_IN = Vdc ' Ipv_ex + Z +[Vc_ub (]) : ipv_ub (1)] + [Vc_lb (1) : ipv_lb (])] (6-49)
=1+ [Vc_uc(i) “lpy uc (1)] + [VC-ICU) ' ipv—lC(i)])

where, for the external PV connection, the power would simply be equal to the multiplication of
the Ve by the current generated by all the connected PV panels, lpy ex, Which is the same as the
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current described previously as lqc. The currents ipy ux and ipv 1x would be zero in this situation, as
they represent the current produced by the internal PV panels connected to each SM and vice versa,
while the lpy_ex Would be zero in the internal connection and the Pmmc_in would be the sum of the
power produced in each SM.

The Pmpp has been calculated using Equation (6.50) for the external PV panel connection
and Equation (6.51) for the distributed PV panel connection.

Prpp = Vinpp * Impp (6.50)

where Vmpp and Impp represent the voltage and current at the maximum power point, respectively.

Nsm ([Vmpp_ua (]) : Impp_ua (])] + [Vmpp_la(j) : Impp_la(i)]
Pmpp = Z +[Vmpp_ub (]) : Impp_ub (])] + [Vmpp_lb (]) ’ Impp_lb (])] (6-51)
J=1 4 [Vmpp_uc (]) : Impp_uc (])] + [Vmpp_lc(i) : Impp_lc (])])

where Vimpp_ux) and Impp_ux) represent the voltage and current at the maximum power point in the
upper arm at each MMC cell, respectively. Also, Vmpp_ixG) and Impp_ixg) indicate the voltage and
current at the maximum power point in the lower arm at each MMC cell.

Equation (6.52) is used to calculate the Pmmc_out, Which represents the power provided to
a grid or to an AC load in the off-grid connection.

PMMC_OUT = Vac_a " loa + Vac b * lob + Vac_c * loc (6-52)

where Vvac x is the voltage at the grid, that is the voltage after the MMC output reactors, which
performs better than the voltage out of the MMC before the LC filter and which allows for a more
accurate measurement of the output power. In fact, vox contains a high-frequency noise produced
in the SM at each arm, which affects the converter power out value.

Furthermore, the approximation of the so-called power measure errors has been described
for a more accurate calculation of the losses. This attempts to depict the unexplained power losses
and to express a percentage of the differences between the input power and the unexplained power
losses. The percentage of the power measure errors has been calculated using Equation (6.53).

Pmeasure_error

s mpp

Measure_Error = -100% (6.53)
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where Pmeasure_error has been computed in Equation (6.54) to reflect the difference between the
power in and power out of the MMC after subtracting the power loss, and the stored power in the
MMC instantaneously, in order to validate the accuracy, efficiency, and performance
measurements.

Pmeasure_error = PMMC_IN - PMMC_OUT - Pstore_MMC - Plosses (6-54)

where Psiore mmvc indicates the power stored in the MMC since the MMC contains Nsm of SMs in
each arm and each SM includes a floating capacitor as well as an arm inductor that can store energy
also output inductor for each phase that can store energy during converter operation. The power
store computation is depicted in Equation (6.55) in a simplified form.

Pstore_MMC = Pstore_CSM + Pstore_Larm + Pstore_Lo (6-55)

where Pstore_csm represents the power stored in the SM capacitor, Pstore_Larm Shows the power stored
in the arm inductor, and Pstore_Lo Shows the power stored in the phase-out inductor, where Equation
(6.55) adds up all the potential components inside the MMC that store energy throughout the
conversion. These stored powers in capacitors and inductors were estimated by differentiating the
energy over time, since the energy is power integrated over time. Equations (6.56) and (6.57)
indicate the power and energy stored in the SM capacitors.

dEstore_CSM Estore_CSM (t) - Estore_CSM (t - T)

Pstore_CSM = dt = T, (6.56)
where Estore_cov refers to the energy stored in the three phase MMC SM capacitors.
Nsm
1 2 : 2 (i 2 . 2 2 /. 2 .
Estore_CgM = E CSM Z (Vc_ua(]) + Vc_la(]) + Vc_ub(]) + Vc_lb (]) + Vc_uc(]) + Vc_lc(/)) (657)
j=1

Equations (6.58) and (6.59) indicate the power and energy stored in the arm inductor, respectively.

dEstore_Larm Estore_Larm(t) - Estore_Larm(t - T)

Pstore_Larm = dt = T, (6.58)
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where Estore_Larm refers to the energy stored in the three phase MMC arms inductors.

Lgrm * [2q + 12, + (2, + i, + i3 + i2] (6.59)

Estore_Larm =

N =

while the power and energy stored in the output phase inductor are shown in Equations (6.60) and
(6.61), respectively.

dEstore_Lo ~ Estore_Lo (t) - Estore_Lo (t - T)

store_L, — dt = T (6.60)
N
where Estore Lo refers to the energy stored in the three phase MMC phase out inductors.
1 .2 .2 .2
Estore.1, = 2 Lo - [i5q + i5p + i5c] (6.61)

In fact, the power stored in the capacitors and the inductors will be zero in the steady state.
These stored power computations were included to acquire exact calculations instantaneously from
the simulation model execution, so that the influence of those elements on the power delivered
through the MMC to the grid connection could be seen.

6.4.5 Scenario 1: LC-PWM Controlled MMC Connected to Grid

In this scenario, the proposed LC-PWM modulation is simulated by connecting the MMC
to an AC grid. An MMC with four SMs per arm is used to analyze the converter behavior in two
cases: first, connecting the PV panels externally to the MMC; in the second case, PV panels are
integrated directly in the MMC cells, and the converter is then connected to the grid system. The
simulation used the parameters described in Table 6.2 for the PV panels, while the MMC
parameters are described in Table 6.3. A uniform averaged irradiance is used on the external PV
array, and different irradiances are used for different MMC cells when using distributed PV panels,
in such a way that the MMC arms receive approximately the same PV power.

In fact, the distributed PV panels may be arranged in clusters to keep the energy balanced
between phases on the one hand, and between the upper and lower arms on the other. The idea is
based on putting the SM of each arm from each phase in the same place. This is referred to as a
cluster, and it keeps the arms and legs of the converter as balanced as possible. This distribution
ensures that the connected PV panels in each SM receive the same irradiance and temperature. The
cluster greatly reduces the unbalanced energy, particularly in this situation, when the PV string is

136



integrated directly into the SM, resulting in energy sources in the converter, which increases the
control requirements because the energy imbalances typically generate more power losses due to
circulating currents. All six arms of the MMC converter will therefore receive the same average
irradiance, so there will be a very small energy transfer from phase to phase, or from arm to arm,
needed to keep them in a balanced situation.

Table 6.3. Parameters of the three-phase MMC connected to

the grid.

Parameters Value
Active power (P) 169 kW
DC link voltage (V) 3200V
DC link Capacitor (Cqc) 20000 pF
Grid voltage at converter side (Vgrid) 1200V
Grid voltage at grid side 400V
Transformer ratio (star/delta connection) V3:1
Fundamental frequency (ffund) 50 Hz
Switching frequency (Fs) 2000 Hz
SM capacitance (Cswm) 6000 pF
SM capacitor voltage (Vswm) 807.4V
Number of SM in each arm (Nsm) 4
Arm inductor (Larm) 3000 pH
Output inductor (Lo) 6000 pH
Output capacitor (Co) 83 uF
Grid inductor (Lgrid) 500 uH

Modeled PV panels were then distributed as an array of cells when arranging the PV panels
field externally to the MMC, giving a nominal DC voltage of 3200 V, or as 24 strings of 22 panels
serially attached to each one of the 24 SMs of a five-level three-phase MMC, giving 807.4 V at
each cell at their maximum power point. After that, the MMC was connected to the AC grid. Table
6.3 shows the grid connection parameters, as illustrated in Figure 6.1.
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The MMC-based grid connection topology includes different inductors and capacitors on
both MMC and grid connection sides. These values were determined for the reasons of filtering,
resonant frequency effect, reactive power minimization, and power losses, as well as take into
consideration of the robust grid connection.

As previously stated in Chapter 5, the Csm size was estimated using Equation (5.19) to limit
the amount of capacitor voltage ripple. The chosen value leads to a voltage ripple of about +1.8%

of the SM capacitor voltage.

Meanwhile, the capacitor at the output, Co, must produce a tolerable reactive power at the
output capacitor, Qc, which is typically less than 40% of the nominal transmitted power, where the
power factor must be above 0.9 to be acceptable. In this case, the MMC reactive power reference
has been set to a value that reduces the grid reactive power to near zero. Based on the specified C,
value, Equation (6.62) would be used to calculate Qc at the three-phase output capacitor.

Vri 2
0c =3+ 21 fruna*Co () (662

where fung represents the fundamental frequency 50 Hz, C, is the output star connected capacitor,
and Vyrid is the RMS phase to phase voltage.

As a result, the C, has been chosen to achieve about 22% of reactive power Qc. In addition,
the size of the C, with the equivalent inductor Leq at the converter output has a significant impact
on the output filter, which must be determined to eliminate any resonant frequency with the
switching frequency or fundamental frequency of the output current. The resonant frequency
should be around 10 times less than the switching frequency, Fs, on the LC filter bode plot diagram
to achieve -40dB at switching frequency. Thus, Leq can be calculated using Equation (6.63) to
match the above requirement.

1
W, = ——— < —21-F, (6.63)

In Chapter 4 Equation (4.12), Leq decided the sizes of both the arm inductor Larm and the
output inductor L.

The arm inductor, Larm, role is important in limiting the circulating current and the DC fault
current within the phase-leg of the MMC. It also enables the control of the converter's internal
circulating current [168]. The presence of floating capacitors, Csm, in each SM may induce
resonant frequency distortion with the Larm in the MMC output current and voltage. Then, the
resonant frequency, wn, may produce between the connected capacitors on the arm and the arm
inductor, where, in fact, an average of serial connected capacitors in each arm was used in the
calculation to check the chosen size of the Larm. This is based on the resonant frequency effect,
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using Equation (6.64), giving an average resonant frequency of approximately 53 Hz. In fact, the
resonant frequency in this situation will change frequently, depending on the number of SMs in
the status ON.

Lo can then be estimated, depending on the Leq and Larm to be at the right size to achieve
the above requirements of the reactive power and resonant frequency effect.

fom G

In addition, Leq must be less than the grid inductor, Lgrid, because the PV application system
is generally linked to a strong grid with a power greater than the power generated by the connected
PV panels. Furthermore, the resonant frequency between Lgrig and Co should be considered, where
the resonant frequency is determined to be about 780 Hz and may have a resonant effect in
harmonic 15 or 16, which is distant from the fundamental frequency and does not exhibit a real
influence on the grid side.

( )
Csw= —"i}
— ~ {'Leq =]/2 Larm + LO
T
#
Co Grid

cul |1
SMT_JL{}\J

3-Phase MMC
\ J

Figure 6.13: The main inductors and capacitors used in the MMC-based grid connection.

The output capacitors (Co) in Figure 6.13 are star-connected, although they could be
physically linked after the transformer on the grid side with a delta connection. In this case, the
equivalent size will be equal to 250 uF instead of 83 pF, by considering the transformer connection
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type and transform ratio. In addition, if the grid inductor (Lgria) Were connected after the
transformer the equivalent Lgria Would be 55 pH instead of the 500 puH given in Table 6.3.

In fact, the capacitor and inductor values in Figure 6.13 reflect the most essential aspects
required to achieve high performance from the MMC side, while still maintaining a reliable
connection to the AC grid.

Furthermore, connecting the MMC to an AC grid requires the use of several regulators to
control the active power, reactive power, output current control, and circulating current, as
previously explained, and those controllers must be fine-tuned to achieve the expected value. The
coefficients of various PI controller tunings applied in the simulation have been specified and
described. However, as previously stated, a Pl regulator contains tuning components that are
independent of other regulators, indicated by K, for the proportional gain and K; for the integral
gain, as can be seen in Figure 6.3, where K; represents the ratio of the proportional gain with the
time response Ti. If the value of Ti is small, the PI response will be faster, and vice versa. These
coefficients would be used to tweak the regulator to achieve the desired response over the
controller. Various methods for providing a proposed value for better tuning were introduced in
[173], which in the end may not be enough and must be continually modified through the trial-
and-error approach to be able to apply the regulator.

In practice, a trial-and-error technique was used to tune all the regulators by locked
controllers at their expected values. Four controllers were applied in sequence in the simulation as
follows:

1. The output current controller.
2. The active power controller in Figure 6.3.
3. The AC component of the circulating current in Figure 6.5(b).

4. The DC component of the circulating current in Figure 6.5(a).

Since this PV application used in the simulation connection knew the expected active
power to share with the grid or consume at the load side and specified an initial value for the DC-
link side, those values contributed to locking controllers 3 and 4 at their expected values. In
addition, controller 2 was locked by applying an external balancer to keep the upper and lower
arms in a balanced position throughout all the phases. Then, for the first controller, the trial-and-
error approach was used to get the system on the proper path and provide an accepted behavior.
After the system obeys correctly, the external balancer is removed, and the second PI1 controller
for the AC component of the circulating current is calibrated to stabilize the system. Then, the
circulating current's DC component is fine-tuned to maintain the MMC legs balanced. Eventually,
the active power controller is set to correct the load power consumption, or the load power must
be shared or requested from the grid side. The PI controller coefficients used in each controller are
listed in Table 6.4.
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Table 6.4. The proportional and integral P1 controller coefficients.

PI coefficients Ti Kp Ki
Output current control 0.0027 8 3000
Active power control 0.8 1.2 1.5
Circulating current control (AC component) 1.4 0.06 0.043
Circulating current control (DC component) 2 0.025 0.0125

Table 6.4 indicates that the T; coefficient value for the first controller was the smallest,
increased for the second, and then increased again for the others. This provides a logical
explanation for why the controllers should be applied in that order, from faster to slower.

6.4.5.1 Case 1: PV Panels Located Externally to the MMC

In this case, the PV panels are connected as a central converter, using a 6X88 PV array

connected at the DC side of a five-level MMC converter-based grid connection. The newly
proposed LC-PWM modulation is applied to control the MMC in the simulation module.

Table 6.5 illustrates the results of these simulations including a measure of the total
harmonic distortion at the converter output for the voltage and current (THDcv and THDc)), the
LHD from the 2" to the 19" harmonic for both voltage and current (LHDcv and LHDcj), and most
importantly, a measure of the total harmonic distortion of the current at the AC grid (THDg)), as it
must be smooth enough and have a sufficiently high quality to move the power to the grid.

The distortion results shown in Table 6.5 are consistent in a wide operation range
(irradiance from 100% to 10%). Here, the THDcv and THDci measurements are important for
validating the output quality and to reflect the LC-PWM implementation that controls the MMC.
In particular, the results show a steady result at different situations of irradiances over the
connected PV panels, which may be caused by clouds or shadows. The LHDcyv and LHDc;
measurements, however, show that the distribution of the low frequency components at the output
is low and under control, which gives a good intention of the proposed modulation. This is carried
out by pushing the distortion to the high-frequency areas, which can then be easily filtered at the
output. On the other hand, THDg shows the quality of the current provided to the AC grid.
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Table 6.5. Simulation results of the MMC modulated using LC-PWM with external PV panels.

Situation Ir[r\;;l\;.i/ir?]g]ce THDcv  LHDcv THDci LHDci THDoai

[%0] [%0] [%0] [%0] [%0]
1 1000 22.8 0.42 1.4 0.22 0.44
2 850 27.2 0.50 2.1 0.20 0.56
3 700 27.8 0.50 2.3 0.21 0.58
4 550 30.2 0.57 2.5 0.25 0.62
5 400 29.9 0.64 2.4 0.33 0.70
6 250 29.9 0.64 2.1 0.24 0.71
7 100 23.3 0.44 0.60 0.10 0.47

Figure 6.14 displays the three-phase voltage and current output measurements for situation
1 of the irradiance, demonstrating the high quality of the current and voltage out of the MMC
before applying the filter, as well as the smooth sinusoidal wave of the current and voltage at the
point connected to the grid, which reflects the low distortion measurements in Table 6.5.

Furthermore, Table 6.6 shows the results analysis of the DC and RMS components of the
circulating current, and the RMS value of the circulating current when its DC component is
removed. Here, the DC value of the circulating current represents the power transferred between
the phases to keep them in a balanced situation and to transfer power from the DC side to the MMC
phases. The RMS value represents the 50 Hz component needed to maintain the arms balanced
along with the noise of the unwanted components in the circulating current plus the DC component.
Therefore, the last value in Table 6.6 shows the RMS value of the circulating current when its DC
component is removed, in order to clearly display the noise and the ripple in the circulating current.
The findings indicate a very low noise value, which will have an impact on the converter efficiency
as well as the consistency of the noise in various situations, which makes a good impact on the
action of the LC-PWM. This is due to the suppression of the noise to the minimum with different
voltages.
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Figure 6.14: Measurements of three-phase voltage and current output signals for irradiance
in situation 1. (a) In the first row, the voltage at the MMC output; in the second row, the
voltage at the grid connection. (b) In the first row, the current at the MMC output; in the

second row, the current at the grid connection.

Table 6.6. Simulation results of the circulating currents of the MMC
modulated using LC-PWM with external PV panels.

o Irradiance  DC (i; RMS (iz RMS [iz— DC (iz
Situation [W/m?] [A(] ) [A]( ) [[A] (12)]

1 1000 17.37 17.38 0.58

2 850 14.80 14.81 0.54

3 700 12.21 12.22 0.49

4 550 9.61 9.62 0.43

5 400 7.01 7.02 0.37

6 250 4.42 4.43 0.29

7 100 1.84 1.85 0.19
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Figure 6.15 clearly shows the relatively low circulating current in each phase of the MMC,
as well as the noise ripple at a very high frequency. These values correspond to the measurement
in the first Irradiance situation in Table 6.6.
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Figure 6.15: Displays the circulating current in phases 'a’, 'b’, and 'c', as well as the RMS
and average values of the circulating current.

6.4.5.2  Case 2: PV Panels Distributed Throughout the MMC

In this case, strings with 22 PV panels in series were integrated directly on each SM of the
MMLC, as shown in Figure 6.1. Identical solar panels are used in all SM, but the irradiance changes
with different SMs, as described in Table 6.7 and shown in Figure 6.16, which illustrates the
irradiance situations applied in each PV string in SM1, SM2, SM3, and SM4. It also shows the
voltage capacitor at each SM in the upper arm for irradiance situations (1, 3, 4, 6, and 7),
respectively.
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Table 6.7. Irradiance received at the PV string located at SMs in the simulated situations.

SM1 SM2 SM3 SM4 Average
Situation  Irradiance Irradiance Irradiance Irradiance Irradiance

[%0] [%0] [%0] [%0] [%0]

1 100 100 100 100 100

2 100 90 80 70 85

3 100 80 60 40 70

4 100 70 40 10 55

5 70 50 30 10 40

6 40 30 20 10 25

7 10 10 10 10 10

In situation 1 (100%), the integrated PV panel string in each SM has the same irradiance
level and all the SM have the same target voltage. In situation 3, shown in the second row in Figure
6.16, the irradiance variations increased more than in the previous situations, and then the voltage
level differences at each SM start to be clear. In situations 4 to 6, the third and fourth rows in
Figure 6.16, the irradiance differences at each SM farther increased, representing the hardest
situation for the traditional modulations that work with a fixed frame of voltage levels,
underestimating the differences of voltage levels in those situations. The last situation, the last row
in Figure 6.16, represents situation 7, which aims to show the efficiency of the converter under a
very low irradiance situation (10%). Figure 6.16 has no display for situation 2 because it is similar
to situation 3, while situation 5 is not included as it is very similar to situation 6. It must be noted
that, at different irradiance situations, all SM voltages move together, because the selection method
of the cells to be inserted or bypassed depends on the sorting of all the SM voltages.

I | I I I I | I I
4 4.01 4.02 4.03 4.04 4.05 4.06 4.07 4.08 4.09 4.1
Time [s]
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Figure 6.16: Capacitor voltages at each SM in the upper arm for irradiance situations [1, 3, 4,
6, and 7].
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Table 6.8 displays the simulation results obtained by using the various irradiance
circumstances listed in Table 6.7. The measurements also include a measure for THDcv and
THDcy, the LHD from the 2" to the 19" harmonic for LHDcv and LHDci; and the most
importantly, a measure of THDg), where the simulation is performed repeatedly in each situation
to illustrate the influence of the change in irradiance in terms of shadows or clouds. Now, the
voltage differences between the different cells are compensated by the LC-PWM and, as a result,
the output distortion is under control in the whole operation range for this application, from 100%
to 10% irradiance, even with variable irradiance for different MMC cells.

Table 6.8. Simulation results of the MMC modulated using LC-PWM with
internal PV panels.

Situation THDcv LHDcv THDc1  LHDci THDai

[%0] [%6] [%0] [%0] [%0]
1 22.8 0.44 1.43 0.23 0.45
2 24.8 0.40 2.10 0.20 0.60
3 26.8 0.47 2.31 0.20 0.61
4 28.9 0.61 2.42 0.40 0.72
5 28.2 0.58 2.40 0.33 0.74
6 28.3 0.51 1.90 0.24 0.72
7 23.2 0.41 0.55 0.10 0.48

Figure 6.17 shows the three-phase voltage and current output measurements for irradiance
situation 1, indicating the good quality of the current and voltage out of the MMC prior to applying
the filter, as well as the smooth sinusoidal wave of the current and voltage at the point connected
to the grid, which represents the low distortion measurement in Table 6.8.
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Figure 6.17: Measurements of three-phase voltage and current output signals for irradiance in
situation 1. (a) In the first row, the voltage at the MMC output; in the second row, the voltage
at the grid connection. (b) In the first row, the current at the MMC output; in the second row,
the current at the grid connection.

Furthermore, Table 6.9 shows the results analysis including the DC and RMS components
of the circulating current, and the RMS value of the circulating current when its DC component is
removed. Here, the DC component of the circulating current has been eliminated as the PV panels
supply energy directly to the MMC capacitors, while the RMS value of the circulating current
represents the 50 Hz component in order to maintain the arms balanced with a few undesired
components due to the switching. Thus, the RMS value, which represents the noise and the ripple
of unwanted components in the circulating current, is almost the same value as the RMS value of
the circulating current when its DC component is removed due to the DC component already being
zero.

The results show that the circuiting current produces relatively low noise, which will have
an impact on converter efficiency. The RMS value demonstrates the consistency of the behavior
of the LC-PWM in various irradiance situations, even when the SM voltages change
instantaneously due to the PV string being directly integrated into each SM. This is because the
proposed LC-PWM modulation generates a local carrier based on the voltage measurements at
each SM instantaneously and precisely calculates the duty cycle to switch those SMs that greatly
suppress the noise and ripple in the circulating current.
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Table 6.9. Simulation results of the circulating currents of the
MMC modulated using LC-PWM with internal PV panels.

DC (iz) RMS (iz) RMS [iz— DC (iz)]

Situation

[A] [A] Al
1 -0.002 0.38 0.38
2 -0.011 0.32 0.32
3 0.002 0.28 0.28
4 0.001 0.57 0.57
5 -0.001 0.48 0.48
6 -0.002 0.39 0.39
7 0.000 0.12 0.12

The circulating current in each phase of the MMC is extremely low, as shown in Figure
6.18, and the noise ripple occurs at a very high frequency, their impact being easily removed with
a filter at the output. These values are based on the data in Table 6.9 for the first irradiance
situation.

Figure 6.19 clearly shows that the LC-PWM can keep distortion within acceptable levels
for any irradiance situation when using external or internal PV panels in a consistent manner. In
addition, the behavior is better in the internal PV connection, because the DC component of the
circulating current has been removed which, produces smaller ripples in the capacitor cells
compared to the external PV connection and this is reflected in the LHD and THD of the current
out.
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Figure 6.18: Measurements of the circulating current in phases 'a’, 'b’, and 'c’, as well as the
RMS and average values of the circulating current for irradiance in situation 1.
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Figure 6.19: Comparison of the output current harmonic distortion in external and internal PV
panel connections using LC-PWM. (a) Reflects low order harmonic distortion (LHD) (b) Reflects
absolute harmonic distortion in terms of total harmonic distortion (THD).
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The power loss analysis, registered in Table 6.10, confirms the improvement achieved by
the LC-PWM for both external and internal PV panel connections. An optimized modulation takes
into account the measured voltages of the MMC cells and synchronizes each level-to-level

transition in order to remove all transients in the circulating current.

Table 6.10. The converter power loss based on measurements of a switch on power loss,
switch off power loss, phase output power loss, and total power losses using LC-PWM.

comiastion  Situation  Pesen - Plrsett Pl fiv
1 1395 157 589 2140

2 1032 156 437 1625

3 724 156 308 1188

External PV 4 473 155 203 831
5 280 154 123 557

6 147 151 67 364

7 73 140 35 248

1 1177 156 588 1922

2 874 156 437 1467

3 617 155 308 1081

Internal PV 4 407 151 203 762
) 245 150 123 518

6 133 148 66 348

7 71 140 35 245
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As can be seen in Table 6.10, the power losses are a bit better, being reduced by 16%, when
using the internal PV panel rather than the external PV panel connection. This is because the effect
of the DC component of the circulating current has been removed by integrating the PV string
directly with the MMC cell, which reduces the RMS value of the uncontrolled circulating current
a little, as displayed previously in Tables 6.6 and 6.9, respectively. This effect appears clearly in
the Plosses_on, as the circulating current has a direct effect on the cell capacitor when the SM is in
status ON, while the Piosses off, and Plosses_out, are mostly equal in both the internal and external PV
panels. In other words, the results in Table 6.10 are consistent, whereas, Posses on has more varied
values between each two-irradiance condition. This is because those values are proportional to the
current in each SM, which is proportional to the arm current, as indicated in Equation (6.40).
Furthermore, due to the proportional relationship with the output current, as indicated in Equation
(6.42), Piosses_out has quite a large difference between the irradiance situations, while the Piosses_off
values are proportional to the voltage at the SM in each irradiance circumstance, as indicated in
Equation (6.41), so they have less variation across all the irradiance situations.

Table 6.11 displays the accuracy of the input power, the efficiency of the MMC converter,
and the performance of the application under different situations of irradiance for the external and
internal PV panel connection. The results in Table 6.11 show the internal PV connection has the
same accuracy and application performance as the external connection compared to the best
situation that can be obtained from the external connection. This is because the MPPT is applied
globally over the PV panels and can achieve better a MPPT computation than the internal
connection.

In fact, MPPT controllers are less accurate when using internal panels: each SM has its
own MPPT, but the active power controller can only regulate the total of all the MMC voltage
cells. When using external PV panels, the accuracy is higher because the whole PV array voltage,
the DC-link voltage, is directly measured and regulated. Furthermore, the irradiance situations are
applied differently throughout the internal PV string as opposed to the external PV, which uses the
average change in the irradiances. Moving the PV panels into the MMC provides more advantages,
taking into account the fact that different irradiance situations could be applied over the external
PV panels instead of the average situation change, which reduces the computation accuracy of the
MPPT in different situations and effectively reduces their performance and accuracy.

As a result, the variations in accuracy and performance between the external and internal
PV panel connections, as illustrated in Figure 6.20(a) and (c), are very small. However, the
proposed LC-PWM provides a very consistent behavior in different situations.

On the other hand, the internal PV connection improves the converter efficiency somewhat
more than the external PV connection, as shown in Figure 6.20(b). This is because the PV panel
string is connected directly to the MMC SMs, which brings the energy sources within the converter
and removes the effect of the circulating current DC component losses.
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Table 6.11. Converter input power accuracy, converter efficiency, application performance,
and the percentage of the uncalculated error measurements using LC-PWM.

PV panels Situation Accuracy  Efficiency  Performance Measure Errors
connection [%0] [90] [90] [90]
1 99.99 98.76 98.72 0.0225
2 99.99 98.87 98.85 0.0230
3 99.98 99.00 98.98 0.0346
External PV
4 99.98 99.10 99.10 0.0323
5 99.97 99.20 99.16 0.0493
6 99.96 99.20 99.10 0.0814
7 99.81 98.70 98.40 0.1748
1 99.94 98.90 98.78 0.0180
2 99.94 99.10 98.90 0.0250
3 99.94 99.20 99.00 0.0301
Internal PV
4 99.93 99.40 99.10 0.0430
5 99.94 99.50 99.20 0.0560
6 99.95 99.60 99.20 0.0640
7 99.92 99.30 98.70 0.1330

Table 6.11 also indicates the percentage of the uncalculated power loss measurement as a
measurement error, which is consistently very low in all situations and even lower in the internal
PV connection compared to the external PV connection due to the higher efficiency. In fact, as
unexplained or uncalculated power losses, there were roughly 36 W in the external PV panel
connection and about 30 W in the internal PV panel connection at 100 percent irradiance. In both
circumstances, when the total power delivered by the PV panels declined with decreasing
irradiation, those numbers decreased.
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Figure 6.20: MMC comparison using LC-PWM for internal and external PV panel
connections (a) Converter input power accuracy (b) Converter efficiency (c) Application
performance.

6.4.5.3  The Effects of Different Capacitor Cell Sizes on the
Performance of PV Applications in MMC

The impact of the capacitor cell size on the performance of the PV application has been
considered, particularly because connecting the PV string directly to the MMC SMs would make
it very sensitive to the capacitor voltage ripple while computing the MPPT. The external PV panel
connection, on the other hand, is not directly connected to the SM capacitor and is more dependent
on the ripple of the DC-link capacitor. Figure 6.21 shows how changing the SM capacitor size
between 3, 6, and 9 mF affects the accuracy of the input power, the efficiency of the MMC
converter, and the application's performance for both internal and external PV panels. Thus, a Cswm
with size 3 mF introduces roughly +3.9% voltage ripple from the Vsm, while the 6 mF and 9 mF

introduce a voltage ripple of less than +1.8% and +1.3%, respectively.

In fact, as the voltage ripple decreases by more than 50% in the 6 mF and even more with
9 mF, this boosts the performance of the application in the event of internal PV connections and
increases the accuracy of the input power. Reduced voltage ripple at the SM, on the other hand,
lowers the circulating current and the power losses, but at the cost of increasing the capacitor size.
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performance.
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6.4.6 Scenario 2: PS-PWM Controlled MMC Connected to an
Isolated Load

PS-PWM modulation controlling the MMC has been simulated in this scenario, where an
MMC with four SMs per arm is used to analyze the converter behavior in two cases: first, by
connecting the PV panels externally to the MMC; while, in the second case, the PV panels are
integrated directly with the MMC cell. Then, the converter is connected to a three-phase resistive
load, with 13 Q per phase when the irradiance is 100%, but 130 Q when the irradiance decreases
to 10%. The target phase voltage on the outputs is required to achieve steady conditions, and it is
almost constant in all irradiance situations in order to replicate the behavior of a grid connection.

Table 6.12 displays the parameters of a three-phase MMC connected to an isolated load,
and they are virtually identical to those used to connect the MMC to the grid, as shown previously
in Table 6.3.

Table 6.12. Parameters of the three-phase MMC
connected to the isolated load.

Parameters Value
Active power (P) 169 kW
DC link voltage (Vdc) 3200V
DC link Capacitor (Cqc) 9000 pF
Switching frequency (Fs) 2000Hz
SM capacitance (Cswm) 6000 uF
SM capacitor voltage (Vsm) 807.4V
Number of SM in each arm (Nsm) 4
Arm inductor (Larm) 340 uH
Output inductor (Lo) 680 uH
Output capacitor (Co) 187 uF
Nominal load resistor (R) 13Q
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Meanwhile, the arm inductors, output inductors, and output capacitors have all been
decreased in size to clearly demonstrate the impact of the circulating current by clearly displaying
the circulating current ripples and components on the one hand, while the output filter has been
lowered in order to clearly view the output voltage distortion on the other hand. Thus, in scenarios
two and three, the contrast between the behavior of the PS-PWM and that of the proposed LC-
PWM would be clearly displayed.

6.4.6.1  Case 1: PV Panels Located Externally to the MMC

In this case, the PV panels are connected as a central converter using an array of 88 panels
in series and six strings in parallel; all receiving the same irradiance. The performance of the MMC
converter has been measured under different irradiance levels, evolving from 100% (situation 1)
to 10% (situation 7), increasing the load resistors accordingly in order to keep the output voltage
constant.

Table 6.13 illustrates the results of these simulations, including a measure of the low
harmonic distortion (LHD) from the 2" to the 19" harmonic, the total harmonic distortion at the
converter output voltage (THDc), the total harmonic distortion at the load voltage (THDo), the DC
and RMS components of the circulating current, and the RMS value of the circulating current when
its DC component is removed.

Table 6.13. Simulation results of the MMC modulated using PS-PWM with external PV

panels.
) ) Irradiance LHD THDc THDo DC (iz) RMS (i) RMS [i.—DC (i,)]
Situation [W/m?] [%6] [%] [%6] [A] [A] [A]
1 1000 0.22 23.7 0.98 17.4 58.5 55.8
2 850 020 2338 0.97 14.8 53.6 51.5
3 700 0.24 23.8 1.10 12.3 49.1 47.5
4 550 0.24 23.8 1.06 9.7 45.3 44.2
5 400 0.21 23.7 0.98 7.1 42.1 41.5
6 250 0.20 24.7 1.20 4.5 39.5 39.2
7 100 0.23 24.6 1.10 1.8 37.3 37.2
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6.4.6.2  Case 2: PV Panels Distributed Throughout the MMC

In this case, strings with 22 PV panels in series were integrated directly into each SM of
the MMC, as shown in Figure 6.1. Identical solar panels are used in all the SM, but the irradiance
changes at different SMs, as with the irradiance situations described in Table 6.7. However, all six
arms of the MMC converter receive the same average irradiance; so there will be very little energy
transferred from phase to phase or from arm to arm to keep them in a balanced situation. Therefore,
situations 1 to 7 of this case are mostly equivalent to those situations described in the previous
case.

The PV panels can be placed in clusters, as previously indicated in section 6.4.5, to keep
the energy balanced across phases on the one hand, and between the upper and lower arms on the
other.

Table 6.14 displays the simulation results obtained by using the various irradiance
circumstances listed in Table 6.7, where the simulation is performed repeatedly in each situation
to illustrate the influence of the changes in irradiance in terms of shadow or clouds.

Table 6.14. Simulation results of the MMC modulated using PS-PWM with distributed

PV panels.
o LHD THDc THDo DC(iz) RMS(iz) RMS [iz—DC (iz)]
Situation [%] [%6] [%] [A] [A] [A]
1 0.23 23.8 1.2 0 63.1 63.1
2 0.26 23.7 1.3 0 57.3 57.3
3 0.28 23.6 1.2 -0.01 52.5 52.5
4 0.88 23.4 2.7 -0.07 53.1 53.1
5 0.82 23.5 3.7 -0.03 48.9 48.9
6 0.84 23.6 4.3 0.04 43.7 43.7
7 0.26 23.6 1.4 0 63.1 63.1

These results, also included in Figure 6.22, clearly show the ability of PS-PWM to manage
an external array of PV panels even with different irradiances, as they clearly show a steady
distortion while the irradiances change, but they also demonstrate the problems that arise when
trying to deal with different irradiance levels for different PV cells when they are distributed
throughout the MMC cells. In such a case, the target voltages are different due to the MPPT, while
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fixed PWM carriers do not adapt to the said changes. Thus, the LHD and THDo of the voltage
distortion increase beyond tolerable levels. This issue is more evident in situations 4 to 6 due to
the irradiance differences in those situation ranges being much higher than in other situations.

PS-PWM PS-PWM
1 5
0.8 . 4
o d
So.6 3
a 4
T 0.4 g2
= = S
0.2 — 1 —
0 0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Irradiance situations Irradiance situations
—Internal PV -External PV ~Internal PV —External PV
(@) (b)

Figure 6.22: Comparison of the voltage harmonic distortion in external and internal PV panel
connections using PS-PWM. (a) Reflect LHD (b) Reflect harmonic distortion in terms of THDo.

External PV panels are a better option when using PS-PWM, not only because of a wider
operation range, as demonstrated above, but also because the achieved performance is greater.
Table 6.13 clearly shows that the DC component of the circulating current is proportional to the
power supplied by the external PV panels, and Table 6.14 registers that this DC component is
completely removed when moving PV panels into the MMC converter. However, the RMS value
of the circulating current remains mostly constant when moving the PV panels into the MMC
converter, and an increase of about 10% is observed when removing the DC component from the
circulating current.

This issue reflects the lack of control on circulating currents when using PS-PWM, and it
must influence the conduction power losses of the MMC converter. Table 6.15 shows the results
of these simulations where the conduction power losses, the power losses when each
semiconductor is ON (Piosses on), have been estimated using Equation (6.43). Then, the efficiency
of the MMC converter and the performance of the application can be computed to describe the
behavior of the MMC under the PS-PWM controller.

As can be seen in Table 6.15, the power losses and converter efficiency are mostly equal
when using internal or external PV panels, because the RMS value of the uncontrolled circulating
currents remains constant. Moreover, the application performance when using internal PV panels
is even smaller than the corresponding value seen with external panels. This is because the MPPT
controllers are less accurate: when using internal panels, each SM has its own MPPT, but only the
sum of all the MMC voltage cells can be regulated by the active power controller; while the whole
PV array voltage, the DC-link voltage, is directly measured and regulated when using external PV
panels. In this case, moving PV panels into the MMC converters gives no advantage.

160



Table 6.15. Converter power losses, converter efficiency, and
application performance using PS-PWM.

: . Power losses  Efficienc Performance
commection. SOy R
1 3712 97.7 97.5
2 3117 97.7 97.5
External 3 2615 97.6 97.4
PV 4 2212 97.4 97.2
5 1905 96.9 96.7
6 1671 95.7 95.5
7 1480 90.3 90.2
1 4110 97.4 97.1
2 3405 97.4 97.1
Internal 3 3056 97.4 97.1
PV 4 2668 96.8 96.6
5 2310 96.1 96.0
6 1968 94.9 94.7
7 1486 90.0 90.1

However, from another perspective, the external PV panels connection is actually a central
connection, as this type of connection normally requires an intermediated booster converter to
regulate the voltage of the PV panels, which adds extra cost and installation work. Furthermore,
the performance defect of the booster converter will add to this situation, giving the internal PV
connection an advantage.
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6.4.7 Scenario 3: LC-PWM Controlled MMC Connected to an
Isolated Load

The proposed LC-PWM modulation has been simulated in this scenario in the same
situations as the second scenario for PS-PWM, using the same parameters of the PV panels as
described in Table 6.2, as well as the same parameters of the MMC as described in Table 6.12. In
case 1 of this scenario, a uniform averaged irradiance is once more used on the external PV array;
while different irradiances are used at different MMC cells when using internal PV panels in case
2, following the same situations as those described previously in Table 6.7.

6.4.7.1  Case 1: PV Panels Located Externally to the MMC

Again, a 6x88 PV array is connected at the DC side of a five level MMC converter that
feeds a resistive load, but in this case, the newly proposed LC-PWM modulation is applied. The
distortion results shown in Table 6.16 are consistent in a wide operation range (irradiance from
100% to 10%) and moderate when compared to those results registered for the PS-PWM in Table
6.13.

Table 6.16. Simulation results of the MMC modulated using LC-PWM with external PV panels

. Irradiance LHD THDc THDo DC(iz) RMS(i;) RMS][iz—DC (i7)]
Situation

Wim?  [%] [%] [%] @ [A] [A] [Al
1 1000 0.43 26.7 1.37 17.3 18.4 6.2
2 850 0.45 26.8 1.35 14.8 15.7 5.2
3 700 0.45 26.9 1.37 12.2 12.9 4.2
4 550 0.47 27.1 1.38 9.6 10.3 3.7
5 400 0.46 27.3 1.37 7.1 7.5 2.4
6 250 0.45 27.4 1.39 4.4 4.8 1.9
7 100 0.47 26.4 1.39 1.9 2.6 1.7
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The main difference is that circulating current is mostly limited to the function of moving
energy from the external PV panels to the internal capacitors. In comparison to the PS-PWM, the
proposed modulation LC-PWM keeps the arms of the converter balanced and suppresses the 50
Hz component of the circulating current to the minimum under the same circumstances. This is
due to the method based on measuring the instantaneous voltages of the MMC SMs, which
precisely synchronizes the transition from one level to another, and this effectively removes all the
unwanted glitches from the circulating currents.

6.4.7.2  Case 2: PV Panels Distributed Throughout the MMC

In this case, PV panels are once more distributed throughout the MMC cells, placing a
string of 22 serially connected PV panels at each SM. As above, all the panels at each SM receive
the same irradiance, but different cells receive different irradiances, as described in Table 6.7.

Table 6.17 shows the results generated in these simulations. Now, the voltage differences
between different cells are compensated by the LC-PWM and as a result, the output distortion is
under control in the whole operation range for this application, from 100% irradiance to 10%, even
with variable irradiance at different MMC cells.

Table 6.17. Simulation results of the MMC modulated using LC-PWM with distributed

PV panels.
Situation LHD THDc THDo DC(iz) RMS(iz) RMS]iz—DC (iz)]

[%] [%0] [%] [Al [A] [A]
1 0.37 26.1 1.38 -0.02 3.35 3.35
2 0.39 26.2 1.38 -0.03 2.85 2.85
3 0.39 26.2 1.38 0 2.44 2.44
4 0.42 26.3 1.38 -0.01 3.68 3.68
5 0.41 26.1 1.40 0 3.48 3.48
6 0.38 26.2 1.42 -0.02 3.12 3.12
7 0.36 26.1 141 0 2.33 2.33
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In addition, Figure 6.23 clearly shows that the LC-PWM can keep distortion within
acceptable levels for any irradiance situation when using external and also internal PV panels in a
consistent manner.
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Figure 6.23: Comparison of the voltage harmonic distortion in external and internal PV panel
connections using LC-PWM. (a) Reflect LHD (b) Reflect absolute harmonic distortion in terms
of THDo.

Table 6.17 further illustrates that the DC component of the circulating current has been
eliminated, since the PV panels supply energy directly to the MMC capacitors, and the RMS value
of the circulating current represents just the 50 Hz component needed to maintain the arms
balanced with undesired components due to switching. This is lower than in the previous case,
indicating that the proposed modulation works more accurately with distributed PV panels than
with external PV panels.

The power loss analysis, registered in Table 6.18, confirms the improvement achieved with
the LC-PWM, an optimized modulation that takes into account the measured voltages of the MMC
cells and synchronizes each level-to-level transition to remove all transients in the circulating
current.
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Table 6.18. Converter power losses, converter efficiency, and application
performance using LC-PWM.

PV panels Situation Power losses Efficiency Performance
connection (W] [%0] [9%0]
1 1588 99.1 99.1
2 1304 99.1 99.1
3 1065 99.1 99.1
External PV
4 872 99.1 99.1
5 723 98.9 98.9
6 621 98.6 98.5
7 554 96.7 96.6
1 1329 99.2 99.1
2 1116 99.2 99.1
3 937 99.2 99.1
Internal PV
4 794 99.2 99.1
5 679 99.1 99.0
6 610 98.7 98.6
7 536 96.9 96.8

Figure 6.24 clearly shows that the proposed LC-PWM modulation may decrease the
conduction losses of the MMC converter by more than 60% when comparing it to the traditional
PS-PWM modulation, and this feature is immediately translated to the converter efficiency.
Moreover, using the proposed modulation reduces power losses further, by up to 17%, when
moving the PV panels into the MMC converter, as seen in Table 6.18.
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Figure 6.24: Comparison of MMC power losses using LC-PWM and PS-PWM.

The performance analysis for this application is shown in Figure 6.25. Both, the LC-PWM
and PS-PWM modulations are applied first to a set up with external PV panels and uniform
irradiance, and then to a second set up with internal PV panels and variable irradiance. A third
setup, represented using dashed lines, shows the application performance when the PV panels are
connected outside the MMC converters, and 99% efficient boosters are used on each PV string to
deal with variable irradiances.

The best performance results were achieved when using the LC-PWM and internal panels,
with no boosters, offer two reasons: first, integrating the PV panel string directly into the SM
removes the DC component of the circulating current effect; second, the proposed modulation
keeps the arms of the converter balanced and suppresses the 50 Hz component of the circulating
current to the minimum under the same circumstances; this is due to the method being based on
measuring the instantaneous voltages of the MMC SMs and precisely synchronizing the transition
from one level to another, which effectively removes all unwanted glitches from the circulating
currents. This also means the external PV connection has almost the same performance as the
internal connection using the LC-PWM.

Furthermore, in this situation, the internal PV connection compared to the best situation
that can be obtained for the external PV connection. This is due to the external PV panel having a
global and direct MPPT, where the MPPT is applied over the entirety of the connected PV panels
to get the Vmpp. However, this setup can only be used when uniform irradiance is expected in the
application and a global MPPT can be applied. For applications where variable irradiance
throughout the PV field is an important issue or frequent situations of partial shadowing are
expected; then the best performance results were obtained using LC-PWM and PV panels spread
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throughout the MMC converter, a topology that uses the switches of the MMC cells to apply an
MPPT at each PV string.
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Figure 6.25: MMC performance comparison using LC-PWM and PS-PWM.

On the other hand, the PV application performance in the external and internal PV panel
connections with the PS-PWM is worse than those with the proposed LC-PWM. This is because
the PS-PWM is working with the fixed frame of voltage, which increases the RMS value of the
uncontrolled circulating currents. Furthermore, when the internal PV panel is used, the
performance is worse than the corresponding value seen with the external panel using the PS-
PWM. This is because, as mentioned before, the MPPT controllers are less accurate when using
internal panels, where each SM has its own MPPT. The sum of all the MMC voltage cells can only
be regulated by using the active power controller; while the whole PV array voltage, the DC-link
voltage, is directly measured and regulated when using the external PV panels.

In addition, Figure 6.26 shows the behavioral differences between LC-PWM and PS-PWM
in distributed PV panels on irradiance simulations for situation 4, which is the most difficult
situation since the irradiance variation among the MMC cells is around 30%. One of the MMC
phase voltages, phase ‘a', shown in the upper row, describes the smooth transition between each
two-level, reflecting the low THD described in the above tables; the second row displays the
voltages of the upper and lower capacitors, where it can be seen that the capacitor ripples, while
using the proposed modulation, fluctuate less during the charge and discharge which eventually
means a better performance; while the last row shows the circulating current in one phase,
demonstrating a clean and controlled behavior when using LC-PWM.
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Figure 6.26: PS-PWM modulation (a) is compared to LC-PWM modulation (b) using
distributed PV panels on simulations referred to the irradiance in situation 4. The first row
displays a phase to DC midpoint voltage at the output of the MMC converter; the second row
shows the capacitor voltages; and the third row registers the internal circulating current in one
phase when using these two modulations.

Figure 6.26 clearly shows that the circulating current produced while using LC-PWM is
very small and has no 100 Hz component, unlike the circulating current on the PS-PWM, where it
can clearly be seen that the 100 Hz component appears and a regulator has to be applied to remove
it on the one hand, and to suppress the other components on the other hand.
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Conclusions and Future Work

Contents of This Chapter

» Section 7.1 summarizes the most important findings of this research work.

» Section 7.2 outlines the proposals for further research made in the
individual chapters.
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7.1 Conclusions

Grid-connected PV power systems have grown increasingly significant, popular, and
widely used across the world, particularly as many countries seek to enhance their usage of clean
and renewable energy sources. This popularity grew even further as the price of PV modules fell
by an average of 10% per year over the previous three decades across the entire world. PV cells
use the photovoltaic effect to convert solar energy into electric energy; therefore, their efficiency
and dependability are critical for capturing as much solar energy as is feasible. The power
converters that condition the power and provide it to the grid or load, on the other hand, are vital.
As the power conversion system is so important and has very effective results over the power used
by these applications, the design of the power conversion stage inside the PV inverter system is
continuously evolving to increase the accuracy, efficiency, and longevity of the power converters.
More recently, the dependability and safety of the complete PV system in operation has received
more attention.

This research project, which was conducted from March 2018 to December 2021 at the
Department of Electronic Technology at the University of Valladolid in Spain, identified a new
modulation method named “local carrier PWM” (LC-PWM) as a result of the study and evaluation
of electronic power converters distributed in photovoltaic generation applications. This new
proposed modulation has been found to control MMCs with PV panel strings distributed
throughout their cells. In this application, each SM is connected to a PV string, and it applies an
MPPT that targets a voltage not related to other cells. These variable voltages at MMC cells
generate an unacceptable distortion at the output voltage when using traditional modulations, as
seen in a few simulations; they also increase the internal circulating currents with an undesirable
effect on the semiconductor ratings and converter power losses.

The proposed LC-PWM uses the available cell voltage information to generate more
accurate voltages at the MMC arms, which reduce the internal circulating currents to a great extent
and maintain the output distortion in moderate values for a wide operating range. Furthermore, the
modulator sampling period is slightly lengthened or shortened to reach each level-to-level
transition with the correct number of inserted cells, removing undesired fast transients from the
circulating currents.

A few simulations of different irradiance situations were used to validate this development.
They demonstrate the behavior and consistency of the proposed LC-PWM that greatly reduces the
circulating currents; they also demonstrate that the power losses of PV applications can be reduced
by 16% when using MMCs with distributed PV panels rather than external PV panel connections
on applications connected to the AC grid, while a 17% reduction has also been measured when
connecting to an AC load. Furthermore, the proposed LC-PWM modulation decreases conduction
power losses of the MMC converter by more than 60% when compared to the traditional PS-PWM
modulation, and this feature is immediately translated to the converter efficiency.

172



In addition, the circulating current produced when controlling the MMC using the proposed
LC-PWM is not only small, but the results show no 100 Hz component; this is due to the method
being based on measuring the instantaneous voltages of the MMC SMs that result in lower losses.
Furthermore, the proposed modulation method includes a precisely synchronized transition from
one level to another, which further reduces losses by effectively removing any undesirable glitches
from the circulating currents.

Finally, since traditional PWM methods contribute to balancing the energy stored at the
MMC arms in the situation of small imbalances while LC-PWM does not, a separate PI controller
to control the AC and DC components has been implemented to react to any unbalanced energy,
taking into account the phase to phase and arm to arm power imbalances.

Besides that, it has also been proposed that PV panels should be arranged in clusters of six,
one for each MMC arm, so that the power generation of all the arms is mostly the same for any
situation of irradiance and temperature, and thus circulating currents and losses will be minimized.

7.2 Future Development

The modular characterization of the MMC, represented by modularity, scalability, and high
conversion efficiency, can be used as a perfect converter candidate to work with the PV application
systems by efficiently extracting and converting energy from PV panels. Storage energy can thus
be increased, allowing the PV system to supply more power to consumers at night. This flexible
capability is also beneficial for battery energy system grid integration.

Over the last few years, there has been a broad range of research developments in the MMC
in terms of analyzing and improving different topologies, output current control methods,
circulating current control techniques, modulation techniques, and applications. Still, there are a
few research thoughts that need to be addressed in order to broaden the compatibility of converter
applications. This research project has uncovered important areas of further research which could
not be addressed during its limited timeframe:

e The PV panels distributed throughout the MMC topology must be further analyzed and
modified due to the need to gain more power and minimize losses further in order to
compete with typical high voltage converters. Basically, research and analyses of various
power semiconductors are required to construct the MMC SM, and the studies must also
contain topologies and connection improvements. It is also necessary to analyze the
connections between the MMCs elements.

e One of the disadvantages of the MMC is that it needs the use of expensive and bigger
floating capacitors in converter cells to avoid voltage ripple during low-frequency
operation, thereby reducing converter imbalances. To address this problem, a high-

173



performance control strategy must be developed and implemented. The MMC application
range might be extended by overcoming this issue, and application voltages could be
increased to medium/high levels.

The design and implementation of capacitor voltage control systems, which reduce system
imbalances and losses by employing various capacitor types and sizes. Two further, very
interesting research subjects for consideration are the cost of the converter and its stability.

Another important consideration when employing the MMC in high-voltage systems is its
DC-side fault-blocking capabilities. The majority of high-voltage application-based
MMCs employ HBSM, which is unable to stop DC fault current. As a result, DC fault
concerns can be solved with FBSM and/or clamp-double SM; although these SMs are
rarely employed in commercial devices due to the increases in converter cost and
complexity. It is also possible that the converter efficiency may decline as the
semiconductors increases. This issue has given rise to the possibility of new ideas and
studies centered on the use of circuit breakers to regulate the DC fault current.

Finally, the development of a fully functional MMC-based distributed PV application
appropriate for the experimental verification and validation of all the principles covered in
this thesis is required. It would also be required if the existing control techniques were to
be extended to include MMC behavior under an imbalanced grid connection.
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Appendix A

The MATLAB/Simulink simulation models for the MMC controlled by the proposed LC-PWM
for this thesis work investigation are presented below.
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Figure A.1: LC-PWM controlling MMC simulation module for Chapter 6 (a) Simulation
overview-based grid /load connected PV MMC (b) LC-PWM switching signal to control the
MMC after applying selection method (c) PV panels string for integrating to each MMC SMs.
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Figure A.2: (a) Upper arm connects parts in phase 'a'. (b) Legs and arms of the MMC
simulation module for Chapter 6
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Figure A.3: The MMC simulation module for calculating LHD, THD, Accuracy, Efficiency,
Performance, and unexpected errors by calculating the energy stored in the MMC element
capacitors and inductors for Chapter 6.
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Appendix B

The MATLAB/Simulink simulation models for the MMC controlled by the traditional PS-PWM
for this thesis work investigation are presented below
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Figure B.1: PS-PWM controlling MMC simulation module for Chapter 6 (a) Simulation
overview-based load connected PV MMC (b) PS -PWM switching signal to control the MMC
after applying selection method (c) PV panels string for integrating to each MMC SMs.
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from the MMC and THD for the voltage at the load.
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