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Abstract

The electric power grid is undergoing significant changes and updates nowadays, especially
on a production and transmission level. Initially, the move towards a distributed generation
in contrast to the existing centralized one implies a significant integration of renewable
energy sources and electricity storage systems. In addition, environmental awareness
and related concerns regarding pollutant emissions have given rise to a high interest in
electrical mobility. Advanced power electronics interfacing systems are expected to play a
key role in the development of such modern controllable and efficient large-scale grids
and associated infrastructures.

During the last decade, a global research and development interest has been stimulated
in the field of modular multilevel conversion, due to the well-known offered advantages
over conventional solutions in the medium- and high-voltage and power range. In the
context of battery energy storage systems, the Modular Multilevel Converter (MMC)
family exhibits an additional attractive feature, i.e., the capability of embedding such
storage elements in a split manner, given the existence of several submodules operating at
significantly lower voltages. This thesis deals with several technical challenges associated
with Modular Multilevel Converters as well as their enhancement with battery energy

storage elements.

Initially, the accurate submodule capacitor voltage ripple estimation for a DC/AC MMC
is derived analytically, avoiding any strong assumptions. This is beneficial for converter
dimensioning purposes as well as for the implementation improvement of several control
schemes, which have been proposed in the literature. The impact of unbalanced grid
conditions on the operation and design of an MMC is then investigated, drawing important
conclusions regarding the choice of line current control and required capacitive storage
energy during grid faults.

Subsequently, the concept of Modular Multilevel Converters with integrated split battery
energy storage systems (BESS) is treated. Several solutions for the submodule/battery
interfacing problem are presented and discussed. A global system control method is
developed in detail, where all objectives are split into several subproblems and handled
by means of topology-specific degree of freedom exploitation. These objectives include
capacitor voltage control, independent active power control as well as battery state of
charge balancing. The application of the developed method in three different conversion
structures, i.e. the star- and delta-configured Cascaded H-Bridge converter and the
DC/AC Modular Multilevel Converter, proves that it is extendable to any type of



Abstract

MMC-based conversion structure with only minor topology-specific modifications.

In a final step, a modular versatile Power Electronic Transformer-based multiport converter
architecture is proposed and investigated for the implementation of a medium voltage
ultra-fast EV charging station. This benefits from the shift of the isolation requirements
to the medium frequency range. The chosen DC/DC converter topology, i.e., the Dual
Half-Bridge is analyzed in terms of soft-switching regions for wide input and output
voltage variations. Due to the system high-order and nonlinearities, an advanced current
control design method is employed, based on optimized loop shaping using nonparametric
models. An overall control algorithm is finally derived, capable of stabilizing the system
under all possible operating modes and power flow directions.

Key words: Modular Multilevel Converters, Cascaded H-Bridge converters, battery
energy storage systems, power electronic transformer, ultra-fast EV charging, integrated
split energy storage, Dual Half-Bridge, active power control, state of charge balancing,
unbalanced grids.
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Résumé

Les infrastructures électriques font face de nos jours & des changements et mises a
jour importants, particuliérement au niveau de la production et de la transmission de
I’énergie électrique. Tout d’abord, I’évolution vers une génération distribuée contrairement
a celle centralisée existante implique une intégration significative des sources d’énergie
renouvelables et des systémes de stockage d’énergie électrique. En outre, la sensibilisation
4 la cause environnementale et les préoccupations liées aux émissions de polluants ont
donné lieu & un vif intérét pour la mobilité électrique. Les systémes d’électronique de
puissance avancés sont appelés a jouer un roéle clé dans le développement de tels réseaux
a grande échelle modernes et des infrastructures associées, en mettant ’accent sur la
controlabilité et Defficacité.

Au cours de la derniére décennie, un intérét mondial a été porté sur la recherche et le
développement dans le domaine de la conversion modulaire multiniveaux, en raison des
avantages offerts par rapport aux solutions classiques des gammes moyenne et haute
tension et puissance. Dans le contexte des systémes de stockage d’énergie basés sur
des batteries, la famille des Convertisseurs Modulaires Multiniveaux (MMC) présente
une caractéristique supplémentaire attrayante, c’est-a-dire, la possibilité d’incorporer
ces éléments de stockage d’une maniére divisée, grace a 'existence de plusieurs sous-
modules fonctionnant a des tensions beaucoup plus faibles. Cette thése traite de plusieurs
défis techniques associés aux Convertisseurs Modulaires Multiniveaux ainsi qu’a leur
renforcement avec des éléments de stockage d’énergie utilisant des batteries.

Dans un premier temps, I’estimation précise de I’ondulation de la tension des condensateurs
des sous-modules d'un MMC DC/AC est dérivée de fagon analytique, en évitant de recourir
a des hypothéses fortes. Ceci est bénéfique & des fins de dimensionnement du convertisseur
ainsi que pour ’amélioration de la mise en ocuvre de plusieurs systémes de réglage
proposés dans la littérature. Ensuite, 'impact des conditions de réseau asymétriques sur le
fonctionnement et la conception d’'un MMC est étudié, permettant de tirer des conclusions
importantes concernant le choix du réglage des courants de ligne et du stockage d’énergie
capacitif requise pendant les défauts du réseau.

Par la suite, le concept de convertisseurs modulaires multiniveaux avec de batteries
intégrées et divisées est traité. Plusieurs solutions concernant le probléme de I'interfacage
entre le sous-module et la batterie sont présentées et discutées. Une méthode globale
pour le réglage du systéme est développée en détails, ol tous les objectifs sont divisés en
plusieurs sous-problémes et manipulés en exploitant les dégrées de liberté spécifiques aux
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Résumé

topologies étudiées. Ces objectifs comprennent le réglage de la tension de condensateurs
des sous-modules, le réglage indépendant de la puissance active ainsi que 1’équilibrage
de I'état de charge des batteries. L’application de la méthode développée dans trois
structures de conversion différentes, c’est-a-dire, le convertisseur en Ponts-H Cascadés
en configuration étoile et triangle et le Convertisseur Modulaire Multiniveaux DC/AC,
prouve que la démarche utilisée est extensible a tout type de structure de conversion basée
sur des MMCs avec seulement quelques modifications mineures pour chaque topologie.
Dans un dernier temps, une architecture de convertisseurs polyvalente et multi-porte a
base de transformateurs d’électronique de puissance modulaires est proposée et étudiée
pour la mise en ceuvre d’une station de recharge ultra-rapide de véhicules électriques,
permettant la connexion directe au réseau moyenne tension. Cela permet de déplacer les
contraintes d’isolation galvanique dans le domaine de la moyenne fréquence. La topologie
du convertisseur DC/DC choisie, c’est-a-dire, le Dual Half-Bridge (DHB) est analysée en
termes de domaines de fonctionnement a commutation douce pour de grandes variations
des tensions d’entrée et de sortie. En raison de 'ordre supérieur du systéme et des non-
linéarités présentes, une méthode de conception de réglage du courant avancée est utilisée,
basée sur le calibrage optimisé de la fonction de transfert en boucle ouverte, en utilisant
des modéles non-paramétriques. Un algorithme de réglage global est finalement déduit,
capable de stabiliser le systéme pour tous les modes de fonctionnement et directions du
flux de puissance possibles.

Mots clefs : Convertisseurs Modulaires Multiniveaux, Convertisseurs en Ponts- H Cascadés,
systémes de stockage d’énergie basés sur des batteries, Transformateur d’Electronique de
Puissance, recharge ultra-rapide des véhicules électriques, stockage d’énergie intégrée est
divisée, Dual Half-Bridge, réglage de puissance active, équilibrage des états de charge,
réseaux déséquilibrés.
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Il Introduction

This chapter introduces the global context, in the framework of which this thesis has
been carried out. The motivation for this work is drawn from three key principal axes:

e DC/AC Modular Multilevel Converter (MMC)
e Battery Energy Storage Systems (BESS) and their integration into an MMC

e Power electronics interfaces for ultra-fast electric vehicle (EV) charging

In the following, the basic concepts and terms that are utilized throughout this thesis
document are presented. A review is carried out, including the most significant scientific
contributions in all three aforementioned areas. The thesis motivation and outline finalize
this introductory chapter.

1.1 Modular Multilevel Converters

The term Modular Multilevel Converter, often abbreviated as MMC, M2C or even M?LC,
was initially used to describe the DC/AC power conversion structure proposed by [1-
3]. As its name implies, the main characteristic of such a converter regards the series
connection of identical submodules within a branch. The latter is shown in Figure 1.1a.
Such a feature was already known from the Cascaded H-Bridge (CHB) converter of [4].
It was not after almost twenty years that this topology started being investigated for
static synchronous compensator (STATCOM) applications [5], electric drives 6] as well
as traction converters [7]. An inductive element completes the converter branch [§],
alming at the limitation of undesirable currents caused by the parallel connections of
voltage-source-behaving power circuits as well as enhancing the converter control and
protection. The latter gives finally a current-source nature to the branch. During the
last decade, however, research on different branch configurations for the achievement of

1



Chapter 1. Introduction

several conversion schemes, has rather led to a whole family of power converters, which
the term MMC can be attributed to.

According to the framework of the application, several different choices for the imple-
mentation of the submodule exist. Figure 1.1b shows the two most common cases, i.e.,
the half-bridge and full-bridge submodules. In the simplest case, the choice between
the two is made in regard to whether the converter branch needs to provide negative
voltages or not. Throughout the years, other factors such as converter protection during
faults, losses, component number reduction as well as smaller footprints, have given rise
to the proposal of different submodule implementations. The latter include the twin
submodule [9], the clamped double submodule [10], as well as neutral point clamped and
flying capacitor-based designs [11].

i e
(a)

Figure 1.1: (a) A Modular Multilevel Converter branch consisting of series-connected
identical submodules plus an inductor (b) possible implementations of a submodule.

The MMC has attracted a lot of industrial and academic interest during the last decade,
due to the superior properties over conventional topologies for high-voltage and high-
power applications [3|. The modular realization implies an easy scalability to any power
and voltage levels through the utilization of standard components. Moreover, the high
resolution of the produced converter waveform means that the injected currents feature
very low harmonic contents, therefore any excessive filtering is avoided. This is especially
beneficial in high-voltage direct current (HVDC) transmission systems, where a very large
and bulky filter is normally needed in conventional IGBT-based voltage-source converter
topologies. Other advantages regard the high availability as well as fault tolerance of
such a modular system in case of device failures.

1.1.1 MMC Topologies and Applications

The MMC has been extensively studied during the recent years, resulting in an enormous
amount of academic publications as well as patents. A wide range of applications have been
considered, leading to several possible MMC configurations as illustrated in Figure 1.2.

Figure 1.2a shows the well known cases of the three-phase Cascaded H-Bridge converter
in either star or delta configurations. Since the term CHB is well established in the
literature, it will be kept throughout this thesis to refer to these two specific topologies,

2



1.1. Modular Multilevel Converters

whose implementation requires only three converter branches. Some applications of this
converter were mentioned in the previous paragraphs.

Figure 1.2b illustrates an MMC structure consisting of two parallel-connected phase legs,
in each one of which two branches are connected to a common midpoint'. The common
terminals can be fed by either a DC or an AC sources. In the first case, this structure
could be part of a back-to-back railway intertie [12,13]. In the second case, it can be
used as a single-phase direct AC/AC converter for railway traction systems [14] or similar
applications [15].

Figure 1.2c shows the most frequently encountered version of MMC in the literature.
In the three-phase inverter version, this variant is used in systems requiring a DC/AC
conversion. The latter include mainly HVDC systems [16-19] as well as medium voltage
electric drives [9,20]. The common DC link can be substituted by an AC source. This
leads to a single-/three-phase direct AC/AC conversion structure, which can be used
for railway interties, i.e., the interconnection of the three-phase industrial grid with the
single-phase railway supply commonly available in several European countries [12,21], or
alternatively for gearless wind turbine generation systems [22|. It is noted that these are
the applications, where the first commercial projects have been commissioned.

The conversion structure of Figure 1.2d is an MMC version of a DC/DC medium frequency
transformer-based isolated topology. Its main use regards the interfacing of medium to
high voltage DC grids as well as the converter protection enhancement against DC-link
faults [23-25].

Finally, the topologies shown in Figure 1.2e-1.2f resemble the direct matrix and sparse
matrix converters, respectively. They aim at the interconnection of different AC networks
or electric drive applications. They have been proposed as alternatives to the typical
AC/DC/AC back-to-back MMC configurations [26-30], due to their advantages mainly in
the field of low-speed electric drives.

In order to achieve additional features, such as implementation with a lower number
of required submodules, a number of hybrid MMC-related topologies have been also
proposed in literature especially for DC/AC operation. The latter include the Alternate
Arm Converter (AAC) [31] as well as the MMC with a middle cell [32].

Reference [33] proposes a general terminology for several members of the MMC family.
However and since the number of available topologies is constantly evolving, this thesis
work makes use of the names shown in Figure 1.2. It is also noted that this thesis deals
with the first four topologies illustrated in Figure 1.2a-1.2c.

!This topology will be referred to as the two-phase DC/AC MMC, in order to distinguish it from the
single phase-leg inverter considered by many researchers in the literature.
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Figure 1.2: Members of the Modular Multilevel Converter family found in the literature:
(a) the CHB converter in either star or delta configurations, (b) two-phase DC/AC or
single/single-phase direct AC/AC MMC, (c¢) DC/AC or single/three-phase direct AC/AC
MMC, (d) isolated DC/DC MMC, (e) three/three-phase direct AC/AC MMC in matrix
configuration, (f) three/three-phase direct AC/AC MMC in hexagonal configuration
(Hexverter).
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1.1.2 DC/AC MMC Modeling, Modulation and Control

The DC/AC Modular Multilevel Converter exhibits several topology-specific features,
which make its analysis different than conventional power converters.

Initially, the converter branches are characterized by continuous current flow, contrary to
the chopped currents of traditional topologies. In addition, a central DC-link capacitor
does not exist, since the required storage elements are distributed within the converter
branches. This capacitive nature of the phase legs, however, poses challenges in the
converter design and operation, especially when the converter faces unbalanced grid
conditions. Moreover and unless the submodule capacitance and branch inductance
are unrealistically high, so-called circulating currents are expected to flow within the
parallel-connected phase legs if the capacitor voltage ripples are not compensated for on
a control or hardware level. Finally, the inversely proportional relation between the line
current frequency and the submodule capacitor voltage ripples implies an impediment in
the case of an MMC low output frequency operation, such as during motor drive startup

or low-speed operation.

The aforementioned specificities require special attention for the comprehension of such a
system’s physical behavior and the development of converter control systems. The control
problem of an MMC system features several sub-problems regarding the external converter
magnitudes as well as inner converter quantities. In the following, some significant research
contributions on the modulation and control of an MMC are referred to.

Modulation and Submodule Capacitor Voltage Balancing

The first MMC-related publications were treating the system as a typical three-phase
converter case, applying line current and DC-link voltage control as needed. The only inner
converter-related control regarded the even voltage distribution between the submodule
capacitors of a converter branch [3,14]. The latter was performed on a space vector
modulation level, by using a dynamic sorting and selection process algorithm for different
submodule insert/bypass assignment according to the branch current polarity.

A similar balancing method but substituting space vector modulation by a PWM technique
was proposed by [34] and has been followed by several researchers [35,36]. Such a sorting
algorithm can result in non-periodic capacitor voltage peaks in low switching frequencies
[37]. Tolerance-band modulation methods [38] and predictive-based algorithms [39,40] have
been proposed to tackle this problem. A different approach of balancing the submodule
capacitor voltages within a converter branch has been proposed by [41], which is based
on individual capacitor voltage feedback loops in conjunction with the branch current
polarity, similarly to what has been previously reported for the CHB converter [42,43].
The latter results in the change of each submodule’s duty cycle, accordingly.
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Other research works on MMC modulation concern the tailoring of several well-established
multilevel converter methods, taking into account the system specificities. The latter
include carrier-based methods [44], nearest level control (NLC) [45], selective harmonic
elimination (SHE) [46], fundamental switching frequency modulation [47], as well as
hysteresis-based modulation methods [38,48].

Modeling and Control of MMC Internal Quantities

As mentioned earlier, uncompensated capacitor voltage ripples can give rise to undesirable
circulating current components within the converter branches. In addition, developed
functional representation models [49,50] have illustrated the ability to handle indepen-
dently the input from the output power, which is a very attractive feature of the MMC.
Combining these considerations, questions have arisen about whether a superior perfor-
mance can be gained by making use of all available system-specific degrees of freedom.
Towards such direction, several inner converter-related variables can be specified and
controlled, accordingly.

Assuming that the balancing of the submodule voltages within one converter branch
is ensured by a mechanism on a modulation level, a switching-averaged MMC branch
model can be deduced, such as the one proposed in [51] on a per-phase level. Similar
generalized models for two- and three-phase converters are presented by other researchers
as well [52,53]. Such models are mainly used for control system design as well as to
decrease the simulation time when the pulse-width modulation (PWM) effects are of no
interest. On a modeling level, it has to be noted that there are two different ways of
describing the circulating current encountered in the literature: (a) as the one flowing
on the external converter loop including the DC-link and one phase leg [41]| and (b) as
the one flowing between two adjacent phase legs [35]. The two definitions are of course
equivalent and finally describe the same properties of the physical system.

The first publication dealing with the converter dynamics and their control was written
by the authors of the conference paper [41], later published as a journal article in [54]. In
these works, the total average phase-leg stored energies were controlled using cascaded
outer voltage/inner circulating current loops, compensating therefore for branch capacitor
voltage ripples. The same researchers added a branch voltage-difference feedback loop
in [55], in order to ensure an equal energy distribution between the two branches of the
same phase leg. Different implementations of this control scheme are proposed by [56]
and [57] based on stationary and rotating reference frames, respectively. Contrary to
the aforementioned cascaded-based control schemes, a multivariable optimal controller
is proposed by [58]. In [51], the inner converter dynamics were described by means of
average modeling and similar energy feedback loops were formed, acting directly on the
branch modulation references and without explicit circulating current control. On the
other hand, the so-called ‘open-loop’ MMC control scheme developed by [59] compensates
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for the branch capacitor voltage ripples by using their real-time estimated values in order
to appropriately change the modulation references. By doing so, the circulating current
can be controlled in an indirect manner. Finally, the authors of [60] have extended this
concept theoretically showing that when the estimated values are utilized in the selection
of the modulation references, no additional balancing cascaded loops are necessary even
if undesirable unbalances occur between the converter branches.

Operational Issues

The protection of a DC/AC MMC against DC bus short-circuits is an important field
of ongoing research. Due to the fact that the submodule diodes remain forward-biased
during such a fault, a solution is to be found for the very large currents that need to be
supported by the latter. The solution to such a problem comes through the utilization of
a thyristor switch at the terminals of each submodule [18] or the implementation of more
advanced submodule topologies [10,61].

As mentioned before, the inversely proportional relation of the line current frequency to
the submodule capacitor voltage ripples poses a significant impediment for the application
of a DC/AC MMC in the field of medium voltage drives. The latter has been tackled by
means of the employment of a special operation mode during motor startup operation
by the researchers in [62|. However, this has a significant impact on the converter
semiconductor dimensioning. For low-speed drives, the three/three-phase direct AC/AC
converter of Figure 1.2e has been proven to be better suited [26].

Finally and as in any three-phase grid-connected system, the Modular Multilevel Converter
is likely to face unbalanced conditions, such as phase-to-ground or phase-to-phase faults.
However, the unique features of this converter type and especially the existence of
three independent capacitive phase legs, require special attention under such a converter
operation. Some research works have investigated the control of a Modular Multilevel
Converter under unbalances [17,50,63,64], focusing mostly on symmetric current injection
and DC-link oscillation cancellation. However, the impact of such unbalances on the
converter components, such as the capacitor sizing, as well as alternative control targets
under asymmetries is still an open issue requiring further investigation.

1.2 Battery Energy Storage Systems

The use of energy storage systems (ESS) nowadays can be divided into two main categories,
mobile and stationary applications. In the first case, the ESS constitutes the primary
power source, such as in EVs and portable consumer electronic devices (laptops, mobile
phones etc.), aiming at the substitution of other types of supplies.
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The second application group concerns mostly the handling of intermittent power sources
on a grid-connection level. Indeed, a global trend and high expectations exist towards a
more sustainable grid, where a large integration of renewable energy sources will take
place and pollutant emissions will be significantly reduced. Such a distributed generation
scheme is illustrated in Figure 1.3, where a sole central power plant is supplemented by
several other production units, such as wind turbines and solar panels. It becomes evident
that the fluctuating power nature of such units due to their dependence on external
factors, such as wind and solar radiation conditions, poses several challenges. The latter
includes the quick covering of the load demand at any time, as well as the handling of
the electrical energy in cases of excessive generation. Battery energy storage systems play
a significant role in the fulfillment of the two aforementioned conditions.

Central Power Plant
Residential buildings

dfe

Combined heat
and power

Wind Farm ..
Transmission

Energy 7St0rage

(@)

i) Commercial
‘B Buildings

Energy Storage Energy Storage PV Panels

Figure 1.3: The concept of distributed generation with energy storage system components
(source: [65]).

There are a great number of electrical energy storage technologies, ranging from mechanical
storage systems (pumped hydro, flywheels, compressed air), electrical storage systems
(superconducting magnetic energy storage, supercapacitors) as well as electrochemical
storage systems (rechargeable batteries). The choice among the available energy storage
technologies for a specific application is not a trivial task and depends on a large amount
of design parameters. The latter include the power and discharge time ratings, capital
cost, efficiency and lifetime of the energy storage system.

This thesis work focuses on general power electronic interface solutions for battery
energy storage systems, therefore no considerations on application-specific storage system
selection are made. The choice of a BESS is justified, however, by the increasing interest
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towards such installations in modern large-scale power systems where ancillary services
are needed. Table 1.1 shows such BESS-related commissioned projects in a worldwide
scale. The Duke Energy Business Services Notrees Wind Storage Demonstration project
in Texas, USA has the maximum rated power of 36 MW and is based on an advanced
Lead Acid battery technology. However, the world record is held by the BESS project in
Alaska, USA, which has a rated power of 27 MW but can support a maximum discharge
of 46 MW for five minutes. The latter was completed in December 2003 and aims at
the improvement of service reliability to the members of the Golden Valley Electric
Association (GVEA). On the other hand, the Rokkasho village wind farm in Aomori,
Japan, has the largest capacity of 238 MWh.

1.2.1 Modular Multilevel Converters and Battery Energy Storage

The choice of the power electronics interface for a battery energy storage system on a
medium and high-voltage level is a very significant task, mainly due to the converter as
well as battery management system (BMS) design. The Modular Multilevel Converter
family offers the capability of embedding such energy storage elements in a split manner,
given the existence of several submodules operating at significantly lower voltages. Indeed,
contrary to utilizing only one central battery on the medium /high voltage level, aspects
such as redundancy and straightforward battery management system designs can be
achieved.

The integration of batteries into the sub-modules of a CHB converter has been already
studied considerably [66-70]. The first real-scale 500 kW demonstrator has been developed
and presented in [71]. Some works have been also discussing the use of the DC/AC MMC
family member in battery energy storage applications, with the focus laid on system
design [72-75|. However, [72,73] do not take advantage of the common DC-link, which is
typically used to feed an external load as shown by [74]. On the other hand, [75] proposes
the utilization of a single large DC-link battery, which does not benefit from the lower
submodule voltage levels.

Therefore, some significant remarks are made at this point. The CHB converter offers
the most straightforward and reasonable choice for a dedicated application-specific BESS
unit implementation. The latter is due to the floating submodule nature, the required
submodule number as well as the overall converter efficiency. However, the split accu-
mulation concept is applicable to any kind of MMC topology given the individual DC
bus existence. The global conversion character (DC/AC, AC/AC etc.) of the topology is
then kept, but an enhancement of the converter with energy storage elements takes place,
in cases where additional system active power capability is required.
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Table 1.1: Worlwide Battery Energy Storage System Installations |76]

’ Name ‘ Description ‘ Technology Energy (MW xh) ‘ Location
Battery Energy Storage Improve reliability of Nickel cadmium (NiCd) 27x0.25 or Alaska, USA
System (BESS) GVEA Services 46x0.08
Rokkasho Village Load leveling and Sodium sulfur (NaS) 34x7 Aomori, Japan

Wind Farm

spinning reserve

National Wind and Solar

Energy Storage and Transm.

Electric power
interactive management

1-3) Lithium Iron Phosphate
(LiFePOy), 4) Lithium-ion,

1) 6x6, 2) 4x4,
3) 1x2, 4) 3x3,

Hebei, China

Demonstration Project (1-5) 5) Vanadium Redox Flow 5) 2x4
Notrees Wind Energy Energy delivery Advanced Lead Acid 36x0.67 Texas, USA
Storage Project optimization
EKZ Zurich 1 MW BESS Frequency control, Lithium-ion 1x0.5 Zurich,
Peak shaving Switzerland
Younicos and Fluctuation balancing Lithium-ion, 1.2x6.2 Berlin,
Vattenfall Project Sodium sulfur (NaS) Germany
Orkney Storage Renewable power Lithium-ion 2x0.25 Kirkwall,
Park Project stabilization Orkney, UK
Auwahi Wind Farm Wind ramp management | Lithium-ion 11x0.4 Hawai, USA
Tomamae Wind Farm Wind smoothing Vanadium Redox Flow 4x1.5 Hokkaido, Japan
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1.3 Ultra-Fast Charging of Electric Vehicles

Similarly to what has been mentioned on a power grid level, environmental awareness
and related concerns have given rise to a high interest towards electrical mobility based
on battery energy storage during the recent years as well. Such an action aims mainly at
the significant reduction of CO2 and other pollutant emissions. In order to ensure the
widespread utilization of such electric vehicles, however, significant effort is still needed
regarding their competitive market launching over conventional combustion engine vehicles.
The main impediment when it comes to electric vehicles concerns the limited battery
autonomy in conjunction with the long charging times. Most often on-board chargers
are utilized [77-79], fed by the domestic or public grid. When the charging power level
increases, however, off-board chargers are preferred which are usually installed outside
residential areas in charging stations conceptually similar to the gas filling ones [80].

A solution to the autonomy problem can be given through the utilization of the so-called
battery-swap stations, where the discharged EV battery is directly replaced by a fully
charged one. The latter has recently stimulated the research interest [81-83|. Some of the
issues that arise, however, concern the different EV battery type compatibility as well as
the charged battery availability of the station. A second attractive solution regards the
fast and ultra-fast EV charging referring to less than thirty and ten minutes, respectively.
The latter has been driven by the late high expectations regarding development of
batteries using materials that can withstand very high charging rates [84,85] as well as
the development of more advanced battery charging techniques [86].

Both industry and academia have been pushed towards the fast and ultra-fast charging
for electric vehicles (UFCEV) concept exploration. The main focus has been initially laid
on the infrastructure as well as grid impact [87,88]. In order not to overload the grid in
such a power demanding application, the use of stationary energy storage elements has
been proposed [89-92]. Such storage systems play the role of power buffers, aiming at the
reduction of the instantaneous active power extracted from the grid.

Figure 1.4 illustrates an example of such a stationary battery energy storage system
utilization in the framework of an ultra-fast EV charging station utilization. The fictive
load profile generation has taken place based on real traffic density data [91,93] and
assuming 5 minute charging times for a number of 200 EVs throughout a typical day.
It is evident that especially during rush hours, the required instantaneous EV charging
power can reach up to 1.6 MW, which could cause grid overloading issues. The grid
power, however, can be significantly reduced through the use of the intermediate storage
buffer. Figure 1.4 shows two possible examples of load leveling and shifting, respectively.
In the first case, the moving average over an hour is drawn from the grid. In the second
case the stationary battery absorbs energy mostly during nighttime, when the ultra-fast
EV charging station load is minimal. Consequently, the energy is released during grid
peak hours, when the station is heavily loaded.
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Figure 1.4: Load profile for a fictive ultra-fast 5 minute charging of 200 EVs/day utilizing
intermediate battery energy storage buffer. Results are based on load traffic density
statistical data [91].

1.3.1 Proposed PET-based UFEVCS implementation

Advanced and emerging converter technologies, such as power electronic transformers,
are expected to play a key role in the development of the future charging stations, both
in terms of flexibility and efficiency [69,87,93-96]. The Electric Power Research Institute
(EPRI) claims an up to 8% overall system efficiency increase through their Utility Direct
Fast Charger Technology [95]. The term Power Electronic Transformer (PET) refers to
an active conversion structure featuring isolation in the medium-frequency (MF) range,
contrary to the traditional utilization of low frequency power transformers. This leads
to lower volume and size in the system due to the absence of the bulky low frequency
transformer, additional control degree of freedoms due to the use of active devices, as well
as better overall system efficiency in certain cases. Such converters have been already
utilized in railway traction [7,97,98], network coupling and back-to-back loop power flow
control [99,100], as well as microgrid applications [101,102].

In [69], we proposed a novel multiport converter architecture for the implementation
of medium voltage ultra-fast EV charging station (UFEVCS), based on such a concept.
The latter is shown in Figure 1.5. The costly and bulky low frequency transformer is
avoided through the utilization of a CHB multilevel converter. The latter also offers
the possibility to significantly reduce the filtering components on the grid side, since
the injected currents exhibit very low harmonic content. As mentioned in the previous
section, the CHB converter offers another advantage, i.e., the possibility to integrate
battery energy storage elements on the level of each submodule in a split manner. This
storage stage plays the role of the power buffer, as explained in the previous paragraph.
Finally and as in any PET application, medium frequency transformer-based DC/DC
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converters are connected in parallel. In this case such an action achieves the needed
high output currents as well as meeting the EV battery galvanic isolation standards.
Compared to the similar converter structure of [96], the proposed converter features two
main advantages. Initially, no central high-capacity battery is needed due to the split
accumulation concept, leading to the advantages mentioned in Section 1.2.1. In addition
and since a high number of submodules are needed to block the medium voltage on
the grid side, different configurations can be chosen on the parallel-connection level in
order to achieve a multiport output, capable of charging different vehicles simultaneously.
Therefore, additional high-power chargers are not needed, leading to higher efficiencies
due to the equal power split between the existing isolated converters. However, the
converter control becomes more complicated, due to the need for all power flow directions
handling.
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Figure 1.5: The proposed modular versatile Power Electronic Transformer-based multiport
ultra-fast EV charging station
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1.4 Thesis Motivation and Objectives

The previous sections have revealed that significant ongoing research is being carried
out around the three aforementioned axes. Especially in the field of Modular Multilevel
Converters, more than a number of 500 published papers, patents etc. have appeared in
the last five years. Several associated problems, however, require further discussions and
research and new directions are being constantly opened.

Initially, the accurate capacitor voltage ripple estimation in a DC/AC Modular Multilevel
Converter is a very interesting feature for several reasons. It has been shown that the
MMC is a complex converter topology requiring several different control layers. In
general, it can be argued that the choice for control hardware configuration and hierarchy
for an MMC is closely related to the respective choice for control system design and
implementation. If the balancing of the individual submodule voltages is guaranteed
by a localized mechanism, such as the one described in [3], it could be beneficial that
the global MMC control will not need to acquire their measured values. Towards this
direction, the submodule capacitor voltage ripple estimation implies the simplification
of the communication scheme between the different hardware components, in the sense
of exchanged data amount reduction. Therefore, the implementation of the so-called
open-loop control schemes of works such as [59,60| is improved. The analytical solutions
of the capacitor voltage ripples, however, can even be used in closed-loop capacitor voltage
feedback control loops, such as the ones presented in [55-57|. Both the total phase leg and
branch difference voltage controlled quantities exhibit low frequency components that
are usually filtered out, decreasing therefore the control system bandwidth. By adding
the estimated components to the reference values of these control loops, the average
components can be directly extracted and fed to the respective regulators. This improves
the control system behavior. Finally, the knowledge of the accurate submodule voltage
variation is also significant for converter design purposes, since the resulted analytical
expressions can be utilized for the dimensioning of the required MMC capacitive storage.

In addition, the operation of a three-phase grid-connected DC/AC MMC under unbalanced
conditions needs to be investigated. As it has been already pointed out, the particularities
of such a topology make its analysis different than conventional ones. In a typical three-
phase converter comprising a central DC-link capacitor, several choices for grid current
control have been established, which lead to different desired results for the system active
and reactive power flows [103]. When the three-phase grid faults can be modeled by
means of symmetrical components, which constitutes a fair assumption in the majority of
real applications, such considerations can be done for the MMC case as well. However, the
existence of three independent capacitive phase legs and the topology-specific circulating
currents imply a different impact of the grid asymmetries on the dimensioning of the MMC
components as well as additional degrees of freedom for the system control. Therefore,
the tailoring of the well-known line current control for balanced current injection as well
as active/reactive power oscillation elimination is to be carried out in order to discover
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the potential trade-offs as well as make reasonable choices.

The integration of battery energy storage systems into Modular Multilevel Converter
arises several topology-specific issues, which need to be overcome. The first impediment
comes from the fact that the submodules of such converters buffer low frequency power
components as a result of the independent phase-leg nature. Already published works on
the CHB converter with integrated split BESS (CHB-BESS) unit [66,71] usually utilize
oversized submodule capacitors to limit these components. However, it could be beneficial
to prevent low frequency currents from flowing into the batteries. Therefore, active or
passive interfacing solutions are worth being investigated as shown by [69,70,74,75], but
also novel propositions are to be made. The analysis and control of MMC systems with
integrated split energy storage also becomes different than their typical operation, given
the need for handling all possible system power flows. Normally such converters reveal
the need of balancing the submodule capacitor voltages in all unbalance directions. In
the integrated BESS case, the additional control problem of battery balancing exists.
It is noted that the trend in several modern battery technologies is to achieve as flat
voltage curves as possible in function of their State of Charge (SoC) in a wide regime.
This implies the need for a balancing algorithm targeting directly at the SoCs and no
longer at the battery voltages. Such SoC balancing actions were initially proposed in
the work of [66] for the case of the CHB-BESS system with direct submodule/battery
interface. Although effective, there is room for improvement on the manipulated variable
definition for control system design as well as an enhancement through their analytical
controller gain limitation establishment. In addition, the operation of such a BESS
system under unbalanced grid conditions poses the requirements for the extension of
the existing independent system power flow equations. Finally, the application of the
developed control methods in different topologies by appropriately tailoring the developed
concepts and defining the SoC unbalance directions, will reveal the applicability on any
MMC-based topology where such active power elements are added on the level of each
submodule.

Finally, the proposed PET-based ultra-fast EV charging station needs to be investigated.
A choice of a suitable topology for the implementation of the isolated DC/DC conversion
stage is to be performed. This converter topology has to fulfill several requirements,
such as low charging current ripple, bidirectional power flow as well as soft switching
over a wide output voltage range. Since the ultra-fast charging can be performed up to
almost 80% of the EV battery SoC due to the inner nonlinear electrochemical battery
processes, a current control method must be deduced for a typical constant current (CC)
charging technique. Finally, the global UFEVCS control system derivation will reveal the
feasibility of the multiport implementation, in terms of independent power flow handling,
SoC balancing etc.
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1.5 Thesis Outline

Chapter 1 has provided the necessary material and a review on the three principal axes
that are dealt with in this thesis report. The used MMC-related terminology has been
introduced and the most significant publications of the domain have been referred to,
including MMC topologies and applications, modeling, modulation and control as well as
operating issues. The need for battery energy storage systems in modern large-scale power
systems has been pointed out, along with the necessity for advanced power electronics
interfacing converters. Finally, the concept of ultra-fast EV charging has been reviewed as
found in existing literature, together with out proposal of a novel PET-based architecture
for the implementation of future infrastructures of this type. The rest of this document
is structured as follows:

Chapter 2 initially summarizes briefly the modeling principles of a Modular Multilevel
Converter and derives the equations that form the basis for the submodule voltage ripple
expressions. The analytical solutions for the example cases of a three- and two-phase
DC/AC MMCs of Figure 1.2b and 1.2c. The latter aims at the generalization and
enhancement of the voltage ripple estimation concepts presented in literature. Therefore,
any strong assumptions are avoided and all passive elements as well as intentionally injected
common-mode voltage and circulating current harmonics are taken into consideration.
Moreover, the documentation and comprehensive illustration of the natural charge level
mechanism of the branch capacitor voltages is provided. In a second step, current control
considerations for grid-connected MMCs are made, deducing two independent feedback
loops for the line and circulating currents. It is noted that for the two-phase case, the
concept of fictive axis emulation (FAE) is chosen to achieve line current vector control.
These concepts are also validated experimentally in a down-scaled laboratory prototype.
In a third step, the operation of the three-phase grid-connected DC/AC MMC under
unbalanced conditions in explored. Three cases of positive and negative sequence line
current control are applied and compared in terms of impact on branch energy variation
as well as maximum delivered active power.

Chapter 3 deals with the CHB-BESS unit in either star or delta configuration. Initially,
it provides an overview of the passive and active solutions for the submodule/battery
interface problem. The choice of a nonisolated DC/DC conversion stage in cascade is
made and the rest of the converter analysis is based on this. The topology-specific degrees
of freedom are exploited and the control problem is split in three sub-problems, namely
submodule capacitor voltage, independent power as well as SoC balancing. Control
algorithms are developed and analytical gain limitations are established. Moreover,
several modes of operation are studied, including independent load feeding, SoC balancing
as well as converter operation under grid faults. The SoC self-balancing operating mode
of the delta-connected CHB-BESS unit is also introduced. The chapter is finalized by the
presentation of experimental results from a down-scaled laboratory setup.
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Chapter 4 tailors the developed concepts of Chapter 3 for the case of the three-phase
DC/AC Modular Multilevel Converter with integrated split battery energy storage. An
additional converter-specific submodule/battery interfacing solution is mentioned and
discussed. All possible operating modes and power flow directions are described. The SoC
balancing problem is augmented by the third unbalance direction, namely between the
branches of the same phase leg, contrary to the only two existing unbalance direction of
the respective CHB-BESS. The overall control system is deduced and verified by means of
simulations. Finally, experimental results are provided using the same versatile prototype
in a different configuration.

Chapter 5 deals with the proposed PET-based converter architecture for medium voltage
ultra-fast EV charging stations. The motivation for the topology derivation is initially
explained. Then, the Dual Half-Bridge (DHB), which is employed among a big number
of available solutions for the isolation stage implementation, is analyzed in terms of
duty cycle control and its impact on the soft-switching regions. The design of an output
current digital control scheme is thoroughly described for two cases: high and low output
resistance. The latter is based on the use of nonparametric models in conjunction with
an optimization procedure. The parallel connection of different DC/DC modules and the
control system design is validated through simulations and experimental results. In the
second part of this chapter, a global control scheme for the UFEVCS is deduced, which
is an extension of the method presented in Chapter 3. Simulations from a model of the
whole station featuring four EV charging ports prove the stable operation of the proposed
converter architecture.

Finally, Chapter 6 provides the overall conclusions as well as main contributions of
this thesis work. Perspectives and future research directions and developments are also
pointed out.
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A DC/AC Modular Multilevel
Converters

2.1 Introduction

This chapter deals with the DC/AC Modular Multilevel Converter. Initially the average
modeling principles are presented, which are widely used in the literature, together with
some topology-specific terminology. The accurate capacitor voltage ripple estimation is
then treated, which is important for several reasons, including the submodule capacitance

dimensioning as well as its use for the converter control.

The decoupled line and circulating current control for the grid-connected cases of the
three- and two-phase MMC is then formed. The latter can be used to effectively control
independently the input and output converter powers. This is a unique topology-related

feature compared to conventional converter technologies.

Finally, the operation of an MMC under grid unbalances is investigated. Once again
the MMC has distinctive features, which require further analysis during grid fault mode.
Some established choices for converter control in such a scenario are applied on the MMC
case, in order to analyze their impact on the MMC components.

2.2 Modeling Principles of an MMC

In Figure 2.1a a structural representation of a three-phase Modular Multilevel Converter
is illustrated. As expected in a practical application, a large number of series-connected
submodules results in a high apparent multilevel PWM frequency. The latter leads to
an accurate average approximation of the branch quantities, motivating the modeling of
the converter utilizing a unique equivalent submodule per branch. The mid-point of the
common link is grounded for facilitation of the analysis. When the MMC is connected to
a DC line, Lg and Rg represent the filter or line inductance and ug is a DC voltage source.
In the case of a transformerless single/three-phase direct AC/AC converter they denote
the grid choke that handles short-circuit currents [12|, and ug is the single-phase AC
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Chapter 2. DC/AC Modular Multilevel Converters

grid voltage. On the three-phase side, L7 and R represent the transformer or machine
leakage inductance and cable resistance, whereas the branch inductances and resistances
are symbolized with L and R accordingly. Finally, ury is the grid or motor back emf,
respectively.

It is noted that throughout this chapter, the following subscripts/superscripts are utilized:
k € {a,b,c} referring to the studied phase and j € {u,l} to the upper/lower branches of
the same phase leg.

External Loop

Figure 2.1: (a) Multi-phase Modular Multilevel Converter, (b) Detailed representation of
a converter branch with one equivalent submodule.
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2.2. Modeling Principles of an MMC

2.2.1 Derivation of Total Submodule Voltage Ripples

In order to obtain the analytical expression for the submodule capacitor voltages of the
Modular Multilevel Converter, the fundamental capacitor current equation is considered,
taking as an example the upper branch of a converter phase leg. This relates the current ¥
that flows through the equivalent capacitance Cyrgner, Wwith the sum of all the submodule
voltages Yuf in one converter branch.

dyulv . C .
CbranchTsm = Z];u = %dﬁlufﬁl = mngjdt =& —

In the above equation (2.1), N denotes the number of submodules in one converter
branch, each one of which having a capacitance of Cg,,. The quantity mq]j represents the
normalized modulation reference for the upper branch and uﬁ is the voltage applied by the
series connection of the branch submodules, which are PWM-controlled. By integrating
(2.1), the following expression is derived,

(sl - sl = [ubitar = [ i (22
| i
SEs™

where the appearing integration constant Y E§" refers to the DC value of the total
submodule stored energy. It is therefore clear that the product uﬁzﬁ corresponds to the
power contribution of the submodules to the branch, and its integral forms the total
stored capacitive energy. This equation is the basis for the voltage estimation of the
capacitor voltage ripples.

Taking into consideration Figure 2.1a, the following relation (2.3) is formed for the
capacitive instantaneous power,

. . . dif\7 .
pf“ = uﬁzﬁ = (uU —uy — u§u> zﬁ = |:’U,U — (uyg + Uem) — (zﬁR + Ld:)] zﬁ
. )2 dik .
= [up — (wyp + tom)] i — (43) R— L=tk (2.3)
b — ==
pbranch pI}c_{u plzﬂ

where the phase voltage uy comprises the fundamental frequency (uy) plus a common-
mode (uepy) components. The terms pyranen, Pr and pr, correspond to the total branch
power, the losses in the branch resistance as well as the reactive power consumed by the
inductor, respectively. For the lower branch, the power and energy equations become:

. . ) dif\7 .
plgl = ufzf = (uk —uy, — u§l> 1= [—uL + (uyk + Uem) — <z;€R + Ldtlﬂ z;“
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. . dif

= [up + (uvi + )] 8 — (i) B L =Lif (2.4)
klv M M
pbranch pg plzl

The integration finally gives the respective capacitive energy variation in upper and lower
branches. Therefore, it becomes evident that (2.2) can be used for the accurate estimation
of the submodule voltage ripples. It is noted that these equations are valid for any given
DC/AC or AC/AC Modular Multilevel Converter configuration. The difference lies in
the desirable shapes of the voltage ug, current ig (DC or AC respectively) as well as the
intentional imposition of the so-called circulating currents within the converter phase-legs,

which will cause different frequency components in the branch currents.

In the next section, two specific examples are chosen in order to apply this theory,
namely the three-phase and two-phase DC/AC MMC cases. As a remark and for the
simplification of the analysis, the voltage drop on Rg and Lg is disregarded in the
modeling procedure. This implies that the voltage uy, is considered to be known. The
latter forms a fair assumption, since this magnitude can be either actively adjusted (in
the case of a current-controlled single-phase AC grid), or directly measured (in typical
DC/AC systems).

Capacitor Voltage Natural Charge Level Mechanism

The integration constant Y E™ of (2.2) is of significant importance and is not to be
confused with the inner current control of an MMC, since their action mechanisms are
different. As depicted in Figure 2.1b, the equivalent submodule should provide a specific
voltage u¥. Once the voltage reference u** is defined as a result of the two current loops
described in the following sections, the choice of m* can be considered furthermore as a
degree of freedom for the capacitor charge level, since its input/output power equilibrium
is dictated by the physics of the system. Indeed, the following relation holds,

k*

k Uy,
2.5
M = Suku Sk (25)

where Yi%% denotes the sum of the branch capacitor voltage ripples.

The normalization constant Eu ", can be freely chosen to charge/discharge the capacitor
voltages as intended. This is better illustrated in the example of Figure 2.2. By increasing
the normalization constant at t = 40 ms, the modulation reference m* obviously decreases.
The instantaneous difference of the voltage sum (u* 4 uf) from the DC link voltage ugp, is
capable of inducing a specific amount of current is/m in the branch (m being the number
of parallel-connected phase-legs), which in turn Charges the capacitors at a higher level.
When the new equilibrium is reached, the quantities m and ZusmO are changed, in order
to maintain unaltered voltages uyo and wuy, respectively. It should be noted that this
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2.3. Accurate Capacitor Voltage Ripple Estimation for MMC

concept is valid even in the case of a direct modulation reference scheme without further
control actions, justifying the attributed title of a natural mechanism.

[p-u] DL TA— T mk is/k |

15 T T T T T
[

1F ]

AN aAAA)
0 Il Il Il Il Il

0 20 40 60 80 100 120

[p-u] | Uyo uk Uy, ‘

1p J
_1 Il Il Il Il Il

0 20 40 60 80 100 120

Time [ms]

Figure 2.2: Illustrative demonstration of the branch capacitor voltage charge level control
mechanism.

2.3 Accurate Capacitor Voltage Ripple Estimation for
Modular Multilevel Converters

As already stated in the introductory chapter, the application areas of the three-phase grid-
connected DC/AC Modular Multilevel Converter are wide and include HVDC systems,
active front ends, as well as medium voltage electric drives. As far as the two-phase case
is concerned, it can be found as an alternative proposal for back-to-back interties (e.g. the
interconnection of the three-phase industrial grid with the single-phase railway supply).

2.3.1 Analytical Solution of the Power Equations

By exploring Figure 2.1a, it is clear that each phase leg forms two internal AC loops
and one external loop, respectively. In the latter loop, which in the studied case can
be considered as an independent ‘DC loop’ for each phase, the contribution of ig to
each branch current would ideally be ig/k. However, additional undesirable currents
are also flowing within a converter phase leg, if the capacitor voltage ripples are not
taken into account in the control and modulation scheme. These currents are known as
circulating currents and their mathematical definition varies in literature. In this paper, it
is considered that the current through the DC terminals is part of the circulating current
without any loss of generality. This means that the latter will essentially comprise DC
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and AC components and can therefore be defined in its general form as

o)

.k 2

i = leireo + Teire.n COS(nwt + 0 2.6

cire circO T; cire,n ( n) ( )
is/k -

Furthermore, the common-mode voltage of the three-phase MMC can also bear DC and
AC components and can be defined similarly as

Uem = Uemo + Z Uem,n cos(nwt + &) (2.7)

n=1

The line-side fundamental harmonic magnitudes are given by

uyp = Uy COS (wt — W) (2.8)
Tk = 7 COS <wt + ¢ — W) (2.9)

where m=1,2,3 and a phase angle of ¢; between the converter voltage and the line current
is assumed. In addition, the branch currents are defined as

-k iTk .k

by = 7 + Leire (21())
.k Tk .k

== 9 + Leire (211>

assuming that the branch impedances are symmetrical and therefore the line current
splits equally between the upper and lower branches of the same phase leg.

At this point, it is also assumed that the circulating current can be explicitly controlled.
This is verified in the next section.

Three-phase MMC

As stated in [104], if the circulating current is chosen to bear even harmonics, there will
be no unbalance between the branches of the same phase leg. Other works have also
shown that it is beneficial to intentionally inject a second-order harmonic, in terms of
capacitor voltage ripple reduction [12,104,105], which in turn leads to decreased needs
for embedded capacitive energy. Hence, taking phase leg a as an example the desirable
circulating current becomes

igirc = leireo + %circ,Q COS(2Wt + 92) (212)
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In such a three-phase application, the common-mode voltage can be chosen to correspond
to a typical third harmonic injection, which results in the increase of the maximum
modulation index:

1
Uem = Uem,3 cos(3wt + £3) = —gﬁv cos(3wt) (2.13)

Accordingly, the voltage drop on the branch inductances and resistances will finally
become as follows:

~

) R
Teireo + ?T cos(wt + ;) + icirc,2 cos(2wt + 62)

di¢
a -Q u
Uy, = Riy, + L—t =R

A~

+wl —Z?T sin(wt + ¢;) — 2%cz‘rc,2 sin(2wt + 02) (2.14)

The instantaneous branch power is finally modified as in (2.15a), whereas the power terms
referring to the respective branch resistance and inductance are obtained as in (2.15b)
and (2.15¢).

Two-phase MMC

The two-phase MMC can be treated similarly. It is obvious that adding a second-order
harmonic component to the circulating current would affect the DC-link current [12,13],
although this might not always be a disadvantage depending on the application. On the

avir uyir UVicire,2

Doranch = WU leirco — 1 cos i + cos(wt + ¢;) — Gy Leirco cos(wt) — cos(wt + 02)
uvlf;“’Q cos(wt — 02) + uU%m'mg cos(2wt + 02) — uvir cos(2wt + ¢;) + U‘QZT cos(2wt — ¢;)
~ o] i ~ I . ~ o] ~ o] i

- % cos(3wt + 02) + w cos(3wt) + U‘Q/ZT cos(dwt + ¢;) + % cos(bwt + 62)  (2.15a)

=R (]fimo + beire,2 + T i Lireo cos(wt + ¢;) + Wlcire,2 cos(wt — ¢; + 02) + % cos(2wt + 2¢;)

2 8 2

A A )

+21ircotcire.2 cos(2wt + 62) + ZT%;C’Q cos(3wt + ¢; + 62) + ZCZ%Z cos(4wt + 292)) (2.15b)

i 1, ir . it ir . 0 .
pit = wL (—ZT%CO sin(wt + ¢;) — ZTZ?% sin(wt — ¢; + 02) — 2icire,2 sin(2wt + 02)

3iTicirc,2

—%T sin(2wt 4 2¢:) — sin(3wt + ¢ + 02) — 12ipc 2 sin(4wt + 292)) (2.15¢)
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other hand, choosing a plain DC circulating current leads to constant power transfer to the
DC-link, canceling therefore the intrinsic pulsating behavior of any single-phase system.
This is useful when choosing to avoid placing passive resonant filters, which are widely
used in railway interties, adding cost, volume and hardware complexity. Furthermore and
taking into account that no third-order common-mode voltage injection can be added to a
single-phase system for increase of the modulation index, (2.12)-(2.14) become as follows:

a

Geire = deirco (2.16)
Uern = 0 (2.17)

A A

ul, = Ril + L—= = R |Iirco + %T cos(wt + ¢;) | — wL%T sin(wt + ¢;) (2.18)

zZUu

2.3.2 Choice of Circulating Current Components

The explicit relations for the circulating current components can now be derived by taking
into account the fact that p’j“ = p’gﬁanch — p]f%“ — p’z“. The capacitor power should be of
zero average, in order to maintain a stable charge. Therefore, the constant terms in the
respective mathematical expression need to compensate for each other.

Three-phase MMC

The aforementioned considerations can be formulated in for the case of the three-phase
MMC as follows:

7:LV%T 2 ggirc 2 '22
uyLeireo — 4 cosp; — R 150 — 5 — — §T =0 (219)

In the above relation, the first two terms denote the input and output powers. The three
last terms refer to the resistive losses within the branch, which are caused by the squared
DC (Icireo) and AC rms values of the circulating current (icirc2), as well as half of the
respective output current value (i7x/2). This means that if I.;co is chosen according to
power equilibrium, the total branch submodule capacitor voltages will be stable without
the need for additional actions. In order to compensate for the losses within the converter
branch, I ;..o is evaluated by solving the previous second-order equation (2.19).

Regarding the values of %mc,g and 0, different possibilities exist. By examining the
power equations (2.15a)-(2.15¢), it can be observed that the second harmonic (2w) is
the dominant component of the submodule voltages after the one of the fundamental
frequency (w). Thus, a reasonable choice would be to compensate for this frequency, in
order to suppress it significantly [12]:
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N Uy i a
Uy Leire,2 OS(2wt + ) — VT cos(2wt + ¢;) =0 =" icipe2 =

(2.20)

By choosing the angle of the second-order harmonic component as 2 = ¢;, a constant value
for %cirqg is achieved in (2.20) and the steady-state analytical expressions are simplified
significantly. The remaining power terms of second harmonic order in (2.15a)-(2.15¢) will
then be significantly smaller, due to their scaling factors (1/24, R and wL).

After the elimination of the terms associated with (2.20) the power equations can be
finally integrated, in order to acquire the explicit relations for the total capacitive energy
fluctuation, which is stored in the upper branch of each phase leg. For the sake of
completeness, this long equation is provided in the bottom of the page (2.21), taking into
account the integration constant corresponding to the amount of DC capacitive stored
energy in steady state operation. The respective formulas for the lower branches and
other phase legs can be derived in a similar manner.

Two-phase MMC

The two-phase case can be obviously considered as a respective three-phase without
imposition of second-order harmonic circulating current component and common-mode
voltage injection. Therefore, the equations can be modified by setting the respective

Uyt Uy Ieirco Rirlcirco . LirIcirco

EM =%E, + wT sin(wt + ¢s) — sin(wt) — — sin(wt + ¢5) — 3 cos(wt + ¢;)
R%T%circ 2 . ﬁV%circ 2 . L%T%circ 2
+ ———=sin(—wt + ¢; — 02) — ———=sin(wt + 02) — ————= cos(—wt + ¢; — 62)
2w 2w
a s s 29 29
%ZC’Q sin(wt — 02) — Rlecircoteire2 sin(2wt + 02) — % sin(2wt + 2¢;) — % cos(2wt + 2¢;)
— le-rco%cm,z cos(2wt + 02) — ZEZJT sin(—2wt + ¢;) — % sin(3wt + ¢; + 02)
av%circ 2 . L%T%cire 2 '&V[circ() . %giTc 2
— ——=sin(3wt + 02) — ————= cos(3wt + ¢; + 02) + sin(3wt) — ———= cos(4wt + 202)
6w 18w
Rﬁgi'rc v 7 A’circ
_ eire G (dwt + 26,) + 'L;‘éf sin(dwt + ;) + “V()?(T’Q sin(5wt + 02) (2.21)
i i Teirco . >
v = o cos(wt + ¢;) — Gy Leirco COS Wt + w L cired sin(wt + ¢;) — RirIeirco cos(wt + ¢;)
P 29 20
- T cos(2wt + ¢;) + wézT sin(2wt + 2¢;) — % cos(2wt + 2¢;) (2.22)
EX =SE° + UU;T sin(wt + ¢;) — v leirc sinwt — w sin(wt + ¢;) — @ cos(wt + ¢;)
P 29 )
- “V:}T sin(2wt + ¢;) — Ll—lg cos(2wt + 2¢;) — % sin (2wt + 2¢;) (2.23)
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parameters %Cimg and 03 to zero as well as reintroducing the compensated term of (2.20).
This results eventually in (2.22) and (2.23) provided at the bottom of the previous page.

Table 2.1: MMC Simulation/Down-Scaled Prototype Parameters

’ Quantity ‘ Value ‘ Comment ‘
Spn | 4.2 kVA /phase | Rated power
ar 400 V | Rated line voltage (rms)
ir 18 A | Rated current
N 4 | Submodules/branch
ke 0.1 | Capacitor voltage ripple factor

L,R | 2.3 mH, 0.2 Q | Branch inductance/resistance
Lr,Rr 4 mH, 0.5 © | Grid inductance/resistance
Ls,Rs | 0.1 mH, 0.1 Q | DC-link inductance/resistance

ug 750 V | DC-link voltage

2.3.3 Simulation Results

Both the three- and the two-phase systems have been simulated using the parameters
summarized in Table 2.1, which regard the nominal values of a reduced-scale implemented
laboratory setup. The converters are current-controlled in a closed-loop manner according
to the considerations and implementation, which is developed in the next section. The
results are given in Figure 2.3a and 2.3b, respectively. More specifically, the upper figures
show the estimated as well as the numerically calculated values of the total submodule
capacitor voltage ripples, which correspond to the upper branch of phase leg A for both
cases. It can be observed that the two curves almost coincide. The middle figures illustrate
that both upper and lower branches are balanced in terms of voltage level and shifted
by 7. Finally, the lower figures depict the respective values of the circulating current
components. The latter comprises a DC as well as a superimposed AC components with
the same amplitude at the second harmonic frequency for the three-phase MMC. On the
contrary, only a DC value is considered for the two-phase case. In order to demonstrate
the suppression of the second-order harmonic power oscillation, which also leads to a
branch energy variation reduction, the same capacitance values were utilized for both
simulations. It becomes therefore obvious that in the case of the pure DC circulating
current and for the same input power, a larger voltage ripple can be observed in the total

capacitor voltages.

2.3.4 Capacitive Storage Requirements

The solution of the branch capacitor energy fluctuation in (2.21) presents another signifi-
cant contribution. It can be used to accurately identify the capacitive storage requirements
for a specific converter design, extending the results introduced by [3]. The analytic
calculation of the capacitor energy variation AFg,, would lead to complicated expressions
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Figure 2.3: Numerically calculated sum of the submodule voltage ripples in upper branch
of phase leg a in regard with the estimated value (upper figure). Middle figure shows
the sum of submodule voltages in upper and lower branches. The circulating current
components are shown in the lower figure: (a) three-phase and (b) two-phase MMC.

that cannot be easily handled. Instead, the global minimum and maximum of (2.21)
within one period of the grid frequency can be evaluated numerically for any given
operating point. For an allowable voltage deviation k, from its average value (ripple
factor), the following equation (2.24) can be utilized for the calculation of the required
capacitance [3],

2A By, _ AEy,
(Umaz)? — (Uminy? " op, T2

Cam = (2.24)

where the maximum submodule capacitor voltage is defined as UJ'%*= Uy, (1 + ky,) and
the respective minimum as U7"=U ,,(1 — k).

Considering a balanced utilization of the submodules within one branch in terms of voltage
sharing, the individual submodule energy fluctuation can be expressed as AFEg,,=AFE})/N,
linking therefore (2.24) with (2.21).
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Table 2.2 shows the results for the numerical calculations performed for the cases of a
pure DC circulating current as well as an imposed second-order harmonic. The simulated
values are taken from the studied case of Table 2.1. It is clearly observed that the
deliberate imposition of the harmonic component 7.2 achieves a capacitive reduction
in the range of 30%. However, the branch current value will be higher, leading to an
increased requirement for installed switching power [26], leading also to an expected
decrease in the overall efficiency.

Table 2.2: MMC Capacitive Design Numerical Calculations

icire | AEgm (J) [ Com (F) [ ™ (A) |
Leirco 5.5 0.77 18.3
Leireo + iCi'f‘C,z 3.62 0.52 24

The branch capacitor energy fluctuation AE, can be estimated with great accuracy, given
the high apparent branch PWM frequency. Very low switching frequencies, however,
can lead to small inaccuracies in the individual capacitor energy variation estimations
AFE,. In a real application, the ripple margin k, can be set higher to account for such
imperfections, or more advanced advanced modulation algorithm can be implemented
[38,39]. Taking into consideration the non-idealities of the balancing algorithms is beyond
the scope of this thesis.

2.4 Current Control Considerations for an MMC

By formulating the upper and lower inner AC voltage loop laws in Figure 2.1a, the
following differential equations can be obtained on a per-phase level,

dik
(—%SJrud) + <uﬁ+Riﬁ+L;t“) Fup =0 (2.25)
—_——
7
it
(—%S + ud) + <u§€ + R+ Ldlé> —up =0 (2.26)
—_———
u,

where uy, = Ryiri + LTdZd—Tt’“ + Uk + U

As only the fundamental harmonic of the line current needs to be controlled, the common-
mode voltage component can be neglected in the disturbance vector. The continuous-time

state space representation can be formulated by considering the states xp = (irg ik

ci'rc) )
k k)T

the manipulated variables! u* = (uy; uf)" as well as the disturbances wy, = (ury uUL)T.

!The symbol of the k-th phase manipulated variable vector u* should not be confused with the
fundamental harmonic component of the k-th phase converter voltage uy.
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Defining furthermore Ley = L+2L7 and R,y = R+2Rr, the following relation is obtained
iy = Azy + BuF + Duwy, (2.27)

where

_Req 1 1 2 0
A= LZa " |, B=( T Ta | and D={ Fa ).
0 -7 ~3L I 0 -3z

The fact that A is a diagonal matrix shows that a decoupled current control of these

two magnitudes is at hand. This statement is quite important and implies that in fact
the input power can be controlled independently from the output power [49]. In the
studied case, the circulating current has been modeled to bear a DC component associated
with the output power. In the case where the common terminals are connected to a

single-phase grid, such a property also holds with an appropriate and equivalent definition
k

of %% ..

Figure 2.4 shows the block diagrams for the proposed line and circulating current control
loop implementations, again on a per phase leg basis. The block G (s) represents the
first-order transfer function which models the application-specific delays Tlﬂé”e and T;é”,
caused by the modulator, measurement and computational system as well as sampling
time [106].

2ury
Zh ine ine <uk B uﬁ)* i_ ine i
G (S)H Gor (s)l : & Gline(5)|—p-2

uyrL &
—(uk’,—O—uk)* i . Leire
UL E o Gare(s) o

Figure 2.4: Current control loop block diagrams for: (a) line current and (b) circulating
current.

The two respective system transfer functions G%"¢(s) and GZ7(s) are expressed as

. 1
line
= - 2.2
R (2.28)
. 1
circ — 29
G50 = SR 1D (2:29)
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which shows that they are typically of first-order. This is similar to [56] but considering
the branch resistances as well.

2.4.1 Line Current Control

The line current control can be performed as for any grid-connected voltage source
converter in a stationary reference frame (SRF) or rotating reference frame (RRF), and
according to the transfer function G%"¢(s) given by (2.28). Two different methods have
been chosen for the cases of the three- and two-phase systems and are described in the
following.

Three-phase MMC

A proportional-resonant (PR) controller has been chosen for the three-phase MMC case,
which is expressed by (2.30) in a generalized manner [107].

QK%”ewcs
+ 2wes + (hw)?

line _ line
Gprg(s) = K + E 2
h=2n+1

(2.30)

The transfer function of (2.30) comprises a proportional plus several resonant terms.
These can be tuned to control odd harmonic frequencies (hw), which are the most
prominent in a typical current spectrum [107,108]. This is especially beneficial in cases
of harmonically polluted networks, where a Modular Multilevel Converter might also be
required to provide active filtering services. The cutoff frequency w, is utilized in order
to avoid the practical stability, real-time implementation, as well as parameter (such as
grid frequency) variation issues associated with a theoretically infinite gain at the chosen
AC frequencies [107,108]. An additional advantage of the PR controller is the fact that
grid voltage disturbance feed-forwarding is not necessary, in contrast to the case of a
rotating reference frame current controller where such an action is usually preferred. This
is illustrated in Figure 2.4a. In such a case, the three-phase system will be controlled in a
SRF, therefore two resonant controllers need to be implemented.

Two-phase MMC

A PR control would be suitable for the two-phase Modular Multilevel Converter as well.
In this thesis report, however, an alternative solution is presented for the case where the
RRF implementation is preferred. In order to imitate the behavior of a three-phase system
and achieve a straightforward active/reactive power regulation through a current vector
proportional-integral (PI)-based control scheme, a fictive axis emulator is utilized [109].
The general idea behind the concept is to utilize the S-component of the phase voltage

urg as well as the vector control output ufb, in order to generate the imaginary component
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2.4. Current Control Considerations for an MMC

of the line current i7g by means of the system transfer function itself. The block diagram
of the algorithm is depicted in Figure 2.5. However, a modification needs to take place, in
order to account for the branch inductances and resistances as well. Thus, the quantities
Lrap and Rpap for the two-phase structure are given by (2.31).

Lrpag =Leq , Rrap = Req (2.31)

It is noted that the imaginary component of the grid phase voltage urg can be generated
through the use of a second-order generalized integrator (SOGI) [110]. Finally, the block
named uqyq refers all the associated delays linked to modulation, measurements and
computational time, which need to be modeled in order to keep the symmetry between
the two axes.

Figure 2.5: The Fictive Axis Emulation (FAE) concept for line current vector control of
a two-phase Modular Multilevel Converter.

2.4.2 Circulating Current Control

For the circulating current control, a proportional term Kgirc has been implemented as
the transfer function of G$™(s). Figure 2.4b shows that in this case, a feed-forward
disturbance rejection signal of the DC-link voltage uy, is also used. Since an abc frame
is kept, three such controllers need to be implemented in this case.

By using a proportional term for the circulating current control, a steady state error will
appear between the reference and the measured values, especially in the case where a
sinusoidal value has to be tracked. For the elimination of this error, two more terms
could be added to the respective controller transfer function. Therefore, it would consist
of a proportional term, an integral action for controlling the DC part of the circulating
current as well as a resonant term for the imposed second-order harmonic component.
This is shown in (2.32).

Kgire 2K5 wes

circ — Kcirc i
Prr(s) p T s 2 + 2wes + (2w)2

(2.32)

In such a case, the rejection of the disturbance ugy, in the sense of feed-forwarding would
not be necessary.
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Chapter 2. DC/AC Modular Multilevel Converters

2.4.3 Simulation Results

The dynamic performance of the closed-loop system has been tested with the parameters
taken from Table 2.1, both for the cases of the three- and two-phase Modular Multilevel
Converter. The time-domain implementation of the current controllers with the associated

signal processing blocks are depicted in Figure 2.6.

—>uT % PLL
¥ wt
i (=
5.5 ]
-

(oh

dq

E . Estimation
D: Decomposition
RG : Reference Generation

T SOGI % PLL
ug{ wt
Jr i ! d,, ufb
@E - PI O > qaﬁ ug‘b
dq

FE': Estimation
D: Decomposition
RG': Reference Generation

Figure 2.6: Time-domain MMC current control implementation with estimation of
capacitor voltage ripples: (a) three-phase and (b) two-phase converter cases.

The control of line and circulating currents of the three-phase MMC is shown in Figure 2.7a,
where for reasons of graphical clarity only the first phase is depicted. At ¢ = 120 ms
and while the line current of phase a is at its peak (=~ 24 A), a power flow reversal is
executed to an active current of i7q = 22 A. This is immediately followed by an injection
of reactive power at ¢ = 160 ms, which corresponds to a current component with a peak
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value of 15 A in rotating reference frame. It can be clearly observed that both controllers
bring the system to steady state after a few cycles, without threatening the stability. The
DC bus current ig is also illustrated, which is clearly a continuous current, since the AC
components of the three-phase circulating currents add up to zero.

The same test has been performed for the case of the two-phase MMC and the results are
displayed in Figure 2.7b. Here the effectiveness of the FAE is also well demonstrated. The
orthogonal line current component i7g acts in a fast and accurate way, following closely
all the transients of the actual current i7,. The circulating currents of both phase-legs
contain only a DC component, and therefore lead to a constant power transfer, canceling
therefore the second-order harmonic oscillating behavior of the DC-link current ig, which
is also therefore a continuous quantity.
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(a) Three-phase MMC (b) Two-phase MMC

Figure 2.7: MMC control system response to consecutive current reference step changes:
i) it from 24 to -18A at t = 140 ms, followed by ii) 75 from 0 to -15A at t = 160 ms.
Only phase-leg a-related magnitudes are depicted.

2.5 Experimental Tests

A versatile multi-phase MMC prototype has been designed and realized in the Laboratory
of Industrial Electronics at EPFL. This reduced-scale laboratory setup, which has been
used for the validation of the proposed concepts, is shown in Figure 2.8. It has been also
extended, accordingly, in order to experimentally test the concepts that are proposed in
the next chapters. The design and development of the MMC prototype is the result of a
team effort and is described in detail in the Appendix A.

Figure 2.9a illustrates the results from a three-phase converter rectifying operation. The
power factor is controlled to be unity, therefore the line currents are in perfect phase
opposition with their respective grid phase voltages. The line-line converter voltages are
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Chapter 2. DC/AC Modular Multilevel Converters

Figure 2.8: The multi-phase Modular Multilevel Converter prototype.

PWDM-controlled with a triangular carrier signal of 5 kHz per branch and can comprise
up to (4N+1) distinct voltage levels at high modulation indexes. The intentional second-
order harmonic on the circulating current of phase a is visible, which has been imposed
according to (2.20). This in turn produces a respective component on the two branch
currents without, however, affecting the output current.

In a second step, the setup is reconfigured so as to have a two phase-leg converter structure
connected to a single-phase voltage source. The synchronization with the grid is carried
out using a SOGI-phase-locked loop (PLL) structure. The representative results for a
steady state operation are shown in Figure 2.9b. The dashed-lined curves in the graphs
of line current and grid phase voltage are a direct result of the FAE and SOGI utilization,
respectively. As the converter is operated at a high modulation index, the measured
voltage uqp between the converter terminals features all the possible levels. The circulating
current is very closed to being continuous, leading to almost sinusoidal branch currents,
obviously in contrast with the respective figure of the three-phase counterpart.

In order to validate the accuracy of the estimation equations in the three-phase MMC
studied case, the total submodule voltage ripples in both upper and lower branches of
phase a are illustrated in Figure 2.10. The measured values are in good agreement with
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the estimated ones, although there are some slight differences which are mainly due to
measurement and control inaccuracies. It is obvious, however, that the second harmonic
component on the capacitive ripples has been suppressed by means of the respective
harmonic injection (igirc2)-
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Figure 2.9: Experimental results for a: (a) three-phase DC/AC Modular Multilevel Con-
verter and (b) two-phase DC/AC Modular Multilevel Converter hardware configurations.

Finally, the effect of a second-order harmonic injection in the circulating current is
validated experimentally for the three-phase DC/AC MMC case in inverting operation.
The results for phase a are shown in Figure 2.11. Initially, the circulating current is
controlled to bear a DC component. At ¢t ~ 0.09 s, the imposition of i...2 takes place
according to (2.12), leading to an expected increase of the branch current peak values.
The top graph depicts the voltages for two submodules in the upper and lower branches
of phase a, where the respective ripple decrease from 9 to 5.5V is visible. The capacitor
voltage harmonics due to the second-order circulating current as well as third-order
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common-mode voltage harmonic injections, as presented in (2.15), can be also observed.
It is noted that due to some measurement noise, the full bandwidth of the circulating
current control was not reached, which is the reason for the small oscillations until the
moment that the respective desired harmonic is imposed.
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Figure 2.10: Experimental results for total estimated and measured submodule voltage

ripples.
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Figure 2.11: Experimental results for capacitor voltage ripple reduction due to a second-
order circulating current harmonic injection in converter inverting operation.
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2.6 Operation of MMC Under Grid Unbalances

As any three-phase grid-connected converter, the MMC is very likely to operate under
unbalanced grid conditions. The choice for a specific line and circulating current control
then implies a difference in the inner converter magnitudes as well. In the following, three
different control concepts are evaluated, namely the balanced grid current injection and
the negative sequence current injection for the elimination of either active or reactive
power oscillations.

Taking again Figure 2.1a as reference, the three-phase grid quantities are now modeled
by means of symmetrical components. This means that the k-th converter phase voltage
u, (k= a,b,c) can be written as

2r(m — 1)
3

2r(m — 1)

>+fc@cos(wt+¢ﬁ+ 3

up, = @, cos (wt + P — > +Uem (2.33)
where m = 1,2, 3 and the superscripts p, n denote the respective positive and negative
sequence terms. An optional common-mode voltage component ., has been added,

which can be injected for balancing purposes or increase of the modulation index.

The k-th phase grid current can also be expressed through the use of the symmetrical
components as

A 2 —1 A 2 -1
ik = U COS (wt + @Y — 7r(n:;)> + o7 cos <wt + o7 + 7r(rr;)> (2.34)

According to [111], the instantaneous active (pac) and reactive (gac) powers under
unbalanced grid conditions can be written as

pac = Pac + P2 cos(2wt) + Psa sin(2wt) (2.35)
gac = Qac + Qe cos(2wt) + Qs sin(2wt) (2.36)

In the above, Psac, Qac represent the average values of the instantaneous active and
reactive powers, respectively, and P, Pso, Qc2, Qs2 denote the magnitude of the oscillating
terms due to the negative sequence component existence. Considering a rotating reference
frame transformation for the positive and negative sequence of the grid voltages and
currents, the power terms of (2.36) can be expressed in the following matrix form

P AC uIY)”d ul%q u%d u% q

) urg  Up, Wy ug’q o

Pgo _ § u%q —Ug 7ug“q Uty #7)1(1 (2.37)
Qac 2| up, —upg why  —Upg | | i7g .
QC2 u%q _u%d ug.l)“q _ug“d i%q

Qs2 ~Upy —Up, Uy Up,
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Assuming that the mean values of active (P4¢) and reactive (Qa¢) powers should always
be controlled, the two resting degrees of freedom can be used to cancel either the active
power oscillation amplitudes P.o and Pso or the respective reactive power ones Q.o and
Qs2. Therefore and according to the control target, the matrix is modified and inverted
in order to obtain the four respective current references i, igj;, itfy and iy

The authors of [103| have established a flexible relation between the symmetrical voltage
components, the maximum phase currents as well as the mean active and reactive power
values. The latter can be used for the derivation of the maximum achievable active power
for a given reactive one and vice versa, without exceeding a given phase current amplitude
related to the converter rating. The derivation of this equation can be found in [103] as
the latter is provided here without further details as

3

2P 2
52 (22) - 5

2 2
0= ( QAC) [k% (@) 4 (1= ko)? - (05)% — 2Ky (1 — ko) cos 2y - b - u’%}

3
— (@) (ih)? - () (2.38)

2Psc\’
+< AC) [k:f'(a%)QJr(lfkl)Q'(ﬂ§)2+2k1(1fkl)cos21-ﬂz}-ﬂﬂ

In (2.38), ﬂg, and 47 are the positive and negative sequence voltage vector magnitude,
which is given in the rotating reference frame as

il =/ (urg)® + (uip,)? (2.39)

iy = J(ug)? + (uf,)? (2.40)

In addition, k1 and ko represent two scalar parameters, whose purpose is to adjust the
contribution of each voltage sequence component on the active and reactive reference
currents, respectively. Their value will be given for each of the subcases that will be
described in the following. The symbol 777** refers to the maximum tolerated grid phase
current, which should not be exceeded for a safe converter operation. Finally, the rotation
angle vector v = [v4 Vb 7 is related to the determination of the maximum grid phase
current during a network unbalance and can be calculated as [103]

Pl _ n
7@ — |¢U‘ 2 ‘(bu’
_ I L e e 2.41
J Vo = > t3 (2.41)
B Bl S
(e 2 3
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2.6. Operation of MMC Under Grid Unbalances

2.6.1 Control for Symmetric Grid Current Injection with Current
Limitation

During this mode of operation, the control target is to set the negative sequence grid
current references to zero, i.e. to inject perfectly symmetrical sinusoidally varying currents
into the three-phase asymmetrical grid. For this operation mode, the current references
are given as

i Urg uIC)Fq
Pk yu
g | _ _2Pac | up, | 2Qac —Uiry (2.42)
i 3D o | 3D | o
i 0 0
where D = —(uk;)? — (ugq)Q'

In order to extract the maximum achievable active power for a given reactive power
according to (2.38), the parameters k; and ko are set as

ky =1
! (2.43)
ko = 1

On an MMC level, this operation mode implies the imposition of i% =0 as well as ¢} = 0.
Defining plgﬁ and p'gfn as the instantaneous powers for the upper and lower branches of the
k-th phase-leg, respectively, the total phase-leg power equation Epfr becomes

Y ~n 5D

(1i49) ) 2(m — 1)
Sty = 152+ ) = 0y S ot o) — ST con (5 g7 — =)

2 3
b 2ﬂm—n)_w@
2

—%cos <2wt+¢ﬁ+¢f+

3 cos (2wt + ¢ + ¢F) + Xpk (2.44)

It is clear that I*

circ
steady state, implying an input/output active power equilibrium. This gives the reference

o should be controlled in a way that cancels the first three terms in

value for the latter as

p 2 -1
I =5t [vfa cos (¢, — o) + i cos (¢z L ))] (2.45)
L

The fourth term in (2.44) appears naturally as an effect of the single-phase system nature.
It oscillates with the second-order harmonic frequency. This negative sequence term
is symmetrically shifted between the three converter phase-legs and has been already
discussed in Section 2.3. It has been shown that it can be canceled by means of a

respective intentional second-order harmonic imposition on the circulating current with
k

an amplitude of ;..

o, and an angle of #, which has led to (2.20). Since a symmetrical
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AC quantity will be injected in the three phases, the DC-link will be unaffected. As
discussed in Section 2.3, however, this imposed second harmonic will introduce some
higher-order power terms, which will change the components of (2.44).

On the other hand, the fifth cross-product term in (2.44) is a common-mode power term,
which does not cancel out throughout the phases and causes a pulsation of a second-order
harmonic frequency during a network unbalance [17,50,103|. Interestingly, forcing the

k
Icirc
at the DC link even during asymmetric grid conditions. However, this term will have to

o to be perfectly constant by means of explicit control will transfer a constant power

be buffered within the converter leg causing an increase in the branch capacitor voltage
ripple. Finally, ¥p¥  is the instantaneous power due to a common-mode voltage injection.
For a third-order harmonic imposition, which leads to an increase of the modulation
index, the associated terms are oscillating and have zero average as obtained by

liem 2m(m — 1 2m(m — 1
ypk = —% [cos <2wt — ¢ + 7r(n;)) + cos <4wt + ¢F — 7T(W;)>] (2.46)

Another important remark is that each individual branch has a main power oscillation
of fundamental frequency order, which are eliminated when summed within the same
phase-leg since they are of opposite signs. However, the difference of the branch power
components inside a phase leg is obtained as

)
uyL? 2r(m —1
Apk = piv —pfl = Apk + — L cos (wt + ¢f — 2m(m — 1) 3 )>

2 -1 2 -1
—2rk . [ﬁ@ cos (wt + o — W(W;)> + uy; cos (wt + ¢y, + W(W;))] (2.47)

which exhibits the first harmonic order terms of positive and negative sequence. From
(2.47) it is clear that there is no unbalance between the two branches of a phase leg due
to a negative sequence voltage existence in steady state. For a uc,, with a third harmonic
frequency, the associated term Ap’c“m is also oscillating and given by

ApE = =2 IF, o cos (3wt) (2.48)

The typical waveforms for such a converter operation are depicted in Figure 2.12. For
this simulation, a phase-to-ground fault of the first phase is considered with a severity
of a total phase loss. The grid currents comprise the nominal positive sequence value.
Each phase contributes to the DC-link with a different amount of current. However the
instantaneous DC-link power ppc remains constant, although the three-phase AC power
pac oscillates at 100 Hz. As discussed, this operation mode and choice of common-mode
power term elimination on the DC-link level will cause an increase of the branch capacitor
voltage ripples, especially in the phase that is characterized by the voltage short-circuit.
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2.6. Operation of MMC Under Grid Unbalances

The three-phase reactive power mean value @) a¢ is controlled to be zero, but it also
oscillates around this mean value with a second-order harmonic frequency due to the
symmetric three-phase grid current injection.
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Figure 2.12: Waveforms for an operation of a Modular Multilevel Converter under a
phase-to-ground fault in phase a. The grid currents are controlled to comprise only a
positive sequence.

It is now interesting to observe how the branch energy variation AE evolves in function
of the grid asymmetry for a given power factor, i.e., Qac = 0. The branch energy

variation is an indication of the capacitive storage requirements in an MMC. The results

k

are illustrated in Figure 2.13, both when a second harmonic in i, is used and when it

is not. The grid asymmetry is expressed as the division of 47, with its maximum value
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a&mm. Therefore, the unity corresponds to a full phase loss. In order to have a means

of comparison, both branch variations are normalized with the minimum of variation

Enq2nd

noend, ie., with an asymmetry of zero. For each

without second harmonic injection A
operating point, the maximum achievable active power is calculated so as not to exceed

the maximum set grid current according to (2.38).
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Figure 2.13: Evolution of branch energy variation and maximum achievable active power
in function of the grid asymmetry for balanced grid current control with and without
circulating current second harmonic injection. Reactive power has been set to zero and
the branch energies are normalized with AE%‘;%"d.

It becomes evident that an increase in the negative sequence voltage component 4y, causes
a significant increase in the energy storage requirements. The second-order harmonic
circulating current imposition according to the fourth term in (2.44) brings no significant
benefit once the grid asymmetry becomes considerable. Therefore, a different choice for

A

-k
Zcirc,

that phase a, which is experiencing the fault, exhibits a higher energy variation increase

o and 6o might prove to be better suited after a specific value of 4j,. It is also shown

whereas phases b and ¢ behave similarly and with a smaller increase.
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2.6.2 Control for Power Oscillation Compensation with Current
Limitation

The second studied case regards a mode of operation under grid unbalances, where the
control aims to cancel either the active or the reactive power oscillations of the AC side. In
order to achieve the latter, a set of reference values for the positive and negative sequence
AC current components needs to be specified and controlled, accordingly [103,111-114].

On the MMC level, the existence of both sequences implies that 7. # 0 as well as ¢ # 0
and results in a phase branch power sum of

p p
Eplljr = plg;f + p]l;l’ = uULIczrcO V2 L COS (¢p ¢p) COS (¢n ¢n)

abin. n o 2m(m—1) agzg 21 (m — 1)
_2C°S<¢ﬁ_¢i+ 3 ) < - >

~

kb om(m —1 L. om(m —1
_ VQT os<2wt+¢z+¢f+ 7T(3 ))_ vtT COS<2wt+¢Z+¢?—7r()>

2 3
p an p
— V2 cos (2wt + ¢ + ¢ — V2 T cos (2wt + @7 + ¢F) + ZpF., (2.49)

In a similar manner as before, I* circo should now be controlled in a way that cancels
the first five terms, so that no constant power components appear in the branch power
equations, leading to the reference value of

“p -
Iczrc(] = T |:ﬁ’€/ COs (% - (bf) + 'LALT{; COS (¢Z - qszp - 27T(Tn1)>:|

QU,UL 3
n

2(m — 1
n ;u—TS [ai’, cos ((bﬁ o+ W(W;)) b cos (67 — ¢?)} (2.50)

The sixth and seventh terms of (2.49) (negative and positive sequence, respectively)
are symmetrically shifted between the phase legs and will therefore cancel out on the
DC-link. In addition, they can be compensated for with two respective circulating current
components of the same frequency. The last two cross-product terms are of common-mode
nature and do not cancel themselves naturally. However, through a proper choice of the
current references they can be eliminated as stated before. In such a case the imposed
circulating current becomes as

2n(m — 1 a 2nr(m — 1
mc Iczrc() + zmc 24 COS <2wt + 6, + (3)> + Geire,2b COS <2wt + 6 — ()>

where
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A VY (2.52)

leire,2a =

N Uyt
Leire,2b =

Op = ¢y, + &1 (2.53)

The difference of the branch power components inside a phase leg is now expressed by

o(m — 1)>

UyL |»
App, = ply' — Py = AP, + —5~ [z:’} cos (wt + ol —

2 3
; 2m(m — 1 2m(m — 1
+iff cos (wt + o+ 7T(m3)>] —21%, [a’& cos <wt + b - ”(";>>
om(m — 1
+ay cos <wt +¢u + W(rn;)ﬂ (2.54)

Once again, the existence of negative sequence voltages and currents on the grid side
does not create branch unbalances. Finally, it is noted that also in this case the terms
Ypk and ApF  associated with a third harmonic injection are oscillating and have zero
average, as shown below:

e 2m(m — 1 2m(m — 1

2 3 3
e 12 2m(m — 1 om(m — 1
S QZT [cos <2wt — ¢ — 77(77;))) + cos <4wt + o + W)] (2.55)
ApE = —20iem I¥, . cos (3wt) (2.56)

In the following, the two different choices for active or reactive power oscillation elimination
during grid unbalanced conditions are investigated.

Active Power Oscillation Elimination

In order to compensate for the active power oscillating terms of (2.36), the amplitudes
P, and Pso are set to zero. The solution for the respective current references is then

obtained as

Zgj;l ugd ugq

Z.g::{ — g@ ug“q g% _u%d (2.57)
iy 3 D1 | —ufy 3 Do u%q

iy —ur, —Urq

where Dy = ((u,)? + (uh,)?) = ()2 + (ulh,)?) and Dy = ((u,)? + (uh,)?) +
((a)? + (u,)?)
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In order to extract the maximum achievable active power for a given reactive power
according to (2.38), the parameters k; and ky are now set as

(ah)>2
k1 = v
LT (@) - (ay)?

(ap 2 (2.58)
ko = .
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Figure 2.14: Waveforms for an operation of a Modular Multilevel Converter under a
phase-to-ground fault in phase a. The grid currents are controlled in order to keep an
oscillation-free three-phase active power.
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The typical waveforms for such an operation are shown in Figure 2.14. Again a full loss
of phase a is considered. The three-phase grid currents are not symmetrical. Similarly
to the balanced current injection case, two second-order harmonic components are now
imposed on the circulating current, in order to compensate for the sixth and seventh
oscillating power terms of (2.49). It can be seen that all phases are now delivering the
same amount of continuous current to the DC-link. The input and output instantaneous
active powers pac and ppc are identical, while no oscillations exist in either of them.
However, the reactive power oscillations remain, since they cannot be compensated for
with the current negative sequence injection strategy. The maximum current is drawn
from the phase that is experiencing the fault, which causes the highest capacitor voltage
ripple increase on this specific phase.
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Figure 2.15: Evolution of branch energy variation and maximum achievable active power
in function of the grid asymmetry for active power oscillation elimination control with
and without circulating current second harmonic injection. Reactive power has been set
to zero and the branch energies are normalized with AE"92n4,

min
Similarly to the previous case, Figure 2.15 illustrates the impact of the grid unbalance on
the MMC branch energy variation for 4o = 0. Once again phase a, where the grid fault
occurs, experiences the highest branch energy variation increase. The two other phase in
this case reveal a decrease in their branch energy variation and similar behavior between
them. Finally, the second-order circulating current harmonic injection is studied. It is
clear that the benefits of this injection are quite significant in balanced grid conditions,
but the curves converge to almost the same value at the full phase loss. In both the cases
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2.6. Operation of MMC Under Grid Unbalances

of balanced grid current control and active power oscillation elimination, the latter is due
to the fact that the inherent fundamental frequency components dominate in the branch
during the fault, compared to the second-order power oscillations.

Reactive Power Oscillation Elimination

In conventional three-phase converters, the active power oscillation elimination is generally
preferred, since it implies a constant active power transfer on the DC-link side. As
already discussed for the MMC, however, this can be achieved from the converter itself
independently from the power form at the AC side. Therefore, the current references can
be chosen so as to cancel the reactive power oscillating terms of (2.36) without affecting
the DC-link. By setting to zero the amplitudes Q.2 and Q2 in (2.36), the solution for
the respective currents is given by

i7q Ulrq ulry

ity | _2Pac |y | | 2Qac | —uly (2.59)
i 3 D, (VL 3 Dy —u%q

i% U, (G

where Dy = ((uh,)? + (,)2) + (w3 + (u,)?) and Dy = ((uh,)? + (uh,)?) —
() + (ut,)?)

In order to extract the maximum achievable active power for a given reactive power
according to (2.38), the parameters k; and ko are now set as

A 0

5P \2 A\ 2

(i )” + () (2.60)
koo = (Uv)

Figure 2.16 depicts the typical waveforms for this operation mode. Compared to the active
power oscillation elimination case, now two converter phases draw the maximum current,
where an increase of the capacitor voltage ripples is observed. Each phase contributes
with a different amount of circulating current to the DC-link power. The power ppc
is held constant irrespective of the oscillations observed in p4¢, and the reactive power
oscillations have vanished due to the utilized current injection strategy.

Similarly to Figure 2.13 and Figure 2.15, Figure 2.17 reveals that in this case phases b
and ¢ are mostly affected by the fault regarding branch energy increase. On the contrary,
phase a is characterized by an energy variation reduction. It is important to note that
the branch energy increase is lower than the two previous studied cases. In addition, the
second-order harmonic circulating current injection maintains its benefits throughout the
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whole unbalance regime, since it keeps the energy variation below the value 1, which
corresponds to the lowest variation in the case without harmonic injection.
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Figure 2.16: Waveforms for an operation of a Modular Multilevel Converter under a
phase-to-ground fault in phase a. The grid currents are controlled in order to keep an
oscillation-free three-phase reactive power.

2.6.3 Comparison

It is now interesting to observe how the three different described strategies for the
operation of an MMC during grid unbalances compare to one another. The two main
comparison criteria regard the branch energy variation increase throughout the fault as
well as the maximum power transfer.
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Figure 2.17: Evolution of branch energy variation and maximum achievable active power
in function of the grid asymmetry for reactive power oscillation elimination control with
and without circulating current second harmonic injection. Reactive power has been set

to zero and the branch energies are normalized with AEfn‘ﬁL”d.

Initially, the branch energy variation in function of the grid asymmetry as well as the
reactive power injection is studied. Figure 2.18-2.20 illustrate the results for the three
aforementioned operation modes without and with second harmonic injection in the
circulating current. As stated before, the grid asymmetry is expressed as the division of
ty, with its maximum value 4y, ... Therefore, the unity corresponds to a full phase loss.

In order to have a means of comparison, both branch variations are again normalized with

Enq2nd

the minimum of variation without second harmonic AE%

, i.e. with an asymmetry
of zero and a purely active power transfer. Due to the inherent symmetry, the absolute
value of reactive power |Qac/| is adequate for the analysis as the results are identical for

capacitive or inductive operation.

From these surface figures, several important observations can be made. Initially, an
increase in the negative sequence voltage component 4y, causes a significant increase in
the energy storage requirements, especially for values of |Q a¢| close to zero and for the
cases of balanced current injection as well as active power oscillation elimination. Another
significant remark is that for pure reactive power transfer, the branch energy variation is
high, even if no grid asymmetry exists for all the three cases. The second-order harmonic
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Figure 2.18: Branch energy variation for the case of symmetric grid current control
in function of the injected reactive power |Qac| and the asymmetry gravity, where 0

corresponds to a full phase voltage and 1 to a full phase loss: (a) without and (b) with
2nd harmonic circulating current injection.
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Figure 2.19: Branch energy variation for the case of current control for active power
oscillation elimination in function of the injected reactive power |Q 4¢| and the asymmetry
gravity, where 0 corresponds to a full phase voltage and 1 to a full phase loss: (a) without
and (b) with 2nd harmonic circulating current injection.

circulating current imposition according to the fourth term in (2.44) brings no significant
benefit once the grid asymmetry becomes considerable in the cases of balanced current
injection and active power oscillation reduction as well, where the results are similar.

On the other hand, the reactive power oscillation elimination method shows clear advan-
tages over the two other methods under several operating points. Initially, the branch
energy variation is not significantly affected by the fault for values of |Qa¢| close to zero.
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2.6. Operation of MMC Under Grid Unbalances

Moreover, the second-order harmonic injection is effective even under the most extreme
case of purely reactive power and full phase loss.
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Figure 2.20: Branch energy variation for the case of current control for reactive power
oscillation elimination in function of the injected reactive power |Q a¢| and the asymmetry
gravity, where 0 corresponds to a full phase voltage and 1 to a full phase loss: (a) without
and (b) with 2nd harmonic circulating current injection.

Figure 2.21 illustrates the maximum active power that can be achieved for the three
studied cases in function of the grid asymmetry as well as the reactive power injection.
Again due to the symmetry, the absolute value of |P4*| is considered. It is clear that
the case of balanced current injection exhibits the highest power transfer of all three
modes, as well as the wider range of operation. This is due to the fact that all three
phases can be controlled to inject the rated current under all grid asymmetry and power
factor values. The reactive power oscillation reduction mode shows a general advantage
over the active power oscillation elimination, especially for low values of |Qac|. By
exploring Figures 2.14 and 2.16, the latter can be attributed to the fact that the reactive
power oscillation compensation mode forces two of the phases to inject the full current
compared to the active power oscillation one. For values close to |Qac| = 0 and high
grid asymmetries, however, the region of the active power oscillation compensation mode
is slightly extended.

It can be concluded, though, that the reactive power oscillation compensation mode
presents evident advantages over the active power oscillation elimination, both in terms
of branch energy variation increase as well as maximum achievable active power. If the
focus is laid on the branch energy variation, the reactive power oscillation compensation
mode is also superior to the balanced current injection as well.
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Figure 2.21: Maximum achievable active power in function of the injected reactive power
|Qac| and the asymmetry gravity, where 0 corresponds to a full phase voltage and 1
to a full phase loss for the three different grid current control strategies: (a) balanced
grid currents, (b) active power oscillation compensation, (c¢) reactive power oscillation
compensation.

2.6.4 Experimental Results

Several preliminary experimental tests have been carried out, in order to verify the
developed theoretical investigations regarding the impact of grid asymmetries on the
operation and design of Modular Multilevel Converters. The prototype of Figure 2.8 has
been once again configured as a three-phase converter, connected to the grid through a
variable transformer. In order to emulate a phase-to-ground fault with a severity of 1,
i.e., a total phase loss, the converter phase a has been connected to the neutral point of
the transformer’s star connection. The converter is fed by a fixed DC source in parallel
with a variable resistor, allowing the testing of active power flow in both directions, i.e.,
inverter and rectifier mode.
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2.6. Operation of MMC Under Grid Unbalances

A decoupled double synchronous reference frame (DDSRF) algorithm [123] has been
implemented for the grid voltage and current symmetrical component identification and
synchronization with the grid positive sequence voltage. Two grid current control loops
in a rotating reference frame allow an independent control of the positive and negative
sequence grid current components. In addition, the circulating currents are controlled
to bear a second-order harmonic for the reduction of the submodule capacitor voltage
variations.

Figures 2.22-2.24 present the experimental results that correspond to the theoretical
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Figure 2.22: Experimental results for an operation of a Modular Multilevel Converter
under a phase-to-ground fault in phase a. The grid currents are controlled to comprise
only a positive sequence.
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waveforms presented in Figures 2.12, 2.14 and 2.16, respectively. The maximum allowable
grid current amplitude has been set to 7% = 5 A and the mean reactive power to Q ac
= 0 Var, calculating therefore the maximum transferred mean active power Pa¢ for all
three cases according to these conditions.
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Figure 2.23: Experimental results for an operation of a Modular Multilevel Converter
under a phase-to-ground fault in phase a. The grid currents are controlled in order to
keep an oscillation-free three-phase active power.

The experimental results are in good agreement with the theoretical ones. The desired
goals of the three different current control methods are validated, i.e., balanced three-
phase positive sequence currents as well as negative sequence current injection for active
and reactive power oscillation elimination. The fact that the largest active power transfer
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2.6. Operation of MMC Under Grid Unbalances

is achieved by the first technique, followed with a small difference by the reactive power
oscillation elimination one, is also verified. The active power oscillation elimination
method is characterized by the smallest active power, due to the maximum amplitude
injection by only one phase current. In all three cases, the converter is able to achieve
a constant instantaneous DC-link power ppc, proving the particularity of the MMC
compared to conventional topologies.

The sums of the six branch capacitor voltage ripples are also depicted in the experimental
figures for the sake of comparison. Once again theory is verified with the reactive power
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Figure 2.24: Experimental results for an operation of a Modular Multilevel Converter
under a phase-to-ground fault in phase a. The grid currents are controlled in order to
keep an oscillation-free three-phase reactive power.
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oscillation elimination method outperforming the other two, i.e., being less affected in
terms of branch energy variation increase. The balanced current injection and active
power oscillation elimination methods present similar waveforms, where the largest voltage
ripple increase is noticed in the phase experiencing the total phase loss.

It has to be noted that the presented results exhibit some differences compared to the
theoretical ones. The main reason lays on the fact that due to existing noise in the
measurement and control hardware, the theoretical bandwidth of the various designed
control systems has not been reached without passing the stability limit. Nevertheless, it
can be argued that the converter has been successfully operated under a severe phase
loss and the main comparison goals between the three techniques have been adequately
verified.

2.7 Conclusions

This chapter has provided the analytical expressions of the submodule capacitor voltage
ripples in a Modular Multilevel Converter. The derivations have been made in a generalized
manner. These equations reveal the harmonic content of the respective voltages. Therefore,
they are beneficial for the design of the capacitive energy storage requirements.

Moreover, the knowledge of the capacitor voltage ripples is useful from a control point
of view. Indeed, several control systems proposed in literature require the knowledge of
the power pulsation in the MMC branches. In the so-called open-loop control schemes,
the accurate voltage ripple evaluation can be directly used for the real-time modulation
reference adjustment therefore capacitor voltage ripple compensation on a control level.
On the other hand, closed-loop control schemes normally target at the explicit total
capacitive phase-leg energy and energy difference between different MMC branches. In
such a case, the low frequency components of the branch capacitor voltages have to
be eliminated before fed to the respective regulators. On this level, the voltage ripple
estimation can successfully substitute the use of software-based filters, which cause
otherwise a decrease in the control loop bandwidth.

One of the major differences of MMC compared to conventional topologies is the ability
to control independently the input with the output powers. This can be done by explicitly
controlling both line and the so-called circulating currents in a decoupled manner. There
are numerous possibilities for current control loop implementations and some have been
presented in this chapter. The circulating currents also offer another degree of freedom
for achieving further purposes, such as capacitor voltage ripple reduction. The latter
leads evidently to a respective reduction of the submodule capacitance.

Regarding the operation of an MMC under grid unbalances, it is very important to
point out the differences compared to other topologies. Indeed, the existence of three
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independent capacitive legs implies a significant impact on the dimensioning of the
components as well as the choice for positive and negative line current injection. Again,
a proper circulating current use here can offer advantages, such as elimination of the
common-mode second-order DC-link component when the line currents are controlled to
comprise only a positive sequence, something which constitutes a main issue in traditional

three-phase grid-connected converters.
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8] Cascaded H-Bridge Converters with
Integrated Battery Energy Storage

3.1 Introduction

This chapter investigates the three-phase star- and delta-configured Cascaded H-Bridge
converters with embedded battery energy storage systems in terms of topology structure,
dimensioning and control. Such converters can be used as application-specific energy
storage units in medium/high voltage grids. In addition, they can be used as active front
ends in Power Electronic Transformers-based architectures, such as the one proposed in
Chapter 5 for the implementation of ultra-fast EV charging stations. The star-connected
CHB-BESS converter case is illustrated in Figure 3.1a.

Initially, the submodule/battery interface problem is treated. The integration of battery
energy storage elements within the CHB converter already poses a technical challenge for
the design and control of the system. The CHB converter is implemented using standard
full-bridges, as shown in Figure 3.1b. The main impediment for the direct interface of
batteries is the fact that the converter submodules behave as individual single-phase
rectifiers, thus buffering considerable power fluctuations of the grid second-order harmonic
frequency.

In addition, this chapter investigates the ways to handle active power components for
control and balancing purposes in such a CHB-BESS storage unit. The topology-specific
degrees of freedom are exploited, both for the cases of star and delta converter config-
urations. In addition, control algorithms are developed and limitations are established.
Potential grid asymmetries are taken into consideration through the utilization of sym-
metrical components. Several modes of operation are studied, such as independent load
feeding, state of charge balancing as well as converter operation under grid faults.

It is noted that the following subscripts/superscripts are utilized throughout this chapter:
k € {a/ab,b/be,c/ca} referring to the studied branch of the CHB converter in star/delta
configuration, and i € {1,2,.., N} to the submodules of the respective branch.
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Figure 3.1: (a)The three-phase star-connected Cascaded H-Bridge Converter with inte-
grated battery energy storage, (b) CHB converter submodule implementation.

3.2 Overview of Submodule-Battery Interface Solutions

The second-order current harmonic that appears at the submodule output is a result of
the intrinsic pulsating power nature of any single-phase system. Considering u}c and z% as
the branch-side voltage and current of the ki-th submodule,

ul, = 1 cos(wt) (3.1)
it =it cos(wt + ¢) (3.2)

the instantaneous input-output power balance of the submodule gives
i i _ Lo Lo
Piy = ugly, = S, cos(¢) + 2 Uik cos(2wt + ¢) (3.3)

The first constant term refers to the average power that is used to charge/discharge the
battery. The second oscillating term, however, does not contribute to the average battery
SoC. This component has a considerable peak-to-peak value, which can reach up to two
times the grid current amplitude at a modulation index of unity.

The low frequency current component exhibits some disadvantages, e.g., increase of the
inner battery resistive losses related to the resulting current rms value as well as periodic
change of the battery behavior. Although such electrochemical investigations are not yet
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3.2. Overview of Submodule-Battery Interface Solutions

widely available, it is believed to have a negative impact on the battery lifetime in the
long run. Therefore and throughout this thesis work, it has been chosen to eliminate
this second harmonic frequency on the submodule output level. In order to achieve this,
several passive or active filtering solutions can be utilized.

Figure 3.2 illustrates three different possible ways to interface the BESS with the CHB
submodule. For the sake of simplicity, the submodule full-bridge converter is modeled
by means of a current source Ig,,. In the first case, a resonant filter tuned at the second
harmonic frequency combined with a low-pass filter for the additional switching harmonics
is presented. The second case regards an additional nonisolated buck DC/DC converter
in cascade with each submodule, acting as a controlled battery charger. Finally, the third
case regards a nonisolated buck converter placed in parallel with the submodule and
thus operating as an active filter. The latter is also done in conjunction with smaller
passive filtering elements for the resulting submodule switching harmonics. The first case
is referred to as direct passive interface (DPI), the second as indirect active interface
(IAI), and the third one as active parallel interface (API).

S"L E L’( S Ibat
C’!‘ES Rbat

9771
T ﬁ R7 ) UOC
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Figure 3.2: Possible interfaces between the CHB submodule and the integrated BESS
utilizing: (a) a combination of resonant and low-pass filter (direct passive interface), (b)
dedicated nonisolated DC/DC converter in cascade (indirect active interface), and (c)
dedicated nonisolated DC/DC converter in parallel (active parallel interface).
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In the next paragraphs, the three submodule/battery interfacing solutions are briefly
discussed. For the dimensioning of the passive elements, a 10 % peak-to-peak battery
current ripple is considered. Because of the difference in operating conditions of each
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interfacing solution, the same submodule voltage Us,, and battery charging power is
considered for all three cases. Finally, a 50 Hz three-phase grid frequency is assumed and
the submodule switching frequency is set to 500 Hz.

Direct Passive Interface

The resonant filtering solution is the most straightforward implementation in terms of
complexity and added components. It is used in a variety of applications, such as railway
interties, i.e., the interconnection of the three-phase industrial grids with the single-phase
railway supply commonly found in several European countries. It can be also found in
the single-phase active front end converters for modern locomotives.

The model used for the design of the passive filter is illustrated in Figure 3.2a. The
parasitic equivalent series resistance (ESR) is taken into consideration for all passive
components. The electrical equivalent circuit of the battery depends on the utilized
technology, having an impact on the filter design as well. For the scopes of this work, the
battery pack has been simply modeled as a voltage source, representing the open-circuit
voltage Upc, in series with the respective internal resistance Rpq;.

The filter transfer function is this case is given by (3.4), where the polynomials n(s) and
d(s) are given in the bottom of the page.
_ Lyt (s)  n(s)

= (3.4)

G) = T.0) ~ dls)

The advantage of using such a higher-order filter is that the utilized component values
will be significantly lower. This, combined with the fact that the total grid charging
power actually splits into dedicated levels, leads finally to the reduction of the size and
cost of the filtering elements.

Figure 3.3 shows the typical waveforms for the case of the DPI utilization. The submodule

n(s) = CresLresCsmRsms® + [Cres (Lyes + RresClmRam)] 8%
+ (RresCres + CsmRsm) 5 + 1

d(s) = LyLyesCsmCress” + [LresCresCam (Rsm + Ryat + Ry)
+LCresCom (Rres + Rsm)] 87
+ {Ls (Cam + Cres) + Cres [Lres + CsmRres (Ram + Ry + Rpar)
+CsmRsm (R + Rpat)]} 8% + [(Cres + Csm) (Rf + Roat) + Cres Ryes
+CsmBRsm]| s+ 1
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current g, is switched with two times the submodule switching frequency fsq,, which is
a result of a unipolar PWM scheme. It also comprises a strong second-order harmonic.
The placed high-order filter is tuned at a resonance frequency of f,.s in order to absorb
the second-order harmonic of the grid frequency. It also attenuates significantly the
switching-related ripple of Ig,.
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Figure 3.3: Main waveforms of the direct passive interface case for a resonance frequency
of fres = 100 Hz and a submodule switching frequency of fJ' = 500 Hz.

w

The frequency response of the designed resonant and low-pass filter is shown in Figure 3.4
(upper) for different values of battery capacities. It is clear that the system is naturally well-
damped at the two main observed undesirable resonant points in low battery capacities.
This is due to the fact that in order to increase these values, the battery packs are placed in
parallel leading to a reduction of the equivalent internal resistance. However for the same
charging power, the battery resistive losses will be lower in higher capacitances, leading
to an improved battery efficiency. This is additionally shown in Figure 3.4 (lower). The
aforementioned observations and the respective trade-off have to be taken into account in
the dimensioning process of the BESS, along with other typical parameters such as cost
and battery lifetime due to deep discharge, in order to avoid unnecessary oversizing.

Indirect Active Interface

The TAI case refers to the placement of an additional power electronics-based conversion
stage between the converter submodule and the battery. Compared to the DPI case,
this means an increase on the system control hardware complexity but a decrease in
the number of needed passive elements. Moreover, an additional degree of freedom for
the control of the global system is offered, e.g., the submodule capacitor voltage can
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Figure 3.4: Frequency response of battery filter for different capacities (up), and graph
illustrating the comparative evolution of battery losses for the same charging power (low)
(the maximum value corresponds to the resulted losses from 100 % power at Qpqt)-

be actively controlled from the battery side using the IAI. The latter will be further
explained in Section 3.3 and will be used throughout this thesis work.

In order to calculate the required values of the submodule capacitances in the IAI case,
the energy variation in the submodules is considered. This quantity, which is represented
by AFEg,, refers to the difference between the maximum and minimum energies inside the
submodule and is calculated as follows:

ABgn = %osm (U — (Uzin)?] = %Csm (Umes + U (Uge® = Uz

25:771 Ufr;p:2kuﬁsm
=2
= 2Csmk U, (3.5)
Therefore,
AFE
Com = ——5— (3.6)
2k, U,

The energy variation in one submodule can be approximated as being proportional
to the energy variation in the whole converter branch, which is comprising N modules.
Considering uy, and 7; as the converter voltage and current for the k-th branch respectively,

up, = Uy, cos(wt) (3.7)
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ix = i cos(wt + ¢) (3.8)
the branch power is calculated as
. 1. - 1. -
Pry = Wkl = S Uty cos(o) + o U cos(2wt + @) (3.9)

Similarly to (3.3), the first constant term is in fact the active power that is transferred
to the DC/DC converters. The second term causes the pulsation in the branch and its

integral,
1. 0, Ukig .
E, = 5 il cos(2wt + ¢)dt = Ej + 1 sin(2wt + @) (3.10)
w
gives finally the energy variation as
Qi
AE, = — 3.11
b 2w ( )

Finally and considering a symmetrical voltage operation of the converter submodules,
the ripple is assumed to be divided equally, leading therefore to a submodule ripple of

_ AE,

AEjsm N

(3.12)
Substituting (3.12) in (3.6) gives finally the sizing equation of the submodule capacitors
as follows in
Qi
Con = klk

_ - (3.13)
4Nk, U2,

The last component to be designed is the output filter inductor, which is given by (3.14)
for a standard nonisolated buck DC/DC converter [115]:

1—- D)Ubat

_
Lf B AIbatfs (314)

where D refers to the converter duty cycle.

Figure 3.5 illustrates the main waveforms for the TAI case. The second-order power
pulsating term is now buffered in the submodule capacitor. Therefore, the battery current
will only feature the switching-related ripple of the buck converter. In order to maximize
the efficiency, a duty cycle operation of close to 50 % has been considered for this case,
therefore in this case half of the battery voltage is considered compared to the previous
case of DPL.

It is noted that due to the switching frequency constraints in a high-power application,
the inductor Ly has to be relatively large in order to limit the battery current ripple.
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Figure 3.5: Main waveforms of the indirect active interface case for a submodule switching
frequency of f$™ = 500 Hz and IAI switching frequency of fi%¢ = 2 kHz.

Active Parallel Interface

The dimensioning of the active parallel interface passive components is a combination
of the two previous cases. The DPI case low-pass filter consisting of the elements Cy,,,
Ly is maintained to filter out the switching-related harmonics of the submodule and the
additional converter as well. The two additional elements Cy;,; and Ly, are then designed
according to the desired requirements. For the API capacitor, the low frequency energy
pulsation is calculated as

A Us i
Eupi = /Ubatiapidt = /Ubatiapi cos(2wt + ¢)dt = Egpi + % sin(2wt + ¢) (3.15)

which leads to an energy variation of

AByy; — Joatler (3.16)

w

The capacitance Cgy; is therefore given by

Ubatiapi

Capi = —=
QWk:AuUapi

(3.17)

Finally, the inductance value for Ly, is calculated according to the admissible switching-
related ripple over the average value of iq,; and is therefore also given by (3.14).
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3.2. Overview of Submodule-Battery Interface Solutions

The main waveforms for the API case are shown in Figure 3.6. The API acts as an
active filter aiming at the elimination of the second-order submodule current harmonic.
Similarly to the DPI case, the submodule voltage is imposed by the battery. The API
capacitor Cgp; needs to be dimensioned so that its minimum voltage value U, g;;;" is always
higher than the maximum submodule voltage U**  in order to achieve PWM operation.
In addition, this voltage U,p; has to be actively controlled to a desired average value Uapi,
in order to compensate for losses and other non-idealities that would cause its divergence
otherwise. As performed for the IAI case, the converter is chosen here to be operated
with a duty cycle close to 50 %. In a real application this voltage would be preferably
chosen close to the submodule one with an additional voltage margin for control reserve,

in order to avoid using a capacitor and semiconductors with twice the blocking voltage.

Submodule, Battery and API Currents [A]
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Figure 3.6: Main waveforms of the active parallel interface case for a submodule switching
frequency of f&™ = 500 Hz and API switching frequency of fe' = 2 kHz.

Discussion and Final CHB-BESS Topology Implementation

Some qualitative discussion can be now made regarding the three interface solutions.
Table 3.1 shows the passive element dimensioning for each one of the aforementioned
cases. The same battery charging power of approximately 230 W is considered for all
cases and regards a low power laboratory prototype.
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For the active-based solutions of IAI and API, a voltage variation factor of k, = 0.1 has
been used for the calculation of the necessary capacitances. It can be seen that the TAI
needs considerably higher passive values than the API to achieve a desired low battery
current ripple. In addition, the IAI semiconductors have to support all of the submodule
current, contrary to the API where only its AC part has to be provided. However and in
order to be capable of achieving PWM operation, the API output capacitor minimum
voltage has to be at least higher than the battery voltage (with an additional margin
held for control reserve). The latter means higher capacitor and semiconductor blocking
voltage requirement in the API case.

Table 3.1: Passive element requirements for all interfacing cases

| Quantity [ DPI | API | TJAI |
Csm 1 mF 1.4 mF
Ly 0.5 mF 7.5 mH

Clres 2.3 mF —
Liyes 1.1 mH -
Capi - 0.28 mF -
Lapi - 3.2 mH -

In terms of control complexity, the DPI case implies the most straightforward imple-
mentation, since no additional control hardware components are needed. However, both
the uncontrolled DPI and the controlled API cases feature the same disadvantage: the
submodule-battery voltage dependency. The latter is not beneficial in cases where the
submodules exhibit significant voltage differences because of SoC variations between the
batteries. Only the TAT solution offers a complete decoupling between the submodule and
the battery voltages.

The IAI control system is similar to the one of the API case and will be described in
detail in Section 3.3. It is based on a typical cascaded outer voltage/inner current loop.
The external PI-based loop aims at the stabilization of the capacitor DC-link voltage Usy,
(or Ugpi accordingly) through a small active power extraction from the battery (or also
the submodule in the API case), compensating for any imperfections that would cause its
divergence otherwise. Moreover, the inner loop is responsible for regulating the converter
current Ipg (igpi respectively). In the TAI case, Ijq is controlled to have a continuous
average component, therefore a PI controller is sufficient. The API current, however, has
to eliminate the second-order harmonic of the submodule current Ig,,. Since the API
current is expected to have a small continuous component (for the DC-link control) as
well as an alternating component, a PI controller with an additional resonant term tuned
at the second-order grid frequency harmonic offers the most straightforward solution.
The feed-forward active filtering average current reference can be calculated using (3.3),
since the grid current Zi; is measured and the modulation reference u}c is a direct result of
the grid current controller.
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For a detailed comparison of the IAI and API cases, including efficiency considerations as
well as passive component selection guidelines in the framework of a low voltage/power
laboratory prototype, the reader is referred to [116]. In this thesis work, the indirect
active interface concept has been finally chosen to be implemented, mainly due to its
straightforward design as well as additional offered degree of freedom for complete power
and voltage decoupling between the submodule capacitor and battery. Throughout the
next sections, the control design is treated based on the IAI concept.

3.3 Voltage, Power and State of Charge Control Actions

In this section, the balancing control actions for CHB converters in star or delta connection
will be discussed.

3.3.1 The Star-Configured Cascaded H-Bridge Converter Case

Initially, the control of the three-phase CHB with star connection is considered. This
topology has been illustrated in Figure 3.1a.

Submodule Capacitor Voltage Balancing

One main issue regarding this specific topology is the balancing of the submodule capacitor
voltages, especially when the fed loads are different but also due to the fact that the
modeled capacitance and losses within the different submodules vary in practical systems.
When using the extra conversion stage between the submodules and the batteries, this
can be solved by controlling the individual voltages from the battery side through a
typical cascaded outer voltage/inner current loop, similarly to the CHB converter-based
photovoltaic unit of [117] and the supercapacitive MMC-based traction system of [118].
This paragraph deals with the dimensioning of the control system for the IAI, whose
block diagram is given in Figure 3.7.

According to the notations of Figure 3.2b, the respective transfer functions for the current
and voltage are given respectively as

1
$Csm’

1
- SLf+Rf

GY(s) = GL(s) (3.18)

The inner loop controls the average value of the battery current with the regulator Gé(s)
given by

1+ sThr
GL(s) = ——2= 3.19
r(5) T (3.19)

71



Chapter 3. Cascaded H-Bridge Converters with Integrated BESS

GY |«

Figure 3.7: Cascaded voltage/current control loop for each of the indirect active interfaces.

The battery voltage is added to the output of the regulator for disturbance rejection
purposes. The converter and control hardware non-linearities and delays are modeled
by the small time constant T, according to the pseudo-continuous approach with the
associated transfer function Gpg(s) [106] as

Kem

GpE(S) = 1+ sTom sTys

(3.20)

where the transfer function gain K., = Ugy, in this case.

The external loop controls the submodule capacitor voltage U¥: to its reference value
Uz, through a PI controller G%(s):

1+ sT, U
GY(s) = ——"= 3.21
r(s) STy (3.21)
A pre-calculated feed-forward current component [ f f = Plf;;‘ / is added to the output

of the regulator for faster response. The latter is based on the power demand of the
battery, which is a result of the higher-level control functions. In this way, the contribution
of the voltage regulator will correspond to a small amount of active power injection in
order to compensate for the losses that would cause deviations of the capacitor voltage
from its desired value. Since only the average value of the capacitor voltage can be
controlled, a low-pass filter has to be added on the voltage measurement of UX in order
to reject the low-order harmonic frequency oscillations:

1

U _
Gf (S) o 1 —|—STf

(3.22)
The inner current loop is designed according to the magnitude optimum criterion. There-

fore the regulator constants are given as:

2T,k
T =—>- Tyu=-—2
nl Rf ) il Rf

(3.23)

Since the submodule voltage is measured, it can be used for the second-order harmonic
cancellation on a current control level. This is achieved by dividing the control output by
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Usgm, in order to finally obtain the required duty cycle.

Subsequently, an equivalent transfer function is considered for the closed-loop current
control with a time constant of Ty = 27, g, in order to design the external voltage loop.
For the latter, the symmetric optimum criterion for systems with integral behavior is

utilized. The gains are specified as

8(Ty +Ty)?
Tow =4Tf +Ta), Tiw= (jcc,d) (3.24)
sm

Submodule Power Control

The power balancing problem regards the ability of the converter to absorb or inject
different amounts of active power between the submodules or the branches. The latter
implies that this can be divided in two different sub-problems, the submodule power
control regarding the submodules within a given converter branch as well as the control
between the independent converter branches, as depicted in Figure 3.1a.

L L/N R/N Ik Iél‘
Csm
Bt — Uk,
ik}l P
L/N R/N Iffn\ Ié:li\
Csm .
_— Uki
N
Brnu Csm
: — UkN
N iy
o <

Figure 3.8: Equivalent circuit of a branch for decoupled power flow formulation.

In order to achieve individual submodule power control, the adaptation of the respective
modulation references of each submodule has to take place. Figure 3.8 shows an equivalent
circuit of one converter branch. The submodule outputs have been decoupled from their
inputs. On the AC side, the same current flows through the equivalent voltages sources.
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This means that in order to change the amount of absorbed or injected power flow by
each DC side, the controlled AC submodule voltage is to be changed. The power ratio
factor B; is therefore introduced for the analysis [119].

ki —ki ; N
U Pk
Bri = S“;S"; = with Y Br= 1, (3.25)
> Usnlom > PhL =
=1 =1

By simply multiplying the global desired AC converter voltage uy, which is the result of
the line current control function, by the respective B;, the total branch active power can
be distributed in a desired manner within the different submodules.

Figure 3.9: Star-connected CHB converter: (a) Definition of system voltages and currents,
(b) definition of system voltage and current vectors, considering only positive sequences.

Branch Power Control

The case of independent branch power control is very important, since it generally implies
the desire to handle different amounts of active power from each converter branch, without
however disturbing the symmetry of the three-phase grid current. The degree of freedom
to achieve this is to inject a specified common-mode voltage and has been introduced
by [120]. In [66], the concept was explored for SoC balancing control. In this thesis
work, the equations are generalized to account for grid unbalances and tailored for the
application of the decoupling DC/DC conversion stage between the submodules and the
batteries.

The idea is to specify the amplitude and angle of the common-mode voltage phasor
U.,,, which will affect the individual branch powers, but will keep the total three-phase

=~cm?
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power flow unaffected. Therefore, the three-phase currents will remain balanced, since
the line-to-line voltage will not change. The concept is illustrated in Figure 3.9. It is
noted that in order to achieve a constant power term associated with the common-mode
voltage, the latter should oscillate with the fundamental converter voltage frequency as
well.

Similarly to Chapter 2, the three-phase grid quantities are modeled by means of sym-
metrical components, where the superscripts p and n denote the positive and negative
sequences, respectively. The k-th converter branch voltage (k = a, b, ¢) can be written as

QW(W;_ 1)> + 4" cos <wt + oy, + 277(17’;— 1)>

+ Tem €08 (Wt + Gem) (3.26)

ug =uP cos (wt + b —

where m = 1,2, 3. For simplicity ¢}, can be set to zero, if the control system is synchronized
with the positive sequence voltage uP. The k-th branch current can also be expressed
through the use of the symmetrical components as

N 2 —1 A 2 -1
i = ¥ cos (wt + ¢ — TF(H;))> + 1" cos <wt + o7 + 7r(rr;)) (3.27)

The product of the voltage with the current in each converter branch gives the associated
branch power components. Only the constant (Plﬁ”) and not the oscillating terms are of
interest and are obtained for branches a and b as

Qe K i

P = 5 cos(Gem — @) + ac%z cos(pem — &) + 5 COS o+
+ ﬁ;ip cos(¢l — ¢F) + ? cos ¢ + @n;n cos(gr — o) (3.28)
Papr
Pl = 2% con{m — of — ) + "2 cos(om — 67 — ) + o cos(6] — )+
+ ﬂ’;ip cos(¢y — ¢ — 2%) + # cos ¢¥ + ﬁ’;z" cos(¢r — oF) (3.29)
Py

The third branch forms an equation which is not independent, therefore it is adequate to
solve the following system for the definition of wep,:

PI;J}* — P3pr — a15 = Uem@28 €COS Qe + UemQi3s SIN Qe

AP,;IT
b = N . .
Pb: — P3y. — P15 = Ucm625' COs ¢cm + UemB3s sin ¢cm

b
Apbr

(3.30)
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*n ~n’p *p *n *p ‘n

4P

a1s = uTzcoch)? + u; cos(¢y — @), ass = % cos ¢f + ZEcoscﬁ, azs = % sin ¢ + %sinqﬁ?
~pin 9 ~nip 9 2p 4 “n ’ 9

Bis = uzz cos(¢; — %) + u2z cos(¢y — 7 — ?ﬂ-), Bas = % cos(@f + ?ﬂ-) + % cos(gg + ?ﬂ-),
P p AT i n 2T

Pss = 5 sin(¢; + ?) 5 sin(¢; + 3)

The coefficients a1 5_35 and $15_3g are functions of the grid voltage and currents positive
and negative sequence components and are given at the top of this page. The solution to
the system is given similarly to [120] by

AP Bag — APfroz25> _— AP (3.31)

AP[S)TO‘?)S - AP{?TBSSS Q28 COS ¢cm + azg sin chm

Pem = arctan <

The solution for the typical case of balanced converter voltages and currents (no negative
sequence component), where obviously a5 = 15 = 0, is given by

2AP JAP® +1 2A P
bT'/ b7’+ :|’ ~ _ br (332)

_ 4P _p_ 4P
Gem = ¢; —0 = ¢; arctan{ 73

P cos 0

State of Charge Balancing

As already stated in the introduction, several battery technologies exhibit a flat curve of
the voltage in function of their SoC. This means that a battery voltage balancing scheme
would not be accurate, since two similar voltages do not necessarily imply similar SoCs.
In time domain, the battery SoC evolution can be expressed by the integration of the
current that flows into the battery divided by its nominal capacity:

100 [*
SoC(t) = SoC(0) + / Ty - dt (3.33)
Qbat,n 0

When the control target is the balancing of the battery SoCs, the need of a closed-loop
control algorithm is derived. In the studied case, two possible SoC unbalance directions
exist: a) vertical (across the submodules of a branch), and b) horizontal (across the three
converter branches). For the controller design, the system plants can be modeled by
first-order transfer functions with integral behavior, based on (3.33). Since only the change
rate of the SoCs is of interest for the control system, the initial value can be omitted. For
the individual submodule SoC modeling, the following expression is gradually obtained,

bt - 1000 Bt - 100 P 100

__ “bat bat __ ~ bat
SOCsm - s - Q5™ - s.Jsm sm s - Fsm (334>
bat,n bat,n % bat,n bat,n
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where Q; . denotes the submodule battery nominal capacity and Upat n the respective
nominal voltage. Similarly for the whole converter branch SoC, the following equation
holds:

Pfr.-100 PP, - 100
SOCbT - s .aEbr = S - ‘;.L\[Esm (335)
bat,n bat,n

In both cases the SoC is a percentage (%), and the battery nominal energy Ept, is
expressed in (W -s). The expressions of the submodule and branch SoCs in function of
the submodule and branch powers, respectively, imply the fact that the latter can be
directly used as control variables. Therefore, all degrees of freedom for achieving different
amounts of active power on a submodule and branch level, and which have been discussed
so far, can be utilized in a straightforward manner for the implementation of the control

loops.

(b)

Figure 3.10: Block diagrams for (a) submodule and (b) branch balancing of battery State
of Charges.

According to (3.34) and similarly to the active symmetrization concept presented in [121],
the active powers to balance the state of charges can be calculated by means of a
proportional control. The respective block diagrams for the branch and submodule SoC
loops are illustrated in Figure 3.10. The branch SoC control forces the k-th branch mean
SoC value WIZT to follow the mean SoC value of all three branches SoCsp,. These two
quantities are defined as:

N
o _ 1 ki
SoChy = z; SoCkt (3.36)
a/ab b/bc c/ca
500, — SoCh, ~ + So(;b,. + SoCy, (3.37)
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The submodule SoC control forces accordingly the ki-th submodule SoC*! to follow the
branch mean SoC value SOCIZT. The respective gains kff and k;™ are given as a function

of the desired rise times ¢5™, %" and the nominal battery energy storage o
E;™ NE;™
B = Mg and kY = — R ng 3.38
P00 gm0 M T T g0 g (3:38)

From Figure 3.10, it can be seen that the branch or submodule power will consist of two
terms: the main power contribution, which is common for all submodules/branches and
does not contribute to the unbalance, as well as the balancing power term, which is the
result of the closed-loop control. The total state of charge will be a result of both terms.

Figure 3.11 shows the step responses for the closed-loop control algorithm. It is evident
that the rise times are set higher than a respective capacitor voltage balancing loop, as
dictated by the significant difference in the system time constants.

) Step Response . Step Response
0.9 — {09 ]
0.1} 1 0.1
050 520 00 840
Time [s] Time 3]

(a) (b)

Figure 3.11: Step response of the closed-loop controllers for (a) branch SoC balancing
with ¥ = 500 s and (b) submodule SoC balancing with ™ = 800 s.

Limitations on SoC Controller Gain Selection

Certain constraints exist regarding the choice for the SoC balancing controller gains.
These are linked to the converter operation and rating. In this section, the respective
limitations are established. It is noted that for sake of simplicity, only balanced grid

conditions are assumed for this study.

Initially the limit for the branch balancing loop is examined. The amount of balancing
power APb]i in the star-configured CHB converter is directly related to the maximum
achievable injected common-mode voltage. The latter is a function of the dimensioned
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branch blocking voltage ugim, which is in turn related to the tolerated voltage variation

in the submodule capacitors ka,= UM /U™ [75]. These can be expressed as:

) Ny dim 2\ pmaz Nydim
u(g;m > kAv (u;nax + ug;gz) o ugg:ﬂ < sm_ uz@a:(: s = br < sm_ u;nax o
kaw Pcosx kaw
2NE™  ASoCy** In 9 Nydim A
bat,n o br < < sm_ u;naa:) P cos z, (339)
100 - 77 kv

) ASoOFt! i
ASoCy AT

V3

where £ = arctan

Taking branch a as a reference and assuming that the maximum SoC variations are shared
between branches a and ¢ with the same value and opposite signs, ASOC}?T+1 of branch
b will be zero (since ) ASOC{; = 0). Therefore, x can be approximated as having the
worst case value of arctan (1 / \/g) = 7/6. The latter leads to the definition of a minimum
rise time tfﬂf’s of

o ANEL ASoCH  kay n9

/ . .
87 100v/3ip (Nudim — ka,umas)

(3.40)

The result shows that the rise time is proportional to the battery energy and the tolerated
maximum SoC error as expected. In addition, it is inversely proportional to the maximum
current, i.e. in lower currents the maximum achievable balancing power is limited.

The constraint for the submodule SoC balancing control is related to overmodulation. The
branch voltage is weighted with the desired amount of active power for each submodule,
which is essentially the sum of the mean branch power P /N with the submodule
balancing action AP . This can be expressed finally as

pE i
. T + APmaI . 1 2APma:v Umzn
N sm sm sm
Briup ™ < UMM < P—£u$“x <UM" & (N + Pfr > < ez
A pmat < Pk U%n . i (3,38) Eg;?,nASOC;?Y(Lw In9 < Plﬁ" (NU;%TL B ug:ax)
< smo = b\ ymar N 100 - ¢57% - Nuynox
br r,S br
(3.41)
leading to a minimum rise time of
o Nug;mElngmASngfﬁw In9 Nup® Epy , ASoCar™ In 9 (3.42)

> —
»5 = pE (NUpin —uar) 100 PE[N (1= ky) Usm — 479%] 100

where k, is the allowed voltage ripple on the submodule capacitor voltage. Again in this
case, the rise time has to be increased with an increase of the battery stored energy as
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well as the maximum SoC error. In addition and with a higher amount of absorbed power
Pfr /N, a faster balancing can be achieved. Another way to avoid overmodulation is to
control obviously the mean value of the submodule capacitor voltages Us,, at a higher
value, which means however an increase in the required installed capacitive energy.

It is noted that the increase of common-mode voltage limits the amount of active power
that can be absorbed or injected from each module. This means also that the branch
balancing control loop has an effect on the module balancing one. It is implied that the
submodule balancing loop should be designed with a lower bandwidth, leading therefore
to tf,f"s < t;’g. Finally and in order to achieve independence from the global current
control, the relation > APk = 0 should hold.

Finally, the established limitations can be utilized for an adaptive gain calculation in
cases of operating point changes.

3.3.2 The Case of Delta-Configured Cascaded H-Bridge Converter

The aforementioned analysis can be also performed for the delta-connected Cascaded H-
Bridge converter with integrated battery energy storage, which is depicted in Figure 3.12
There are, however, some differences that are to be taken into account during the design
and control procedures. The delta connection implies the requirement of blocking the
whole line-to-line voltage, which is larger by a factor of v/3 compared to the star-connected

Medium Voltage Grid
[ 1 [ ]
C AC

DC DC DC

CHB Converter

Split Storage Stage

Figure 3.12: The three-phase delta-connected Cascaded H-Bridge converter with integrated
battery energy storage.
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case (if no common-mode voltage component is considered). However, the rated branch
currents are decreased by the same factor. In addition and instead of a common-mode
voltage injection, a circulating current can be added between the three converter branches
without disturbing the grid phase currents. The latter can be used for branch balancing
purposes in such a concept. Therefore, the delta connection can be considered as the dual

converter case of the star-connected one.

Branch Balancing

Figure 3.13 illustrates the circulating current injection concept, which can be utilized to
achieve independent branch power control without disturbing the three-phase grid current
symmetry in the delta-connected CHB-BESS case. Similarly to the star configuration,
ieire has to oscillate with the fundamental frequency component to create the desired

constant power terms.

O

lb :lb

Figure 3.13: Delta-connected CHB converter: (a) Definition of system voltages and
currents, (b) definition of system voltage and current vectors, considering only positive
sequences.

In order to be consistent with the previous analysis, the phase voltages and currents will
be considered for the definition of the circulating current component. Therefore the k-th
branch voltage (k = ab, bc, ca) comprising positive and negative sequence components is

now given as

2 -1 2 -1
uy, = V3P cos <wt+¢ﬁ—7r(”;)+76r) +\/§a"cos(wt+¢ﬁ+7r(w;)—g>

(3.43)
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and the respective branch currents as

‘ P 2r(m—1) =« " 2r(m—1) =«
_ p_ T n _r
zk—\/g(:os(wt—i-qbZ 3 +6>+\/§cos<wt+qﬁl+ 3 5 +

+ %circ COs (Wt + ¢ci7"c) . (344)

Assuming once again that ¢}, = 0, the constant branch power terms are given by

EP T A3 .- T, P T
Plf;«b = 7 plcirc COS(¢circ - *) + 7un7lcirc COS(¢CZ’TC - vaZL + 6) + COs (QS:L - *>

6 2 3
i P angn
+ =5 cos (¢Z —¢f — g) + 5 cos o + ZZ cos (¢ — o) (3.45)
ﬁSbr

V3 V3

Ap? ™ PN ™
Pli)rc = 7 chirc COS(¢circ + *) + — nlcirc COS(¢CZ’7’C - <I5Z - 5) +
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Again, the following system has to be solved in order to obtain the reference value for the
injected circulating current component:

abx §5) s 5 .
Pbr - P3b7" — 01D = leire@2p COS chirc + 2eireQi3p SIN ¢circ

APab
br
bex ) o o .
Pbr - P3br - ﬁlD = Zci7‘cﬁ2D COs ¢ci7‘c + 7fcichSD sin ¢circ

b
APYC

(3.47)

where the coefficients a;p_sp and B1p_3p are given at the bottom of the page. The
solution to the system is obtained as

o AP Byp — AP¥asp\ - AP
Geire = arctan s leire = - (3.48)
be ab
APbT Q3D — APbT Bsp Q2D COS Qeire + Q3D SIN Peire
~pin ~nlp
a1p = u; cos (qﬁ? - g) + % cos (¢Z —¢f — %) , Qap = %ﬂp + ?ﬁ” cos (d)Z - %) ,
3. 3 ~n n
P
~pin “n%p 3
Bip = u; cos (¢; +m) + ; cos (¢ — ¢f + ), /ngzf7ﬁnsin¢z,
Bsp = _éﬁp + 7312” COS ¢y,
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In the case where only balanced voltages and currents exist, the solution can be simplified
to

2AP /AP +17 . 2APR
) Leire = n
\/§ e \/gup COS (¢circ - %)

Geire = —arccot (3.49)

Limitations on SoC Controller Gain Selection

In the case of the delta-connected CHB converter storage unit, it is the maximum
semiconductor current rating i,‘fim which limits the amount of injected circulating current
for individual branch power control. Following the same procedure as in the star-connected

case, the respective constraint is obtained as

di o : di 3,49 2A praz . P
ifim > L imer e i < i — 2 8 b <im - 2
\/§ \/§ \/§ug”““E cos (y — g) \/§
d max
(3.38) QNEthOnASOCbT In9 ( di A T
& ; < (V3ig,™ — Zp> ul" cos ( — —) 3.50
100 - tQTD — \f br g Y 6/’ ( )
Asockmas
2\ Tasookrr | T
where in this case y = —arccot o

V3

With a similar approach as in the star-connected case, i.e. considering this time that
the opposite values of the maximum SoC unbalances are shared between the consecutive
branches ab and be, the worst case value for y can be found as —arccot (—1/v/3) = m/3.
The latter finally leads to the definition of a minimum rise time t’T’TD of

o ANEG ASoC ng

D= "
T 100vBuger (Vil, — )

(3.51)

As far as the submodule SoC balancing loop is concerned, it is not affected by the injection
of the circulating current component. Hence, the minimum rise time is given as in the
star-connected case,

NEJ  ASoCHY u e In 9 NEmod ASoCmazyma Ip

sm bat,n bat,n

: = 3.52
"D =P, (NUmin —umae) 100 P, [N (1 = ku) Usm — ug*®] 100 (3:52)

Relation (3.42) is therefore valid for the rise time of the delta-configured storage unit as
well. The different lies in the fact that u;'** does not contain any common-mode voltage
component for balancing purposes. However, the coupling between the two loops still
exists due to the circulating current injection, which changes P,fr /N among the three
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branches. Once again, it is mentioned that the established limitations can be utilized
for an adaptive gain calculation in cases of operating point changes, identically to the
star-connected case.

3.3.3 Overall CHB-BESS Control System

By combining all the aforementioned concepts, the overall control block diagram of the
CHB-BESS unit is given in Figure 3.14 together with all associated feedback variables
and control signals. The blocks included in the dashed rectangles are executed either in
the case of star- or delta-configured CHB converters.

The grid voltages 1y, and branch currents ij are measured and used for the synchronization
with the three-phase grid as well as vector current control in a rotating reference frame [122].
In the cases, where grid asymmetries are considered, a second identical current control
loop is implemented for the negative sequence. The latter is done in conjunction with a
proper algorithm for the symmetrical component identification and the synchronization
with the three-phase asymmetric grid, such as the DDSRF-based PLL [123].

The control of the converter inner quantities is then split in two sub-problems, the voltage
and power control. The former is handled by the dedicated cascaded outer voltage/inner
current controllers for each indirect active interface. The power control is handled by the
CHB converter submodule control through the different controllers that run in parallel
or in cascade. The only communication requirement between the submodule and the
IAT controllers comes through the feed-forward signals P** which are optional and are
placed for quicker submodule voltage control during transients.

As it will be seen in the next section, the individual power control quantities AP,
and AP;Z can either be used in open-loop or be fed by the external SoC controllers,
according to the operation mode. The latter is based on the estimation of all battery SoC
values, while performing the necessary calculations based on (3.36) and (3.37). Then, the
proportional control actions based on Figure 3.10a and 3.10b give the necessary power
control variables. The latter are then translated into either a necessary common-mode
voltage (star unit) or circulating current (delta unit) components. For the star-connected
CHB-BESS, the magnitude u},, can be directly added to the branch voltage references,
which are the result of the grid current control action. In the case of the delta-connected
CHB-BESS, an additional proportional controller is sufficient to calculate the required
amount (again denoted as u},,) to be added to the modulation references for an effective
circulating current injection. Finally, (3.25) is used on a submodule control level in order
to change the global branch modulation reference according to the individual power
demand (either in open-loop or in SoC balancing mode).
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Chapter 3. Cascaded H-Bridge Converters with Integrated BESS

3.4 Modes of Operation and Performance Evaluation

Several modes of operation can be adopted for the CHB-based storage unit. This section
describes the latter and presents simulation results for the performance evaluation of the
described balancing concepts. The main parameters of the simulated converter are given
in Table 3.2, according to an implemented down-scaled laboratory prototype.

Table 3.2: CHB-BESS Simulation/Down-Scaled Prototype Parameters

’ Quantity H Value H Comment

Sn 4.2 kVA || Nominal apparent power per branch
Ug 230 V || Grid rms phase voltage
N 8 || Submodule number

Csm 2.3 mF || Submodule capacitance
Ly || 1 mH /140 pH || IAI filter inductance (simulation/experiment)

U 25.6 V || Nominal submodule battery voltage
&Z’;’n 1.5 Ah || Nominal submodule battery capacity
Usm 50 V, 90 V || Average submodule voltage (star, delta)

3.4.1 Independent Load Feeding

The first operating mode regards an independent load feeding on the level of each
submodule floating bus. An example where such a case might be needed regards the
proposed ultra-fast charging station converter architecture that will be discussed in
Chapter 5.

In this mode, the references for the converter branch and submodule powers APJ‘; and
APF are fed in an open-loop fashion to the calculator of the common-mode voltage or
circulating current for the cases of star and delta converter configurations, respectively.
Therefore, the state of charge balancing controllers in Figure 3.14 are disabled. The results
of such an asymmetric branch and submodule active power consumption are shown in
Figure 3.15 for the star-connected CHB. The submodule capacitor voltages are controlled
to the same mean value by the DC/DC converters, and the ripple varies according to the
current demand. Each branch absorbs a different amount of active power, however, the
three-phase currents are perfectly symmetric. For this test, the grid voltages have been
considered balanced and the reactive power reference has been set to zero (unity power
factor).

Similarly, Figure 3.16 illustrates the respective results of the delta-configured CHB
converter. In this case, it is the branch currents that are not symmetric due to the
circulating current injection for independent branch power control. However, the grid
currents feature only a positive sequence component. The results in the two cases are
identical, except from the fact that the capacitor voltages are controlled to a higher
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3.4. Modes of Operation and Performance Evaluation

average value, due to their need of blocking the whole line-to-line voltage. Therefore, the
branch currents have smaller amplitudes to achieve the same amount of branch active
power.

It is noted that the independent load feeding mode can be also used in conjunction with
the state of charge balancing mode, as it will be seen in the context of the work described
later in Chapter 5.
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Figure 3.15: Simulation results of the individual submodule and branch battery charging
mode for the star-connected CHB case: (a) Voltages on the submodule capacitors and
batteries of branch a, (b) three-phase grid voltages and respective currents, (¢) converter
branch-to-neutral and branch-to-branch voltages, and (d) branch a submodule individual
active powers and three-branch instantaneous and mean powers.
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Figure 3.16: Simulation results of the individual submodule and branch battery charging
mode for the delta-connected CHB case: (a) Voltages on the submodule capacitor and
batteries of branch ab, (b) three-phase grid voltages and respective currents, (c) converter
branch currents, and (d) branch ab submodule individual active powers and three-branch
instantaneous and mean powers.

3.4.2 State of Charge Balancing

The second mode of operation regards the balancing action targeting on the battery
State of Charges, which has been described in the previous section. In such a scenario,
the proportional closed-loop controllers of Figure 3.14 are enabled and provide in turn
the respective power references. The results of this simulation are shown in Figure 3.17
for the star-configured CHB-BESS case. All battery packs have been initialized with
an arbitrary SoC. The convergence of the branch and submodule battery SoCs is clear
throughout the consecutive charging and discharging operations of the storage unit. The
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common-mode voltage is also fading out as the branch SoC deviation from the mean
value tends asymptotically to zero. The unequal power distribution to the batteries for
balancing purposes is clearly depicted on the battery currents. The branch SoC control
has been clearly designed to be faster than the submodule balancing one, as explained
in the previous section. Finally, the maximum common-mode voltage for the star case
reaches the value of 35 V, which corresponds to almost 10% increase in the required
branch blocking voltage.
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Figure 3.17: Simulation results for the star-configured storage unit: (a) Individual battery
State of Charges and (b) respective battery currents during SoC balancing action, (c),
(d) time-domain convergence of the submodule and branch SoC balancing regulators.

It is once again noted that in the presented concept of voltage control through the DC/DC
conversion stage, the average submodule voltages can be kept constant throughout the
whole balancing operation. This is an advantage over proposed concepts of direct
submodule-battery interface [66,67] or even the presented DPI and API interfacing
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methods. The latter imply an inevitable submodule voltage dependence on the battery
State of Charge, which may lead to significant variations according to the utilized
electrochemical technology.
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Figure 3.18: Simulation results for the delta-configured storage unit: (a) Individual
battery State of Charges and (b) respective battery currents during converter balancing
action, (c), (d) time-domain convergence of the submodule and branch State of Charge
balancing regulators.

The same State of Charge balancing scenario has been applied for the CHB-BESS converter
in delta configuration as well. The results are depicted in Figure 3.18. From a control
point of view, the results are identical to the ones of Figure 3.17. This proves the validity
of the control concept application on the delta-connected converter. The main difference
is that in this case, the branch SoC deviations converge to the mean value due to a
circulating current injection, contrary to the common-mode voltage in the star-connected
converter. The maximum amount of injected circulating current reaches the value of
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almost 1 A, which again corresponds to roughly a 10% of increase in the branch current
rating. This is identical to the common-mode voltage injection case and proves once
again the duality between the two converter configurations.

3.4.3 Operation under Grid Unbalances

As in any grid-connected converter case, the CHB-BESS unit is very likely to experience
grid unbalances. This operating mode has been also considered for both converter
configurations. In such a case, the control target is to keep symmetrical currents on the
grid side, while achieving a constant power flow throughout the three different converter
branches. In this way, the batteries will be always fed with the same currents and no
SoC unbalances will occur due to the grid asymmetry.
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Figure 3.19: Simulation results from a battery charging mode under unbalanced grid
conditions for the star-connected storage unit: (a) Three-phase grid voltages and respective
currents (b), three-phase converter voltage components and instantaneous absorbed powers
with their respective mean values.

In order to maintain three-phase balanced grid currents, the reference of the negative
sequence current control loop is set to zero. The results for such an operation mode are
illustrated in Figure 3.19 for the star-connected CHB-BESS unit. A phase-to-ground
fault in phase a has been simulated. This results in unbalanced grid voltages. However
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and due to the negative sequence current control, the three-phase currents comprise only
positive-sequence components. This means that each phase cannot absorb the same power.
Figure 3.19b shows that an appropriate choice of a common-mode voltage component
Uem 1N the star-connected case results in three-phase instantaneous powers that have the
same mean value for the three branches. The solutions for the injected voltage component
come from (3.31), where all positive and negative sequence components of the converter

voltage are considered.

In order to verify the validity of (3.48) consisting of symmetrical components, the
same operation test under unbalanced grid conditions has been performed for the delta-
configured converter as well. Figure 3.20 shows the respective results with the ones
already depicted in Figure 3.19. Once again, the system controllers are able to inject
only positive sequence currents to the grid during a phase-to-ground fault, while the
circulating current injection within the converter branches ensures an equal power flow to
the batteries, having no consequence on the load demand.
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Figure 3.20: Simulation results from a battery charging mode under unbalanced grid
conditions for the delta-connected storage unit: (a) Three-phase grid voltages and
respective currents (b), three-phase converter current components and instantaneous
absorbed powers with their respective mean values.
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Figure 3.21: Time domain behavior of the delta-connected CHB converter in SoC self-
balancing operation.
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3.4.4 Self-Balancing Operation of the Delta-Configured CHB-BESS

The delta-configured CHB-BESS unit presents an additional attractive feature. Since the
circulating current flows among the three connected branches, it can be used to balance
the intermediate SoCs without affecting the grid currents and therefore the grid power.
This leads to an additional operation mode, namely the self-balancing operation. Such an
action is not possible in the star-connected CHB, where even if a common-mode voltage
U 1s imposed, a grid current is also needed to create the necessary three-branch flowing
power.

The simulation results for the self-balancing operation of the delta-connected CHB-BESS
are given in Figure 3.21. The circulating current injection is defined such as to sequentially
discharge one branch and use the resulting power to charge its adjacent. At the end
of the self-balancing mode, the submodule SoC deviations are converging to zero. It is
noted that since only two branches are used at any time instant, this creates a periodical
unbalance at the branch SoC values. The latter does not cause problems if the specified
time intervals are always the same and are executed in a perfectly circular manner. This
is also verified in Figure 3.21, where the branch SoC deviation value is zero at the end of
this thirty-minute operating mode. For this test, the nominal submodule battery capacity
has been set to Qizjb = 3 Ah and the injected branch balancing active power is 2 kW.
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Figure 3.22: Detail of delta-connected CHB converter magnitudes during a discharge of
branch ab and charging of branch bc in SoC self-balancing operation.
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A detail of the inner converter magnitudes is given in Figure 3.22. During this time
interval, branch ab is discharging into bc, whereas branch ca does not absorb or inject
any power. The vertical SoC balancing controllers are in action, leading to a different
submodule power values reflected in the different submodule capacitor voltage ripples.
The battery voltages are significantly different due to their SoC variations, but the mean
submodule voltages are the same. Finally, only a circulating current exists flowing among
the three branches, since the grid currents are controlled to be zero.

3.5 Experimental Tests

A reduced-scale prototype has been implemented, in order to test experimentally the
basic functionalities of the studied system. A single phase-leg of 4 kVA nominal power
has been designed and constructed so far, which consists of eight submodules with split
battery energy storage systems. The latter is an extension of the prototype presented in
Section 2.5. Further details about the design of the main parts and its operation are also
given in the Appendix A. This is illustrated in Figure 3.23.

Batteries MMChox

Indirect Active Interfaces

Figure 3.23: The Modular Multilevel Converter phase leg with integrated BESS.

Figure 3.24 shows the results for a split storage stage discharge. The 17-level high-
resolution converter waveform leads to a very smooth sinusoidal grid current waveform.
Since the measurements are performed through a digital oscilloscope, only the four upper
submodule capacitor voltages and split battery currents are depicted because of the
channel number limitation. The voltages are very well balanced due to the IAI cascaded
voltage/current control. The battery current waveforms coincide as well and contain only
the switching-related ripple.
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Figure 3.24: Experimental results for a discharging procedure of the batteries.

3.6 Conclusions

This chapter investigated the three-phase Cascaded H-Bridge converter with integrated
split battery energy storage in either star or delta configurations. The indirect active
interface seems to be a straightforward solution for the integration of storage elements
to the converter submodules. The latter offers a practical power decoupling, preventing
the single-phase submodule power pulsating elements from flowing into the batteries. In
addition, an extra degree of freedom for the control of a global system is at hand due to
the existence of actively controlled power electronic devices. Therefore, it has been used
for achieving submodule capacitor voltage balancing from the battery side.

By formulating a power control problem rather than a voltage control one, the battery
state of charges can be modeled in a straightforward manner as well as controlled in all
possible directions of unbalances. It is very important to target directly at the battery SoC,
since several battery technologies exhibit flat curve dependency of the voltage in function
of the SoC. The designed control loop proportional gains are subject to constraints that
concern the safe operation of the converter. The latter have been analytically established.

The most important outcome is the fact that the developed generalized methods can
be extended and tailored for the control of any type of Modular Multilevel Converter
topology, where a submodule enhancement with energy storage elements is desired. This
is shown in the next chapter of this thesis.
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21 DC/AC Modular Multilevel
Converters with Integrated BESS

4.1 Introduction

Extending the developed concepts of the previous chapter, this chapter performs a
similar analysis for the case of the DC/AC Modular Multilevel Converter with integrated
split battery energy storage systems. This converter structure features a common DC-
link, keeping therefore the properties of an AC/DC converter. The batteries are now
enhancing the converter’s active power capability, rather than giving it the character of an
application-specific storage unit as in the case of the CHB. Applications of such a system
include HVDC lines, active front ends for medium voltage drives or railway interties,
as well as AC/DC converters coupled on a energy source level, where the batteries will
provide load leveling services because of the fluctuating power source nature.

Initially, a brief overview of the submodule-battery interface solutions is given similarly
to the previous chapter. Eventually the chosen interface regards the nonisolated DC/DC
converter in cascade with the submodule, keeping a consistency with what has been
utilized in the CHB case as well. A thorough analysis of the different operating modes
that can be encountered in the MMC with integrated split BESS (MMC-BESS) case is
performed. Again, the individual power control in all unbalance directions is discussed,
namely submodule, phase, as well as the now appearing case of the two branches of
the same phase leg. The SoC control problem is also treated and the limitations of the
proportional regulator gains are derived analytically. Moreover, the operation of such a
storage unit under grid asymmetries is investigated and solutions are offered.

The three-phase Modular Multilevel Converter with integrated BESS is illustrated in
Figure 4.1. It comprises three parallel-connected phase legs. Each leg consists of two
branches, where the midpoint is connected to the AC side handling an amount of active
as well as reactive powers, respectively. Each submodule is equipped with a storage
element, which serves as an active power port. This is in contrast with the typical MMC
case described in Chapter 2, where the average active power in the capacitors should

97



Chapter 4. DC/AC Modular Multilevel Converters with Integrated BESS

equal zero. In addition, the phase legs are connected to a common DC-link, which can be
considered as an additional active power flow port in the studied system. In a typical
MMC case the submodule is implemented by means of a half-bridge. This implies that
each branch cannot provide negative voltages.
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Figure 4.1: Modular Multilevel Converter with integrated battery energy storage elements.

4.2 Overview of Submodule-Battery Interface Solutions

Similarly to the CHB-BESS case described in the previous chapter, the submodule-battery
interface impediment arises in the MMC-BESS case as well. Each capacitive phase leg
exhibits a single-phase nature. Therefore, low frequency power components have to be
buffered within the branch capacitors.

In the CHB-BESS case the submodule current consists of a DC component plus a
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superimposed AC component of the grid second-order frequency harmonic, as shown in
(3.3). However and as shown in Section 2.3, the MMC submodule dominant buffered
frequency is the one of the grid. Moreover, several other frequencies appear in the
submodule capacitors, according to whether a third-order common-mode voltage or
second-order circulating current harmonic injections take place for modulation index
increase or capacitor voltage ripple reduction, respectively.

In any case, the oscillating terms do not contribute to the average battery SoCs and are
therefore chosen to be eliminated for the scopes of this work for the reasons that were
mentioned in the previous chapter. In the following, the suitability of the CHB-BESS
interfacing concepts, previously presented in Section 3.2, is discussed for the MMC-BESS
case together with an additional control-based solution.

The DPI, IAI, and API Cases

The indirect active interface as well as the active parallel interface concepts, which have
been described in the previous chapter, can be equally applied in the case of the MMC as
well. The passive converter elements can be also designed according to the considerations
made in Chapters 2 and 3. The main difference lies on the harmonic content of the
submodule current in the MMC case, which can bear different components than only a
second-order harmonic in the CHB. A proper estimation of the low-frequency submodule
current components, such as the one described in Section 2.3, can be used as reference
for the current controller in the API case similarly with the CHB-BESS case.

In the case of the DPI, however, the solution of a resonant filter is not straightforward.
In contrast with the CHB converter,the MMC branch capacitors comprise their main
ripple component at the line frequency. As a result, the branch modules have to buffer
fluctuations of 50 Hz in the studied case. In addition, a significant second-harmonic
component, making the design of the filtering elements more challenging. As already
discussed in Chapter 2, the second-order frequency component can be compensated for
through the introduction of suitable circulating currents [12,124], see (2.20). The effective
removal of the second-order harmonic component makes it possible to introduce a passive
resonant filter as in the case of CHB, which will be tuned at the main line frequency of
50 Hz. The design procedure is the same with the one described in the respective section
of Chapter 3. Even in such a case, however, the second-order circulating current injection
and a possible third-harmonic common-mode voltage for modulation index increase give
rise to power terms of other frequencies as well, which have to be attenuated by the
additional low-pass filtering elements making their chosen values inevitably higher.

The existence of the common-mode voltages in conjunction with the circulating currents
in an MMC offer an additional submodule-interfacing concept based purely on the choice
of converter control. The latter is discussed in the following.
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Branch Power Frequency-Shifting (BPFS) in a Modular Multilevel Converter

In [62], a method for operating Modular Multilevel Converters at low output frequencies
has been proposed. The main impediment in such a case regards the inversely proportional
relation between the line current frequency and the branch capacitor voltage ripple. In
order to reduce the large low-order harmonics in the capacitor currents, the branch
power can be shifted towards a desired frequency by adding a common-mode voltage and
respective circulating current components. A control system for implementing such a
method has been shown by the authors of [56].

Normally such an action is employed in the low frequency range, i.e., during the startup
phase of a motor drive. In the studied MMC-BESS case, such a mode could be utilized for
the fixed grid frequency of 50 Hz as well. By doing so, the capacitor current frequency can
be increased, leading to a significant reduction of the passive filtering elements between
the submodule and the battery. According to [56] and following the notation utilized

in Chapter 2, the higher frequency injected common-mode voltage ¢, as well as k-th
k

phase-leg circulating current i;,. are obtained as

Uem = Uem + Uem €O8(wemt) (4.1)
ilé@'rc = Igirc[) + %léirc COS(OJcmt) 4 2)
where
wy
Uem = “Teosd cos (3wt + ¢) (4.3)
g . .
Lipeo = Us (uvkirk + Uemits) (4.4)
S
“k L (1. . k k
Yeire = = SUsirg — 2quIci7"cO - 2U0mIci7"CO (45)
Uem \ 2

Compared to [56], the factor € has been added for the calculation of the continuous
circulating current part I¥ . in (4.4). This factor controls the amount of active power

that is distributed between the AC and DC sides as well as the split batteries. It will be
explained throughout the next paragraphs.

Figure 4.2 depicts switching-averaged simulation results of such a concept in comparison
with a plain DC circulating current control as well as a second-order harmonic injection.
Only a lowpass filter of Cs;, = 1 mF and Ly = 0.5 mH is utilized, such as the one depicted
in Figure 3.2a but without the resonant part. It is clear that without this specific control
mode, the battery current will feature severe low-order oscillations due to the intrinsic
single-phase system power pulsation. Even if a second-order harmonic is utilized on
the circulating current, the passive filter is not capable of adequately attenuating the
battery current ripple. In the BPFS mode, however, the injected common-mode voltage
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and circulating current components of we,, = 20007 shift the capacitor current towards
around 1 kHz, which can be filtered out easily without the need for large passive elements.

Submodule Voltages Usy, [V]

270 T T T
250
|7W/0 2nd w 2nd BPFS‘
230 ‘ :
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Battery Currents Ipq [A]
15 T T T
or ]
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-100
0
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Figure 4.2: Switching-averaged simulation results for a direct submodule-battery interface
using only a low-pass filter consisting of C,,, Ly. The plain DC circulating current and
the second-order harmonic injection are compared to the branch power frequency-shifting
(BPFS) mode (battery charging power of 345 W).

However, this method brings along certain significant disadvantages, which have to be
considered. The most important regards the existence of high frequency/amplitude
common-mode voltages, something which poses additional insulation requirements on a
transformer connection level. Moreover for transformerless approaches, such an action
might not be acceptable by the grid standards. A solution would then be to use a
common-mode voltage filter, which would also change the line impedances and might
possibly not be acceptable by transmission line owners/operators.

From a MMC perspective, another disadvantage concerns the injection of extra high
circulating currents inside the converter branches. This leads eventually to an apparent
oversizing of the power electronic components. Equation (4.5) reveals that the amplitude
of high frequency circulating current is inversely proportional to the chosen common-
mode voltage. In fact, such a chosen operation can lead to up four times the necessary
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installed switching power than the normal MMC operation [26]. Finally, the effect of
very low switching frequency per device is lost, if all the output voltage range is to be
used, as each submodule has to switch twice per common-mode voltage period [62]. The
circulating current imposed frequency is also limited by the maximum achievable control
loop bandwidth.

To conclude, although possible, it is not advisable to use the BPFS method for such a
utility application.
Final MMC-BESS Topology Implementation

Similarly to the CHB-BESS case, the IAI is chosen as a power electronics-based active
solution for the MMC-BESS as well. The final implementation of the respective blocks of
Figure 4.1 is therefore shown in Figure 4.3.
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= Ibat Rj Lf Rbf
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(a) (b)

Figure 4.3: Implementation of the (a) MMC submodule and (b) the split storage stage
based on the indirect active interface.
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Figure 4.4: Average submodule output and battery currents as well as submodule capacitor
voltage with and without second-order harmonic injection in the circulating current for
voltage ripple reduction.
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The effective power decoupling is illustrated in Figure 4.4. The average submodule
output current is depicted together with the respective average battery current, both
for the case of pure DC circulating current as well as second-order harmonic injection.
The battery current is the same for both cases, even though the harmonic content of
the submodule output current is different. The low-frequency power is buffered in the
submodule capacitor as in the typical MMC operation highlighted in Chapter 2. The
battery current ripple, however, will be limited to the switching harmonics generated by
the buck converter, which are now related to the switching frequency, the filter inductance
Ly, as well as the output/input voltage ratio.

4.3 Operating Modes of an MMC-BESS

In Figure 4.5, a simplified scheme of one converter leg defining all necessary magnitudes
is presented. This is evidently very similar to Figure 2.1a presented in Chapter 2. The
common link-related magnitudes are DC quantities and are therefore denoted with capital
letters as Ug and Ig, respectively. Similarly to the two previous chapters, the following
subscripts/superscripts are also utilized here: k € {a,b, ¢} referring to the studied phase,
j € {u, 1} to the upper/lower branches of the same phase-leg, and i € {1,2,.., N} to the
submodules of the respective branch.
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Rof? Ls/2 ule S
q
O
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q
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Figure 4.5: Multi-phase Modular Multilevel Converter with integrated BESS.
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The generalized form of the so-called circulating current on a per phase level is also
repeated here as

00
-k k § : ck
Leire = Ici’rcO + Zcirc,n COS(nWt + 9”) (46)
n=1
Is/3

Assuming that the branch impedances are symmetrical and therefore the line current
splits equally between the upper and lower branches of the same phase leg, the branch
currents z;“ are equally defined as

-k iTk -k -k Z'Tk: -k

Ly = 7 + leires = _7 + leire (47)

4.3.1 Submodule Capacitor Voltage Balancing

Similarly to the CHB-BESS case, factors such as losses, practical variations between the
submodule capacitances as well as different battery power demands can lead to divergence
from the desired submodule capacitor voltages. Therefore, an individual control of these
voltages should take place. This problem will be treated as in the CHB-BESS storage
unit, i.e., by means of an active voltage control of the indirect active interface between
the submodules and the split storage systems. Figure 4.6 illustrates the block diagram of
the cascaded outer voltage/inner current control loops, which evidently very similar to
the one of Figure 3.7. The only difference lies in the notation, using now the additional
superscript j referring to the respective upper or lower branch of the same MMC phase
leg.

Figure 4.6: Cascaded voltage/current control loop for each of the indirect active interfaces.

The dimensioning procedure of the voltage and current controllers Gg and G{g is exactly
the same with the one described for the CHB-BESS case in Section 3.3. Thus, it will
not be repeated here. It is noted that the voltage measurement filter G]g in this case has
to be tuned at a lower frequency compared to the CHB-BESS due to the line frequency
component dominating the capacitor voltage ripple.
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4.3.2 Operation Modes

By exploring Figure 4.1, the definition of power flows is at hand. The converter can
exchange a specific amount of mean active and reactive power Pac and @ 4¢c with the
three-phase grid, respectively. A fraction of the average active power P4¢ is exchanged
with the DC-link Ppe and the rest will be exchanged with the three-phase BESS (Ppqt).
Evidently the following relation holds:

Pac = Ppc — Ppat (4.8)

The sign of each power component reveals its direction, considering as positive the one
defined by the respective signs of Figure 4.1 or equivalently by the current arrows in
Figure 4.5. An explicit decoupled line and circulating current control implies the ability to
regulate independently the average DC power from the AC one, as it has been discussed
in Chapter 2. By defining as ¢ the ratio Ppc/Pac, (4.8) can be written as

Pac = ePac — Ppat & Ppat = Pac(e — 1) (4.9)

Defining the quantities P&, P¥ . and PL_,, (4.9) is valid on a per-phase level, accordingly.

The DC part of the circulating current [ k'rc(] cannot be used to charge/discharge the

Cv

batteries, as it is physically transferred to the DC-link. The latter can be expressed by

Pk epP%
Lired = e = Fa (4.10)

The AC part of the branch current, however, multiplied with the branch voltage, transfers
the continuous power at the output of the submodules. According to the aforementioned
considerations, six different operation modes can be distinguished:

Rectifier Operation (Pac < 0):

o Mode I: Psc = Ppc = Ppar = 0 (idle)
e Mode II: |Pac| > |Ppc| = Ppat > 0 (charging)

e Mode III: |Pac| < |Ppc| = Ppat < 0 (discharging)
Inverter Operation (Pac > 0):

e Mode IV: |Pac| < |Ppc| = Ppat > 0 (charging)
e Mode V: |Pac| > |Ppc| = Ppat < 0 (discharging)

e Mode VI: Pyo = Ppc = Ppa = 0 (idle)
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It is noted that due to the considerations made in Chapter 2 for the DC/AC MMC
operating under unbalanced grid conditions, the instantaneous DC-link active power

can be forced to be equal to the average one even during such asymmetries. Therefore,
ppc = Ppe can be considered for the three-phase DC/AC MMC-BESS at all times.

In Modes I and VI the storage system is not used at all, which corresponds to a typical
MMC case. Figure 4.7 shows the simulation results for the different operation modes of
the MMC-BESS unit. The results correspond to a switching-averaged model, where all
the closed-loop controllers are in action. The parameters are given in Table 4.1. They
resemble the down-scaled laboratory prototype characteristics, with the exception of
augmented nominal power which has been used to decrease the rise times of the SoC
balancing algorithms explained throughout the next sections. The integrated battery
energy storage system behaves according to the load demand and the power flow direction.
Therefore, it will charge or discharge, in order to meet the active power balance condition
of (4.8). Moreover, it is clear that the average battery current contains a purely continuous
component. In addition, the submodule voltage is not affected by the respective variations
of the battery voltage. It is noted that the figures depicting the submodule and battery
magnitudes consist of 24 waveforms each, which perfectly coincide due to their symmetric
operation.

Table 4.1: MMC-BESS Simulation Parameters

’ Quantity ‘ Value ‘ Comment
Sn 20 kVA | Nominal grid power
U 230 V | Grid rms phase voltage
N 4 | Submodules/branch
Ifg”t’n 76.8 V | Nominal battery voltage
gz’n 1.5 Ah | Nominal battery capacity
Csm 2.3 mF | Submodule capacitance
Us 800 V | DC-link voltage
L,R | 23 mH, 0.2 Q | Branch inductance/resistance
Lr,Rr 4 mH, 0.5 Q | Grid inductance/resistance

Up to now, an ideal condition of balanced SoC operation and power consumption between
the submodules, branches and phases of the Modular Multilevel Converter was considered.
However, different factors can lead to divergence of the battery SoCs, as in the case of
the CHB-BESS. Throughout the next sections, the respective balancing control problems
will be identified and solved by means of topology-specific degree of freedom exploitation.
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Figure 4.7: Simulation results of an MMC-BESS unit for a hypothetical power profile,
exploiting all possible operation modes.
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4.4 Individual Power Control

The individual power control problem is similar to the CHB-BESS problem with the
exception of the third unbalance direction between the branches of the same phase leg.
The common points are briefly rediscussed for the sake of completeness.

4.4.1 Submodule Power Control

The term individual submodule power control once again refers to the capability of
absorbing or injecting different amounts of active power between the submodules of a
converter branch. Similarly to Figure 3.8, the equivalent circuit of one MMC branch
is now illustrated in Figure 4.8. An adaptation of the modulation reference for each
submodule by the factor f;; allows different amounts of absorbed or injected power by
each DC side:

—kji=kji kji N
U1 P.
ﬁkji = S sm - = sm with Zﬂkﬂ =1. (411)
N —kji=kji N kii ;
Z UsmIsm Z PS#I =1
i=1 =1

In this case, the desired PWM-controlled branch voltage u;“ is a result of the high-level
line and circulating current controllers, such as the ones described in Chapter 2.

U L/N R/N Tkl I}lzuf
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Bkululqj - o U;cnzél
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> >
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> >
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-1 sm
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Figure 4.8: Equivalent circuit for a decoupled power flow formulation, taking the upper
(u) branch of the k-th converter phase as an example.
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4.4.2 Phase Power Control

The case of phase power control implies the ability to handle different amounts of active
power components from each converter phase without affecting the three-phase grid
currents. Similarly to the CHB converter with star configuration, the MMC offers the
possibility of freely choosing the common-mode voltage u.y,, which is shown in Figure 4.5.
Such an action enables the circulation of power within the converter phases, while keeping

the total three-phase power transfer unaffected.

The three-phase voltage and current quantities are once again modeled by means of
symmetrical components, where the superscripts p and n denote the positive and negative
sequences, respectively. In order to achieve a constant power term associated with
the common-mode voltage, the latter has to oscillate with the fundamental converter
frequency. The k-th converter phase voltage can be written as

27r(77;— 1)> + Uy, cos (wt + ¢y, + QW(W;_ 1)>

+ Tem €08 (Wt + Gem) (4.12)

up, = 4, cos (wt+¢§—

where m = 1,2, 3. The quantity ¢% can be set to zero, assuming that the control system
is synchronized with the positive sequence voltage u%,. The k-th phase current can also
be expressed through the use of the symmetrical components as

A 2 -1 A 2 —1
iTk = U COS (wt + ¥ — 7r(n;)> + @7 cos <wt + @7 + 77(77;)) (4.13)

The product of the voltage with the current in each converter phase gives the associated
phase power components. The constant terms P;fh are obtained for phases a and b as

A~ N

a a Uemtp D ﬁcm”z% n ﬂj\j/g% n
ph — Usiipen — COS(¢Cm - ¢z) - COS(¢cm - ¢ ) - cos ¢;
—— 2 2 2

P[a)c
- oo — o) - T coner - S contor - o) (411
ﬁ;;h
Pz?h = Usliireq — oty cos(¢em — ¢F — 4%) ﬁcr;ZT S(om — B — 2?77)
PEC
p - X
Uy tp cos( — Q?W) _ u";z cos(ém — o — %)
- a@;"} cos ¢ @‘m( w= ) (4.15)
Pspp,
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For the definition of wu.,, the two expressions are adequate, since the third phase is not
forming an independent equation:

a ax N N .
PBat - Pph — a1 = Uen Q2 COS Qe + Uem i3 SIN P

AP,
b b ~ ~ .
Pp, — Pp;; — B1 = Uem/B2 COS Pem + Uem 53 SIN Peyn

b
AP,

(4.16)

The coefficients a3 and B1_3 are functions of the phase voltage and current positive
and negative sequence components and are given at the bottom of the page. The solution
to the system is given by

(4.17)

Pem = arctan (Apghﬁw _ APghOQS) U AP;h
cm T 5 m —

AP;;hOZSS - AP;hﬁSS (25 COS Qe + (i35 SIN Py

For a balanced three-phase system, where no negative sequence component exists and
therefore a; = 81 = 0, the solution becomes

9APY, /AP, + 1
V3

bem = ¢F — 0 = ¢F — arctan 5
P cos 0

(4.18)

,  Uem = —

The above expressions are similar to the CHB-BESS case in star configuration.

4.4.3 Branch Power Control

Contrary to the CHB-BESS unit, a third balancing direction exists in the MMC case. It
regards the two branches within the same phase leg, which is also shown in Figure 4.1. A
power transfer between the two branches should take place, without however disturbing
neither the AC or the DC sides. Such an action is possible through the injection of a
circulating current component with a fundamental frequency and the same angle with the
phase voltage [51,58]. Considering only a positive sequence component for the converter
voltages, the constant power difference between the two branches of the same k-th phase

o = VTcosqb? + 5 L cos(¢y — ¢F), a = ?T cos ¢ + ?cosqb?, Qs = ?Tsmqﬁf + 5sm¢?
~p in ~n 3p “p “n
_ Uylr on 2T Uylp  on p 2T _ ey AT T 4 2T
ﬁl - 2 COb(sz 3 )+ 2 COS(¢u (bz 3 )7 BQ - 2 C05(¢i + 3 )+ 2 COb((ﬁz + 3 )7
14 47 i 27
Bz = o sin(¢] + —) + o sin(¢y + )
2 ¢ 3 2 3
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leg will then become as follows:

k A ko~ kA N
API)T = iUV — lpgUem COS ¢cm = —lpq (UV + Uem, COS ¢cm) (419)

Therefore for a given amount of power difference APF between the branches of the same
phase leg, a circulating current amplitude is associated as
k
ck APy,

i = —— —
bal (UV + Uem COS ¢cm)

(4.20)

This action implies that if different amounts of balancing powers are needed within the
three phase legs, different AC circulating currents will be injected and therefore the
DC-link current will no longer be a pure DC. This is something not acceptable when
used for a SoC balancing control, given the fact that the time that the injection lasts
will be in the order of minutes, due to the high battery time constant. Therefore and
according to [58], for each phase-leg circulating current injection, a respective injection in
the other two phases should take place. The other two components will be orthogonal to
the phase voltages, in order to deliver only reactive power to the legs. In addition, their
amplitude should be chosen, so as to cancel out between the three-phases and not cause
any AC components to the DC-link. The final branch balancing circulating currents can
be therefore chosen as:

1 1

i coswt Spsmet o gsimet ) (i
o | = | msinlwt—3)  coswt =) ——Esin(wt =) | |, | (4.21)
Thal —% sin(wt + 2F) % sin(wt + 2F) cos(wt + 2F) 050

4.4.4 Operation Under Grid Unbalances

When a voltage unbalance occurs in the three-phase AC side and the currents are controlled
to be perfectly symmetrical (negative sequence-free), each phase cannot provide the same
amount of active power. Similarly to what has been discussed for the CHB-BESS case,
this would mean that the batteries can no longer be charged or discharged with the same
rate, something that would cause an unbalance in the battery SoCs in the MMC case as
well. In order to avoid this, a common-mode voltage injection can take place with the
objective of keeping a constant power flow throughout the three converter phase legs. It is
noted that a grid unbalance does not affect the power distribution between the branches
of the same phase leg as shown in Section 2.6.

The simulation results for such a scenario are illustrated in Figure 4.9. Initially the
system is operating in symmetrical conditions and each phase absorbs the same amount
of active power. At t = 20 ms, a phase-to-ground fault takes place with a severity of
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Figure 4.9: Simulation results from a battery charging mode under unbalanced grid
conditions for the MMC-BESS case: Three-phase grid voltages and respective currents,
converter phase components as well as instantaneous absorbed powers with their respective
mean values.

50% phase loss. The three-phase currents are controlled to be perfectly symmetrical
through the use of two control loops in the rotating reference frame, in conjunction with
a DDSRF algorithm for symmetrical component identification and synchronization with
the three-phase unbalanced network [123]. When no common-mode voltage component is
used, the three-phases obviously deliver different amounts of mean active powers. At t
= 70 ms, the injection of u.,, takes place according to (4.17), making the three-phase
delivered powers to the branches converge.
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It is noted that such an action is preferable when the target is to avoid the SoC unbalance
within the phases. However, the DC-link power in such a case remains unaffected and
obviously reduced because of the network asymmetry. Alternatively, it can be chosen to
use the BESS of a certain phase to cover a DC power demand, when the AC grid cannot
support it during a faulty condition.

4.5 State of Charge Balancing

When the target is the state of charge balancing of the different battery packs, the
concepts developed in the previous paragraph can be utilized for achieving this in a
closed-loop manner. Therefore, the explicit transfer functions relating the SoC with the
amount of charging/discharging power need to be derived as in the case of the CHB-BESS.
The difference is that now the third possible branch SoC unbalance direction has to be
considered as well. It has been shown that the SoCs can be modeled as first-order systems

with integral behavior. Assuming a submodule battery nominal capacity of Qi ~and
nominal voltage of Uy . the respective transfer function is obtained
- 100 P 100 Pz 100
SoCsm = bat sm bgin sm bat sm (422)
s bat,n s Ubat,n bat,n s Ebat,n
For the whole MMC phase leg, the following expression is derived, accordingly:
P 100 PP 100
SOCph _  bat - —_ bat — (4.23)
S - Ell;)at,n S 2JVEJI;at,n
Finally, the branch unbalance direction implies the definition of the branch SoC as
Pr.-100 PP, -100
SOC[;T — _bat - — bat — (424)
S Ebat,n S NEbat,n

In all three cases the SoC is a percentage (%), and the battery nominal energy E;7}  is
expressed in (W -s).

The required active powers of the state of charge balancing can be once again calculated
utilizing a proportional controller. Figure 4.10 presents the block diagrams used for the
control system design. The submodule SoC controller forces the kji-th submodule SoCk
follow the mean SoC value Wki of the kj-th branch. Similarly, the phase SoC controller
forces the mean SoC value th of the k-th phase follow the mean SoC value SoCl,y, of
all three phases. Finally, the branch balancing controller ensures that both branch mean
SoC values ngﬂ of the same phase leg converge. The aforementioned quantities are
therefore defined as follows:
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N
1 3
SoC)) = < D SoCH! (4.25)
i=1
——=ku ——=kl
SoCl, = 50C, ;LSOC’”” (4.26)
a b C
___ SoC", +SoC", + SoC
SoC,), = o Ph 03 ph T 20 ph (4.27)

By setting the desired rise times ¢, t%fh, t?f for the closed-loop control system, the
respective proportional gains k)™, kgh, and kgr are calculated as a function of the nominal
submodule battery energy storage E

5™ which represents the plant time constant:

bat,n’
Fsm 2N Es™m NE™
k™ = _batm 9, kM= T haln g and kY= ng (4.28)
100 - t3m P 100 - 2 ? 1008

Figure 4.10: Block diagrams for (a) submodule, (b) phase, and (c¢) branch balancing of
battery state of charges.

Figure 4.10 reveals that the submodule, phase and branch powers will consist of two terms:
the main power contribution, which is common for all submodules/phases/branches and
does not contribute to the unbalance, as well as the balancing power term, which is the
result of the closed-loop control. The total state of charge will be a result of both terms.
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4.5. State of Charge Balancing

It is noted that the sum of all balancing terms in all three directions will have to be zero,
in order not to affect the global power transfer. Finally, the rise times are set higher than
a respective capacitor voltage balancing loop, as dictated by the significant difference in
the system time constants.

4.5.1 Limitations on Gain Selection

The SoC balancing controller gains have to follow certain constraints, which are linked
to the operation and ratings of the converter, similarly to the CHB-BESS case. These
limitations are established in this paragraph. For sake of simplicity, only balanced grid
conditions are assumed.

Initially, the phase balancing loop is examined. The maximum achievable common-
mode voltage defines the amount of balancing power AP;Z“”” that can be utilized for
the balancing. Similarly to the CHB-BESS case, this limitation is directly related to
the dimensioned branch blocking voltage u‘gﬁm, where the tolerated submodule capacitor
voltage variation ka, has to be taken into account. This can be expressed as

2A pmaz dim
(4{;}8) ph Nu

ug;m > kA'u (US/2 + u$a:{: + umax) sm_ US/2 o u$a:{:

em 27% cosz  kao
AN ES™ ASoC™e [n 9 dim ~
(4:28) bat,n hph < (N Ysm__prg /2 — u?‘”) it COS T,
100 - 7 kv

k+1
(2550
ASon;l

V3

x = arctan (4.29)

Taking phase a as a reference and assuming that the maximum SoC variations are shared
between phases a and ¢ with the same value and opposite signs, AS oC;:,j ! of phase b will
be zero (since ) ASOC’I’f = 0). Therefore, x can be approximated as having the worst
case value of arctan (1/v/3) = m/6. The latter leads to the definition of a minimum rise

time tfh of

SNEZ™ ASOC;’}LM kayIn9

ph bat,n

> =
T 1003, [Nudim — kay (Us/2 + uie)]

(4.30)

In addition, each branch cannot provide negative voltages. That means that a second
constraint should be posed regarding the minimum branch voltage value, which should
not fall below zero. This is formulated as follows

max max max max
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8N Epgt , ASoCH* In 9

bat,n
: - < Ug/2 —up®® (4.31)
100+/3i2.42" /2 -k
giving therefore the second limitation as
SNEZ™ ASoC™** 1n9

~ 100v/3ih. (Us/2 — wpa®)

Therefore, the rise time is proportional to the battery nominal energy as well as the
tolerated maximum SoC error. However, it is inversely proportional to the maximum
current, which means that the maximum achievable balancing power is limited in lower
currents.

The constraint for the submodule SoC balancing control is related to overmodulation.
The branch voltage is weighted with the ratio factor fj;, which is related to the sum
of the submodule mean power Pgat /2N with the respective balancing action APf%i, as
shown in Figure 4.10a. This can be finally expressed as

Pk . .
) at | A pmar ) 1 2 A pmaz min
2N sm
Brjiup, ™ < Ugh™ < P%Mu{,’},w <UM" & <N + PES: > < u;?;n;f
e Pha (VB 1Y (429 Bt ASoCTEE N _ P, (NUS — o)
FTESme s Ty s T N) T 100-tm IN U
(4.33)
leading to a minimum rise time of
som 2Nuy Epgy ,ASoCEI* In9 2Nuy  Epgy ,ASoCH In 9 (4.34)
T — .

~ Pk, (NUpin — ymaz) 100 - PEIN (1= ky) Ugp — ug*] 100

where k,, is the allowed voltage ripple on the submodule capacitor voltage and wuy ** =

Ug/2 + ulf™® + o,

In this case, a faster balancing can be achieved with a higher amount of absorbed
submodule power Pf;at /2N. Another way to avoid overmodulation is to control the mean
value of the submodule capacitor voltages Uy, at a higher value, which means however
an increase in the required installed capacitive energy.

Finally, the limitation of the branch SoC balancing loop should be established. Since
it regards a circulating current injection, it is limited by the respective rating of the
semiconductors in the converter branches. Considering all different components, the
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branch current can be expressed as
&p

7 I
ibr = 5 cos(wi+ ) + %

3

i i 1 2 i .
+ tcire,2 cos(2wt + ¢F) + lefal coswt+ — (2552 — z’btgl) sin wt

V3
(4.35)

Considering the worst case, i.e. that all three phases are experiencing the maximum SoC
error between their upper and lower branches, the following inequality should hold for
the dimensioned branch current:

1 1
idim > 3P (2 cos(wt + ¢F) + = cos ¢ + - cos(2wt + ¢f))

4 4
NE;™ 1n9 ASoCme
: - — cos wt
100 - ¢br (Uy + tem COS Pem)
1 ASOCk—i-Z,ma:c ASOCk—&—Lmax .
+— | — - br 5 T - br 5 sinwt| (4.36)
V3 (UV =+ Uem COS (¢cm - ?)) (UV + Ucm COS (¢cm + ?))

It is clear that the phase balancing SoC loop is interacting with the branch balancing
one through the appeared injection of the common mode voltage component ue,,. In
addition the ratio e, which defines the value of I.;..o, has an impact on the branch current
peak value. A generalized analytical solution is therefore not straightforward. Instead, a
numerical evaluation can be performed in order to specify the minimum rise time of the
loop. The respective equation is obtained as

NEg™ 1n9 1 .
—— [parl coswt + ﬁparZ sin wt}
tpr = Max ¢ g o T 5 (4.37)
idim — il (5 cos(wt + ¢F) + £ cos @ + § cos(2wt + ¢F'))
where parl = ———t—— ASAOCZQC’Z o par2 = D80Gy, M - ASoGy, M
(v +lem cos pem)? (ﬂv+ﬁcm COS(¢Cm— 2?")) (ﬂv—i-zlcm cos(qﬁcm—i-%r))

Some remarks can be therefore made. Relation (4.34) reveals that a common-mode
voltage increase limits the amount of active power that can be absorbed or injected from
each submodule for balancing purposes. Moreover, the branch average power Pgat /2 is
a function of the current angle ¢! as well as the power AP;,L needed for the phase SoC
balancing. This is a constraint, which should be also taken into account during the design
process. In general, the phase balancing control loop has an effect on the submodule
balancing one, implying that the latter should be chosen with a lower bandwidth, leading
therefore to 2" < t3™. Moreover and in order to achieve independence from the global
current control as well as power transfer, the relations ) APIfh => APEI = 0 should
hold. This can be also guaranteed through the use of (N — 1) controllers/branch for the
submodule as well as 2 controllers for the phase SoC balancing loops.
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Finally, it is noted that the established limitations in (4.32) and (4.34) can be utilized for
adaptive gain calculation in cases of operating point changes, as already mentioned for
(4.37).

4.5.2 Overall MMC-BESS Control System and Simulation Results

The final overall system control block diagram of the MMC-BESS system is illustrated in
Figure 4.11. All different utilized control systems and variables are depicted according
to the considerations made throughout the previous sections. The control system is
obviously similar to what has been illustrated in Figure 3.14 for the CHB-BESS case.

Once again, the three-phase grid voltages and currents are measured and used for grid
synchronization as well as line current control in a rotating reference frame. On this level,
the DDSRF [123] together with two current loops for positive and negative sequences is
used for handling the control during grid asymmetries.

The factor e defines the power amount splitting between AC and DC sides and the
integrated converter BESS. The reference generator gives therefore the desired values for
the phase-leg battery power Pg o @ well as circulating current, which will ensure DC
power control as well as capacitor voltage ripple reduction through optional intended
second-order harmonic components, as described in Chapter 2.

The voltage control of the submodule capacitors is treated from the battery side through
the individual cascaded outer voltage/inner current controllers. On the other hand,
the SoC unbalances are handled in the submodule, phase and branch directions. The
submodule SoC control is based on the independent submodule power control and is
implemented by adjusting the power ratio of (4.11). The phase SoC control is implemented
by the injection of the common-mode voltage quantity w,,, which can be added directly to
the line controller outcome. Finally, the branch SoC control is performed by the balancing
circulating current injection i’lfal together with the associated matrix components for
achieving pure continuous DC-link current. This are added to the respective outcome
of the power-based reference generator. It is noted that the SoC balancing controllers
will not have any contribution to the system once the batteries are perfectly balanced, as
already assumed for the results of Figure 4.7.
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The proposed SoC balancing control strategy has been tested in simulations and the
results are shown in Figure 4.12. All battery packs have been initialized with an arbitrary
SoC and the maximum difference reaches up to 22.5%. A battery charging procedure
until t = 250 s is followed by a respective discharging. The convergence of the submodule,
phase and branch SoCs is evident. The common-mode voltage as well as the balancing
circulating currents are also fading out as the respective phase and branch SoC deviations
tend asymptotically to zero. The unequal power distribution to the batteries for balancing
purposes is depicted on the battery currents of Figure 4.12a. In Figure 4.12d, it is shown
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100 200 300 400 50 [0 bu] b
e 0

Individual Battery Currents [A] [ L

-8 i i i i _ _
0 100 200 300 400 500 00 250 500 OU 250 500
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(a) (b)
Phase SoC Deviations [%)] Branch SoC Deviations [%]

5 T ; T . ; : .
0 L{ ——ASoCy, —— ASoC? —— ASoCy,
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’ \
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Figure 4.12: Simulation results for the MMC-BESS unit: (a) Individual battery state
of charges and respective currents during converter balancing action, (b), (c), (d) Time-
domain convergence of the submodule, phase and branch SoC balancing regulators.
Closed-loop rise times have been set to ¢)* = 400 s, 2" =300 s and tr = 350 s.
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that the DC-link current will not be affected by the branch balancing circulating currents,
due to the respective reactive injection in the other two phases. Therefore, it will bear
only a DC component.

Similarly to the CHB-BESS case, the average submodule voltages are also kept constant
throughout the balancing operation in the MMC-BESS as well. This proves a beneficial
voltage decoupling between the battery and the submodule, which cannot be achieved
with the DPI, API or BPFS interfacing methods.

4.6 Experimental Results

The same reduced-scale prototype used for the experimental validation of the CHB-BESS
converter, which has been illustrated in Figure 3.23 has been reconfigured towards its
exploration as an MMC-BESS topology.

For the performed test, the phase leg is connected to a fixed voltage source on the DC-link
side and to an inductive/resistive passive load on the AC side. The circuit configuration
is shown in Figure 4.13 along with the main system parameters. Figure 4.14 illustrates
the resulted magnitudes of the upper branch. The circulating current is controlled to
comprise an almost zero DC component, therefore most of the power will be delivered
to the load by the batteries. This corresponds to operating Mode V, as explained in
Section 4.3. The carriers of the submodule modulators are phase-shifted in order to
obtain the five-level voltage waveform u,. Finally, the submodule capacitor voltages are
perfectly balanced due to their active control from the battery side through the IAls.

— 0 — 469 dmH 2.3mH *
I

160V

Figure 4.13: Schematic of the experimental setup circuit configuration (MMC-BESS).

A detail of the battery currents and voltages is depicted in Figure 4.15. The currents
contain only the switching-related ripple but no low frequency components. The difference
of the battery voltages according to their state of charge has no effect on the upper branch
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Figure 4.14: Experimental results for a discharging procedure of the batteries in inverting
operation, corresponding to Mode V: Upper branch quantities.
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Figure 4.15: Experimental results for a discharging procedure of the batteries in inverting
operation, corresponding to Mode V: Battery magnitudes.

voltage waveform, which is an advantage of their decoupling from the submodules. In this
test, the same battery current reference is set for all IAls. This implies a different amount
of injected power due to the respective difference of the battery voltages. The latter is
handled effectively by the individual submodule power control. It is noted that larger
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active power differences between the submodules would lead to more visible differences
on their capacitor voltage ripples, due to the different respective current variations.

4.7 Conclusion

This chapter has investigated the operation of a Modular Multilevel Converter-based
storage unit with split accumulation. Compared to the CHB-BESS unit, the system
control features similarities. It can be characterized, however, as slightly more complicated
due to the existence of more available power flows and operating modes. The same method
to control the battery SoCs has been applied successfully. In the MMC case, the third
unbalance direction between the two branches of the same phase leg has been also treated.

Once again it can be concluded that the proposed methods can be applied to any type
of Modular Multilevel Converter with integrated split BESS by making the necessary
modifications. These include the IAI concept utilization for submodule capacitor voltage
control, leaving the independent power control handle all possible SoC unbalance directions,
as well as the specific degree of freedom utilization for symmetrizing the three-phase
power during unbalanced grid operation.
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5] Power Electronic Transformer-based

Ultra-Fast EV Charging Station

5.1 Introduction

This chapter introduces and analyzes a topology for the implementation of an ultra-fast
charging station for electric vehicles on the medium voltage level. Figure 5.1 shows a
conventional converter architecture for such an application. It utilizes a common DC
voltage bus, which is interfaced to the AC medium voltage grid through a step-down low
frequency transformer and an AC/DC converter. Additional DC/DC conversion stages
are used for interfacing intermediate battery energy storage systems as well as the EV
battery, which is to be charged [89]. In other cases, other storage means are proposed as
well, such as flywheels and supercapacitors [90|. The storage stage plays the role of a
power buffer, reducing thus the influence of the charging station on the distribution grid.

Medium Voltage AC Grid

Intermediate BESS """"""""""""""""

T e

Low Voltage DC Bus
Figure 5.1: Conventional EV ultra-fast charging station architecture, utilizing a common

DC bus with additional battery energy storage system buffers.

A simplified scheme of the proposed ultra-fast charging architecture is illustrated in
Figure 5.2. The diagram part that is enclosed within the red rectangle corresponds to
the respective one in Figure 5.1. The low frequency step-down transformer has been
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eliminated, leading to a direct coupling of the active front end stage to the medium
voltage grid. The intermediate BESS stage is also integrated into the same conversion
structure. The EV battery isolation requirements are now shifted towards the medium
frequency range. As depicted in Figure 5.2, it is desirable to acquire a multiport concept,
where several vehicles can be charged simultaneously by means of isolated DC/DC
converters, leading therefore to a realization of an ultra-fast charging station utilizing a

single converter structure.

Medium Voltage AC Grid

| AC
. Split BESS
DC DC cee DC
: DC DC DC
il e
A TR T

Figure 5.2: Proposed EV ultra-fast charging station architecture, utilizing a multiport
power converter with integrated split battery energy storage.

For the implementation of the transformerless medium voltage AC grid coupling, the
choice of a multilevel converter topology offers a straightforward solution. Similarly
to what has been described in the two previous chapters, the CHB converter offers
the additional advantages of: a) a modular design and b) the existence of low voltage
dedicated DC buses for the interfacing of the intermediate BESS.

The CHB converter modularity also facilitates the converter configuration into a versatile
multiport structure. This is shown in Figure 5.3, where the proposed modular versatile
PET-based multiport EV charging station is illustrated in detail. It consists of three
conversion stages: a) the transformerless active front end (CHB converter), b) the
stationary batteries with the associated interface solution (split storage stage), as well as
the medium frequency transformer-based DC/DC converters (isolation stage). The three-
phase Cascaded H-Bridge converter can be utilized either in star or in delta configurations.

As in any modular PET application, the medium frequency transformer-based DC/DC
converters are connected in parallel. In this case such an action achieves the needed high

126



5.1. Introduction

output currents as well as meeting the EV battery galvanic isolation standards. The
multiport concept is achieved by selecting several different submodule configurations on a
parallel-connection level.

— - Medium Voltage Grid

—- )
e | |
AC 1 DC
— / pC — T — /'pC Eat
=
e | |
AC é DC
— /" DC — T —1 /' bC

—= 1

AC
DC

DC
DC

|
—|— _J
— [~

CHB Converter Split Storage Stage Isolation Stage EV Batteries

Figure 5.3: Proposed detailed converter architecture for ultra-fast charging of electric
vehicles, based on a star-configured Cascaded H-Bridge converter with integrated battery
energy storage and isolated DC/DC converters.

It is noted that the cascaded H-bridge active front end stage gives a significant degree of
freedom for choosing the number of submodules feeding each charging port. Hence, a
parallel connection of the isolated modules between different phases gives the additional
advantage of maintaining the symmetry of the three-phase grid currents during the EV
charging without the need for common-mode voltage/circulating current injection. Finally,
it is evident that the global system architecture is bidirectional in terms of power flow.
Therefore, it can also provide ancillary services, such as STATCOM operation as well as
frequency control and active power support through a Buffer-to-Grid (B2G) concept.

The CHB-BESS storage unit and its associated control functions have been already
described in detail in Chapter 3, they will therefore not be repeated here. Throughout
the next paragraphs the focus will be laid on the choice of the isolated stage topology
and control as well as the global EV charging station operation.
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5.2 Dual Half-Bridge-based Isolation Stage

The power interface between the CHB converter with integrated storage and the EV
battery should fulfill three basic requirements: (a) very low charging current ripple,
(b) current and voltage control capability, and (c) galvanic isolation. Apart from the
international standards, the latter is also imposed by the fact that the converter outputs
have to be connected in parallel, in order to achieve the high charging current. Soft
switching capability is an additional desirable feature, since it implies the possibility to
increase the switching frequency without significantly affecting the global system losses.
Finally, the converter should be able to operate in a wide output voltage range with an
acceptable efficiency. This is again due to the existence of different types of available EV
battery packs.

Initially, the straightforward solution of the full-bridge phase-shift controlled PWM
converter has been considered for the implementation of the PET isolation stage. However,
several drawbacks of such a topology were highlighted, such as unequal thermal stress of
the two primary converter legs, as well as incapability of bidirectional power flow without
additional external circuitry. The reader is referred to Appendix C for an analysis and
current control of the specific converter.

On the other hand, the DHB converter presented in [125,126] exhibits significant advan-
tages and features all aforementioned requirements. In addition, it offers the ability of
transferring power from the EV battery to the grid, i.e., Vehicle-to-Grid (V2G) operation.
This section therefore analyzes the DHB converter topology in the framework of the

proposed charging station.

5.2.1 DHB Converter Analysis for Input-Output Voltage Variations

The studied topology is illustrated in Figure 5.4a. It consists of two half-bridges with
dividing capacitors, coupled through an MF transformer. The primary converter is of
voltage-source nature and is connected to the CHB submodule in the studied application.
The secondary converter is of current-source nature due to the placement of the inductive
element L, and is finally connected to the EV battery. Figure 5.4b illustrates the
equivalent converter circuit referred to the primary side. The transformer has been
substituted by its leakage inductance L,. In addition, two resistive elements have been
added, namely R, and R), representing the input modeled voltage source (Ueqy) and the
output inductor (L'0) and EV battery inner resistances, respectively.

The main waveforms of a DHB converter are shown in Figure 5.5. The operating principle
of the DHB lies in the shifting of the transformer secondary voltage g, in regard to the
primary voltage uy,; by a phase-shift . In this way, a specific amount of active power is
transferred between the two transformer sides by means of the leakage inductance L.
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Figure 5.4: (a) The dual half-bridge topology with current-fed output bridge, (b) primary
referred dual half-bridge equivalent electrical circuit.

Soft-Switching Operation

The converter offers natural zero voltage switching (ZVS) transitions for the turn-on of
all devices. In order to achieve the same conditions during the turn-off instants as well,
snubber capacitors can be added to the circuit, as illustrated in Figure 5.4a. Works such
as [127,128] have shown that the duty cycle D of the two half-bridges can be also used as
a degree of freedom for extending the ZVS region as well as minimizing the transformer
rms current value. The ZVS conditions can be ensured for any loading conditions when
the ratio of U,/(DU,,) is almost unity, where U] is the primary-referred output voltage.
In the studied system, both U;, and U, are experiencing significant variations. At the
input, U, is buffering the low-order harmonic oscillation of double the grid frequency,
which is the result of the intrinsic single-phase submodule nature. At the output, U, is
also varying according to the battery SoC as well as the EV battery type. In practical
cases, the duty cycle change is limited within a specific range, since it implies a different
charge level of the four dividing capacitors C1_4.

The authors of [129] are modeling the second-order harmonic frequency of Uj, and
maintain ZVS in a wide operating range, but the investigated case regards fixed duty
cycle and U,. In the UFCEV system, a duty cycle control is preferable due to the varying
U, and therefore an extension of the analysis is needed. For the extraction of the soft
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switching conditions, the knowledge of the transformer and output inductor currents i,
and I, at the switching instants is needed. Such equations can be found in literature
for boost converter mode [128,129], but are also derived and given here following the
buck-mode conventions of Figure 5.4 and for the sake of completeness.

A
S S5 R
S Sy R
Uy
Lo —2
O
usec h ” -
—U,
ULU — uP - us
ip(0) ip(2D7 + 8)

Figure 5.5: Main operation waveforms of a DHB converter.

Defining an allowable ripple factor time variable of the input voltage U;, as k., the four
capacitor voltages U;_4 can be expressed as

Uy = (1 — D)k, U,

Us = Dk, Uiy,

1-D (5.1)
Us = —5—Us
Uy =U,
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By referring the circuit to the primary, as shown in Figure 5.4b, the instantaneous
transformer current is given by the four following equations

!
() = 1p(0) + ), 0 <t <
T
ip(wst) = ip () + LLUg’(wst —0), d <wst<2Dm
Wslig
Us + Uj (5.2)
ip(wst) = ip(2DT) — 3 (wst — 2D7), 2D7 < wet < 2D7 + 9§
Wslig
—Usy + Uli

ip(wst) = ip(2Dm 4+ 0) — (wst —2Dm —§), 2Dm+ 9§ < wst <27

wsLgy

where w; denotes the angular switching frequency.

By combining (5.1)-(5.2) as well as equating the average transformer current to zero
during a period of operation, the transformer current values at the four consecutive
switching instants marked in Figure 5.5 are obtained after some manipulations by

/ 5
ilzK{kﬂrD(D—l)—F((]]Ow(l—D—)}

in ™
/

iQ:K{kT(D—l)(ﬂD—(S)—l—g‘)w(l—D)}

m

e L)

!
i4:K{kr7rD <1—D—i>+g°7r(1—D)}

where K = Uy /(wsLy) and U] = nU,, n =n,/ns.

For 0 < min {2D7,2(1 — D)x} and 0<<D<1, the average active power transfer is calculated
as

I . ke UinnUyd b
P, = 27T/0 Upyi * Gpri - d(Wst) = 47“;7% {47(1 - D) - D] (5.4)
leading to an average output current of
— P, EkUppnd )
I,=-"2="""147(1-D)— — 5.9
°T U, AdrwsL, m( ) =5 (5.5)
By defining the peak-to-peak inductor current ripple as
2r (1= D) U,
Al,=———F— 5.6
o wsLo ( )
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the following soft switching conditions are derived for the respective switches turn-on:
Sy:iip <0, Sg:ig> LM Sy iig >0, Sy [ > iy (5.7)
where I, = (I, — AL/2) /n, Imer — (I, + AL/2) /n.

Since both U;, and U, are varying, it is beneficial to present a graph of the phase-shift §
in function of the voltage ratio U!/U;,. The investigated system parameters are given in
Table 5.1 and regard a down-scaled laboratory prototype, which aims at testing of the
basic control and modulation functions of the proposed ultra-fast charger. Figure 5.6
shows that an acceptable change in the duty cycle can cover practically all load conditions,
providing ZVS for all switches. The latter can be achieved by detecting the converter
operating point in real-time and choosing the respective duty cycle value.

Table 5.1: DHB Simulation/Down-Scaled Prototype Parameters

Quantity H Value H Comment
Uin || 50£10% V || Input voltage (submodule)
U, 19-31 V || Output voltage (EV battery)
Ny /N 1 || Transformer ratio
Ci_4 2.7 mF || Capacitance
L, 1.5 pH || Transformer leakage inductance
L, 15 pH || Filter inductance
R, 0.1 Q || Filter /battery resistance
fs 50 kHz || Switching frequency
on 7/6 rad || Nominal phase-shift angle

As stated in [128], the output current ripple provides the ZVS conditions for the secondary
switches in light load operation. Therefore, there is a trade-off in the inductance value
choice between switching and conduction losses. Certain loads, such as EV batteries, are
not to be fed with high ripples. In the studied UFCEV system this can be achieved by
interleaving the converter outputs, while maintaining the ZVS conditions for each module.
Otherwise, additional passive filtering elements are needed to achieve load current ripple
suppression [129].

5.2.2 Current Control of a Dual Half-Bridge

The ultra-fast battery charging is typically limited by its internal electrochemical processes
and can be therefore executed up to a point of about 80% of its state of charge. During
this period, a constant current has to be provided to the battery. This implies the need
for an accurate control method derivation at the output of the parallel-connected dual
half-bridges.
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Figure 5.6: ZVS regions of the DHB converter in regards with the output/input voltage
ratio. The effect of duty cycle change is visible. The contour lines are representing
constant power in the case of D = 0.5. Output inductance value is set to L, = 10 uH.

In this chapter a discrete-time control method is proposed, whose design is based on
convex optimization. The basic idea is to minimize the absolute error between the open-
loop system transfer function and a desired one through the use of nonparametric system
models [130,131]|. The optimization problem is also subject to appropriate constraints,
in order to ensure the closed-loop system stability and desired dynamic performance.
Throughout this section, the design process for the studied system is described and
analyzed.

Nonparametric Model Derivation

The dual half-bridge converter exhibits non-linearities and dynamics of high order, due
to the existence of several passive elements. The required nonparametric model of the
single-input single-output (SISO) system, considering the phase-shift § as input and the
current I, as output, can be derived from a duty-cycle dependent analytical average
system model, such as by modifying the one given by [129,132]. Since the output current
switching-related ripple is high, a low-pass filter is required on a control algorithm level.
Thus, the output is defined finally as IJ , in order to account for the latter as well. By
linearizing it around several operating points, a family of desired models can be derived.
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The analytical model of the studied system is given in Appendix D.

Alternatively, the nonparametric model of the system can be found by using an identifica-
tion process. In order to do so, the system is excited by means of a specific signal, e.g.,
pseudo random binary sequence (PRBS) and the outputs are observed [133]. The system
frequency response for a i-th operating point is then identified as

FZ(I1)

0,1

Gi(jw) = 7(0)

(5.8)

where % represents the Fourier transform. The same procedure can be repeated for m
operating points leading to a family ¢ of nonparametric models

G ={Gi(jw);i =1,....,m;w € R} (5.9)

The aforementioned concept has been followed for this work. The down-scaled system,
whose parameters are given in Table 5.1, has been identified by means of simulations
for five operating points: 1) D = 0.5, U, = 25, § = 7/6 (G1), 2) D = 0.4, U, = 19,
0=7/6 (G3),3) D=0.6,U,=31,0=7/6 (G3),4) D=0.6, U, =28, 6 =7/16 (Gy),
5) D =0.45U,=22,0 =7/16 (G5).

Bode Diagram of G

Magnitude (dB)

-10 . i
10
Frequency (rad/s)

Figure 5.7: Identified nonparametric system models for R, = 0.1 €.

Figure 5.7 shows the bode diagrams for the nonparametric models of the studied system.
The behavior of the latter does not change significantly in regard to operating conditions.
A resonance exists at double the grid frequency, which is a result of the single-phase
power pulsation. This sets an additional requirement for the control system design, which
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5.2. Dual Half-Bridge-based Isolation Stage

regards the decoupling of the second-order input current harmonic (submodule) from the
output (EV battery).

Controller Class

In order to form the open-loop transfer function of the system to be controlled, the class
of the controller needs to be determined. From the curves in Figure 5.7 it can be judged
that a PI-controller is sufficient for controlling the system with a very good dynamic
performance. However, the 100-Hz component also has to be compensated for. The
latter can be achieved by adding a resonant term to the controller, tuned at this desired
frequency. The overall controller transfer function in z-domain is obtained as [134]

K(Z ) — P11+ PQZil blzi1 + b2272
P 1—271 P a1z71 4+ agz=2

(5.10)

The second term represents a discrete-time resonant controller, where wy, is the desired
frequency and (= 3/wjy, the damping ratio. The coefficients a;_9 and by_9 are determined
by

blzl—a<6+cwhn>, b2=a2+a(m77—ﬁ>
W w

a; = —2af8, as = o’

(5.11)

where wy, = wp/1 — (2 for ¢ < 1, a = e=“rTs | B = cos (wpTy), n = sin (wpTs) and T,
denotes the controller sampling time, which is set to 100 us.

The open-loop system transfer function of the i-th operating point therefore becomes
Li(jw, p) = K(jw, p)Gi(jw), leading to a respective family £ of open-loop functions

L ={L;(jw);i=1,...,m;w € R} (5.12)

Optimization-based Loop Shaping

The loop shaping of (5.12) is performed through an optimization procedure. In order to
achieve this, the following cost function should be minimized [130,131],

mpinZHLi(p) — Lp| (5.13)
=1

which is the square second norm of the errors between the open-loop transfer function
of the system L;(jw, p) with a desired one Lp for all systems i = 1,...,m. The latter is
chosen according to the system requirements, i.e., as the addition of an integral and a
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resonant terms:

Wel We2
s $2+2wps +wy

Lp(s) = (5.14)

For this thesis the values have been set to w1 = 1e3 and wee = 40e3 rad/s, respectively.

The optimization problem is subject to several constraints, which aim at ensuring the
stability as well as dynamic performance of the controller [130,131]. The resulting problem
is a semi-infinite problem (SIP) including infinite number of constraints and finite number
of states. In order to simplify it, only a finite number of frequency points are taken, e.g.
in the interval [0 wyqz]. This transforms the problem to a semi-definite problem (SDP),
which can be solved utilizing standard respective solvers.

By choosing N linearly-spaced frequencies within the range of [0 wines] € R, an approxi-
mation of the quadratic objective function can be carried out as [130,131]

m m N
Y Ei(p) = Lol* = > Y 1Li(jwrs p) — Lo (Gwr)ll (5.15)
i=1

i=1k=1

where ||.|| » denotes the Frobenius norm. Therefore, the following optimization problem is
finally deduced:

m N
min S LG, o) — LoGeo) (5.16)
i=1 k=1

subject to the respectively modified discrete linear constraints.

The aforementioned technique has been applied only for the case of the identified model
(1 of the rated system. The results of the numerical procedure are: p; = 0.0132, py =
-0.0106 and ps = 0.0217.

For more information on the formulation of constraints as well as several applications of
this control method on power electronics systems, the reader is referred to works such
as [130,131,134,135].

Control Design Validation and DHB Parallel Connection

The effectiveness of the power decoupling for the input and output currents is demonstrated
by the simulation results of Figure 5.8. Initially, the system is controlled only by means
of the Pl-controller. The output current features a significant 100-Hz component, which
should not be absorbed by the EV battery. At ¢ = 20 ms, the resonant term is activated
and almost eliminates the output current oscillation by changing the amplitude and phase
of the respective harmonic in the transformer phase-shift §.
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5.2. Dual Half-Bridge-based Isolation Stage

The Cascaded H-Bridge active front end stage gives a significant degree of freedom for
choosing the number of submodules feeding each charging port. Except from the resonant
controllers, which compensate for the second harmonic locally on the level of each DHB, a
parallel connection between different phases is at hand which permits a further reduction.
An additional advantage of interconnecting isolated modules from the three-phases comes
from the fact that the symmetry of the three-phase currents can be maintained during
the EV ultra-fast charging without the need for common-mode voltage injection [68].
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Figure 5.8: Simulation results of the resonant controller activation.

A simulation model consisting of six parallel-connected dual half-bridge modules has been
also built and tested. The connection takes place as two submodules/phase, as for the
upper charging port illustrated in Figure 5.3. By interleaving the outputs, a number of six
converters with a duty cycle of D = 0.5 lead to a perfect switching ripple compensation.
The simulation results for a reference step change are illustrated in Figure 5.9. The EV
battery current reference I2>* is equally split between the individually current-controlled
DHBs. The controller presents a good dynamic performance. The worst-case scenario has
been simulated in terms of input voltage ripple, i.e., that even after the transient the grid
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power is kept constant and the excess is charging the stationary submodule batteries. The
second harmonic resonance is slightly excited during the transient but it is compensated
by the resonant term. Higher resonant control gains might damp the resonance more
rapidly, but are not preferred since the latter could lead to implementation issues and the
control speed is not the main issue in such an application.

Total Output Current [A]
160 \ T

140 F
120 | .
100 T

80 | | | | |
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Currents at the DHB Module Outputs [A]
40 T T T T

e |

Time [ms]

Figure 5.9: Simulation results of the six parallel-connected closed-loop controlled DHB
modules during a current reference step change.

Current Control in Low Output Resistance Case

So far, the system has been assumed to have a resistance of R, = 0.1  at its output,
considering both the battery and inner inductance resistances. In a high current appli-
cation, however, the output resistance is expected to be minimized both for efficiency
purposes and because of the parallel-connection of EV battery strings which achieves
higher capacities. In this paragraph, the analysis is performed once again for an operating
scenario of R, = 100 m{2. The identification procedure is repeated for the same system
operating points G1_g. From Figure 5.10 it can be observed that a significant undesired
resonance exists due to the high-order of the system and the interaction of its passive
elements. This is further complicated by the fact that the resonance is depending on the
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duty cycle value and is characterized by the following relation:

2
L,C

Wres = D (5.17)

Bode Diagram of G
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Figure 5.10: Identified nonparametric system models for the case of low output resistance
R, = 1 mQ (upper figure), and the respective results of the loop shaping optimization
procedure (lower figure).

This poses difficulties in the control system design. A conventional PI-controller can only
compensate for the dominant plant pole and is not capable of adequately attenuating the
resonance. The solution to the latter comes through the design of a high-order controller.
The transfer function of the 3"%-order controller augmented with a resonant term is given
in z-domain by

p1+p2zt 4 p3z Tt 4 pyz?
K(Z7 p) = 1 _ Z_l
b1z~ 1 + byz 2
+ py— 2 (5.18)

5
14+ a1z71 + agz—2

The results of the optimization-based loop shaping of the rated system Gy are also shown
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in Figure 5.10. It is clear that the PI-controller is not capable of following the reference

37_order controller can provide the

curve Lp and attenuating the resonance, whereas the
desired transfer function. The results of the optimization procedure give: p; = 0.0092, ps

= -0.0033, p3 = -0.0162, ps = 0.0131, and p5 = 0.0187.

A current reference step change has been simulated and the results are depicted in
Figure 5.11. The control system provides a good dynamic performance. The undesired
system resonance is visible during the transient as a superimposed component on the
second-order harmonic, which is also slightly excited without having a significant impact
and is quickly compensated by the resonant term.
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Figure 5.11: Simulation results of the low output resistance closed-loop controlled system
during a current reference step change.

140



5.2. Dual Half-Bridge-based Isolation Stage

5.2.3 Experimental Tests

A down-scaled laboratory prototype has been developed for the verification of the afore-
mentioned concepts. The system parameters are the ones given in Table 5.1. A number
of four dual half-bridges have been built, which are backplane-connected and integrated
into a standard rack. The hardware and software development elements of the converters
are also explained in Appendix A. The implemented setup is illustrated in Figure 5.12.

Figure 5.12: The experimental setup of the dual half-bridge-based isolation stage.

The initial experimental tests, which have been carried out, do not consider the second-
order harmonic of the input current. The EV battery is emulated by a variable voltage
source. Since the latter cannot absorb any power, a variable resistance is placed in
parallel.

Figure 5.13 shows the basic circuit waveforms for one DHB module under different
operating point conditions. More specifically, the two phase-shifted transformer voltages
Upri and uge. are depicted along with the transformer (i),) and output (I,) currents. The
input voltage U, is provided by a fixed voltage source and is set to 50 V.

In a second step, all four modules are tested in a series-input /output-parallel configuration,
i.e., a single voltage source of 200 V feeds their series-connected inputs. The common
output is set to U, = 25.6 V, which refers to the battery nominal voltage. The results of
this test are shown in Figure 5.15. Since the output inductances are low the individual
ripples are high, something which allows ZVS conditions at light loads as mentioned
before. However and due to the interleaving of four channels with 0.5 duty cycle each, the
total battery current Ipg, is completely ripple-free without the use of additional passive
elements.
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Figure 5.13: Experimental results for one DHB module in several operating points of
different output voltage U,, duty cycle D and phase-shift §.
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Figure 5.14: Schematic of the experimental setup circuit configuration (DHBs).
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Figure 5.15: Experimental results for the parallel connection of the four DHB modules.
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Figure 5.16: Experimental results for a reference step change from 0 to 12.5 A.

Finally, Figure 5.16 validates the closed-loop control design for one DHB module. At t ~
5 ms, an output current reference step change takes place from 0 to 12.5 A. The average
value of the output current gradually reaches the new desired value without exhibiting
any overshoot and without steady state errors, as it has been posed in the control design
requirements. Furthermore, no saturation of the transformer current is observed.
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5.3 Global Charging Station System Control

The overall three-phase PET-based system of Figure 5.2 from grid to EV batteries is now
treated. The implementation of a whole conversion chain is depicted in Figure 5.17. The
CHB converter submodule is implemented by means of a full-bridge. The IAI concept is
used to interface the submodule to the battery energy storage buffer, in order to prevent
the second-order DC-link current harmonic from flowing into the latter, as having been
explained throughout Chapters 3 and 4. The dual half-bridge finally completes the whole
conversion chain.

It is noted that the superscript/subscript k € {a, b, ¢} (star) or {ab, be, ca} (delta) refers to
the k-th CHB converter branch and i € {1, ..., N} to the i-th submodule of the respective
branch. According to the active power direction illustrated in Figure 5.17, the following
relation holds for the ik-th conversion chain:

Pk ;
Pfy = P§y — Py = (N‘FAP;%) Py (5.19)

The proposed global control system is illustrated in Figure 5.18, together with all associated
feedback variables and control signals. This is very similar to what has been shown in
Figure 3.14 for the CHB-BESS case. The main difference regards the addition of the
current control block for the isolation stage. The blocks included in dashed rectangles are
executed either in the case of star- or delta-configured CHB converters. Moreover, the
feed-forward power component for the IAI current control now consists of the additional
term PE’V, which fulfills the power equation of (5.19).

sde}sj CIJ: SJG L2 Py eV G
. p L,
" Uk —»—-—‘ ‘ -
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I ;
JQJ “T JS} v )
A4

Figure 5.17: Implementation of a whole conversion chain for the proposed topology.
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5.3.1 Simulation Model and Results

In order to verify the effectiveness of the proposed control system, a simulation model of
the whole PET-based EV charging station has been built. Since the PWM effects are of
no significant interest compared to the evolution of magnitudes with high time constants,
the switching-averaged power converter models have been considered for all conversion
stages. For the DHB converters the utilized model, which neglects the AC transformer
quantities, is derived in Appendix D. The details for the parameters of the studied system
as well as the charging station configuration are given in Table 5.2. A diagram of the
considered PET-based ultra-fast EV charging station configuration is also illustrated in
Figure 5.19.

Table 5.2: UFEVCS Simulation/Down-Scaled Prototype Parameters

] Quantity H Value H Comment ‘
N 6-+2 || Submodules/branch (w. redundancy)
Nep 4 || Charging ports (6 submodules each)
Ugk 140 V || Grid rms phase voltage
Ulf;t,n 25.6 V || Nominal battery voltage
llfét,n 3 Ah || Nominal submodule battery capacity
Ci_a 2.7 mF || Submodule/DHB capacitance
Ukt |l 50+10% V || Submodule voltage (star-CHB)
Ly 1 mH || TAI filter inductance
Uki 19-31 V || DHB output voltage (EV battery)
QlE_V?’n 20 Ah || Nominal EV battery capacity
Np : N 1 || DHB transformer ratio
L, 1.5 pH || DHB transformer leakage inductance
L, 15 pH || DHB filter inductance
O 7/6 rad || DHB nominal phase-shift angle

Figure 5.20 shows the simulation results for the different operating modes of the converter
architecture utilizing a hypothetical power profile. In Mode I, the converter behaves as
an ultra-fast EV charger. It is assumed that the three out of four EV charging ports
are used, whereas the fourth is in idle mode. The three EVs arrive at the station with a
time difference of one minute and are charged within ten minutes each. The three ports
charging the EVs will cause a discharge to the stationary intermediate batteries, whereas
the fourth port will be charging the respective storage stage. In Mode II, the DHBs are
not operating and the converter structure extracts active power from the grid, in order
to recharge the power buffers. Accordingly, in Mode III the charging station provides
active power to the grid by discharging the intermediate batteries. Finally in Mode IV,
no active power is exchanged with the grid or the EVs and the CHB converter operates
with its well known functionality of a STATCOM. At the end of the power profile, all
battery SoCs are practically the same, due to the SoC balancing controllers that are in
action throughout the whole converter operation.
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Figure 5.19: The considered simulation model for the PET-based ultra-fast EV charging
station.

147



Chapter 5. PET-based Ultra-Fast EV Charging Station
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Figure 5.20: Simulation results of the PET-based charging station for a hypothetical
power profile, exploiting all operation modes.
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Figure 5.21: Detailed versions of the three-phase grid voltage and current quantities for:
(a) Mode I, (b) Mode II, (¢) Mode III and (d) Mode IV corresponding to Figure 5.20.

Figure 5.21 shows some details of the three-phase grid voltage and current quantities
for different operation modes. It is clear that the control system is capable of keeping
the current symmetry unaffected, even during asymmetric load conditions, e.g., when
not all EV charging ports are in use and some intermediate batteries are charging while
others are discharging. The active power evolution of the four different charging ports is
illustrated in Fig. 5.22. It is clear that the submodule SoC balancing power AP, plays
a major role in the asymmetric power distribution between the stationary batteries. For
example, if a charging port is not used, the grid power fed to it will be minimal, ensuring
a small SoC variation in the respective batteries. On the other hand, the ports that need
a larger amount of charging power will absorb more grid power leading to a need for less
power coming from the stationary batteries.

The effect of the gain-scheduling controller for the vertical SoC balancing action, which is
based in equations (3.38) and (3.42) is depicted in Figure 5.23. It is clear than when the
SoC deviation exceeds a predefined value, the rise time of the closed-loop control system
increases. This leads to a respective decrease of the control gain k,;™ in order to avoid
saturation of the control action, which would cause submodule overmodulation in this
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Figure 5.22: Simulation results for the active power distribution within the four charging
ports.
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Figure 5.23: Gain scheduling control behavior of the vertical SoC balancing controller.
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case. It is once again mentioned that the gain k)™ has to be the same for all submodules
of a branch, in order to ensure that SAP = 0 and that the grid current controller is
not affected.

5.4 Conclusion

This chapter has presented a novel multiport Power Electronic Transformer-based concept
for the realization of multifunctional medium voltage ultra-fast EV charging stations.
Among the numerous isolated converter topologies, the dual half-bridge converter seems
to be a reasonable choice. The DHB converter analysis of the converter has revealed that
with a change of the primary and secondary converter duty cycle an extension of the
soft-switching region in wide input and output voltage variations can take place. The
current control has been designed using nonparametric models, overcoming the challenges
posed by the high-order and system nonlinearities.

A global system control structure has been described, which is capable of handling all
different power flow directions as well as capacitor voltage and battery SoC unbalances.
The operating modes of the system have been presented and simulated, verifying the
versatility of the introduced converter structure.
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Conclusions and Future Research

6.1 Summary and Contributions

Modular Multilevel Converters are undoubtedly expected to play a major role in future
large-scale medium- and high-voltage networks. Indeed, features such as a modular
design, network friendliness through the injection of currents with very low harmonic
contents, redundancy, as well as easy voltage and power scalability, imply evident offered
advantages compared to the conventional power conversion concepts. It is no wonder that
during the last five years a tremendous academic and industrial interest has been observed
in this field. All this comes with a price to pay, i.e., the complexity in terms of physical
system behavior, control system design, global hardware and software implementation, as
well as arising reliability issues. Even though numerous literature has been appearing,
there are many unanswered questions and challenges, as well as constant initiations of

novel research directions.

6.1.1 DC/AC Modular Multilevel Converters

This thesis has tried to identify and tackle some of such issues related with the operation
and control of such MMC structures. In the field of the DC/AC MMC, which is the most
frequently encountered and studied topology, two main aspects have been investigated in
Chapter 2.

The first one regards the accurate capacitor voltage ripple estimation without strong
assumptions, especially when it comes to taking into consideration the converter branch
passive elements. Such an estimation is initially beneficial for converter dimensioning
purposes. Indeed, one of the key components of an MMC is the submodule capacitor,
which has to buffer low frequency power components, contrary to traditional topologies
featuring a central DC-link capacitive filter. This can be probably considered as the main
disadvantage of such a topology, since such an element adds cost and volume to the system,
and should be therefore chosen in a sensible manner. By knowing exactly the amount
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of energy that needs to be stored within a period of operation, such a task becomes
straightforward. In addition, the equivalent branch capacitor voltage ripple estimation
can be used to ameliorate several of the different control systems proposed in the literature
for the inner dynamics of a DC/AC MMC. For the so-called ‘open-loop’ control schemes,
the voltage ripple knowledge is the core of the control system implementation, where the
latter needs to be compensated for in real-time through the normalization of the branch
modulation references. On the other hand, capacitor voltage closed-loop control schemes
can also benefit in the sense of avoiding the use of excessive software filtering for the
intrinsic low frequency oscillating components of the phase-leg total and branch difference
voltage quantities.

The second aspect of Chapter 2 regards the impact of grid asymmetries on the operation
and design of DC/AC grid-connected MMCs. Indeed, the topology specificities, such as
the circulating current existence as well as the capacitive nature of the converter phase
legs make its analysis different than conventional topologies. With the late research on
converters during grid unbalances using symmetrical components, it has been proven
possible to control the system without tripping during a system fault and using different
techniques to achieve different desired results, such as symmetric grid current injection
and active or reactive power oscillation elimination. This thesis has tailored and compared
the aforementioned well-established concepts for the case of an MMC. It has been shown
that such a converter is able to provide a constant DC-link power during grid unbalances
in all three cases, unlike other topologies. However, this has an impact in the dimensioning
of the required capacitive storage that will inevitably increase due to the additional low
frequency oscillations buffering. If a maximum power transfer is preferred, the balanced
current injection is the evident choice. However, the reactive power oscillation canceling
offers the best performance in terms of branch energy variation increase while keeping
the DC-link power constant and seems therefore a very useful solution. The latter has
been also proven to benefit from a second-order harmonic circulating current injection
throughout the whole regime of phase loss severity.

Chapter 2 has also documented in a simple and comprehensive illustrative manner the
natural charge level mechanism of the branch capacitor voltages, which allows to freely
choose the average stored energy. The decoupled line and circulating current control is at
this moment a very clear concept used by many researchers. On this level, this thesis
has proposed an extension of the fictive axis emulation concept for the implementation
of a vector line current control scheme for two-phase MMCs that could be used in
three- /single-phase back-to-back railway interties.

6.1.2 Modular Multilevel Converters with Integrated Split BESS

The second axis of this thesis has been the integration of BESS elements into the
submodules of Modular Multilevel Converter topologies as well as the global system
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operating modes analysis and control. Although an emerging topic, the idea of split energy
storage arises interesting questions and technical challenges that need to be handled and
evaluated.

In Chapters 3 and 4, three different MMC structures with integrated split BESS have been
investigated, i.e. the Cascaded H-Bridge converter in either star or delta configurations
as well as the DC/AC Modular Multilevel Converter. Once again, it has to be noted
that these topologies should not be considered as competitive regarding their use as
application-specific storage units. Instead, there might be cases where a system active
power enhancement is needed without, however, changing the conversion character of
each topology. For example the CHB-BESS can be either used as an energy storage
system interface on its own in the medium- or high-voltage range, providing also its
well-established STATCOM services. It can be also used as an active front end stage
for power electronic transformers, where additional storage element ports are needed
to buffer the extracted instantaneous grid active power. The latter has been shown
in the proposed converter architecture of Chapter 5. On the other hand, the DC/AC
MMC can be used in HVDC systems where the intermittent nature of energy sources
benefits from the use of energy storage devices. In addition, future medium voltage DC
networks and active front ends of electric drives or back-to-back railway interties might be
needing enhancement through active power source addition. In these cases, the converter
remains an DC/AC conversion structure but with embedded storage capability, which
benefits from the split storage concept instead of utilizing additional converters for the
BESS interface. It is noted, therefore, that in this sense all members of the MMC family
illustrated in Figure 1.2 are worth being investigated as Modular Multilevel Converters
with integrated split BESS.

For the scopes of this thesis, it has been chosen to eliminate the low-frequency submodule
current components on a battery level. The nonisolated buck converter concept between
the submodule and the battery has been employed. Moreover, one important contribution
of this thesis regards the development of a global hierarchized control method, which
is applicable to any MMC topology with integrated split BESS by performing only
minor topology-specific modifications. More specifically, it has been proposed to use
the submodule/battery TAI concept to control the submodule capacitors, leaving the
remaining degrees of freedom for handling the active power flows independently in all
possible directions. The latter can be used for the battery SoC balancing, which is
essential in cases where a flat curve of the latter in relation to the battery voltage is
observed.

All possible operating modes of each of the studied converter topologies have been
established, including the necessary control actions under asymmetric grid conditions.
It has been also shown that the delta-connected CHB-BESS unit offers an attractive
additional operating mode, namely the self-balancing, which permits the SoC convergence
without affecting the power grid.
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6.1.3 Multiport PET-based Ultra-Fast EV Charging Station
Architecture

In the framework of a given application, i.e., the ultra-fast charging of electric vehicles,
the concept of power electronic transformers with integrated split battery energy storage
has been proposed and investigated as well. A novel versatile PET-based multiport
converter architecture has been presented in Chapter 5 as an alternative to the low
frequency transformer-based EV charging station with intermediate stationary battery
storage buffers and high-power chargers.

The key element of any PET system is evidently the isolated MF-based DC/DC converter.
One can choose among a huge number of available topologies with different operating
characteristics. For the considered application the main requirements regard a very low
charging current ripple, EV battery side current and voltage control capability as well as
soft switching over a wide range of input and output voltage variations. Bidirectional
power flow is also favorable in cases where a V2G operation is foreseen. The Dual Half-
Bridge topology has been chosen since it features minimum number of active devices as
well as an input voltage-source behavior (submodule side) in conjunction with a current-
source type output (EV battery side). The soft switching regions in function of the
input-output voltage variations have been identified. It has been shown that a reasonable
adjustment of the converter duty cycle can extend the ZVS regime to almost all loading
conditions. In addition, the converter output inductance can be minimized, leading to an
extension of the ZVS range for the secondary half-bridge without, however, sacrificing the
EV battery current ripple since the interleaving of the several parallel-connected DHB
modules is at hand.

Another technical challenge associated with the DHB topology has been tackled in
Chapter 5. The latter concerns the output current control, commonly used during a
constant current charging technique for an EV battery. This method is also expected to
be used in cases of ultra-fast charges, where a maximum of 80% of the SoC is allowed to
be reached before significant nonlinearities begin to take place in the inner electrochemical
processes. The DHB has several passive elements leading to a high-order nonlinear system
with associated resonances. In addition, the inherent second-order submodule capacitor
voltage harmonic will be reflected in the EV battery current, if no appropriate further
actions are taken.

A transparent control design method based on nonparametric models extracted through
system identification has been followed. By executing such a procedure for several
operating points, a family of such models can be derived. Once defining an appropriate
controller, an optimization procedure minimizes the error between the open-loop control
transfer function and a desired one, defining therefore the utilized controller gains. One
of the main advantages of this method regards the lack of need for analytical model
derivation and linearization. In addition and if executed for the experimental system
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itself, the identification procedure takes into consideration all real-time system delays and
non-ideal behaviors. Moreover, any controller order type can be specified and designed,
accordingly. In the proposed system, the second-order harmonic has been eliminated by
adding a resonant term to the controller, keeping the EV battery current unaffected. An
enhancement of this effect is also at hand by interconnecting DHB modules from different
phases on the level of each port, taking advantage of a natural second-order harmonic
canceling due to the three-phase system symmetry. Finally, the undesired resonance due
to the system passive element interactions has been overcome through the design of a
high-order controller, which offers more degrees of freedom for adequately attenuating it,
compared to a simple PI control design.

A final contribution of Chapter 5 regards the proposal of a global control system for the
developed multiport UFEVCS, which proves the feasibility of such an implementation
and the capability of handling all different port active power demands, the resulting SoC
unbalances as well as further ancillary services providing, such as voltage support through
reactive power control and B2G covering of active power demand.

It can be concluded that the proposed PET is appealing for the implementation of future
ultra-fast EV charging infrastructures, where the focus is laid on system compactness due
to the lack of excessive filtering and low frequency transformers (CHB converter and MF
isolation stage, respectively) as well as equal power split between the different isolating
converters without the need of additional high-power chargers.

6.2 Proposals for Future Research

Even after the end of a thesis work, several new challenges, questions and stimulating
ideas arise. Indeed, based on the concepts developed in this thesis, several future research
directions can be proposed. Especially when it comes to high-power conversion, the
experimental validation utilizing a reduced scale prototype is only performed in order to
carry out a proof of concept when it comes to the control part. Therefore, the real-scale
implementation issues cannot be tackled.

Towards such direction, one of the interesting topics for research regards the investigation
of the insulation requirements of the interface converter components and battery storage
elements in MMC converters. Indeed, due to the different potentials of the converter
submodules in respect to the ground, parasitic capacitances and common-mode currents
appear causing EMI and oscillating behavior issues. This might put an additional
constraint in the appropriate choice of a battery/submodule power interface, e.g., having
to consider isolated converter topologies as well.

In a similar topic, the optimized MF power transformer design for the proposed UFEVCS
is probably the most essential direction, since it constitutes the core element of the
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PET-based system. The respective Chapter 5 has focused on the control of such a
complex multiport system and has therefore not dealt with the design considerations
using real-scale data. Therefore, it will be particularly interesting to address the topic
of efficiency comparison between the conventional and proposed converter architectures,
especially given the number of three cascaded conversion stages (submodule/IAI/DHB)
in the whole chain of Figure 5.17.

In order to verify the proposed control method applicability, different MMC topologies can
be considered, accordingly. These include the three/three-phase direct AC/AC converter
of Figure 1.2e, the Hexverter of Figure 1.2f etc. For the sake of completeness, it is noted
that preliminary results already exist regarding the single/three-phase direct AC/AC
converter topology illustrated in Figure 6.1, but have not been included in this thesis
report. The latter is a structure that can be primarily utilized for railway interties or
similar applications, as mentioned in the introduction of this report.
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Figure 6.1: Single/Three-Phase direct AC/AC Modular Multilevel Converter with inte-
grated battery energy storage for railway interties.

On an experimental level, the next step is to test the whole PET-based multiport converter
architecture, i.e., the CHB-BESS-based active front end together with the implemented
DHB modules, which have been only tested separately so far.
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Finally and given the large number of hardware elements, studies on the failure rates and
reliability of such power conversion structures with integrated battery energy storage are of
great importance, in association with fault management techniques and implementations
of redundancy schemes.
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Y Prototype Development

This section briefly describes the design and development principles of the various down-
scaled laboratory setup components used for the experimental validation of several
concepts presented in this thesis. The prototype design has been focused on the versatility
of the implementation, which facilitates the reconfiguration towards the examination of
several modular multilevel converter topologies, including isolated DC/DC converters as

well as converters with integrated storage elements.

A.1 Power Part

Submodule and Branch Current Measurement

A modular rack-based design has been followed for all developments. The first multiphase
prototype version without integrated energy storage components has been illustrated in
Figure 2.8. Each rack constitutes a phase leg consisting of eight submodules, a branch
current measurement board as well as the two branch inductances. The basic submodule
printed circuit board (PCB) is depicted in Figure A.la. It has been designed to comprise
four power switches, giving the user the option to switch between a half- or full-bridge
implementation (see Figure 1.1b). The latest submodule version is realized using power
MOSFETS, contrary to the first version consisting of IGBTs. In addition, the submodules
provide measurements for their capacitor voltages, which are also integrated on the same
board. The backplanes of the rack-mounted boards carry all gate signals, power supplies
as well as measurements through a Serial Peripheral Interface (SPI) bus. The submodule

design was already existing as a result of a Master Project [136].

The branch current measurement board is depicted in Figure A.1b. It has been designed in
a versatile manner, so as to provide two different measurement options, either an on-board
A /D conversion and SPI communication through the backplane, or an independently
processed measurement through the converter dedicated measurement system for increased
bandwidth. The latter is better highlighted in the next section on the description of
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the control platform. In addition, this card offers a branch overcurrent detection analog
circuit, in order to ensure the converter protection.

(a) (b)

Figure A.1: (a) The MMC prototype submodule and (b) the branch current measurement
board.

Indirect Active Interface and Battery Module

For the scopes of the current thesis, the IAI interface solution (nonisolated buck converter)
has been implemented (see Figure 3.2b). It comprises a MOSFET-based half-bridge with
a filter inductor, which is illustrated in Figure A.2a. Measurements of the battery current
and voltage are also provided by the board. The same concept as the MMC submodules
has been followed, where the IAls are mounted in a rack, whose backplanes carry all gate

signals, SPI measurements and power supplies.

(a) (b)

Figure A.2: (a) The indirect active interface and (b) the utilized LiFePOy4 battery module.

The batteries are also placed in the same rack. The utilized packs are of LiFePOy
25.6V/3Ah technology commonly used for e-bikes [137]. The embedded BMS of each
pack protects the battery from short-circuits, under- and over-voltages. However, it does
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not provide cell-balancing functions or estimation for the State of Charge of the pack.
Therefore, the purpose of the prototype at this point is to test the basic control /modulation
functions and operating modes rather than implementing the SoC balancing algorithms
developed in this thesis. The implemented MMC phase leg has been illustrated in
Figure 3.23.

Dual Half-Bridge Module and MF Transformer

In the framework of the proposed PET-based multiport UFEVCS topology, the chosen dual
half-bridge-based isolation stage topology has been also realized. The implemented DHB
module is shown in Figure A.3 and corresponds to the circuit schematic of Figure 5.4a. It
features two half-bridges for the primary and secondary converter side, whose realization
is based on MOSFETs as in the submodule and IAI cases. For the implementation of
the four splitting capacitors, high-current aluminium electrolytic technology by EPCOS
has been utilized. The transformers are constructed using ETD49 cores once again by
EPCOS and the windings consist of Litz wire. The achieved leakage inductances L, vary
between 1.5 and 1.9 pH.

Figure A.3: The implemented dual half-bridge module.

Again, one PCB per module has been designed and the whole system is integrated in a
standard rack, as it has been shown in Figure 5.12. Similarly to the submodule and BESS
stage a backplane is used, carrying all gate signals, SPI measurements and power supplies.
The voltage and current outputs of each DHB module are sensed for control as well as
security purposes. Additional technical characteristics on the choice of components and
the MF transformer design, which has been based on the considerations made in [138],
can be found in [139].
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A.2 Control Part

Given the system complexity and the large number of required 1/Os, only customized
commercial solutions can be considered for the control part of such a prototype. The
latter together with the fact that such systems can become very expensive put significant
constraints on the choice for control hardware. Therefore, the Laboratory of Industrial
Electronics at EPFL has decided to build its own control platform for the evaluation of
several different already completed and ongoing research projects. The developed custom
hardware platform, namely the ‘MMCbox’, whose design and features resemble the one
of [140], is illustrated in Figure A.4 and is still undergoing changes and updates.

Figure A.4: The control platform (MMCbox).

The control part implementation together with the associated power parts are illustrated
in the simplified block diagram of Figure A.5. In the following, the functionalities of the
main system blocks are explained. For a more detailed description of the hardware design
and implementation of the ‘MMCbox’, the reader is referred to [141].

High-level Control and Communication

All different control hardware components are connected to a backplane. The communi-
cation between the various control units is performed through a nonmultiplexed parallel
asynchronous bus, namely the external interface (XINTF). The supervision is carried out
by a central floating point microcontroller unit (MCU) based on the TT TMS320C28346
Delfino, which is programmed in C/C++.

The MCU executes all higher level control functions by receiving the system voltage
and current measurements, which are processed in an Field-Programmable Gate Array
(FPGA)-based board (see Measurement FPGA), as well as the inner converter measure-
ments, such as submodule capacitor voltages, integrated BESS voltages/currents, and
DHB output voltages/currents (see Control FPGA). All different operating modes of the
converter, including submodule capacitor charging/discharging, steady state operation as
well as fault mode, are handled through a state machine implemented in the MCU. The
latter is then sending information about the auxiliary relays states as well as calculated
modulation references to the low-level slave controllers that are explained right after.
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Finally, the Delfino motherboard communicates in real-time with the control PC by
means of a serial UART to USB interface.
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Figure A.5: Generalized simplified scheme of the proposed implemented MMC control
platform functionality.

Control FPGA

The localized lower level modulation functions are carried out in dedicated VHDL-
programmed FPGA control boards. Each of these boards corresponds to one phase leg,
thus following a modularized concept. The FPGAs receive data regarding the calculated
modulation references from the microcontroller. They are also responsible for retrieving
the capacitor voltage and branch current polarity from the converter branches as well as
the battery currents and voltages from the integrated BESS stage.

It is noted that three different submodule capacitor balancing concepts have been im-
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plemented. The first concept regards a sorting algorithm in conjunction with an active
selection process dynamically distributing the gate control signals to the switches [3]. The
second case is based on individual voltage feedback control loops that act on the duty
cycles of each submodule [41]. Finally, the third method is based on the proposals of
this thesis work and is dedicated to the integrated BESS case, i.e., the active submodule
voltage control from the battery side through the IAI utilization.

The Control FPGAs are also in charge of ensuring converter protection, in cases where
overvalues are detected. A common error signal, namely the ‘Master Stop’ acts accordingly
in order to remove all gating signals from the converter switches.

The main hardware part of the described PCB is an Actel (M1)A3P10001 FPGA. A
50-pin and a 40-pin connectors are used for the communication with the MMC and the
BESS backplanes of each phase leg, respectively. Level shifters for 3.3V to 5V conversion
are also utilized. Finally, a static random-access memory SRAM of 4MB has been foreseen
for data logging, although the latter has not been yet implemented.

An identical board is utilized for the control of the DHB-based isolation stage. The
measured output voltages and currents are also communicated to the MCU for the
execution of the control that defines the converter phase-shifts and duty cycles. With
this information, the required switching signals are generated.

Measurement FPGA

An additional FPGA-based board has been designed for the retrieval of system-related
measurements, such as DC-link/grid voltages and branch currents. The PCB supports
a maximum number of twelve simultaneous measurements. It features an anti-aliasing
filter (AAF) before feeding the LEM transducer-based measurements to dedicated A /D
converters at 100 ksamples/s. The FPGA implements low-pass filters, before sending the
digital data to the MCU for processing. Similarly to the Control FPGA, the Measurement
FPGA also offers the possibility to store data in a 256 MB synchronous dynamic random-
access memory (SDRAM) for post-processing purposes, although the latter has not yet
been implemented.

It is noted that even if the branch current measurement PCB offeres a full A/D current
conversion and SPI communication to the Control FPGA, a second LEM-based branch
current measurement is available in the system through the Measurement FPGA | in order
to achieve a higher bandwidth.

The Measurement FPGA is also responsible for the control of the relays used for converter
pre-charging /discharging operations through respective resistors, as well connection/dis-
connection from the grid.
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Branch Energy Variations of an
MMC under Grid Unbalances

In this section, the analytical expressions of the branch energies for the case of a DC/AC
MMC operating under unbalanced grid conditions are provided, without and with a
second-order harmonic imposition on the circulating current. They have been utilized for
the analysis of the grid unbalance impact on the energy variations and capacitive energy
storage requirements in Chapter 2. It is noted that a third-order harmonic common-mode
voltage injection is considered for an increase of the converter modulation index as

Uem = Uem €08 (3wt) (B.1)

For the MMC phase a, the result for the upper and lower arms when the circulating
current is controlled to comprise only a continuous component is given by
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The constant terms are identical in the two branches of the same phase leg and can either
be of common-mode (same signs) or differential-mode (opposite signs) nature. They are
obtained as
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It can be seen that the dominant components are of first- and second-order harmonic
frequencies and both due to the voltage and current positive and negative sequences.
The common-mode voltage injection causes terms oscillating at the third- and fourth-

harmonic frequencies.

In the case where a second-order circulating current injection takes place for the com-
pensation of the respective power oscillating terms according to (2.51)-(2.53), the branch
energies are modified. They are now expressed by
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It can be now seen that the the second-order harmonic frequencies that are not of
common-mode nature between the three phases have been eliminated. However, the
circulating current harmonic imposition gives rise to an energy term of the third harmonic
frequency. In addition, the third-order common-mode voltage injection leads to oscillating
frequencies between the fundamental and up to a fifth.

In both considered cases, the expressions for phases b and ¢ are derived in a similar

manner and are not provided here.
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@ Phase-Shift Controlled Full-Bridge-
based Isolation Stage

Figure C.la depicts a topology, which is suitable for the proposed PET-based ultra-fast
charging station architecture of Chapter 5. The principle of operation and properties of the
full-bridge phase-shift controlled isolated PWM converter have been widely discussed in
literature [142] and are also summarized here for sake of completeness. The implementation
of a relative phase-shift between the primary legs and a sufficient switching dead-time
within the same leg ensure zero voltage switching for all four switches of the primary
H-Bridge. In order to gain the same property during turn-off, snubber capacitors can be

51 53@: . i 1

p o

Io Lo Ro
—— 1
N
AU

@ 20

(b)

Figure C.1: (a) Full-bridge phase-shift controlled ZVS isolated PWM converter, (b)
Output equivalent electrical circuit for current control design.
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used in the circuit as well. The phase-shift leads to an asymmetric utilization and thermal
behavior of these legs. The mechanism by which the zero voltage switching mechanism is
achieved is different for the two legs of the primary full-bridge.

For the two lagging switches Sy and Sy the ZVS is provided by the resonance between
the transformer leakage inductance L, as well as the snubber and parasitic capacitances,
which are denoted by Cs, Cigpr and Crg respectively (parasitics refer to the IGBTs
and transformer). This provides a sinusoidal voltage across the switch capacitances
that reaches a maximum at one fourth of the resonant frequency period. Therefore, the
dead-time between Sy and Sy has to be set to [142]

T
4

T
Oligg = — = 5\/L0(Cs + Crapr + Crr) (C.1)
in order to ensure that there is sufficient time to charge and discharge the capacitances
at the maximum possible load range.

The ZVS condition for S4 and So depends on the load level of the converter. For light
loads, the current through L, when S4 and Sy are turned-off may not be enough to
turn-on the anti-parallel diodes. In such a low load, however, the conduction losses are
significantly lower, which may compensate in an acceptable manner for the existence of
switching losses.

For the leading switches S1 and S3, ZVS is provided by a different mechanism. Before 51
is turned-off, the current in the primary is reaching its peak value. The aforementioned
current is the filter inductor current reflected to the primary. When S; is turned-off,
the energy available to charge the output capacitance of S7 and discharge the output
capacitance of S3 is the energy stored in L, as well as the output filter inductor L,. This
energy in the output filter inductor is available because the filter inductor current does
not freewheel through the rectifier until the voltage across the secondary has fallen to zero.
Since the energy in the filter inductor is large compared to the energy stored in the switch
capacitances in the primary, the charging of the switches can be approximated by a linear
charging with a constant current. Consequently, the dead time t;.,q required between
the turn off of S and turn on of S3 can be determined from the following equation [142]:

(4CrgBr + Cs + Crr)Uin

max
IO

(C.2)

5tlead =

A final parameter that plays a key role in the ZVS conditions is the output current ripple
Al,. The latter is influenced by the output filter inductor L,, the switching frequency f5
as well as the converter equivalent duty cycle D.,. The quantity D, is not to be confused
with the actual switching duty cycle, which is set to 50% in this case. Moreover, with
an interleaving of the different isolated converters, each DC/DC stage can operate at a
higher ripple. Therefore, a further reduction of L, is possible, in function of course of the
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number of stages that are utilized for each EV charger.

The ZVS for S; and S3 can be achieved even at light loads because the respective
anti-parallel diodes can always be turned-on by the energy stored in the output filter
inductance. However, ZVS for S5 and Sy can only be achieved for a load current above a
critical value. Summarizing the above, this limitation for the load current is expressed
by [142]:

n Al U 1
Ip> LIy — —24 221 — Deg) = C.3
o N crit 2 + Lo( eq) 2f5 ( )
In the above, Al, is the output current ripple at each converter stage, which is obtained
from
ns [
Al, = M% (C.4)

2L, [s

as well as I is the critical current, for which ZVS is achieved for the lagging converter
leg switches Sy and Sy [142]:

2 4 1
Ivir = \/L <3CIGBT + 5(05 + CTR)> Uz, (C.5)

Figure C.2 shows the resulted waveforms for a number of 13 parallel-connected isolated
DC/DC converters, operating with a switching frequency of fs = 10 kHz at 250 kW of
output power. The output EV battery charging current has an average value of 500 A
with an almost negligible ripple, whereas each converter stage tolerates a bigger ripple.
The typical primary transformer voltage and current are also depicted, which result
from the phase-shifted PWM operation. The number of parallel-connected converters
corresponds to the analysis performed in [69].

C.1 EV Current Control

The modeling of the full-bridge phase-shift controlled isolated PWM converter has already
been presented in literature using small and large signal analysis and aiming for output
voltage regulation, both in continuous and discontinuous conduction modes (CCM and
DCM respectively). In the studied application, an output current regulation is also
needed, for example during the first phase of a constant current constant voltage (CC-CV)
fast-charge characteristic or when a pulse-controlled charging process is performed. The
behavior of the converter resembles the standard half-bridge buck DC/DC converter.

Figure C.1b shows the equivalent electrical diagram of a single isolated converter output
connected to the EV battery. The internal resistance R, of the filter inductor is also
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Figure C.2: Typical waveforms of 13 parallel-connected isolated DC/DC converter with
interleaved operation during one cycle of 10 kHz switching frequency: (a) EV battery
charging current, (b) Individual output currents of the 13 converter channels, and (c)
Primary transformer voltage and current of the first DC/DC isolated converter.

considered. The following equation (C.6) can be formulated in average,

I AU MUy, —U,
° sLo+ R, sL,+ R,

(C.6)

where M denotes the conversion ratio as defined in [115]. The above equation (C.6) shows
that an explicit control with high bandwidth is at hand, by adjusting the voltage drop
AU across the filter inductor L,.

It is important to relate the conversion ratio M with the converter duty cycle D, in
order to effectively interpret the outcome of the closed-loop controller. Following the
same analysis as proposed in [115], this function can be extracted for the cases of CCM
and DCM as

EDBQ for CCM
Np
1 (C.7)

n
= f DCM
np (Knp) [(D2ngUm) +1

where K = 2L, fs.

Finally, it is noted that there is a main difference between the nonisolated with the isolated
DC/DC buck-derived topologies in the definition of their duty cycles. The phase-shift
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controlled PWM converter experiences an effective duty cycle, which has to do with the
loss due to the linear charging and discharging of the leakage inductor current [143]. The
effective duty cycle is quantified as

2L, n Up ., T
Deff = Deg — ADeg = Deg — (Unj} TTP (210 — L;’D;q;» (C.8)

where D, =1 — Dy,

Figure C.3 shows the results of the closed-loop system performance. The EV battery
voltage Ugy is measured and used as a disturbance rejection feed-forward signal. Three
different modes are tested. Only the principle of operation and the accurate reference
tracking throughout the whole application range are of interest, since the time-scale
values do not correspond to a real case. In the starting up mode, a ramped increase of
the current leads to a smoother initialization of the converter control and EV charging
process. The second mode regards a typical constant current battery feeding, normally
up to a SoC of 80 %. This is normally followed by the final constant voltage phase,
which is not considered here. Finally, the third mode regards a pulsed charging technique,
where small rest periods throughout the charging procedure allow the stabilization of the
battery electrochemical processes.

Startup| Constant Current " Pulsed Charging Mode -
500F
400f 1
=
+ 300 i
=
[0}
g L i
=]
o
2001 R
100f .
L | ——— Actual .
Reference
0 I I | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s]

Figure C.3: Results of a controlled EV battery current for three different modes of
operation.
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C.2 Topology-Related Issues

The converter of Figure C.la can only transfer power to the EV batteries. However, it
might be beneficial in several cases to support the grid from the EV side, leading to
the so-called Vehicle-to-Grid (V2G) concept. If the secondary converter is implemented
utilizing active switches, such an operation is possible. However, this implies that in
reversed power transfer, the secondary bridge would connect in series the two inductors
L, and L., leading to unacceptable spikes. An additional issue regards the forward
operation as well, where the transformer leakage inductance interacts with the rectifier
stage diode capacitances causing voltage oscillation stresses. Therefore and in any case,
additional external passive or active circuitry is required, both for oscillation clamping
and bidirectional converter operation. Two solutions are depicted in Figure C.4. The first
one is based on a passive RCD clamping circuit with a dissipative resistor. The second
more elegant one replaces the resistor with an energy recycling baby buck converter [144].

Sﬂ@ 57] DCJ[ L-
u””i‘“‘iusec :ccg Cooe "

Np @ Ng SGJQ SSJ[%}}
A\ 4
(a)

Ssj[%} 57| D.w
¢ L
| N/ .

Upril || lusec e gg' e Uo

i T

. Ce D, °

Ny N SGJQ SSJQ b

Y

(b)

=1
Q

Figure C.4: Solutions for achieving bi-directional operation with a phase-shift controlled
isolated PWM converter, (a) utilizing a passive clamp snubber with a resistance (b)
replacing the resistance with a baby buck converter.
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DHB Average Linearized Model

The duty cycle-dependent linearized average state space model of the dual half-bridge
converter is derived here with the buck-mode conventions of Figure 5.4. The model
of [129,132] is augmented with the filtered output current I} and linearized using small
variations.

The circuit is referred to the transformer primary according to Figure 5.4b. By denoting
the sum of voltages across the capacitors C1_g and C3_4 as Uz and U}y, respectively,
the differential equations that describe mathematically the dual half-bridge converter are
obtained as follows:

al, Uy Ry, DUy

d L, L,° L
dU19 2 (5[(5+47TD(D—1)] , 2

= — U U Ue

A CRey 277 2reCil, M T CR, D)
Uy _ 2D, 6[5+4rnD(D-1)] '

a e 21w C4 Lo 2

| 1
Iof = 7Ié - 7Iof
Ty ° Ty

with Ty being the time constant of the first-order current measurement filter.

The first and fourth equations of (D.1) are linear but the second and third exhibit
nonlinearities. Therefore and in order to design a linear control system, such as a PI
controller, these equations have to be linearized. The linearization can be performed
through the introduction of small variations around an operating point, such as the
nominal one. It is noted that when introducing small variations for nonlinear equations,
even the linear ones have to be expressed as such in order to keep a consistency in the
mathematical symbols and manipulations.

It is reminded that the small variations of a nonlinear function of one variable expressed
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as

y = f(x) (D.2)

around the nominal operating point Py are approximated by

of of
= Ay = —| Az Ay= —| A D.3
y=1yo+Ay f(wo)JragCO TEAY= 5| AT (D.3)
Similarly, a nonlinear function of m variables
y = f(21,22,...; Tm) (D.4)
can be linearized using the expression
of of of
= Ay = 02y, .. a0 — A — A e ——| Az
Y Yo + AY f($1’$27 a$w0<+ 8%1 0 1+ 61@ 0 T2 + + axnlo €z
of of of
S Ay= —| A — A o+ ——| Az, D.5
Y oz | $1+8x20 T2t +8mm0 o (D-5)
For the product of two variables x1 and 9
Yy =122 (D.6)
the small variations give
Ay = Ol - x3) Az + Ol@1 - z2) Azy = p9Ax1 + 29 Azs (D.7)
8:61 0 8x2 0

where 29, 29 are the values of the respective variables x1, o3 at the specific operating
point.

Finally, for a quotient of two variables x1 and x5

x1
- = D.8
v= (D.8)
the small variations give
1
Ay = M Axy + M Awy = 5 Ay — lgAxQ (D.9)
or1 | dra |, x5 x

, 1T
In the studied case, the state vector ia defined as x = [Afé AUy AUS, AIof} , and the

input vector as u = [AU. A AUeq]T. After applying the aforementioned relations to
(D.1), the linearized dynamics of the converter result in a state-space representation form
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T = Az + Bu
y=Cx (D.10)
where
R, D
A 0 A 0
0 2 olo+4nD(D-1)]
A— " CReq 27wsC1 Lo
“ | 2 _sranniD-1) 0 0
C 27wsCh Lo
1 _1
Ty 0 0 Ty

T
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Figure D.1: Dual half-bridge bode diagrams based on the linearized average analytical
model for the cases of (a) high output resistance (R,=100 mf2) and (b) low output
resistance (R,=1 mS).
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—2 0 0
0 DU, [26+47D(D—1)] 2
B = 21wsC1 Lo CReq
| g UelérarD(D-1)
2nwsCh Ly
0 0 0

c=(00 0 1)

It is noted that the superscripts 0 have been omitted for the sake of simplicity. The

aforementioned state-space model can be numerically converted into a transfer function

from AJ to L;f and used for the control design. Drawing the Bode plots with such a model

yields similar results with the identification procedure results presented in Figure 5.7 and

Figure 5.10 of Chapter 5, as illustrated in Figure D.1.
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