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Abstract

The introduction of advanced technological components, such as modular multilevel con-
verters (MMC), is crucial to reach a more meshed and interconnected electrical system
with the increasing percentage of renewable generation, storage systems and all the re-
quired technology to move towards a sustainable energy model. This MSc thesis has car-
ried out a practical study on MMCs. A Simulink model has been developed to simulate a
laboratory prototype and develop controllers for the three operating modes investigated:
isolated, grid-connected and STATCOM. Moreover, the required energization, synchro-
nization, and connection procedures have also been designed. Then, the tests have been
reproduced in the real prototype. The results prove the versatility of the MMC in the
mentioned scenarios. The work provides an integral overview of the MMC possibilities in
the future electrical system and establishes a robust base for experimentation in coming

studies.

Keywords: MMC, HVDC, prototype
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Abstract in lingua italiana

L’introduzione di componenti tecnologici avanzati, come i convertitori modulari multiv-
ello (MMC), ¢ cruciale per raggiungere un sistema elettrico pitl interconnesso e a maglia,
con una percentuale crescente di generazione rinnovabile, sistemi di accumulo e tutta la
tecnologia necessaria per avanzare verso un modello energetico sostenibile. Questa tesi di
MSc ha condotto uno studio pratico sugli MMC. E stato sviluppato un modello Simulink
per simulare un prototipo di laboratorio e sviluppare controllori per i tre modi opera-
tivi investigati: isolato, connesso alla rete e STATCOM. Inoltre, sono stati progettati
anche le procedure necessarie per l'energizzazione, la sincronizzazione e la connessione.
Successivamente, i test sono stati riprodotti nel prototipo reale. I risultati dimostrano la
versatilita del’MMC negli scenari menzionati. Il lavoro fornisce una panoramica integrale
delle possibilita degli MMC nel futuro sistema elettrico e stabilisce una base solida per la

sperimentazione negli studi futuri.

Parole chiave: MMC, HVDC, prototipo
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Introduction

Government authorities and general society are becoming more concerned about the chal-
lenges of climate change and the reliability and cost of energy supply. In response, the
administrations are reconsidering their energetic strategies, focusing on using renewable
resources. On the path to a sustainable electrical system, it is crucial to introduce ad-
vanced technology, such as modular multilevel converters (MMCs), not only to optimize
efficiency but also to ensure the stability and resilience of the grid. MMCs stand out for
their ability to enhance the interconnections and meshability of the electrical system and

facilitate the integration of different renewable energy sources, energy storage, etc.

The work developed in this thesis is a theoretical and practical study of MMCs, starting
with a theoretical overview of this type of converter and following with simulated and
experimental analysis with a laboratory prototype. It is framed within a research project
called ’Control "Grid Forming" para Operacion Avanzada de Sistemas Electricos con Gran
Penetracion de Energia Renovable’ at UPV (Universitat Politécnica de Valéncia), where
the author is hired as a researcher. Then, one of the initial tasks of the project, which
is to commission a recently purchased laboratory MMC prototype, has been employed to

complement the already started theoretical study for the MSc Thesis.

Three different operation modes have been analysed: isolated mode, grid-connected mode
and STATCOM mode, each representing one of the main applications of the MMCs.
Furthermore, the process of bringing the converter from a disconnected and de-energised
state towards each operation mode is developed and tested. In this way, the work done

in this thesis provides a solid base for research and testing for the mentioned project.

The thesis is divided into four main chapters. The first one provides the context of
MMC s, explaining how they fit into the electrical system as the best alternative for
specific applications where their advantages excel. It starts with an overview of the
actual system and other converters, exposing their differences from MMCs to show why

these are preferred for high-voltage conversions.

While the first chapter justifies the purpose of the MMCs and the necessity of research,

the second chapter provides an overview of these converters’ state of the art. The chapter
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is centred around the structure of the converter, the operation and the main applications.
With this chapter, the theoretical base of the thesis is concluded, so the following two

chapters are dedicated to the practical work.

The third chapter of the thesis describes the system under study. First, the MMCs
laboratory prototype is described, along with how it is modelled in Simulink to conduct
the desired tests. Then, the powering-up issues of the converter are explained, as well as
the circuitry that has been designed to manage them. Finally, the three scenarios under

study are defined, and their respective control algorithms are specified.

Finally, the fourth chapter focuses on the results obtained for each defined scenario. In
all cases, the simulation results are first shown and validated afterwards by the physical
testing in the MMC test bench. The results confirm the suitability of the converter
and the controllers employed for the indicated applications. Furthermore, the procedures
designed to reach the operation modes are proven to drive the converter safely towards
the operation, constituting a reliable starting point for further study with the MMC along
the project.

The thesis is closed with the conclusion chapter, where the project’s outcome is summa-
rized, highlighting the work’s applicability. The main contributions are briefly acknowl-

edged, and the future work to be continued after this thesis is commented on.



]_ ‘ Modular Multilevel Converters

context

1.1. Electrical Power Transmission

Among the diverse forms of energy, electricity stands as an exceptionally versatile re-
source, capable of efficient transmission over extensive distances and seamless conversion
into mechanical energy and vice versa. These characteristics make it suitable for hu-
man utilization, powering homes, industries, and technology, as it enables consumption
at considerable distances from its generation sources.As our society becomes increasingly
dependent on electricity, the efficient and reliable transmission of power becomes crucial

to meet the ever-increasing energy demands.

There are two ways in which electricity is transmitted: continuous and alternating cur-
rent. Historically, the development of electrical power transmission has been primarily
based on Alternating Current (AC) systems, which have proven well-suited for different
voltage applications, distribution networks, and general power grid infrastructures. Its
adoption spread rapidly worldwide due to its numerous advantages, among which stands
out the voltage regulation. This feature enables power to be efficiently stepped up to high
voltages for long-distance transmission, reducing losses during transportation. Conversely,

consumption and generation are done at more suitable lower voltages.

On the other hand, AC power transmission also has some drawbacks the electric system
has dealt with over the years. Firstly, the alternating voltage must be perfectly synchro-
nized along the grid to keep it stable, which involves several control actions and limitations.
Also, AC loads involve inductive and capacitive phenomena that must be appropriately
managed. Even line conductors have intrinsic inductive and capacitive properties affecting
AC transmission. Indeed, intermediate taps for reactive power compensation are needed

at long-distance AC lines.
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Figure 1.1: Traditional electrical energy transmission system.

Despite the AC disadvantages, DC transmission has been traditionally displaced due to
the high cost and complexity of high voltage DC voltage operation compared to AC power
transformers. However, advancements in power electronics have made DC systems more
and more affordable in the later years. While AC transmission is still the dominant
choice for power grids worldwide, some limitations have led to the rise of High-Voltage
Direct Current (HVDC) applications such as long-distance transmission, interconnecting

asynchronous grids, submarine power transmission, or efficient offshore wind integration.

HVDC is a power transmission technology that employs direct current at high voltage
levels, taking advantage of both DC transmission benefits and the small power losses
associated with high voltage. In this way, large amounts of power can be transmitted in

direct mode.

With the increasing adoption of HVDC in a system where alternating current is un-
questionably imposed, research and development efforts have been focused on high-power
converters. These converters are crucial components in HVDC systems, responsible for
converting AC power to DC and vice versa, allowing bidirectional power flow and efficient

integration of the HVDC systems into the central AC system.

This energy conversion is complex and expensive for high voltage and power, so it has not
been commonly implemented throughout history. However, the technological advance-

ments are making it more and more affordable.
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Figure 1.2: Alternative HVDC electrical energy transmission system.

To this effect, Modular Multilevel Converter technology (MMC) has been recently devel-
oped to provide a high voltage and high power solution. The MMC modular structure
makes it ideal for many advanced power applications that will be gaining importance
in the electric system soon. In particular, MMC has been proven as the most suitable
partner of the HVDC technology.

1.1.1. AC vs. DC Power transmission

The developments of MMC and HVDC are making the HVDC technology more and more
attractive for power transmission systems. Indeed, this technology is the only technically
acceptable at a reasonable cost for some scenarios. In order to see the applications in which
HVDC transmission arises as the most appropriate solution, it is necessary to explore the
technical differences between both transmission technologies, highlighting their strong and
weak aspects. However, it should be noted that HVDC is not the only niche where MMC

can be employed, and other applications will also be studied in this project.

Advantages of HVDC transmission

1. Line cost: The first and one of the most important aspects is the economical
one, as it is what determines whether or not the engineering projects are carried
out. It has been emphasized how AC/DC converter station costs have traditionally
limited the application of high-voltage DC systems. However, the unitary cost of

the transmission line itself is lower for DC than for AC for several reasons:
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e The number of conductors in DC is 2 (or even just 1), while there are always
three conductors in triphase systems. The reduction of conductors involves a
significant downsizing in terms of space and required structures, especially in
the case of aerial lines. In addition, this becomes a crucial issue in places where

obtaining the ’right of path’ for electrical lines is a difficult task.

e The skin effect is an important phenomenon affecting AC lines. Due to constant
variation of the alternating current, the current tends to concentrate on the
periphery of the conductor, so its effective section is reduced. DC conductors
carry constant current, so they do not suffer this effect, and all the conductor
section is exploited. In other words, DC transmission allows the use of smaller
conductors compared to AC transmission with the same current rating, which

reduces line cost.

e An essential feature of DC systems is that they do not involve reactive power.
Only active power is transmitted through DC lines. Therefore, the conductors
can be fully loaded with maximum active current. If the DC line is connected
to an AC system with some reactive power requirements, they are provided by
the converter station but are invisible to the DC line. Thus, the DC conductors
are sized just for the active power requirements, reducing the line section and,

consequently, its cost.

e The sizing of conductor isolation requirements depends on the voltage peak. In
AC systems, the peak voltage is /2 times greater than the Root Mean Square
(RMS) value, which relates to the actual power delivered. Conversely, the
peak voltage in DC systems coincides with the nominal value. Consequently, a
DC line necessitates lower isolation than an AC line with an equivalent power

rating and, consequently, a reduced unitary cost.

The unitary line cost is lower for DC transmission, while the converter cost is still
higher. Therefore, there is a critical distance where the total cost of an AC line
and a DC line are equal, as it is represented in fig. 1.3. DC lines become a more
cost-efficient solution for line lengths above this distance, which is around 500 km
for onshore lines and 50 km for offshore ones. Enhancements on power converters
will enable the reduction of station costs and, therefore, the value of the critical

distance.
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Figure 1.3: Cualitative cost comparison of HVDC line vs. traditional AC line.

2. Reactive power losses at the lines: In general, the presence of reactive power,
characteristic of AC systems, involves a capability reduction and a cost increase.
This issue enhances the previous point: line unitary cost of AC lines is increased so

that the HVDC station over cost is more easily compensated for long-distance lines.

Moreover, not only do the AC loads consume reactive power but also AC lines have
capacitive and inductive behavior that have a significant effect when the line is long
enough. Then, series and shunt compensation taps are needed to compensate for
the reactive power consumed by the lines, making them remarkably more expensive.
These reactive power compensation stations are another per unit length cost that

makes long AC lines costlier compared to DC lines.

Electrical lines have parasitic capacitances between conductors and between the con-
ductors and the ground, usually represented as two shunt elements in the classical
m-line-model seen in Fig. 1.4. This capacitance (actually, per-unit-length capac-
itance) takes important values for underground and especially underwater lines.
In addition, the high voltages and low currents used for long-distance high power

transfer emphasize the capacitive behavior of the lines.

T 1

Figure 1.4: m-Model of electrical line.
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In general, a permanent reactive component is established through the capacitance
in the case of AC transmission. Figure 1.5 shows the current phasors on a line
model whose per-unit-length capacitance has been discretized in 3 steps, assuming

that the power demanded by the right (receiving) port has unity power factor.

&
&
<
&
<

Figure 1.5: Phasor diagram currents flowing through a discretized highly capacitive line.

The line must be sized to withstand the maximum current magnitude, which is sig-
nificantly higher at the beginning of the line. Therefore, the line would be designed
for a much higher current than the one that arrives at the end of the line. In other
words, the useful conductor capability is underexploited from the receiver’s point
of view. Conversely, the capacitance has no steady-state effect on DC transmission.
Once the final DC voltage is achieved and the 'capacitor’ is charged, it acts as an

open circuit, and there is no extra current to flow through it.

This issue becomes critical in places where the line capacitance value gets high
values, being the submarine cables the primary instance. For this application, cables
would have to be sized up to a conductor section much greater than the section that
the useful active power would require, making the critical distance much shorter.
In this case, medium-distance submarine lines practically require the use of HVDC.
The line capacitance effect impacts all kinds of lines, but the distance at which it

becomes decisive is much higher for classical aerial lines.

3. Grid Synchronization: The backbone of a well-functioning AC grid lies in its
ability to maintain a controlled and consistent frequency across the interconnected
network of power generation, transmission, and consumption. Each connected gen-
erator contributes to the overall grid frequency, typically maintained at 50 or 60
Hz, depending on the region. Differences in frequency or phase can prevent direct
connection of two separate AC grids. By converting AC to DC and back to AC,
HVDC systems allow energy to flow seamlessly between grids operating at distinct

frequencies, effectively harmonizing their operation.
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The importance of grid synchronization is critical for the reliability of power sys-
tems. De-synchronization could lead to frequency imbalances, voltage instabili-
ties, and potentially catastrophic blackouts. Stabilization mechanisms are crucial
in maintaining grid synchronizationeven under dynamic conditions. Not only does
HVDC allow the coupling of unsynchronized systems, but also contributes to sta-
bilizing the grid’s frequency when proper grid-forming controls are implemented at

the converter stations.

Disadvantages of HVDC transmission

1. DC/AC conversion complexity: One of the main obstacles lies in the process
of converting significant amounts of power from AC to DC and vice versa, specially
when dealing with high voltages. These difficulties traduce to fixed costs related to
HVDC stations, which are always higher than the corresponding for an AC station.

Converting large power quantities while maintaining efficiency and reliability de-
mands advanced high-power electronics capable of seamless switching and minimal
energy loss. Such technology come with associated complexities and costs. Despite
modern power electronics have significantly enhanced the efficiency of these pro-
cesses, the challenges of managing significant power and voltage persist, and the

economic cost is still high.

2. HVDC Circuit Breakers: AC and DC circuit breakers have the same job: in-
terrupting or isolating faulty circuits in case of overloads, short circuits, or other
abnormal conditions. However, their operating principles diverge due to the dis-
tinctive characteristics of AC and DC systems. AC circuit breakers are designed to
extinguish the arc from current interruption during natural zero-crossing points in
the AC waveform. In contrast, DC circuit breakers face the challenge of interrupting

continuous current flow.

The absence of zero crossings means the arc generated during interruption persists
until deliberately put out. This difficulty demands more robust designs, arc ex-
tinguishing methods, and insulation to counteract the sustained arc and maintain
safe operation. Ensuring the security of DC grids requires enhancing circuit breaker

technology.
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1.2. HVDC Converter stations

The distinctions between AC and DC transmission methods have been exposed, revealing
the circumstances in which HVDC emerges as the optimal solution. The core challenge
(and the associated cost) of HVDC transmission lies in the conversion between AC and
DC. This section provides an overview of the technology that drives these converters in

order to understand the application of the core converter of the thesis: MMCs.

The core of every HVDC station is the converter that transforms AC into DC and vicev-

ersa. Various technologies have been historically used for HVDC systems:

e Initial systems: One of the earliest methods designed for HVDC is the Thury
system, developed at the end of the 19th century. It was an alternative to AC
transmission and power transformers, consisting of series-connected generators to
obtain a high voltage, but it had high energy losses and maintenance requirements,

leading to its displacement.

The Mercury-arc valve, developed at the beginning of the 20th century, is the tech-
nology that first allowed current rectification for high-power applications. It was
predominant in HVDC systems until it became obsolete due to the beginning of

high-power solid-state electronics.

e Line Commutated Converters (LCC): Since the 70s decade, only solid-state
converters have been employed for HVDC applications, and some previous HVDC
systems were enhanced with this technology. The first type of solid-state converters
for HVDC uses thyristors (silicon-controlled rectifiers) as the main switching devices.
This system, shown in the left side of fig.1.6 is currently the most used for HVDC

applications.

They rely on some control signal to switch on and can be turned on at specific
points in the AC waveform when the voltage across them naturally goes through
zero, which is known as natural commutation. LCCs have limited control over
the power flow once the thyristors are triggered. This means that they require an
external circuit to extinguish the current. The role of this external commutation
circuit is played by the AC power grid to which the converter is connected, that is

why these converters are called Line-commutated.
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Figure 1.6: LCC (left) and CCC (right) converter structures.
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This line-commutated characteristic is shared with the previous mercury-arc systems
and made it impossible for these converters to work on passive circuits, they need
the presence of traditional AC generators in the circuit to operate as an inverter.
It also limits their control over reactive power, which can be critical in maintaining

grid stability, especially during contingencies or fault conditions.

In addition, LCCs generate a considerable amount of harmonic distortion at rela-
tively low frequencies in the AC grid due to their abrupt switching action, leading to
power quality degradation and increased electromagnetic interference. As a result,
LCC stations require the use of bulky filters and reactive power compensators that

increase the cost and complexity of the station, limiting their applicability.

e Capacitor Commutated Converters (CCC): This system is just an improve-
ment of the LCC that enhances the commutation performance. The upgrading of
this system lies in the series connection of some capacitors between the thyristor
valves and the AC transformers, as depicted at the right side of fig. 1.6. They reduce
the required period of reverse voltage to effectively switch off, a limitation derived
from the need for an active AC system to turn off the thyristor valves. Despite the
improvements, this system has not become very popular due to the development of

VSCs, that overcome the limitations of the line-commutated converters.

e Voltage Source Converters (VSC): The voltage source converters consist of
other types of semiconductors such as GTO or IGBT that are capable of turning
on and off just by employing the control signal. These converters do not need
an external active AC system and provide an independent control of active and
reactive power, besides some other advantages. For this reason, these systems are
expected to totally displace the LCC ones in the near future. This type of converter
was employed in motor drives by the last decades of the 20th century, but it was
not until almost the change of the century that the development of high-power
semiconductors made cost-effective HVDC systems equipped with this technology.
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VSCs provide several advantages over LCC ones. The semiconductors used in these
converters can be turned off freely; that is why they are also called ’self-commutated’
converters. In this way, there is no longer any dependence on the AC synchronous gener-
ators, allowing the feeding of passive grids. Neither there is need for power transformers
with on-load tap-changers to regulate the AC voltage, which is always required in LCC
to keep the thyristors firing angle at their operating range.

LCCs produce a current waveform that is heavily distorted, so filters on the AC side are
always required to deal with the low frequency and high magnitude harmonics, which
involves high complexity and cost. The filtering task is far more manageable with VSCs
even though PWM modulation produces a higher amount of distortion than LCC op-
eration. However, it is displaced to the higher frequency domain, easing the filtering .
Additionally, LCC systems require 12-pulse transformers with a dedicated thermal design
due to the harmonics involved. VSCs can employ standard power transformers, which are

undoubtedly a cheaper solution.

The ability to independently turn on and off makes it possible to generate any voltage
wave from the DC voltage source using high switching frequency techniques. Thus, active
and reactive power can be controlled independently by modifying the magnitude and
phase of the generated voltage. Consequently, the separate shunt capacitors (always used
with LCCs) are unnecessary with VSCs.

This ability is essential to provide additional services to the grid and help frequency
stabilization. In addition, the possibility of deploying a future multi-terminal HVDC grid
and black start capability are some factors that make VSC the best solution. VSCs can
be classified depending on the number of voltage levels employed to build the voltage

wave intended to be produced:

e Two-level Converters: Two-level VSC converter is the simplest and most widely
used for HVDC applications. It comprises a simple 6-pulse converter with two
semiconductor valves for each phase. It is called 'two-level’ because the alternative
switching of a pair of complementary switches produces only two possible voltage

levels at the output, as seen in the fig. 1.7.

!Notably, traditional VSC converters still require bulky AC filters to eliminate harmonic distortion
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Figure 1.7: 2-level Voltage Source Converter.

By using PWM techniques, this controllable converter can produce an AC output
voltage with a high degree of distortion at high frequencies related to the frequency
employed for the switching. This switching frequency should be elevated to have

lower and easier-to-filter distortion. However, this implies higher switching losses.

In high-voltage applications such as HVDC, each of the six transistor valves is
composed of several devices connected in series to withstand the required voltage,
and they must switch simultaneously. This switching concurrency is also challenging

for this kind of converter, especially with the high switching frequency.

e Three-level Converters: Different designs with more voltage levels were devel-
oped to mitigate the disadvantages associated with traditional two-level converters,
such as voltage stress on semiconductor devices and harmonic distortion. Intro-
ducing multiple voltage levels generates waveforms closer to a perfect sinusoidal

(lowering the distortion), while the voltage held by each valve is reduced.

One common three-level configuration is the Neutral point Clamped Converter
(NPC), which can produce three different voltage levels. NPC converters use clamp-
ing diodes in parallel with the semiconductor switching devices, providing additional
voltage levels between the DC bus voltage and the neutral point (usually the mid-
point of the DC bus). Another typical three-level arrangement is the "Flying Capac-
itor Converter’. FCCs use a series of capacitors connected between non-consecutive
semiconductor switches to generate multiple voltage levels. Both structures are

shown in fig. 1.8.
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Figure 1.8: 3-level classic structures: NPC, FC.

Both schemes can be upgraded with more voltage levels to synthesize a multilevel
output voltage waveform, typically consisting of several discrete voltage levels. How-
ever, these converters have not been very diffused for HVDC applications due to
the low harmonic improvement compared to the additional complexity that expo-

nentially increases with the number of additional voltage levels.

e Multilevel Converters: To reduce output distortion, converters with more voltage
levels have been developed. This technology allows using low voltage devices to
produce several low voltage steps. When combined, a higher voltage output is

obtained, with such a low distortion level that filters could even be avoided.

The Cascaded H-Bridge is the predecessor of the Modular Multi-Level Converter,
the core of this project. Each of the voltage steps of the Cascaded H-Bridge is
obtained by a classic H-Bridge containing an isolated voltage source that can be
switched on and off from the circuit. The structure of the module and its operation

is very similar to that of the MMC that will be explained along this chapter.

The main issue of this converter is the isolated voltage source, that is challenging to
obtain. Usually, each voltage source is given by a three-phase classic rectifier. These
rectifiers are connected to a power transformer composed by a primary winding and
several secondary ones, one per each source. In this way, each source is electrically

isolated from the others. That is why this converter is not bidirectional.

e Modular Multilevel Converters (MMCs): It is a multi-level converter family
member that was developed by A. Lesnicar and R. Marquardt by the beginning of
21st century [7]. The name of the converter actually describes its basic characteris-
tics: it is composed by a number of identical modules and it is capable of generating

several voltage levels.
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It is a VSC type converter that, by the series-connection of several low voltage
modules, produces high voltages between its terminals. The constant voltage of
each module can either be bypassed or kept connected at the main circuit. This is

how the total high voltage produced by the array of modules is controlled.

Compared with the cascaded H-Bridge, the MMC does not need several isolated
sources, which is technically complex. The voltage sources are substituted by the

capacitors, which store and provide the energy required.

However, MMC retains the advantages of modularity and scalability of the cascaded
H-Bridge. Indeed, they are far more applicable, allowing to connect hundreds of cells

in series. That is why they are especially suitable for very high-voltage applications.

1.2.1. MMC comparative with other converters

Before deepening into the details of MMCs, it is necessary to explore its advantages and
disadvantages to prove why this converter is the most suitable for HVDC applications.
VSCs stand out as a superior choice compared to LCC within HVDC systems, thanks to
the ability of generating the output voltage waveform at will. Their convenience in terms
of complexity, operation, and cost positions VSC converters as the favored technology for
modern HVDC applications. Among these converters, MMC is a promising technology
for high voltage applications due to the several benefits summarized hereafter. Most of
these advantages are derived from the unique feature of being composed of many simple

identical cells.

e The modular structure makes it very robust, as the failure of a single cell does not
affect the whole converter and can be easily substituted by a non-faulted one. In
fact, by including some redundant modules, the converter’s operation would not
be perturbed by the failure of a statistically normal amount of cell failures. Any
cell can be permanently bypassed in case of fault if an external bypass contactor is

added to each submodule.

e High scalability of the system. Each module implies one of the multiple low voltage
steps that, when series connected, build up the characteristic high voltage. This
way, the converter can easily reach higher voltages by adding more modules to the

system without essential modifications.

e Each module’s voltage step does not depend on an isolated voltage source [8], which
is problematic, as with other multilevel converters. The voltage of each cell is

produced by capacitors that periodically suffer charge and discharge processes.
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e The independent connection and disconnection of the proper modules allows for
producing a nearly perfect sinusoidal waveform with minimal harmonic distortion,
without increasing the switching frequency at the individual submodules. Usually,
no filters are required due to low distortion levels, which contrasts with most other

converter types that do require filters.

e Each module has relatively low voltage rating when compared with the total line
voltage. Thus, module connection or disconnection produces a small voltage step,

and the output has low values of voltage slope (dV/dt).

e (Classic two-level valves comprise several series connected transistors to withstand
higher voltages. For the proper operation of these converters, simultaneous switch-
ing of all transistors at each valve is needed, which implies considerable complexity.
Conversely, in MMC, the connection of each module is not subject to the rest of the

modules, so the switching of the transistors is independent.

e The short-circuit current is critical because DC circuit breakers are problematic
and expensive. At MMCs, it is limited through the arm inductance. When a
DC fault is produced, power flows from the AC to the DC side through the arm
inductors, and they help reduce the rate of rise of fault current, simplifying the
breaker operation. In this regard, it should be introduced that a module variation
named ’full-bridge’ temporarily stops this current at the beginning of the fault,

providing better protection.

e In a traditional two-level converter, switching losses at the semiconductors are much
higher than the conduction losses; however, in MMC, the opposite is true. The
switching is produced at the low-voltage module, resulting in an increased efficiency
of the MMC compared to the 2-level converter, going from around 98% to 99,5%.
In high-power applications, this improvement could make a difference in operation

costs and cooling systems.

e The combined energy storage of each submodule makes the presence of a bulky
DC-link capacitor unnecessary, as it is in other converters. The absence of this
concentrated capacitor avoids the damage associated with high surge currents in
the case of a DC-side short circuit [8].

e Finally, the converter is bidirectional: the same structure and control can be used

as a rectifier and inverter. It is just a matter of generating the proper voltage wave.

Every system has some drawbacks that should be considered as well. This converter has

some limitations derived from the vast number of modules involved:
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e First of all, using a high number of components implies a high cost. Each module
requires, apart from the switching devices and the capacitor, its driver, protection,
sensors, etc. Therefore, the investment for this type of converter is comparatively
high. However, it should be noted that the remarkable reduction in filtering require-
ments cheapens the station cost. In addition, chain manufacturing of many identical
modules is very convenient, and the efficiency is higher (due to the low switching

losses), reducing the operative costs.

e The amount of components also reduces the system reliability as module faults
are relatively probable. Therefore, it is necessary to add redundancy modules and
bypass switches to have a high level of system availability so the operation of the

converter is rarely compromised.

e The control algorithm is complex as it involves the independent control of several

components. However, the control strategy is repeated for all cells.

e The capacitors are energy storage devices, and their energy (and, therefore, voltage)

balance must be ensured for the proper operation of the converter.

e The operation of the converter involves a circulating current, which entails power

losses and stress on devices.
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2 ‘ MMC theoretical background

2.1. MMC structure

2.1.1. MMC Architecture

MMCs were first proposed in [7] as a new converter topology whose main technical feature
is its modular structure, producing an output waveform with several voltage levels. It
is composed by a number of identical modules connected in series. The first step is to

describe these modules; and then, how these cells are connected.

MMC cells

The submodules (or cells) that compose the converter, can be considered as controlled
voltage sources. They consist of a DC energy storage element (capacitor) with a two-
terminal connection through switches that allow the insertion of either zero or the full

DC voltage into the circuit to which they are connected.

The converter is built by a series connection of a number of these cells and the total voltage
in the circuit will depend on the quantity of them that are simultaneously switched on'.
Each cell usually has a bypass contactor, that allows the permanent bypass of a cell in case
of failure, without shutting down the whole converter. Thus, if designed with some degree
of redundancy (with more modules than strictly necessary) MMCs are fault-tolerant and
provide high availability to the system, as can work without interruptions despite the high

number of elements involved.

Different types of submodules have been developed for this converter. The first and most
basic one is the Half-Bridge (HB) cell. Its simplicity is also the reason why it is the most
popular solution. It consists of two complementary switches that connect and disconnect

the cell’s capacitor into the circuit, as is observed in fig. 2.1.

In addition, it is possible also to freely control the voltage at each of the modules. However, it is
usually better to keep the same voltage for all of them, which ensures equally distributed stress.
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Figure 2.1: Half-Bridge submodule.

The switching elements are generally composed of a bipolar transistor (IGBT) with an
anti-parallel diode. These switches only allow a short-circuit connection or the insertion
of the capacitor between A and B, but it is not possible to achieve an open circuit at the

terminals.

An evolution of the HB cell is the Full-Bridge (FB) cell, which gets its name because it
looks like a classic bridge used in traditional inverters. It is composed of two pairs of

complementary switches, unlike the HB module with just one pair.

The possible switching combinations of the FB module allow the connection of the inner
capacitor with both polarities to the cell ports, as seen in fig. 2.2. This feature adds more

possibilities (along with more complexity) to the control strategy of the converter.

A

VAB +Ve

-Ve

Figure 2.2: Full-Bridge submodule.

The main enhancement lies in the possibility of temporarily blocking short-circuit cur-
rents from the AC side to the DC side, as it is possible to disconnect both sides if all
IGBTs are simultaneously switched off. Additionally, it offers some features that make

it interesting for some applications [13]| such as the connection of photovoltaic or wind
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turbine generation systems to the grid. It can either increase or decrease the DC voltage
(buck and boost function), making the AC and DC voltages independent from each other,

making it possible to remove the grid transformer of a wind turbine.

However, it has not been as popular as the HB because the number of switching elements is
doubled for the same number of voltage levels. This issue implies an important increment

in conduction losses and, especially, in the converter cost.

Other structures have been developed to overcome some of the disadvantages presented
by the previous ones. Clamp-Double-Submodule is a compromise solution that implies
a modest increase in losses and costs compared to HB modules. In fault conditions, the
middle transistor is switched off to clamp the voltage, blocking the short-circuit currents.
This solution is interesting for applications in which shorting the DC-fault clearing times
is required, such as HVDC multi-terminal networks [8] and the expense of the system

remains a critical factor. However, the complexity of the system increases.

MMC topologies

MMC converters are constructed by the series connection of several modules. Each string
of modules is usually called in bibliography “arm” or “cluster”. The arrangement of these

strings determines a different structure with its own features and applications.

There are two basic structures of the converter, one has three strings (one per phase) and
the other has six (two per phase). The 3-string structures always require by FB modules,
contrary to the structures that have six strings, that can be either built by FB or HB
cells. All of the structures include at least a reactor in series with each submodule string,

essentially required for current controlling and limiting purposes.

Three-terminal circuits, the simplest MMC configurations, resemble three-phase load
shunts linked to the grid. They lack connection to a single DC source, rendering them
impractical for power transmission or motor drives unless multiple isolated DC sources
like batteries or solar panels are connected to the submodules |2]. Their applications are

essentially energy storage and reactive power balance.

These circuits can be arranged in star or triangle configurations, each comprising three
strings of series-connected FB submodules, linked to the AC system through arm reac-
tors. FB submodules are crucial for enabling reverse polarity connection. The Single-
Star-Bridge-Cell (SSBC) and Single-Delta-Bridge-Cell (SDBC) are the two basic configu-
rations, seen in fig. 2.3. SSBC employs a star configuration with a floating neutral point,

while SDBC utilizes a delta configuration without a neutral point.
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Figure 2.3: Single-Star / Single-Delta Bridge Cells.

The star/delta connection presents cost and application variances. Having identical block-
ing voltage and converter power ratings, SSBC requires fewer cells than SDBC, making
it cheaper. SSBC’s neutral point allows for the introduction of a zero-sequence voltage,
beneficial for tasks like SOC balancing in batteries or voltage balancing in STATCOM
applications [1]. However, SDBC is necessary for controlling negative-sequence reactive

power, a capability SSBC lacks [2].

Five-terminal circuits are composed by the connection of two Single-Star circuits to the
same AC network. The two neutral points of the star-connected circuits provide the two
extra terminals to which it is possible to connect a single DC source. This feature provides

the capability to transfer power between two systems in applications such as motor drives

or HVDC [1].
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Figure 2.4: Five-terminal MMC structure.
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As shown in fig. 2.4, there is one vertical leg for each of the three AC phases, all of them
connected to the same DC source. These legs are composed of an upper and lower arm,

formed by an identical number of series connected submodules.

The arms of each leg are connected by a reactor to the corresponding AC phase?. The
arm inductance is important to control the power transmitted between the converter and
the AC system. A crucial function is to limit the short circuit current raise in case of

fault. In addition, it limits the harmonic circulating current.

2.1.2. MMC Operation

Each arm is composed of several modules connected in series. By the connection or
disconnection of these submodules, a wide range of discrete voltages can be obtained.
With a high enough number of cells, this set of discrete values can be seen as nearly
continuous from a high-voltage point of view. In addition, it is possible to use PWM at

each voltage step, so virtually any voltage value can be obtained.
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Figure 2.5: Half-Bridge arm operation.

Fig. 2.5 shows graphically how an arm composed of 2 HB cells can generate 3 different
voltage values. In general, HB modules can generate voltages from 0 up to nees - V.,
being V. the voltage step. FB submodules are capable of connecting the capacitor in both
polarities. Then, an arm composed of 2 FB cells can generate 5 different voltage values,

ranging from —ne.s - Vi up to +neeys - Ve, as shown in fig. 2.5.

2The system can be slightly modified by using a center-tapped inductor for each phase. In this way,
the size and weight is lower, which is of great importance for many motor drive applications [1].
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Figure 2.6: Full-Bridge arm operation.

An arm composed of HB cells always has a positive DC offset value. On the contrary,
this DC offset with FB modules can either be positive, negative or zero, providing more

flexibility in operation.

In general, with the proper gate signal the arms can produce any voltage value within the
allowed range. This is why each arm can be considered an independent fully controllable
voltage source. With a sufficient number of modules, the harmonic behaviour can become

so good that no filter is needed.

The converter arms are controlled to produce the voltage wave required to transmit the
desired power. Considering each phase independently and with the mid-point of the DC
link grounded as in fig. 2.7, it is possible to determine the voltage that should be applied
to the MMC arms.

+ + +
Vup,A
Vpc!/2 e - — _ Vac,a=Vac - cos(w - t)
T +
+
gui — =
= + =
+
Vpc/2 = + + 4
Viow,A

Figure 2.7: Monophasic simplified analysis of MMC operation.
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For this simplified analysis, the arms are modelled as ideal voltage sources and the volt-
age drop at the arm inductors is neglected®. Then, for the rectification/inversion, the
controllable sources of the arms must provide the exact voltage difference between the
expected/desired voltages at the DC and AC sides as in egs. (2.1), (2.2). Both upper
and lower arm voltage sources are the sum of a DC value and a sine wave (with different

signs), so the result is a sinewave with a DC offset.

v

Vm«m’Upﬂ' = %C — Vac - cos(wt + 9252) (21)
Vi

%rm,LOW,i = %C + Vac - cos(wt + ¢1) (2.2)

The modulation index can be defined as the ratio between the line-to-ground AC ampli-
tude and half the value of the DC link. In normal operation, the maximum value is 1,
meaning that the maximum AC voltage amplitude that can be produced by this converter

is exactly half the DC voltage, as shown in fig. 2.8.

DC and AC voltage waveforms Upper and lower arm voltages
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Figure 2.8: MMC voltages in normal operation.

This condition ensures that the arm voltages are always positive so HB modules can
produce it. However, this 'normal operation conditon’” may not be always fulfilled, for
example in case of some kind of perturbation that decreased the DC voltage (a DC short-

circuit in the worst case).

3Indeed, if no impedance is considered and the voltages produced at the arms were the indicated
below, no power would be flowing through the system. Actually the phase and amplitude difference of
the voltages would produce the current to flow through the circuit.
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In this case, the required upper and lower arm voltages will take positive and negative

values as shown in fig. 2.9. HB modules can only generate unidirectional voltage, so an

arm composed by HB modules would not be able to produce such wave.

Upper and lower arm voltages DC and AC voltage waveforms
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Figure 2.9: MMC voltages with reduced DC voltage (over-modulation).

In this situation, with FB modules, the energy stored at the modules’ capacitors can

be used to produce a voltage opposed to the difference between AC and DC side. This

maintains the operation of the converter, at least for some time. Eventually, the energy

stored at the capacitors will get too low to continue operating. But, the protection devices

would have time enough to act without the presence of high short-circuit currents.

FB converters protect the converter from DC faults by preventing high short-circuit cur-

rents to arise at the first instants of the fault, which leaves some time for the AC circuit

breakers to interrupt the fault current before reaching dangerous values.

On the other hand, a further understanding of the converter requires analysing the current

that flows through the converter arms. It comprises different frequency components:

e From an inverter point of view, the current flowing into the AC system is the "load
current’, which transfers power to the AC side at the fundamental frequency. The
symmetry of the converter means that each arm carries half of the corresponding
phase’s load current, as shown in fig. 2.10a. This current can be assumed to be

almost a perfect sinewave.

e A DC component is required to transfer active power from the DC side to the
converter arms and maintain the power balance. MMC arms are formed by cells

whose energy source is a capacitor, which are charged or discharged when current
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flows through them. The net energy growth at each of the arms should be zero for a
complete cycle during regular converter operation. If the energy stored at the arm
varied, the capacitor voltages would diverge from the operation point, compromising

the capability of generating the required voltage (or even the system’s security).

The DC circulating current drawn from the DC side is equally divided and flows

through each converter leg’s upper and lower arm, as shown in fig. 2.10b.

e Finally, some harmonics can be found at the current arms, with the second-order
harmonic being the dominant one. When looking at the arm energy evolution, it can
be seen that some energy exchanges occur at the fundamental frequency and some
at twice the fundamental frequency. The power fluctuation at the fundamental
frequency is equal but opposite at the two arms of each phase, which indicates
that this energy does not go out of each leg; it flows between the upper and lower
arms of each phase. The second harmonic means an energy exchange between the
phases at the second-order harmonic frequency. Therefore, as shown in fig. 2.10c, a
corresponding harmonic current will flow between the converter legs, while the DC

side and AC side systems will not perceive it.

Ipc
/3 | Ibc/3 | Ipc/s
13/2 Ip/2 Ic/2 2nd order harmonic

s |& |s
s L Ly
ll|

s ”Hh

M\H-‘

I‘

e
1YY, 000y
o e L
il

1a/2 /2 16/2

(a)

Figure 2.10: MMC voltages with reduced DC voltage (over-modulation.

Finally, it is necessary to introduce an important concept regarding the selection of con-

nected and disconnected cells: the individual capacitor voltage balance. An ideal capacitor

can be modelled through I, = C - d;f. When positive current flows in the direction of
the positive pole, capacitor voltage increases, and vice versa. The connected capacitors
at each instant will suffer a voltage variation. These variations must be compensated to
maintain all the capacitor voltages within certain limits; otherwise, the converter output

would be distorted. This has to be taken into account at the modulation algorithm.

Several modulation techniques have been proposed in literature [12]. Generally, the dif-

ferent modulation types are classified by the switching frequency between fundamental
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frequency and Pulse-Width-Modulation (PWM) techniques. Lower switching frequency
involves lower switching losses but also lower output quality The modulation techniques
applied to an MMC have to consider not only the voltage wave produced but also the

voltage balance between the submodules’ capacitors.

Some techniques, such as PS-PWM, inherently apply the same duty cycle to all the
submodules, making the load ideally shared and the losses identical in all cells. However,
the capacitors’ voltage balance still needs to be ensured, requiring an additional controller.
The major part require a sorting algorithm that selects the capacitors with lower voltage
when the direction of the corresponding arm current is in “charging” mode and vice versa.
On the other hand, it is also possible to control each submodule with an individual

reference signal, so there is no need to implement a sorting algorithm.

2.2. MDMC applications

Chapter 1 already introduced the main application of MMCs: HVDC transmission in order
to provide the necessary context to the thesis and place the value to research in MMCs.
Understanding why HVDC (and therefore MMCs) are important for the development of
a more sustainable electrical system is essential to clarify the purpose of what is done
along the project. However, not only HVDC is not the unique application of MMCs, but
also it is not the only application regarding DC transmission. This section provides an

overview of the different uses of MMCs found in the bibliography.

2.2.1. DC energy transmission

HVDC lines

As found in the vast bibliography about MMC, one of the main applications of this
converter is HVDC power transmission systems, as it overcomes its challeneges, as exposed
in section 1.2.1. The MMC application to HVDC is studied in [3], addressing design,

semiconductor rating, and efficiency.

MT-HVDC networks

Multi-terminal (MT) HVDC configuration is an arrangement where more than two con-
verter stations are implied. They are usually connected in parallel, especially for larger-
capacity stations. All stations in a parallel share a common DC link that can be arranged

radially or meshed.
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Extended HVDC networks are possible solutions to integrate solar and wind power gen-
eration into the electric system [9]. However, this promising technology still has some

technical difficulties, especially the ones related to DC fault clearing.

DC failures are especially critical in MT-HVDC, as it is undesirable to compromise the
operation of the unfaulty part of the DC network. The most employed method is to limit
the currents using the arm inductances and acting on the AC switches, but time required
to trip the AC switches requires disconnecting every station at the grid. Fast-acting DC
switches are complex to manufacture and they would make no significant difference in
clearing times. Electronic switches are an alternative, but their cost would constitute

nearly 50% of a complete converter station [9].

However, it is possible to electronically act at the MMC converter itself, limiting the
DC-fault currents fast. FB cells double the number of semiconductors but can cut the
fault currents by applying the proper polarity to the modules. The MMC stands as the
best alternative for this scenario, not only for its effectiveness, but also for employing the

converter infrastructure itself, reducing the cost.

MVDC

The advantages of HVDC transmission are leading to the investigation of complementary
technologies that will work together to meet the demands of the electric system. One of
the most remarkable is the Medium Voltage DC (MVDC) grid, and the benefits of MMCs

can be transferred to this grid’s requirements.

One of the most significant applications of MVDC grids working along with HVDC trans-
mission is the collection of energy from scattered energy sources, which are also far away
from the consumption point, as in offshore wind power plants (WPPs). The MVDC grid
also benefits from submarine DC transmission, and the distributed operation is easier to

control than in AC transmission [6], enhancing its adequacy for this application.

In general, the fast increase of distributed renewable energy sources can be integrated
by MVDC grids that interface the HVDC transmission lines. In addition, demand for
DC loads is also expected to increase, for which medium voltage DC transmission lines
will be essential to [15]. DC/DC converters are crucial in handling the power flowing
through the DC grid [14]. MMCs have several characteristics, such as modularity, redun-
dancy, efficiency and good harmonic performance, that make them a perfect choice for

this application.

However, to work as a DC/DC converter, its structure and control must be slightly modi-
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fied. [6] studies a configuration where an AC stage with a classic AC transformer changes
the voltage levels between two DC grids. A monophase MMC converter can interface
these medium and high-voltage DC and AC systems. The relationship between the num-
ber of connected and switching modules provides the elevation ratio. [5] developed unique

modulation methods for this application, which proved very efficient.

2.2.2. Renewable energy integration

One of the inherent challenges of renewable energy lies in the geographical dispersion of
these resources. They are often found far from major population centres where energy
consumption is highest. When the distance is long enough, HVDC transmission often
emerges as the most economical and, at times, the only viable option. The most evident
case is the transportation of the energy generated by offshore WPPs to the coast. Subma-
rine cables, which connect these installations to the mainland, almost invariably require

MMC-based HVDC systems to facilitate the efficient integration of offshore wind energy.

However, HVDC connection of offshore WPPs and remote renewable sources is not the
only scenario where MMCs can be applied. They can incorporate solar power through

their modular structure, accommodating a set of solar panels to each submodule.

In this way, each set of panels can be equipped with a dedicated DC/DC converter with its
own MPPT algorithm (contrary to the traditional multi-string structure), optimizing the
efficiency. MMC’s modularity provides flexibility, allowing seamless power plant expansion.
Redundancy is another notable asset; if one submodule faces an issue or malfunction, the

rest of the system continues to operate.

The result is an efficient, scalable and robust system that adapts to varying sunlight
conditions and contributes to grid stability by delivering a high-quality voltage waveform.
However, it’s important to note that this advanced configuration involves a higher upfront

investment than conventional PV systems.

2.2.3. Energy storage

Non-controllable renewable sources such as wind and solar power are notorious for their
intermittency, generating electricity when the elements align but not necessarily when
consumers demand it. This misalignment underscores the need for energy storage solu-
tions to integrate renewable energy into the grid. Furthermore, energy storage enables
ancillary grid services, such as frequency regulation and voltage support, which are pivotal

in maintaining the grid’s equilibrium.
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The traditional centralized structure of electrical batteries faces certain limitations, par-
ticularly in terms of cost-efficiency, which have slowed its widespread adoption. MMCs
emerge as a promising technology to overcome these challenges using their modular struc-
ture to integrate low-voltage batteries at each submodule (as with the PV panels). This
approach takes advantage of the flexibility, enhanced availability, reliability, and superior
harmonic quality of MMCs, along with a simplified structure without transformers and

bulky filters.

Moreover, the high voltage achieved allows the storage of substantial amounts of energy
with a low current rating. Such an advantage significantly prolongs the batteries’ useful

life while minimizing energy losses during storage.

2.2.4. FACTS

Some recent developments in power systems are going toward enabling the existing electric
infrastructure to use its total transmission capacity and providing operational flexibility.
FACTS (Flexible AC Transmission Systems) technology optimises the flow of electricity
through the grid by dynamically controlling AC critical parameters, such as voltage,
phase angle, and impedance. MMCs, with their modular structure and precise control
capabilities, offer an ideal platform for FACTS technology. This converter allows for
high-voltage applications with the flexibility provided by the modular structure.

STATCOM

STATCOM (Static Synchronous Compensator) is a FACT device whose objectives are
providing reactive power support and voltage regulation to the AC grid. The STATCOM
can actively inject or absorb reactive power into/from the grid, which produces local
variations in the AC voltage amplitude at the connection point. This operation allows the
MMC to support the stability and quality of the AC grid and maintain the desired voltage
levels, compensating for voltage disturbances. Additionally, reactive power support can
improve the use of actual lines for active power, increasing the effective transport capacity.
This capability can be employed in grid voltage regulation, particularly in high-voltage
applications where MMC technology is extensively utilized. This application has been

practically implemented in section 3.3.3.

UPFC
Unified Power Flow Controller (UPFC) is another example of FACT that is gaining pop-

ularity as it allows control of the reactive power flow and the active one through defined
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lines. It is an advancement from the previous STATCOM combined with another FACT
concept: Static Synchronous Series Compensator (SSSC). Additionally, it allows fast-
acting regulation, improving the transient stability of the system (active power control)

and voltage regulation (reactive power control).

UPFC has been traditionally built using three-level VSC. MMC is an exciting alternative
[4], as it allows avoiding the zigzag transformers required with 3L-VSC, which imply a
higher cost and additional energy losses, as well as a reduction in the converter lifespan.
In addition, MMC provide the modular structure currently demanded for power systems’

reliability and scalability, along with the superior harmonic performance.

2.2.5. Other applications

The number of applications where MMCs can be employed is large, as it is the best solu-
tion for high-voltage and power converters where the benefits derived from the modular
structure are decisive. The main applications have been detailed, although many others,
such as high-voltage motor drives or active filters, can be named. Therefore, the impor-
tance of research and testing with MMCs can be validated, justifying the work done in
this thesis.
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3 System description

Up to this point of the thesis, the purpose of MMCs has been defined, along with its
general structure and operation. As introduced, the objectives of this work are to start
up a laboratory prototype of the converter and run it in three classic operative scenarios
in which it can be employed. In this way, the work serves as the base for further research

with the prototype.

This chapter describes the prototype, from its structure to its components. Then, it
addresses the simulation model developed to represent it accurately in Simulink and study
the system’s response before testing it in the real bench. The energization issues and the

circuitry implemented to deal with them are exposed.

A series of test scenarios were defined to conduct the experiments, each designed to
evaluate specific aspects of the proposed control systems. The parameters and operating
conditions were selected to ensure the validity and reproducibility of the results. These
scenarios are described at the final part of the chapter, detailing the control mechanisms

developed, which leads to the results exposed in chapter 4.

3.1. Simulation model and experimental set up

3.1.1. Imperix MMC test bench

The empirical results of the thesis were obtained using the MMC test bench provided by
Imperix. The converter system, seen in fig. 3.1, offers a reliable and versatile platform

for conducting experiments in power electronics.

It comprises 24 individual converter modules, which are interconnected to form a mul-
tilevel converter topology. The control system manages the system and communicates
through the ADC channels and PWM optical outputs. The converter includes the arm
inductors through which it can be connected to the desired grid or load on the AC bus.
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MMC
submodules
(phases A,B.C)

Figure 3.1: Imperix MMC test bench at UPV laboratory.

The following is a description of the main elements of the experimental setup:

1. Converter submodules: The heart of the MMC test bench consists of multiple con-
verter modules constituting the multilevel topology. The MMC prototype consists
of four submodules at each arm, resulting in 24 for the entire system. Fig. 3.2 shows

the interconnected submodules of one phase.

Figure 3.2: Phase B submodules rack.

The submodules offer robust power conversion capabilities for high-power applica-

tions, with switching frequencies up to 50 kHz. The rated voltage for each submodule
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is 400V, and the current is 10A, although it can withstand up to 50A. Depending
on the connection of their terminals, the modules can be arranged in Full-Bridge
or Half-Bridge configuration, which is more straightforward for this project. The
switches are composed of IGBTs and antiparallel diodes, that connect or bypass the

1.35 mF capacitors.

They include embedded protection and safety features to safeguard the system, in-
cluding overcurrent protection, overvoltage protection, and temperature protection.
The voltage and current measurement, and the respective communication interfaces

allow for seamless integration with the control system.

2. Control system: The Imperix Bbox (fig. 3.3) is an advanced and versatile hard-
ware platform designed for power electronics R&D. It incorporates high-performance
DSPs, FPGAs and other integrated circuits to handle complex calculations and ex-
ecute control algorithms efficiently, enabling real-time control. The Bbox provides
various communication interfaces such as Ethernet, through which it is connected

to the computer to transfer the code and retrieve the sensed data.

Analog inputs P\WM outputs

AN 0

Figure 3.3: Imperix BBox.

The multichannel ADCs and optical PWM outputs allow for the simultaneous acqui-
sition and generation of multiple signals. The ADC channels can be configured with
safety thresholds that turn off the PWM outputs automatically. Analog low-pass

filters can be configured at each channel at various cut-off frequencies.

3. Power sources and load circuits: The experimental setup includes the test bench
connection to the necessary power sources and load circuits. External power sources
are required to provide the necessary input power for the MMC test bench. The
configuration of these sources is exposed in 3.2. On the other hand, load circuits
represent the electrical loads or systems being powered by the converter. For the

experiments conducted, the load circuit employed has been either a resistive circuit
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(fig. 3.4b) or the AC grid itself connected through an autotransformer (fig. 3.4a).
The arm inductors of 2.3 mH serve as interface at the AC bus to connect these

circuits.

(a) Grid-connected auto- (b) Resistive loads.

transformer.

Figure 3.4: Power sources and loads for test bench.

4. Measurement devices: Various sensors (fig. 3.5) are integrated into the setup at
different points within the system to capture and monitor real-time measurements

through the data acquisition system.

Figure 3.5: Measurement devices.

The voltage across each submodule capacitor is measured, which allows for voltage
balancing. Additionally, the currents flowing through the MMC arms are constantly
monitored, making it possible to determine both the circulating and output currents.

Finally, the system is designed to sense the AC and DC bus voltages.
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3.1.2. Simulation model

The first step to test the proposed control schemes is to accurately implement them
in a simulation program that replicates the behavior of the physical MMC test bench.
The model must include all relevant components and their interactions, ensuring a one-
to-one correspondence with the physical system. In this way, the simulation’s control
strategies can be validated with a precise representation of the experimental system,

before implementing them on the hardware platform.

A Simulink model has been employed to capture the essential elements of the physical
MMC test bench. This model includes an embedded PLECS module containing the
converter modules, power sources, and load circuits. The model should be calibrated to
match the physical system’s parameters, ensuring their characteristics and interactions

are faithfully reproduced in the simulation.

]

Controller Implementation

(simulated or executed on Imperix BBox) MMC Simulation model
> Controller > Plant
—— [0

Figure 3.6: Imperix execution modes

The plant and the control part of the Simulink model are divided into two different
subsystems related to the two distinct modes of execution that the Imperix Blockset
offers (fig. 3.6). These modes are selected at the Imperix ’configuration’ block, as shown
in fig. 3.7:

1. Simulation Mode: allows for the execution entirely within the Simulink environ-
ment. The full Simulink model (encompassing the control and plant subsystems)
is run in this mode, which enables a virtual representation of the complete system,
including the behaviour of the control algorithms and the dynamics of the physical
components. The simulation mode is used for analyzing and refining the control

scheme without physical hardware and avoids the risk of damaging the test bench.
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2. Imperix BBox Mode: involves the transfer of the control scheme code to the
Imperix BBox, explicitly targeting the section between the ADC inputs and the
PWM outputs. All the content of the Simulink model inside the plant subsystem
is automatically omitted when transferring the code. This Hardware-In-The-Loop
system enables real-time testing and evaluation to validate the control schemes in a

real-world setting.

Block Parameters: Configuration X
Simulink configuration

Performs the basic configuration of the model. Configures the main
time base of the model (control task) and sampling signal using
el CLOCK_O.

Mode: - The first output signal sets the frequency of the connected PWM
Simulation blocks.

- The second output triggers the sampling of the connected ADC
blocks.

Model execution purpose
© simulation

O Automated Code Generation

Figure 3.7: Imperix execution configuration

One of the most critical parts is signal interfacing. The inputs and outputs of the control
system must match the corresponding inputs and outputs of the real-life Imperix BBox.
The input-output consistency requires the utilization of the Imperix Simulink Blockset,
which is specifically designed to interface with the BBox and enable seamless integration

between the control system implemented in Simulink and the physical device.

sim BBO BBO © 880 ow
CHO GPOO

Figure 3.8: Imperix ADC, GPO and PWM blocks

Fig. 3.8 shows the main blocks employed for input-output interfacing: Analog to Digital
Converter for sensing the measured magnitudes, General Purpose Outputs to send the
user commands to the contactors and PWM for the optical signals that rule the switching
of the submodules. The blocks must be adequately configured to match the intended
channel and its real characteristics, such as sensibility, scale, etc. The appendix A offer
detailed documentation regarding the configuration parameters , enhancing transparency

and reproducibility.
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3.2. Powering the system up

Capacitors are essential components in the MMC as they store electrical energy corre-
sponding to the voltage of each step. It is crucial to be cautious during the charging
and discharging phases to prevent the occurrence of high currents that could potentially

damage the MMC electronics.

Various current limiting techniques can be employed to protect the MMC submodules
during the charging and discharging phases. These techniques may include resistors, in-
ductors, or advanced control strategies. Implementing such procedures allows the current
flow to be regulated, ensuring that it remains within safe operating limits, thus safeguard-
ing the MMC submodules from potential damage. This section provides an overview of

the connection procedures for the MMC test bench.

3.2.1. External connection

DC-side connection

Either a diode rectifier connected to the AC mains or a dedicated DC source can establish
the DC grid. Both methods provide the necessary DC voltage for operation, but the
rectifier only allows active power flow in one direction. In this case, all the experiments

have been conducted using a rectifier.

Figure 3.9: DC bus connection system.

A connection setup has been implemented to ensure the system’s safety and prevent
dangerous currents. Fig 3.9 shows this setup, that employs pre-insertion resistors during
the initial stages of the rectifier connection to the AC grid, as shown in fig. 3.11. The pre-
insertion resistors restrict current flow during these stages, allowing for a gradual charge

of the converter’s capacitors.
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The connection of the resistors is ruled by a monophasic maneuver circuit. The maneuver
circuit is activated manually during the experiment through a user-controlled signal from
the Electrical GPO (General Purpose Output) of the Imperix BBox. This user-controlled
signal triggers a solid-state relay, the intermediary between the Imperix BBox and the

AC-monophasic maneuver circuit.

The maneuver circuit consists of a timer relay that regulates the operation of two three-
phase contactors. The timer relay, controlled by the solid-state relay, sets the duration for
which the pre-insertion resistors are connected. The appendix B has a detailed electrical

scheme of the system.

After the time period fixed at the timer relay, the maneuver circuit bypasses the pre-
insertion resistors, allowing for the unimpeded current flow through the rectifier and the

subsequent establishment of the DC grid at its total capacity.

In addition to the described connection setup, an autotransformer has been introduced
to enhance safety during the experiments. It enables a gradual and controlled increment
of the AC voltage at the rectifier input, enhancing the safety. In addition, it allows
the user to employ lower voltages to conduct the initial experiments without risk to the
equipment. Once the control works safely at low voltages, the autotransformer ratio can

be set to 100% and rely on the pre-insertion resistors.

AC-side connection

The AC bus of the MMC can be connected to either a passive load or the 3-phase AC grid,
depending on the conducted experiment. A contactor linked to a three-phase passive load
employed but this configuration is so straightforward that it does not need a dedicated
explanation. Conversely, a dedicated circuit is required to integrate the MMC into the

AC power network.

Similar to the DC bus connection, a connection setup has been implemented to ensure a
controlled and safe connection to the AC grid, thanks to the respective AC maneuver cir-
cuit. The pre-insertion resistors restrict current flow allowing for a gradual establishment

of the connection and preventing excessive current surges.

Unlike the DC bus, the AC maneuver circuit is managed by two user-controlled signals
provided by the Bbox GPOs. This user-controlled signal triggers solid-state relays, which,
in turn, activate the contactors responsible for establishing or bypassing the connection of
the pre-insertion resistors. In this case, no timer relay is used because the resistors must

be bypassed once the synchronization condition is met (sections 3.3.2, 3.3.3).
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Figure 3.10: AC bus connection system.

In addition, experiments have been conducted utilizing an autotransformer to further
enhance safety during the connection of the MMC to the AC grid. Besides the additional
layer of protection, the autotransformer at the AC side provides another required function:
grid voltage reduction. In normal operation, the DC voltage is directly related to the
maximum AC voltage amplitude at the AC bus. The maximum AC amplitude that the
converter can produce in HB configuration is Vacmez = % Since the rectification of
the grid voltage produces a value of Vpo = Vg, rvsV2v/3, the maximum AC amplitude

is Vacmar = Vgrid.rms , which is less than the actual grid amplitude: Vj,igpear =

Vrid. rars V2.

It is impossible to directly connect the rectifier of the DC side and the AC output to the
same grid, as there would be a voltage incompatibility. Therefore, the AC autotransformer
must adequate the AC grid to the DC voltage provided. Figure 3.11 shows the connec-
tion circuits described. The appendix B has a detailed electrical scheme of the system,

including the maneuver and control circuits that handle the connection processes.

1

DC-side connection circuit o AC-side connection circuit

Figure 3.11: Electrical power circuit.
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3.2.2. Capacitors charging process

Irrespective of the use of autotransformers and pre-insertion resistors, the charging process
of the MMC involves the flow of current through the anti-parallel diodes of the switches.
The capacitors will naturally charge until they reach a final voltage value based on the
applied voltage and the characteristics of the circuit. However, this final value will be

inferior to the desired operating voltage of the MMC system.

A second stage is required, where the capacitors are actively charged through switching.
A control algorithm and the activation of PWM outputs are necessary at a certain point
of the charging process to attain the desired operating voltage. The involved controls
and techniques will be explained in further detail in subsequent sections. The strategy to
increase the capacitor voltage of the MMC to the desired operating value differs depending
on whether the MMC is energized from the DC side or the AC side.

e Energization from the DC Side: Once the capacitors have charged through the
antiparallel diodes until they naturally reach the equilibrium voltage, the PWM
outputs are enabled and an open-loop voltage reference is provided to the submodule
controllers. If the energization relies upon the pre-insertion resistors, the control is
enabled once the resistors have been bypassed due to the timer relay!'. The voltage
generation at the MMC output automatically takes the capacitors’ voltage to the
operational value. To prevent voltage and current overvalues, a low voltage reference

value must be initially applied, as it is explained later on.

e Energization from the AC Side: In this case, the controllers in section 4.3 are acti-
vated after getting to the capacitors equilibrium voltage. The DC voltage control
regulates the voltage at the DC bus, which is proportional to the individual capac-

itors’ voltages, and adjusts it to the desired operating value.

3.3. Definition of cases of study

This section provides an overview of the specific cases that have been tested. These cases
encompass different operating conditions, system configurations, and control strategies.
By running these scenarios, the behaviour of the MMC system can be observed under
various scenarios, allowing for a detailed analysis of its performance, efficiency, and control
dynamics. The scenarios are first simulated using the Simulink model and validated within
the physical MMC test bench.

'Tf energizing manually with the autotrafo, the control can be enabled from the beginning. This
strategy ensures that the voltage across the capacitors gradually increases without sudden current surges.
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1. The first case explores the operation of the MMC when powered from the DC side
and connected to a passive three-phase load on the AC bus. This configuration aims
to investigate the MMC’s performance working in an isolated grid and evaluate its

capability to deliver power to the grid loads when no other power source exists.

2. In the second case, the MMC is also powered from the DC side but is intercon-
nected with an AC grid in a grid-following mode of operation. This case delves into
the MMC’s behavior when integrated into an AC grid.The study evaluates the con-
verter’s performance in maintaining stable grid operation while effectively delivering

power to the grid.

3. Lastly, the third case focuses on the MMC being powered from the AC side while
disconnected from the DC side. The MMC is employed as a Static STATCOM which
was introduced in section 2.2.4. In this configuration, the MMC can provide reactive
power support, voltage regulation, and compensation for power quality issues, such
as voltage sags and harmonics. This case can also be extrapolated to a converter in

charge of keeping the DC voltage in HVDC applications.

3.3.1. Islanded operation

Description

The first case of the study aims to investigate the performance of MMC when it is working
in an isolated grid. The load, represented by resistors, is directly powered by the MMC.
This configuration tests its ability to provide power to grid loads without any other
power source. The converter’s behaviour regarding regulating the voltages at different
system parts can also be analyzed before moving to more complex scenarios, such as

when connected to an AC grid.

The MMC is powered by the DC bus, which is connected to an AC grid through an
autotransformer and a rectifier. The AC side of the converter is connected to a three-
phase passive load consisting of three 2500W resistors arranged in a star configuration,
as shown in fig. 3.12. A three-phase contactor connects the loads, following the user

command through an Imperix GPO, as shown in appendix B.

The autotransformer allows controlled power flow from the AC source to the MMC. How-
ever, it is only employed for the charging process and can be substituted by the pre-
insertion resistor circuit described in 3.2.1. Both ways of starting up the converter are
studied.
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Figure 3.12: Electrical connection scheme employed.

Control scheme

Overview

In the first case of study, the system is always isolated from the AC grid, so it can be

simply divided into two phases: energization and operation, as in fig. 3.13.

ENERGIZATION STAGE Initial capa.\citor chal:ge through
l antiparallel diodes

OPERATION STAGE Isolated operation, feeding power to

passive loads

Figure 3.13: Islanded operation basic stages.

The energization is done from the DC bus, either with pre-insertion resistors or with the
autotransformer. The capacitors’ voltages naturally charge up to their operation voltage.
Once the capacitors are naturally charged through the antiparallel diodes, the controllers
and the PWM outputs are enabled, initiating the operation phase. During the operation
phase, it is possible to directly move from the open-loop to the closed-loop approaches

described later on.

Alternatively, it is also possible to have a single operation mode where the energization
is done through the autotransformer with the open-loop voltage control approach. This
single mode would be utilized throughout the energizing and operation phases without

differentiation. Both strategies have been tested to see which is the optimal.

During the operation stage, the controllers involved can be divided into two blocks: the
Higher-level control and the Voltage-Balancing control, constituting a cascaded structure,
as in fig. 3.14.
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Figure 3.14: General structure of MMC control.

The first one provides the AC voltage reference the converter must generate at the AC
bus. The second is the one that produces the PWM signals for the drivers to produce the
desired output voltage, while keeping the system voltages balanced. For this thesis, the
Voltage-Balancing control is fixed for all the studied cases. In contrast, the higher-level

control is modified depending on the objectives of the particular case.

Voltage-Balancing control

The voltage balancing control generates the references for the PWM drivers, the last
stage of the implemented cascaded control (fig. 3.14). It is required to keep the capacitor
and arm voltages balanced while producing the output voltage wave determined by the

higher-level controls.

The bibliography already has studied different approaches for this control. A single strat-
egy was implemented for all the cases under study since the primary objective of the
thesis is more centred on studying power management, current control, synchronisation,

and system stability rather than different balancing or modulation methods.

The control strategy is related to the modulation technique employed. In this case,
the Phase-shifted PWM applies a phase displacement equal to %2 to the carrier of
each submodule of an arm, that compares to a common arm reference. Despite the
evenly distributed load, it is necessary to ensure the balance of the capacitor voltages.
An individual controller approach has been implemented, avoiding the need of a sorting
algorithm. Notably, the independent control of each submodule implies considerable
communication and computation effort, that may become too complex when the number
of modules is large. However, this strategy has been maintained, since it is not the case
for the laboratory prototype and the optimization of the modulation is not under the

scope of this thesis.

The implemented control scheme comprises distinct stages in a cascaded approach, each

serving a specific purpose in regulating the voltage levels within the MMC. The structure

2For Full-Bridge modules the displacement would be half that value.
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shown in fig. 3.15 is similar to the one from [11]. Each phase has its controller to regulate
the average capacitor voltage by controlling the circulating current through the leg. A
previous controller provides an extra term to the circulating current to compensate for the
upper and lower arms imbalance at each phase. Finally, each submodule has a dedicated

controller that produces the reference for the corresponding PWM driver.

lire.A —> SUBMODULE _ cycle PWM __signals
3 A0 CONTROL > DRIVER

lvcap.Ao
lvcap,A,avg Duty PWM

|circ,ﬁ
= pHASEA Epca’ Duty PWM
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= SOLIFES | A1CONTROL » oRVER —— >
circ VU A
Voo Eaca’ Tvcap,Al (XX ]
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abc Eace’
leirc.f Ly Duty PWM
CIrc, .
=3  DHASEB Erno’ SUBMODULE __cycle > PWM signals
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CONTROL leircvu.B . cee
cap.Bo
Vcap,B,avg
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Figure 3.15: Voltage-Balancing control structure.

This structure is named in literature as closed-loop voltage control [10]. It differs from
the other approaches to control the phases’ circulating current and arms’ energy (direct,
closed-loop and hybrid voltage control) in the possibility of measuring the arms’ energy
and close their loop to control it. The vertical imbalance P controller mitigates the
voltage imbalances among the MMC arms in each phase, by introducing an AC pulse at

fundamental frequency on [, ., as indicated in the eq. (3.1). A PI controller governs

cire’

the average capacitor voltage for each leg, following a reference signal proportional to the
voltage at the DC bus.
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The output of this control is added to two feed-forward terms to form the input signal for
the circulating current controller. One corresponds to the output of the vertical imbalance
controller. The other term is the DC term corresponding to the active power exchange,
which comes from the power calculation at the higher-level controller to fulfil eq. (3.2).
The circulating current is responsible for charging or discharging the capacitors, according
to the requirements of the previous controllers. It is regulated by a cascaded P controller
that generates a DC voltage reference transmitted to the individual submodule controller
(Fig. 3.16). Finally, the produced DC voltage reference also has a feed-forward term

corresponding to the DC bus’s measured voltage to enhance the controller’s dynamics.

lCire FF- Ve
A |Circ,\/ca|os ' ¥ |Circ.A* l .
Veapave P ) ?—> (O o

IcircvBA

Vcap,A,avg
lcire.A

Veap Aupavg —>

Vcap A low,avg

Figure 3.16: Phase voltage controller.

Following the phase voltage control stage, individual controllers are employed for each
submodule within the MMC system. All submodules of a particular phase receive an
AC voltage reference from the higher-level control and a DC voltage reference from the

preceding phase voltage control stage (fig. 3.15).

In this way, all the submodules in a branch would receive the same voltage references,
both AC and DC. From eqgs. (2.1)-(2.2), the AC reference should be added (or subtracted)
to the DC one to obtain the upper and lower arm voltages. The result, divided by the
number of modules in the arms, gives the required voltage for each submodule. The duty

cycle is calculated by normalising this value to the measured voltage at the capacitor.



48 3| System description

This strategy would produce the desired voltage at the converter AC bus while controlling
the arm energy but not the individual capacitor voltages, which could eventually diverge,
leading to a failure. A P controller component regulates the individual capacitor voltage
of the submodule with respect to the measured average capacitor voltage of the arm (Fig.
3.17). The controllers’ output is added to the previous duty cycle calculation, promoting

uniform voltage distribution across the capacitors in the arm.

Veap.Aavg

Vcap,Ao

Figure 3.17: Individual submodule controller.

Furthermore, a recommended block from Imperix examples is incorporated into the control
scheme to account for the effects of PWM dead time3. Detailed information of the tuning
parameters of the controller can be found in the appendices of the thesis. They were
obtained from the theory in [10] and later refined in simulation to avoid interference with

higher level controllers and keep the system stability in all scenarios.

Higher-level control

The MMC is the only power source for the grid’s load. Therefore, the controller freely
establishes the voltage magnitude and frequency. In the first stage, it can be controlled in
an open-loop fashion, providing an arbitrary AC reference signal to the Voltage-Balancing

control, as in fig. 3.18.

VOLTAGE
Vpq === BALANCING ==
CONTROL PWM
signals
| MMC
arms
Vcaps
N
o %

Figure 3.18: Open-loop voltage control.

3Intervals during which both the upper and lower power switches of a half-bridge are inactive to
prevent simultaneous operation.
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However, it is essential to note that the output voltage is not actively regulated in this
scheme. Then, the attention focuses primarily on the voltage balancing among the arms
and submodules of the MMC.

Alternatively, higher-level a current controller could be introduced to enhance the existing
control scheme for efficient power management. It would produce the AC voltage reference
for the voltage balancing controller so the current references defined by the user are
accurately followed. Additionally, the system can also include a DQ voltage controller
that provides the current references for the current controller in a cascaded structure that

would controle the voltage at the load in a closed-loop approach (fig. 3.19).

N
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Figure 3.19: Closed-loop voltage control.

The main objective of this section was to focus on the voltage balancing controller and
the energization steps of the system. However, this strategy was very straight-forward to
test, as the DQ current controller was already developed and tuned for the case studied

in section 3.3.2. The current controller is indeed detailed in that section.

The current control is implemented in the DQ (direct-quadrature) coordinate system.
The DQ coordinate system, also known as the rotating reference frame, is handy for
controlling power electronic converters. It simplifies the control algorithm by decoupling
the current’s active (D-axis) and reactive (Q-axis) components. This coordinate system

choice allows for the employment of regular PID controllers to produce a sinusoidal signal.

The DQ transformation requires a reference angle representing the system’s angular po-
sition. There is no grid to serve as a reference for synchronization, so an artificial angle is
employed. A constant value 2750 is integrated over time to generate this artificial angle,

miming the angular position’s rotation in a synchronized grid system oscillating at 50 Hz.



50 3| System description

3.3.2. Grid Following operation

Description

In the second case of the study, the MMC is connected to an AC grid and operated in
a grid-following mode. The system is powered from the DC side, which is connected to
the AC grid through an autotransformer and a rectifier, as in section 4.1. However, the
MMC’s AC bus is connected to another AC grid instead of a resistive load. The pre-
insertion resistor circuit described in section 3.2.1 is employed to facilitate the connection
as depicted in Fig. 3.20.

L 1

Figure 3.20: Electrical connection scheme employed.

The MMC’s AC bus voltage must be synchronized to the AC grid before the connection
to avoid disturbances or instability. This process requires the measurement of the 3-phase
voltages at both sides of the AC side contactors, enabling the comparison and adjustment

of the voltage waves prior to the connection.

However, measuring the phase voltages becomes challenging when the neutral point is not
accessible. One solution to this problem is to obtain relative voltage measurements by
referencing each phase voltage to the negative pole of the DC bus. This solution produces a
DC component at the measurements, that must be eliminated, applying a transformation
to the measured signals. It consists of adding the three measurements between themselves

as if a phase-to-line transformation is applied and, afterwards, a line-to-phase one.

Control scheme

Overview

The control scheme for the MMC’s grid-following operation consists of four main stages:

energization, synchronization, soft-connection, and final operation.
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These stages fulfil the primary requirements for the grid-following operation mode, en-
suring its effective integration into the AC grid. However, based on experience with the
real-world test bench, two additional transitory steps have been introduced to ensure
safety and mitigate potential issues. Additionally, the automated transition between the
stages has also proved to be required, preventing unbalance problems when working in

open circuit for long times.

The strategy is shown in Fig. 3.21, and starts with an energization phase with no active
control on the MMC. The capacitors get naturally charged up through the antiparallel
diodes, either using the pre-insertion resistors and/or acting on the autotransformer as
explained in section 3.2.1. The capacitor voltages naturally reach half the operation
voltage when charging through the diodes. The final capacitor voltage is achieved after
the PWM outputs and the controllers are enabled.

Experience has shown that sudden activation of controllers in open-circuit produces tran-
sient charging currents that trip the protection mechanisms. That is why the soft-start
stage was introduced, to gradually charge the capacitors up to the desired operational
voltage level without excessive arm currents. During this stage, an AC voltage with a
predefined low amplitude is outputted using the Open-Loop Voltage Control. The result-
ing currents are effectively kept below the tripping mechanism limit, ensuring a safe and

controlled charging process for the capacitors.

The synchronization stage starts once the capacitors are fully charged, after a predefined
time lapse for the soft-start. The aim is to ensure that the MMC’s AC bus voltage is
nearly equal to the grid’s voltage. When the voltage difference is reduced to a sufficiently

low level, the connection to the grid can be safely established.

It should be noted that no current flows through the converter during the synchroniza-
tion process because the system is not connected to the grid yet. Thus, the switching
harmonics are not filtered by the converter inductor, and the MMC AC bus voltage may
have excessive harmonic distortion, which can lead to aliasing issues when the sampling

frequency used is close to the switching frequency.

The sampling frequency is 20 kHz, which coincides with the effective 4 - 5k H z switching
frequency (both following the Imperix recommendations), making impossible the synchro-
nization task. This issue motivated the use of the analog filter* available at the analog

inputs, to measure all the three-phase voltages and currents (to keep the same delay).

4This filter corresponds to a 5th-order Bessel filter with selectable cutoff frequency, which was chosen
to be 1.6kHz. To simulate the filter, the transfer function of such filter was discretized (with a sampling
time 10 times higher than the execution time) and introduced before the ADC blocks corresponding to
the mentioned measurements.
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Figure 3.21: Stages towards grid-following operation.

Once the synchronization is achieved, the coupling is started with the pre-insertion phase.
This phase establishes a controlled connection through the pre-insertion resistors to mit-
igate any potential current transients. The synchronization control is deactivated while
the DQ current control remains activated. However, the current references are forced to

zero to prevent any current flow through the pre-insertion resistors®.

5Tt would cause a voltage drop occur between the grid and the MMC’s AC bus. Consequently, voltages
would diverge and the previous synchronization effort would have been useless, leading to dangerous
transients at the subsequent bypassing of the resistors.
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After the predefined pre-insertion time has elapsed, the resistors are bypassed and the sys-
tem starts to operate as a grid-following converter directly connected to the grid. However,
the current references are kept very low for a certain amount of time corresponding to the

soft-bypass stage, to further enhance safety during the most critical transition.

Finally, at the operation stage the current references are no longer limited so the DQ
current control follows the user-defined D and (Q current references in a grid-following

mode.

Grid-Following control

The control scheme employed during the last three stages remains consistent: the grid-
following control. The core of this control scheme is the DQ current controller introduced
in section 3.3.1, that follows the commanded load current adjusting the AC voltage ref-
erence accordingly in a closed-loop manner. It is responsible for tracking the active and

reactive power demands, using the manually settled D-(Q current references.

The outputs are the D-Q voltage references which are subsequently forwarded to the
voltage balancing controller (Fig. 3.22) to provide the PWM signals, as explained in
3.3.1.

el Vpa© VOLTAGE
DQ CURRENT
—_— SenTRoL — BALANCING ==

signals

| MMC
arms
Iba Vcaps

Figure 3.22: Grid-Following Control.

The angle for the D(Q transformation is calculated from the real-time AC grid voltage
measurements using a Phase-Locked Loop (PLL®). The PLL plays a fundamental role in
grid-following operation of the converter, designed to keep synchronization with the grid
while following the power requirements 7. It allings the reference angle of the converter to
the voltage phasor measured at the grid’s connection point, so its Q component is always

0, as shown in Fig.3.23.

6A PLL is a control system that aligns the phase and frequency of an oscillating signal with a reference
signal.

“This approach differs from a grid-forming strategy, where the converter actively participates in build-
ing and controlling the grid’s voltage wave. This grid-forming strategy would be a separate topic that
may be explored in future research or development beyond the scope of this thesis.
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Figure 3.23: PLL used for Grid-Following synchronization.

In this way, the D and Q currents are directly proportional to the active and reactive
power, respectively. Thus, the power can be tracked in open-loop [10] with accuracy (but

with some static error) by using just the current controller, according to eqs: (3.4).

P

I, =K 3.3

b= K (33
Q"

I, = K= 3.4
- (3.4

The current DQ control scheme in the system utilizes two PI controllers, for the D and
QQ components respectively. A feed-forward term of the grid’s measured DQ voltage is
introduced to enhance the performance, improving the system response and increasing
the accuracy of the control. The D and Q components of the current are interrelated due
to the derivative terms of the inductance equations. This cross-relation is compensated
to avoid perturbations in one component when the other changes. The whole control

structure is represented in Fig. 3.24.

. O Pl O VD'

D r

> oL VD
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Figure 3.24: DQ current controller.

The output of the controllers is saturated at the nominal output voltage value to prevent
exceeding the system’s limits. The anti-windup is incorporated into the controllers to
avoid integrator error accumulation, ensuring robust and stable control performance. The
tuning parameters for the controllers are indicated in the appendix A. They were obtained
by performing a state space analysis of the linear system composed by the arm impedances,
the autotransformer and the AC grid, assuming that the voltage balancing controller is

able to produce the desired AC voltage wave at the converter arms.
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VAChus,d = Vgrid,d + %Ltr + g Ry — tgLypw (3.5)
VACbus,qg = Vgrid,g + %Ltr + g Ry 4 igLyyw (3.6)
Vcont,d = VACbus,d T % Lgm id R(gm — g Lagmw (3.7)
Vet = actung + g Lerm g g Farm g Lom, (3.8)
% = ij— g (3.9)

% =iy —ig (3.10)

Plcontout.d = iderror K Inge + (15 — ia) K Ppge (3.11)
Plcontout.q = igerror K Ipge + (i — 1a) K Ppqc (3.12)
Veont,d = Plcontout.d + Vacwus,d — tq(Lir + chm)w (3.13)
Veont,g = Plcontout,y + Vacbus,g + ta( Ly + La2rm)w (3.14)

The equations of both the electrical system and the controller are egs. (3.5)-(3.14). The
differential terms were extracted to obtain the state space equations. Then, the con-
trollers parameters were modified to locate the system poles within acceptable dynamic

characteristics.

Synchronization control

The synchronization stage has the objective of gradually reducing the voltage difference
between the AC grid and the MMC’s AC bus. A dedicated controller is implemented to
achieve synchronization with the AC grid by adjusting D-Q current references. Fig. 3.25
shows the detail of the controller, composed of two equal PI controllers that compare the
AC voltages at both sides of the AC grid contactor.

Pl

D’

VQ,grid ——><: — P fe}

VQ,AC bus — }
I

Figure 3.25: Synchronization Control Detail.



56 3| System description

These references are followed by the cascaded DQ current and voltage balancing con-
trollers, in place of the manually settled references of the operation stage (Fig. 3.26).
The controller parameters were tuned iteratively in simulation to obtain acceptable syn-

chronization time.

O

Iba Vbog'  VOLTAGE
%:ﬁgg? —_— D%gﬁ?ggET —— BALANCING =P—~—=Jp
CONTROL PWM

signals
VaCbusDQ larms
Vgrid,DQ Iba Vcaps

Figure 3.26: Synchronization Control.

With this approach not only the voltages match before the transition to the next stage,
but also the subsequent current and voltage controllers are already active. Thus, when
the connection starts and the synchronization control is substituted by the manually set
current references, the initial controller output is precisely the one that drove the bus
voltage to match the grid voltage. This procedure ensures a smooth transition helping to

maintain stability during the following connection.

3.3.3. STATCOM operation

Description

In the study’s third case, the MMC’s DC bus is in open-circuit. At the AC side, it
is connected to the AC grid through an autotransformer and the pre-insertion resistor
circuit described in section 3.2.1, as shown in fig. 3.27. The MMC is designed to operate
as a STATCOM, whose main objectives are to support the AC grid’s voltage by actively

modulating reactive power, as introduced in 2.2.4.

Regulating the DC voltage is crucial for maintaining the stable operation of the converter®.
With an open circuit at the DC bus, the active power exchanged with the AC grid just
affects system’s stored energy (at the capacitors) and, proportionally, the DC bus voltage.
Then, while the control of the reactive power serves the main objectives of STATCOM

operation, control of active power is crucial to keep it stable.

8With Half-brige submodules, the MMC can only operate within a strict limit: VLQC > Vac peaks;
otherwise the submodules would reach overmodulation. If Full-Bridge submodules were employed, it
would be possible to obtain lower voltages at the DC bus. In any case, the system voltages should be
kept within acceptable limits.
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"D
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Figure 3.27: Electrical connection scheme employed.

Nevertheless, it is important to note that the operation of the developed system would
remain consistent in the case that the MMC was connected to either another converter,
an energy storage system or, in general, any kind of DC grid. The control objective would
continue to be to maintain the DC voltage at the desired setpoint. Unfortunately, the DC
side of the system studied is connected to a rectifier that can not absorb power towards
the DC bus, so this functionality has not been tested within the scope of this thesis, as
it would have imply using a DC source and DC contactors that were not available at the

time.

This functionality where the MMC works towards a DC grid is extremely important for
the HVDC application. A DC line must have one converter at each end and, while one is
delivering power to the AC grid or the connected loads, the other end must be absorbing it
from a source. If the incoming and outgoing power are not balanced, the DC bus voltage
will vary, which could lead to instability. Thus, one of the converters must be in charge of
absorbing the exact amount of power required: not only the amount of power exchanged

at the delivering end, but also the necessary to keep the DC voltage at the setpoint value.

In this way, the controllers developed are essential for DC transmission applications where
the MMC serves as the input port to an HVDC line or, more generally, an HVDC grid
of some kind. Therefore, the study of MMC application to HVDC is completed, comple-
menting the grid-following application developed in the second case of study, as each of

the operation would apply to each one of the converters at the HVDC line.



58 3| System description

Control scheme

Overview

The control scheme implemented comprises five distinct stages designed to bring the
MMC to operation, which are depicted in fig. 3.28. Contrary to sections 4.1 and 4.2,
the converter is powered from the AC side, which also has two current limiting methods:
the pre-insertion resistors and the manual action over the autotransformer. Based on the
good results of the DC bus energization of previous sections, the preferred option was to
fix the autotransformer voltage and rely on the resistors for the limiting action to avoid

human errors.

During the energizing phase the PWM outputs are disabled, so the capacitors are charged
through the antiparallel diodes until the equilibrium voltage. The PWM switches will be
required to move their voltages towards the operation value, as happened when energizing

from the DC bus.

After the initial energization stage, the challenge is to safely activate the controllers and
PWM outputs, minimizing potential instabilities or transients. The primary objective of
the synchronization stage is to ensure that the controllers generate an AC voltage reference

that closely aligns with the actual grid voltage before enabling the PWM outputs.

The synchronisation phase starts after a fixed timelapse of 350 ms for the initial ener-
gisation. DC voltage and DQ current controllers work in a cascaded way during this
phase, but the PWM outputs are still disabled. The synchronisation lasts until the volt-
age reference produced by the current controller equals the voltage measured at the AC
bus terminals. This control scheme forces the operation controllers’ output to match the
grid voltage. Then, they will be already producing the grid voltage at the moment of

activation of the PWM outputs, ensuring a smooth transition.

Following the successful synchronization, the control strategy shifts to managing the MMC
as a STATCOM. However, experience has shown that the sudden activation of the PWM
modules bypasses all the modules simultaneously during the activation instant. The soft-
start stage is characterized by the activation of the PWM outputs while the pre-insertion
resistors remain connected, serving as a temporal protective measure. Simultaneously,
the synchronizing control is stopped, so the DC voltage and DQ current controllers begin
to track the references of DC voltage and ) current. The capacitors are charged from
the initial energization voltage to their operation voltage thanks to the action of the DC
voltage control that regulates the D current reference. The Q current reference is forced

to zero to minimize the current flow and the corresponding voltage drop at the resistors.
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Figure 3.28: Stages towards STATCOM operation.

29

The soft-start stage is crucial during the first moments of PWM activation due to the

simultaneous bypass of the switches. However, waiting until the operation voltages are

fully reached to bypass the pre-insertion resistors is not essential. The DC voltage and

current controllers have saturation and anti-windup effectively included in their loops, and

this is enough to limit the currents if the resistors are bypassed after some milliseconds

of the soft-start phase.

The necessity of accelerating the slow simulation times motivated the idea of bypassing

the resistors after a few milliseconds and relying on the controllers to limit the currents.

However, a soft-bypass stage of 200 ms has been included to always be on the safety side,

where the QQ current reference is still forced to zero. In this way, the only current that

flows is the required to reach the reference DC voltage.
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Finally, the MMC starts working as a "free" STATCOM. The references become the ones
the user provides to fulfil its functionality as a voltage and reactive power compensator

in the AC grid system.

DC voltage control

During the STATCOM operation of the MMC, the MMC has to exchange reactive power
with the AC grid. The current controller developed for grid-following operation in section
3.3.2 is employed acting on the Q component, which corresponds to the reactive power
flow due to the PLL action, the Q component of the currentThe grid requirements would
drive this reference in an actual STATCOM application, but in the experiments carried

out, it is modified manually by the user as before.

On the other hand, it has been explained that active power affects the system’s stored
energy. Ip is directly proportional to the active power and, therefore, the variation of the
stored energy (eq. 3.15). The stored energy at the submodule capacitors is related to the
DC voltage as in eq. 3.16. Then, the relation of the D current and the DC voltage is

employed to control this magnitude in a cascaded structure with the current control.

dEg

=P=VpI 3.15
dt Volp (8.15)
CmV3

A controller has been developed to keep the DC voltage at the desired level, which is
required to operate the converter and its connected devices. The output of this controller
is the D current reference that corresponds to the active power flow at the AC bus. The
tuning was done by adding these energy equations along with the ones corresponding to
the PI controller, eqgs. (3.17)-(3.19), to the previously defined system (eqgs. (3.5)-(3.14))°.

dVpo,error *
% =Vpe — Vbe (3.17)
t
P]ContOut,Vdc = VDC,errorKiVDC + (VEC - VDC)KPVDC (318)
22 = PIC’ontOut,Vdc (319)

The energy equations are non linear so the system was linearized around an equilibrium
point with Vpo = 450V. Then, during simulations, the parameters were completely

defined to account for the real system.

9Due to the cascaded structure, the systems can be also treated independently, as they are tuned to
have very different velocity.
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Figure 3.29: DC voltage controller.

The DC voltage control is formed by a PI structure that tracks the DC voltage reference,
producing the D component of the current reference. It can be noted that, in the presence
of a grid or element at the DC side of the converter, an additional active power exchange
would occur between the MMC and the connected system. The D component of the
current reference, which regulates the active power, would incorporate an extra term to
account for this power exchange, as indicated by the dashed line in fig. 3.29. However, this

case was not studied due to the structure of the DC bus connection, as already indicated.

The D and QQ components of the current reference are derived from the voltage controller
and the user-determined reactive power requirements, respectively, as shown in fig. 3.30.
They are then fed as inputs to the DQ current control scheme explained in 3.3.2. As
in the previous cases, the output of this controller is the voltage reference that is then
provided to the output voltage controller, which is responsible for generating the PWM
duty cycle for the submodules.
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DCVOLTAGE D
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CONTROE DQCURRENT _ /DO  VOLTAGE
L CONTROL ——> BALANCING = o
—_—l CONTROL PWM

signals
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Figure 3.30: STATCOM operation.

Synchronization control

A crucial step in initiating the operation is the synchronization process, which allows for

the smooth activation of PWM signals through a dedicated controller.

The purpose of the synchronization controller is to ensure that the voltage reference
generated from the DQ current control matches the AC grid voltage. Then, the PWM
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outputs of the MMC can be enabled safely, minimizing any transient as the produced
voltage at the beginning will be aligned with the measured voltage at the AC bus. This
way, the AC bus voltage generated is close to the grid voltage when the PWMs are enabled.
Moreover, the operation controllers already produce that exact voltage reference, ensuring

a smooth transition towards the operation stage.
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Figure 3.31: Synchronization to STATCOM operation.

As shown in fig. 3.31, this controller acts on the following controls (DC voltage and DQ
current controls) in a cascaded way. It provides the reference values of Q current for
the DQ current control and DC voltage for the DC voltage control, which produces the

reference value of D current.

The control structure comprises two PI controllers that align the final voltage reference
with the AC grid voltage up to a specific error threshold, the synchronization condition.
Contrary to the synchronization control developed for the previous case, the PI must
be differently tuned: the Q-axis one directly provides the Q current reference, while the

D-axis one provides the DC voltage reference (fig. fig. 3.32).

VD,grid VDc’
)

VD, Curr. Control
Vacurr. Control =, -
Figure 3.32: Synchronization controller.

When the synchronisation process finishes, the synchronisation controller no longer de-

termines the references. Then, they are defined by the user’s commands, as in fig.3.30.
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4: Analysis and results

This chapter of the thesis presents the different results obtained for each of the scenarios

defined, including simulation and hardware experimentation.

The simulated results are a crucial component of this study, as they serve to check the
effectiveness of the proposed control schemes before testing in the real system. During this
stage, the controllers are tuned to produce the desired results, with particular attention
given to ensuring that the electrical parameters do not exceed the operational limits. The

tuned parameters are listed in appendix A.

After obtaining promising results from simulations, it is possible to test the software de-
veloped at the MMC test bench. The purpose is to validate the converter’s design and
control algorithms, closing the gap between theoretical analysis and real-world implemen-
tation. In this way, the control algorithms and connection processes can be employed as

a base for future research with the laboratory prototype.

The graphs shown for each scenario are focused in certain parts of the operation that are
significant for each case. By integrating all the results, the MMC will have been tested

as a whole.

4.1. Islanded operation

4.1.1. Simulation

For the isolated operation scenario the test consisted in replicating the start up recom-
mendations of the manufacturer: energize the converter with the autotransformer and the

open-loop approach, then move to any desired control.

Figure 4.1 displays the system’s development through different stages. The initial graph
presents the activation of distinct control mechanisms at precise times. The second graph
illustrates the state of the contactors that join or separate different system components
at specific times. Together, these graphs visually demonstrate the system’s progression

and allow for the analysis of each separate stage.
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Figure 4.1: Controllers and switches status.

Both DC contactors are connected for the whole simulation, as well as the passive load
one. Then, the pre-insertion resistor mechanism was not employed!, and the capacitors’
soft energization depended on the autotransformer’s manual actuation. Logically, the
AC contactors are not used in this scenario as the system is never connected to the AC
grid. The PWM outputs, along with the open loop and voltage balancing controller, are

enabled from the beginning.

This arrangement constitutes the suggested one to try out the MMC bench, so it was
the first tested. This way, the voltage balancing controllers are tested while progressively
increasing the autotransformer voltage. After 0.2 s, the open-loop voltage controller
is substituted by the cascaded voltage and current controllers, which allow closed-loop

control over the AC bus voltage.

Fig. 4.2 displays the evolution of arm currents and phase A submodules’ capacitor volt-
ages, showing the system’s energy flow throughout the process. The capacitors are grad-
ually charged during the first 0.1s due to the simulated actuation on the autotrafo. The
arm currents remain under the nominal value of 10 A (RMS) during all stages. Since it is
virtually impossible to manually move the autotrafo in less than 0.1s, it can be ensured
that this process is safe and can be tried at the bench. The capacitor voltages are balanced
thanks to the leg voltage controllers, independently of the higher level control approach
of AC bus voltage.

IThe pre-insertion resistor mechanism was tested aswell, but the results are included in section 4.2,
so they are no presented here to avoid repetition.
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Real Submodule Voltages: phase A
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Figure 4.2: System’s energy flow.

Close attention is given to the control mechanisms of the phase voltage controllers (fig.

3.16).

The vertical imbalance controller corrects the deviation of the average capacitor

voltage between the upper and lower arm in each leg, producing a sinusoidal component

of the circulating current at the nominal frequency, as shown on the two left graphs of
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Figure 4.3: Branch voltage controllers.
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On the right side, the phase voltage controller follows the average capacitor voltage ref-
erence by producing another component of the circulating current reference. These con-
trollers are designed to keep the system balanced and stable. Both components are added
to the feed-forward term (calculated to account for the real power exchanged) to form the

total circulating current reference in the first graph of fig. 4.4.
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Figure 4.4: Circulating current control.

This reference is tracked by the cascaded circulating current controller (second graph)
to produce a DC voltage signal. The signal is added to a feed-forward term with the
measured DC voltage, making the DC voltage reference for all the individual submodule

controllers of each phase, as shown in fig. 3.15.

On the other hand, the higher level control produces the AC reference for all the indi-
vidual submodule controllers. This reference can be made in an open loop fashion or by

controlling the AC voltage through cascaded voltage and current controllers.

Finally, the AC and DC voltage references are added up at each submodule controller,
along with the control action to balance each capacitor voltage. Fig. 4.5 shows, in the
first place, the individual capacitor voltage of one submodule with respect to the average

value of the capacitors in the phase, showing that they are almost superimposed. The
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regulator’s output is the third term that forms the desired submodule voltage in the
second graph. The ratio between the desired submodule voltage and the corresponding
capacitor voltage provides the duty cycle signal for the PWM driver of each submodule.

As expected, it comprises a sinusoidal signal with a DC offset.
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Figure 4.5: Individual duty cycle generation.

Fig. 4.6 shows the AC bus voltage control: before t=0.2s, the AC voltage reference is
given in open-loop; the cascaded voltage and current controllers are enabled from this
time until the end of the simulation controlling the AC bus voltage in closed-loop. From
t=0.2s, both components of the AC voltage start to closely follow the reference, showing
a settling time of 0.05 s with no overshoot. The load is purely resistive so the current is
necessarily proportional to the voltage, even though the tunning of the current controller

is kept exactly as in section 4.2 for grid-following operation.
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Figure 4.6: Closed-loop AC bus voltage control.

Finally, it is interesting to show a close view of the steady state, showing how the load
currents follow a stable AC pattern of 50 Hz as intended and the capacitors of the different
submodules are balanced. The submodules within an arm are almost superimposed, but
oscillate with an amplitude of 4 V, with respect to the complementary arm of the same

phase, as a consequence of the circulating current. This result is replicated at the steady

state for all three cases, so it is not shown again.
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Figure 4.7: Steady-state operation of submodule capacitors and load currents.

4.1.2. Experimental results

After the promising simulation results, the work moved into practical implementation
on the experimental test bench. Safety issues are crucial when testing the real MMC,

especially when connecting and energizing different parts of the system.
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The experiments were carried out progressively by increasing the DC bus voltage for the

sake of safety, but only the final ones with the autotransformer at 100% are shown.

The firsts tests consisted in replicating the described simulation, following the recommen-
dations of the manufacturer. A single operation mode with the open loop voltage control
approach both for energization and operation, with no change in contactors or active
controllers. The energization is included in the operation mode by manually acting on

the autotransformer, as shown in fig. 4.8.
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Figure 4.8: Energization with autotransformer during operation of islanded MMC.

The signals in the first graph are two randomly? selected capacitor measurements, the
average capacitor voltage and the reference average voltage for the phase A controller
(which is calculated from the DC bus voltage measurement and, therefore, only depends on
the autotransformer). Then, the controllers increase the capacitor voltages proportionally
to the manual variation of autotransformer voltage. As predicted, manual actuation is
way slower than the simulated one, so the arm currents shown in the second graph are

way lower than the nominal value.

2The Imperix interface during experimentation allows a maximum of 32 signals to be seen and exported
simultaneously, so only some capacitor voltages have been registered.
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The last graph shows the D component of the AC bus voltage, which increases until the
capacitors have enough voltage to produce its steady state value. Due to the open-loop
approach, it does not meet the reference. Fig. 4.9 complements the previous, showing the
internal behaviour of the individual submodule controller (for submodule 0 of phase A
as an example) during the manual energization while in operation mode. The controller
receives the AC bus voltage signal from the open loop voltage control and the DC bus

voltage from the phase voltage controller to produce the submodule’s duty cycle signal.
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Figure 4.9: Energization with autotransformer during operation of islanded MMC. Indi-
vidual SM controller.

The AC bus component remains constant, while the DC one increases proportionally when
the DC bus voltage rises due to the autotransformer variation. As the capacitor voltage
increases and overcomes the desired submodule voltage, the PWM modulation signal is

no longer saturated and reaches the steady state along with the capacitor voltage.

However, acting manually on the autotransformer with the system in operation mode is ef-
fective but not very convenient and can lead to human errors. The following tests explored
other energization methods. Fig. 4.10 shows the energization using the autotransformer
at the DC bus but with no control enabled (before operation mode).
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Figure 4.10: Initial energization from DC side with autotransformer.

Alternatively, fig. 4.11 shows how the pre-insertion resistors can restrict the energization
currents without the autotransformer.
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Figure 4.11: Initial energization from DC side with pre-insertion resistors.

In both cases, the capacitors are naturally loaded until the equilibrium value is reached,
and the arm currents remain way lower than the nominal value of 10 A (RMS), proving
that both are suitable energizing methods. It can be noted that the final capacitor voltage

is half the value obtained in operation in fig. 4.8, the final energization must be produced
when initiating the operation mode.

After the initial energization (either with the autotrafonsmer or the resistors), the PWM
outputs and the required controllers should be enabled to produce the desired voltage
at the resistors. Fig. 4.12 shows the moment in which the open loop voltage controller
and the voltage balancing controller are simultaneously enabled and how the capacitor
voltages are effectively balanced while tracking the average reference voltage, thanks to
the action of the circulating current controller. Meanwhile, the arm currents are still

below the nominal values, confirming the suitability of the whole process.
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Phase A: average capacitor voltage control
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Figure 4.12: Final energization starting the operation mode.

Once in operation, it is possible to move from the simpler open-loop approach, designed
for first energizations and focus on the voltage balancing controllers, to another higher-
level approach in closed-loop. Fig. 4.13 shows the D component of voltage and current

controllers for a reference change, showing close alignment to the results shown in the
simulation.
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Figure 4.13: Higher-level voltage and current controls.
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Finally, it is interesting to check the steady state operation of the load current and the
capacitor voltages. Fig. 4.14 shows the three-phase currents and some randomly selected
capacitor voltages (as the interface of Imperix only allows to see and export a maximum
number of variables, and it was preferred to visualize one measure from each phase).
It can be seen a similar behaviour than in simulation, a good quality 50Hz three-phase
current and all the capacitor voltages oscillating around an stable equilibrium value at

the fundamental frequency, corresponding to the periodic energy flow between arms.
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Figure 4.14: Steady-state operation of submodule capacitors and load currents.

4.2. Grid Following operation

4.2.1. Simulation results

The following simulated results illustrate the behaviour of the grid-following study case,
to validate the effectiveness of proposed control schemes prior to testing the real system.
In order to accelerate the simulation time, the time intervals between stages defined in
section 3.3.2 have been reduced, compared to the ones used in section 4.2.2 during the

real test-bench experiments to ensure the system’s security.

Fig. 4.15 portrays the system’s progression through various stages, as done in the first
case, with the active controllers and the contactors’ status. The passive load contactor is
not utilized in this scenario. The DC pre-insertion contactor is enabled during the whole
simulation while the DC bypass one is enabled after the first 100 ms, simulating the timer-
relay actuation. Simultaneously, the PWM outputs are enabled, as well as the open loop
voltage controller and the voltage balancing controllers, to reach the operational capacitor

voltages for a fixed time-lapse of 50 ms.

Then, the open loop voltage controller is substituted by the synchronization and current
controllers during the synchronization process. Once the synchronization phase is com-

pleted, the AC pre-insertion resistor contactor is activated. The synchronization control
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is deactivated whereas the subsequent current and voltage controllers remain active.

The AC bypass contactor is activated after the 50 ms defined for the pre-insertion, lead-
ing to the soft-bypass stage and operation stage, where the MMC’s AC bus is directly
connected to the AC grid. The enabled controllers during these three last stages do not

change, but the current reference is limited to ensure security during the transitions.
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Figure 4.15: Controllers and switches status.

Fig. 4.16 provides a detailed analysis of the current control dynamics. The references are
produced by the synchronization controller during the first 50 ms to match the voltages
at both sides of the AC contactors. Then, they are forced to zero during the pre-insertion
stage, and kept at very low values during the soft-bypass one. Afterwards, the references

are manipulated to see how the control responds.
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Figure 4.16: DQ current in simulation.
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The control system exhibits less than 5% and a settling time of approximately 2 ms to
reach and stabilize at its final value®. These features indicate that the developed DQ
current control system effectively regulates the AC bus current within acceptable limits.
The measured current contains a small ripple component, due to the switching, but it

does not significantly impact the overall performance of the current control.

Fig. 4.17 details the synchronization process. The first graph depicts the progression of
AC bus voltage and AC grid measurements (the voltages at each side of the contactor)
during the synchronization phase in the DQ frame. Through the action of the synchro-
nization controller, the D and ) current references are set so the voltage produced at
the AC bus progressively converges towards the grid voltage value. This ensures a pre-

cise alignment between the MMC system and the grid, requirement for a smooth and

successful connection.
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Figure 4.17: Synchronization process.

Fig. 4.18 shows the evolution of the arm currents during the whole process, along with the
capacitor voltages of phase A submodules, representing the system’s energy flow through-
out the process. It can be observed that all the currents remain under the submodules’
nominal value of 10 A RMS during all stages, proving that the process designed is success-
ful and secure for the equipment. This confirmation allows for moving towards real bench
experimentation and confronting the converter’s performance with real-world challenges,

considering factors such as noise and non-idealities that may affect its performance.

3Tt can be observed a slight difference between D and Q, due to the saturation of the controller’s
output, as the reference step was big
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Figure 4.18: System’s energy flow.

The steady state operation regarding the capacitors voltage balancing and AC bus current

remains the same as in fig. 4.7, so the corresponding graph is not included in this and

the following sections.

4.2.2. Experimental results

After obtaining promising simulation results, the focus shifted to the real-world challenges
on the experimental test bench. When transitioning from simulation to the real test
bench, the connection and energization processes are particularly significant regarding
the system’s safety. For this reason, the waiting times between stages have been enlarged

to make real-time supervision and manual actuation possible.

The energization procedure is carried out as in section 4.1: the PWM outputs begin
disabled, allowing the capacitors to be naturally charged through the antiparallel diodes
from the DC side, either with the pre-insertion resistors or the autotransformer, as already
displayed in figs. 4.10 and 4.11, so it is not repeated here.

After the initial energization, the user can manually activate the connection to the AC
grid. The soft-start stage lasts a predefined timelapse of 200 ms, where a limited AC bus
voltage is produced in open circuit by means of the open-loop voltage controller. Fig.
4.19 illustrates the result of this stage, achieving the final capacitor energization with safe

charging currents, which never exceed the nominal 10 A(RMS).
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Figure 4.19: Final capacitor loading during soft-start stage.

Notably, the capacitors are slightly overcharged during this stage, exceeding the nominal
operation value. This overload is corrected at the final operation stage because the diode
bridge prevents the energy from flowing back to the DC bus, so the capacitors can only

be discharged when the AC bus is no longer in open circuit.

Fig. 4.20 illustrates the AC output voltage behaviour during the synchronization stage,
which automatically follows the soft-start after 200 ms. The AC output voltage is no

longer limited but instead controlled to reach the grid voltage.
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Figure 4.20: Synchronization of AC voltage to grid voltage.

The first graph depicts the evolution of the grid voltage and the output voltage throughout
the entire process of 1 s. The second and third graphs provide a closer look at the
transitions into and out of the synchronization stage, respectively. As the synchronization

stage progresses, the voltage waves steadily converge, ultimately resulting in a near-match.
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After the energization and synchronization stages have been completed, the connection of
both grids can be safely carried out, transitioning towards the operation state. As already
introduced, two intermediate stages (pre-insertion and soft-bypass) enhance safety and
stability as the system transitions from synchronization to operation. Subsequently, the
system enters the final operation stage, where the AC bus is directly connected to the
AC bus and the current references are released and allowed to be modified by the user,

reaching Grid-Following operation. Fig. 4.21 illustrates the whole process.
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Figure 4.21: Grid-following connection full connection process.

The first graph shows the arm currents throughout these stages, demonstrating that the
transitions occur without any dangerous current peaks flowing through the submodules.
The additional "security" stages play a pivotal role in ensuring the smooth and safe

progression through each transition.

The second graph shows the evolution of some capacitor voltages. During the initial
stages, the capacitor voltages are allowed to acquire an overcharged state. As the system
connects to the AC grid, the balancing control ensures that the capacitor voltages are

kept well-balanced and track the desired operation value.
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The third illustrates the evolution of the D and QQ components of the current during the
whole process. The DQ current control is enabled at the synchronization stage, following
the references defined by the synchronization control, alligning to the measured values
along the process. The current references are deliberately forced to zero in the pre-
insertion stage and kept limited to low values during the soft-bypass stage. Finally, the

current references are set free, allowing the user to manipulate and adjust them as needed.

Fig. 4.22 depicts the details of the DQ current controller. The Q-axis components have
been skipped to avoid unnecessary repetition. The first graph shows the succession of
reference changes used to test the system’s response. The second provides a zoom of one

of the transients to check the dynamics, which show pretty similar to the simulation one.
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Figure 4.22: Current controller behavior: D component.

The signal has an evident harmonic content that did not show up in the simulation.
Frequency analysis allows the identification of the source of the distortion. The oscillation
is mainly due to a harmonic component at 300 Hz, as shown in the third graph that
zooms at the most significant harmonic components. After studying the situation, it
was concluded that the reason is that the grid that feeds the laboratory is also feeding
the whole building, which has a lot of electronic devices (mainly computers and other

converters) that introduce harmonic content due to voltage rectification.

In fact, both DC and AC transformers had to be plugged to the same point of the grid’s
laboratory. If they were connected to different plugs, the differential switches of the
laboratory tripped, due to the structure of the electricity protections at the lab.
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Then, the diode rectifier at the DC bus, which is a great source of harmonics, is directly
connected to the AC bus circuit (only separated by the autotransformers). The THD was
not so evident at the initial stages, as the power through the rectifier was almost null,

unlike the one after the connection is stablished.

This result not only validates the work done, but it also proves that it is robust even in
low-quality grid conditions. However, it leads to some enhancements to the system. One
possibility is to act on the DC bus, either introducing a filter or substituting the rectifier
by a DC source with DC pre-charge circuit (however, the quality of the grid due to the
rest of devices can be still low). It is also possible to connect the AC bus to another
devices such as analog amplifiers that simulate in real time a more complex system such
as the PCC of a WPP or whichever system desired. Exploring these alternatives is in the

roadmap of the research project, but it is beyond the scope of the thesis.

4.3. STATCOM operation

4.3.1. Simulation results

The following simulated results demonstrate how the system behaves for the third case of
study, validating the proposed control schemes before testing in the real system, as done

with the previous cases.

Fig. 4.23 provides a detailed visualization of the system’s evolution throughout the stages,

considering the electrical configuration and the control schemes acting on it.
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Figure 4.23: Evolution of controls and switches.
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The DC bus and passive load contactors are not utilized. Conversely, the AC pre-insertion
resistor contactor remains activated throughout the entire simulation. Initially, PWM
outputs are turned off, and no active control is present, corresponding with the capacitors’

natural charging process through the antiparallel diodes and the pre-insertion resistors.

The necessary controls for synchronization between the AC bus and the grid voltages
are activated after the energization, as explained in 3.3.3. The PWM is enabled once
the synchronization condition is successfully met. Then, the synchronizing control is no
longer needed, but the cascaded controls remain enabled. The control signals include the
soft start modifier that forces the Q current reference to zero to minimize the current flow

while the capacitors reach their final voltage.

Once the predefined time has elapsed, the bypass contactor is enabled, initiating the
transition to the soft bypass stage. The soft-start modifier signal still restricts the Q
current reference in this stage. Finally, the reference is set free, marking the transition to

the operation phase.

Figs. 4.24 and 4.25 depict the synchronization process in which the synchronization
control is cascaded to the DC voltage controller and the DQ current control (fig. 3.31) to

produce a final voltage reference that matches the measured grid voltage.
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Figure 4.24: Controllers synchronization to the grid (Q component).

Fig.4.24 focuses on the Q axis, showing how the difference between the (Q components of
the measured grid’s voltage and the voltage reference given by the D@ current control
moves the Q current reference until the error disappears. The current measurement
is oscillating due to the natural load of capacitors through the diodes, as the process

starts before reaching the equilibrium value. Even the PLL still has not stabilized the Q
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component at 0 V. This case is due to the low waiting times employed to accelerate the

simulation, which is not expected for real experimentation.

Fig. 4.25 shows how the D axis follows the same idea but with the intermediate DC
voltage controller. In this case, the velocity is limited due to the saturation of the current

control output. Again, the measured DC voltage during synchronization is still increasing,
as the process starts before equilibrium.
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Figure 4.25: Controllers synchronization to the grid (D component).

Fig. 4.26 presents the system’s performance during the transition to operation stage.
From t=0.2s to t=0.4s, the graphs replicate the synchronization process in 4.25. Once the
PWM is enabled, the DC voltage controller tracks the reference operation value through
a cascaded action with the D current controller. This process charges the capacitors until
the operation voltage is reached. From t=0.4 s to 0.45 s, the increase rate is limited by the
pre-insertion resistors. The resistors are bypassed way before reaching the final operation
value to further reduce the simulation times. The bypassing generates a transient that,
however, is kept below the nominal value of the currents thanks to the DQ control action.

However, this must be ensured with the real prototype.
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Figure 4.26: Operation controllers.

During these transitions, the Q-current reference was kept at 0 to minimize extra current
flow. Afterwards, the system is in STATCOM operation, and some transients are carried
out to test the dynamics. The  current component tracks its reference (which would be
set by the user to fulfil the reactive power requirements of the AC system and adjust the
voltage at the connection point). The dynamics correspond to the DQ current presented

in section 4.2.1, so it is not shown here to avoid repetitions.

The DC voltage control dynamics exhibit an overshoot below 5% and a settling time of
0.05 seconds, a relatively slow response compared to the current control. This difference
corresponds to the cascaded nature of the control system The D component of the current
accurately tracks the reference signal provided by the DC voltage control to maintain the
DC voltage at the desired operational point. The saturation of the current reference
prevents over-currents when there are significant DC voltage errors, as when the resistors

are bypassed before reaching the operation voltage.

Fig. 4.27 illustrates the evolution of the system variables related to its energy: the capac-
itor voltages and the arm currents. Initially, the capacitor’s voltage increases smoothly
through the pre-insertion resistors. When the PWM outputs are enabled, the system
continues to charge slowly through the resistors. The voltage-balancing controller oper-
ates from this point, keeping the voltage balance as in the previous scenarios. Following
the bypassing of the pre-insertion resistors, the rise in voltage is more pronounced until
the operation value is reached. The average capacitor voltages reflect the DC voltage

transients seen in the previous figure during the operation stage.
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Figure 4.27: System energy.

There are not any over-nominal arm current peaks throughout the process, which proves
the starting strategy’s efficacy in maintaining system stability and safety. However, these
conclusions must be confirmed with the experimental bench, where the real-world be-

haviour will determine whether or not the starting strategy is valid.

Again, there is no need to show a detailed graph of the steady state operation regarding
the key variables of submodule capacitors and AC bus currents, as they are the same

shown in fig. 4.7.

4.3.2. Experimental results

The favourable simulation results led to physical experimentation on the test bench. The
energization and connection processes involve risks that motivated the enlargement of the

waiting times between stages, compared to the ones in simulation.

Fig. 4.28 depicts the key system variables during the energization phase through the
antiparallel diodes with the PWM outputs disabled. The resistors effectively restrict the
arm currents to a maximum value of 2.2A, significantly lower than the nominal value of
10A (RMS), ensuring system safety. All the capacitors are simultaneously charged up to
the same equilibrium value, as when energizing from the DC bus.

Contrary to the simulation, there is no need to reduce time between stages in the test
bench, so the synchronization can begin already in the equilibrium point. The synchro-
nization process does not involve any physical process, as the objective is to match the

current controller’s output to the measured grid’s voltage (fig. 3.31).
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The PWMs are still blocked so the behaviour does not differ from the simulated one, it
is just a bit faster since it begins at the equilibrium value. Therefore, it is unnecessary to

show repeated graphs.
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Figure 4.28: AC side initial energization

The soft-start stage can begin when the synchronization condition is met. In the first
test (fig. 4.29), it is not interrupted by the next stage as in 4.3.1 (where the simulation
times where critical), to see how the DC bus and capacitors reach their final voltages
with the pre-insertion resistors. The first graph shows the gradual increase in the DC
bus voltage due to the DC voltage controller’s action over approximately 2 seconds. It is
proportional to the increase in the capacitor voltages at the second graph. An oscillation
in the voltages is observed once they reach their final value, but it only happens while the

resistors are connected, so it can be disregarded.

DC Voltages

Capacitor Voltages

120 ;
N 100 t - /\/W\/J
go 801 o -~ Vsmec
Vbe :S 60 ‘;f'ﬁ/ XSM 3A
V;c SMavg B
o 05 1 15 2 25 5 a5 0 85 1 15 2 25 a3
Time [s] Time [s]
) Arm Currgnts 15 berrent c"ontrol:' (0] cu}"rent c?mpone“nt
1.5+ N up Iy up 15 tow
% 1k Igup Tatow Ic 10w %
o R
0 015 1 115 2 2:5 3 35 0 0.‘5 1 1:5 2 2:5 3 35
Time [s] Time [s]

Figure 4.29: Extended Soft-start until operation voltage.
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The third graph shows the arm currents throughout the entire soft-start process. The
resistors effectively prevent any current peak during the PWM activation instants. After
that, the currents remain consistently limited to levels below 0.5A throughout the process.
Finally the fourth graph shows the evolution of the Q component of the AC current, |,

which is forced to zero in order to minimize the current flow through the resistors.

However, the resistors are only mandatory during the initial PWM activation instant.
That is why the process is accelerated with the soft-bypass stage to reduce simulation
times. Fig. 4.30 demonstrates the whole transition to the operational stage after a
shorter soft-start period of 200 ms and a soft-bypass period of 200 ms. The first graph
illustrates the arm currents and the capacitor voltages. A transient occurs as the resistors

are bypassed, resulting in a peak current of nearly 6 A, still considerably far from the
nominal 10 A (RMS).
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Figure 4.30: Transition to STATCOM operation.
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A shorter soft-start stage does not compromise the system’s safety and still effectively
limits the magnitude of the transient current during the PWM activation. Thus, waiting
until the operation values are fully reached is unnecessary, confirming the suitability of

the strategy developed for faster simulations.

The second graph corresponds to capacitor voltages, directly proportional to the DC
voltage in the third graph. The voltages reach their operational value in approximately
less than 200 ms?*. The last graph shows the Q component of the DQ current control that
follows an independent reference signal. During the soft-start and soft-bypass stages, the
Q component reference is intentionally forced to zero. Subsequently, the user can set the
Q component reference freely; in this case, it is adjusted to a chosen value of 2A, enabling

the system to exchange the desired reactive power.

Once the operation stage has been safely established, it is possible to analyse the behaviour
of the developed control in detail. Fig. 4.31 shows how the MMC fulfils the STATCOM
objective of regulating the local AC voltage by extracting or injecting a specific amount

of reactive energy into the power system.
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Figure 4.31: Reactive power control in STATCOM operation.

The first graph illustrates how the DQ current controller tracks the manually-set Q ref-
erence, as in 4.2.2, achieving the desired reactive power exchange with the grid. The
dynamic response and THD characteristics correspond to the ones commented in 4.2.2
for grid-following operation. The second graph shows the impact of the reactive power

flow on the AC voltage amplitude, represented by its D component.

“However, it is worth noting that the settling time of the DC voltage is constrained by the saturation
of the current reference, which ensures the safe and controlled operation of the system.
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The observed direct effect proves the control system’s effectiveness in regulating grid
voltage by manipulating reactive power®

The second objective of the system is the regulation of the DC voltage. Keeping the DC
voltage at the reference value ensures the MMC converter’s stable and reliable operation
when working as a pure STATCOM or as the input port to an HVDC line or grid, as
explained in 3.3.3. This regulation process involves active power exchange between the
converter and the AC grid, corresponding to the AC current’s D component.

Fig. 4.32 depicts the DC voltage regulation. The first graph shows the dynamics of the DC
voltage tracking the defined reference. The second graph details the transient response of

the DC voltage, showcasing a slight overshoot of approximately 5% but reaching a stable
operating point within a settling time of roughly 0.1 seconds.
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Figure 4.32: DC voltage control in STATCOM operation.

The third and fourth graphs detail the D component of the DQ current control cascaded
to the previous. The D current reference closely follows the output of the DC voltage
control, ensuring proper DC voltage regulation. The dynamics of the current control

correspond to the observed in section 4.2.2, more than 20 times faster than the voltage
regulator ones, resulting in proper cascaded operation.

5Notably, the voltage is measured at the MMC side of the autotransformer. The system is a laboratory-

sized converter whose power is low compared to the grid’s, so the effect on the actual grid voltage is
minimal, unlike the one that could have a real-sized MMC.
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5 ‘ Conclusion

An investigation on modular multilevel converters has been conducted along the thesis.
Initially, the context of application for these converters has been introduced to understand
why the current electrical framework necessities require them. Then, an overview of the
structure, operation and applications is presented. A Simulink model representing a
laboratory prototype has been employed to simulate different scenarios. The results are

verified by conducting the same experiments in the physical prototype.

Three different operation modes have been studied: islanded mode, grid-following mode
and STATCOM mode. Not only the modes themselves have been considered, but also
the energizing, synchronization, and connection methods that are required to conduct
the system towards the operation. The three modes are complementary, covering a wide

range of MMC applications.

The islanded operation studies how the converter can feed a passive electrical grid without
the support of other generators. This scenario can be applied to an isolated high-voltage
grid powered by an MMC or to different situations that may require a solo operation from

the MMC, such as energize areas from the main grid after blackouts or other events.

The grid-connected operation constitutes one of the main applications of the converter,
in which it works in synchronization with the main grid (grid-following) and transmits
the active and reactive power commands. In this way, a renewable energy source, energy
storage system, or any other element connected through an HVDC system can deliver
the power demanded at each instant. In addition to the grid-following operation, the
synchronization process has been studied as well, which is crucial for establishing the

connection of the elements mentioned above to an active grid.

Finally, the STATCOM mode allows the study of how the converter can be employed
in high-voltage AC systems to increase their transport capacity by acting on the AC
voltage magnitude through the control of the reactive power flow. However, this specific
application can be extrapolated to other systems with active power flow towards the DC
bus, such as energy storage or HVDC industrial systems requiring DC voltage control.

Furthermore, this concept is also employed at the input converter of an HVDC line (or
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grid), which is in charge of keeping the DC link voltage so that the other(s) converter(s)
can deliver the demanded power working for example, in grid-following as in the previous

case.

In conclusion, a wide range of MMC applications has been tested, employing three dif-
ferent operation modes. Additionally, reliable synchronization and connection methods
have been developed to take a real-world converter to those operation modes. These de-
velopments constitute a solid base for future investigation and experimentation with the

laboratory prototype.

5.1. Future work

This project is conducted within the scope of a research project at UPV. The aim of the
project is grid-forming control for advanced integration of renewable energy in HVDC-
based systems with MMCs. This study of advanced grid-forming controls is beyond the
scope of an MSc thesis. That is why the task of commissioning the recently purchased
laboratory prototype and developing the initial control methods has been dedicated to
this issue. Once the system is fully operative, the work will turn towards the study of

grid-forming control strategies that are currently required by the electrical system.

Grid-forming control techniques are required to achieve a high penetration of power
electronics-based renewable energy sources for decarbonised electric systems. The aim
of the project, which is to continue the work done in this thesis, is to provide signifi-
cant progress in this field. The operative prototype will be the means of experimentally

validating the developments achieved.
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A. ‘ Appendix A

System ratings

Submodule’s nominal voltage Vst nom = 400V
IGBT maximum peak voltage VieBT,maz = 600V

Submodule’s nominal current Isarnom = 10A(rms)

IGBT maximum peak current I16BTmaz = 50A
Diode rectifier maximum current IpRmaz = 100A
System’s nominal power Prravicnom = 15EW

Table A.1: System ratings of Imperix MMC.

MMC Control parameters

Individual SM control KP,, =0.013 Kli,, =0
Circulating current control KP..=06.66 KI. =22
Phase voltage control KP,, = 6.66 KI,, =22
Vertical unbalance control Kpp, =04 KI,, =5.5
DQ Current control KPpg. = 1.6 KIpg. = 686
DC voltage control control KPypc =10 KIypc =20

Synchronization (DC) control K Psynepc =35 Klgynepe = 1200
Synchronization (AC,D) control K Psy,cacp =0.2  Klgyneac,p = 20
Synchronization (AC,Q) control K Psycaco =05 Klgyncaco =25

Table A.2: Parameters and settings of implemented controllers.
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MMC Electrical parameters
Lo = 2.3mH Ry = 0.05Q  Copr = 1.35mF Rgyr = 0.005€2
Ltr =2mH Rpre =470 Rload = 2202 Pmaa:,load = 7.5kW

Table A.3: Parameters and settings of the system’s plant.

PWDM blocks
Type Carrier-based-PWM
Carrier-shape Triangle
Phase! 0.25-i(0 <14 < 4)
PWM parameters update rate Double-rate
Dead-Time ty = 400ns
Switching Frequency fsq =5kHz
ADC blocks
Sensitivity Svoltagesensors = 2:46mV/V  Seuprentsensors = 99MV/A
Gain Guoltagesensors = T4 G eurrentsensors = T2

Analog filter cut off frequency feowoltage = 6.4k H 2

Sampling Frequency fs = 20kHz

Table A.4: Signal interfacing configuration parameters
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