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“Progress is made by trial and failure;

the failures are generally a hundred times
more numerous than the successes;

yet they are usually left unchronicled.”

William Ramsay






Abstract

Owing to the advancements in the area of power electronics, efficient and flexible ac to dc conversion
is made possible, bringing back into focus the idea of the dc power transmission at various voltage
levels. Several technical and economical factors advocate for building future distribution grids as dc
instead of ac, as well as reusing the existing ac distribution infrastructure and converting it to dc.

Among various ac-dc converter topologies, the modular multilevel converter (MMC) stands out with
its high reliability, availability achieved through redundancy, high efficiency due to low switching
frequencies, elimination of bulky filters and transformers, and fast transient response. It is modular
and scalable, offering the possibility to meet any voltage level using commercially-available semicon-
ductors. For all these advantages the MMC family of converters has already found its application in
various dc-ac, ac-dc, ac-ac, and dc-dc conversion tasks.

The MMC typically consists of a high number of submodules (SMs), built of a switching module and a
floating capacitor, acting together as a variable voltage source. To ensure a proper operation of the
converter, the voltage (energy) within the capacitors should be maintained around predefined values.

This thesis explores different mechanisms of the energy control within the standard dc-ac modular
multilevel converter. The energy control mechanisms are identified and different methods for their
realization are proposed. With respect to the existing solutions, presented solutions are intuitive,
simple to implement, and extendable to different topologies from the MMC family of converters.

Due to its high availability achieved through redundancy, the MMC is nowadays applied in various
applications, where a high degree of availability is expected, such as in high voltage dc (HVdc)
transmission lines. For these reasons, it is also meant to operate properly under faulty conditions,
such as grid unbalances, or a failure of a submodule. The proposed energy control methods are
analysed for their application under such conditions, and a control method valid under normal and
faulty conditions is proposed.

The modular multilevel matrix converter (M3C) is an ac-ac converter belonging to the family of
MMGCs. It shares the same need for the energy control as the standard ac-dc MMC. The proposed
energy control concepts were analysed for the application in the M3C converter, for its various modes
of operations and under faulty conditions. A novel energy control scheme was proposed, ensuring
full control over the M3C arm energy content under all conditions.

Apart from the energy control, being the core of the thesis, this thesis also presents the development
of an experimental test platform used for testing physical MMC submodules. Prior to being used in
the real medium voltage (MV) converter, in-house developed submodules are exposed to the electrical
and thermal stresses identical to the ones found in a real converter. In addition, the test platform was
used to verify the submodule control, monitoring and protection features.

Keywords: modular multilevel converter, modular multilevel matrix converter, medium voltage,
energy control






Résumeé

Grace aux progres dans le domaine de 1’électronique de puissance, une conversion du courant
alternatif (alternative current- ac) en courant continu (direct current- dc) flexible et efficace est rendue
possible, relangant I'idée d’une transmission de puissance en courant continu a différents niveaux
de tension. Différents facteurs techniques et économiques favorisent la construction des futurs
réseaux de distribution en courant continu au lieu du courant alternatif ainsi que la réutilisation de
Pinfrastructure des réseaux de distribution ac existant pour la convertir en dc.

Parmi les différentes topologies de convertisseurs ac-dc, le convertisseur modulaire multiniveaux
(Modular Multilevel Converter- MMC) se démarque de par sa haute fiabilité, sa disponibilité— de par
la redondance des équipements, sa haute efficacité— de part les basses fréquences de commutation,
Iélimination des filtres volumineux et des transformateurs, et sa réponse transitoire rapide. Il
est modulaire et extensible, offrant la possibilité d’atteindre n’importe quel niveau de tension en
utilisant des semiconducteurs disponibles commercialement. Pour tous ces avantages, la famille de
convertisseurs MMC a d’ores et déja trouvé son application dans de nombreuses taches de conversion
dc-ac, ac-dc, ac-ac et dc-dc.

Le MMC est typiquement constitué d’un grand nombre de sous-modules, eux-mémes faits de 'assem-
blage d’'un module de commutation et d’'un condensateur flottant, agissant ainsi comme des sources
de tension variables. Afin d’assurer la bonne opération du convertisseur, la tension aux bornes des
capacités (et donc leur énergie) doit étre maintenue autour de valeurs prédéfinies.

Cette thése explore les différents méchanismes du contréle de I’énergie au sein du convertisseur
modulaire multiniveaux dc-ac standard. Les méchanismes de controle de I'énergie sont identifiés et
différentes méthodes pour leur réalisation sont proposées. Par rapport aux solutions existantes, les
solutions présentées sont intuitives, simples a implémenter et applicables a différentes topologies de
la familles des convertisseurs modulaires multiniveaux.

Grace a sa grande disponibilité réalisée par redondance, le MMC est aujourd’hui utilisé dans de
nombreuses applications, ou un haut degré de disponibilité est attendu, comme dans les lignes de
transmission haute tension dc. Pour ces raisons, il doit aussi opérer en cas de faute, comme des
déséquilibres dans le réseau, ou la panne d’un sous-module. Les méthodes de contréle de 1’énergie
proposées sont analysées pour leur utilisation dans ces situations, et une méthode de contrdle valide
en situation normale ou de faute est proposée.

Le convertisseur modulaire multiniveaux matriciel (modular multilevel matrix converter— M3C) est
un convertisseur ac-ac appartenant a la famille des MMCs. 1l partage le méme besoin pour le contrdle
de I'énergie que le convertisseur MMC ac-dc standard. Les concepts de contréle de I’énergie proposés
ont été analysés pour leur application au convertisseur M3C, pour ses différents modes d’opération,
et lors de fautes. Une nouvelle méthode de contrdle de I’énergie a été proposé, assurant un contrdle
total du contenu énergétique du bras M3C, dans toutes les conditions.

Mis a part le controle de 'énergie, qui est le coeur de la thése, cette thése présente aussi le développe-
ment d’une plateforme de test expérimental utilisée pour le test des unités physiques des sous-modules
du MMC. Avant d’étre utilisés pour un vrai convertisseur de tension moyenne, les sous-modules
développés au sein du laboratoire ont été exposés aux stress électriques et themiques identiques a
ceux trouvés dans un vrai convertisseur. En plus, la plateforme de test a été utilisée pour vérifier le
contrdle des sous-modules, la supervision et les capacités de protection.
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Current of the terminal x
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Power of the arm connecting the terminal nodes
x and y

Common-mode voltage
dc terminal voltage
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the phase leg x

Arm-differential voltage component in the arms
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Voltage of the arm connecting the terminal nodes
x and y

Phase voltage of the phase x
Submodule capacitor voltage
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x and y
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Introduction

1.1 Winds of change

Although spanning over three centuries, electrical power systems are recently experiencing dramatic
changes, governed by a multitude of factors. Technological disruptions, climate-change-related
policies and energy economy are introducing a new era of electricity production, transmission and
consumption.

Improvements in technology have driven wind and solar power plants to become the least expensive
way of electricity generation in 2021, for most of the major markets globally [1]. Repercussions of
such circumstances are that 82 % of newly installed electricity generation capacity in 2020 is from
renewables, out of which 91 % (238 GW) are newly installed solar and wind power plants [2]. To
meet the objectives set by the Paris Climate Agreement, newly installed capacity in solar and wind
will have to surpass the current trends almost five-fold in the years preceding 2030. Depending on
decarbonization pathways adopted by different countries, utility-scale solar power plants are expected
to reach between 7.3 TW and 16.5 TW of installed capacity in 2050, compared to 714 GW in 2020.
Wind power plants are expected to have the largest share in the electricity generation mix, with
between 7 TW and 25 TW of installed capacity.

Global electricity demand is expected to increase almost four-fold by 2050, due to the greater energy
demand in general, but also due to the greater use of electricity as the final energy source. Direct use
of electricity as the final source is expected to dramatically increase in transportation, i.e. electric
vehicles and short and mid-haul aircraft, in low-temperature industrial processes, and buildings [/1]].
Hydrogen is also expected to constitute a significant portion in the total energy mix, being used in
power generation, industrial processes and transportation. Hydrogen production through the process
of electrolysis is expected to account for almost 40% of electricity demand growth in the upcoming
decades [3]].

With the novel ways of electricity production and consumption, electrical power grids are also under-
going severe changes. Transmission power grids have already adopted the high voltage dc (HVdc)
technology for a long-distance and offshore power transmission, whereas the same is expected to
happen in medium voltage (MV) distribution grids. Such changes are driven by efficiency improve-
ments, increased reliability and reduced overall costs. The key enablers of the transition are ever
evolving power electronics converters and switching devices, which have paved the way for a new
breed of electrical power systems.
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1.2 Turn towards the dc grids

1.2.1 Benefits of the dc transmission

Owing to the advancements in the area of power electronics, efficient and flexible ac to dc conversion
is made possible, bringing back into focus the idea of dc power transmission. Several technical and
economical factors advocate for building future distribution grids as dc instead of ac, as well as reusing
the existing ac distribution infrastructure and converting it to dc.

Using the same infrastructure, i.e. overhead transmission lines or underground cables, current
capacity can be improved due to the several effects not present in dc networks. Skin effect increases
the resistance of the ac transmission line/cable, thus creating additional power losses, and reducing
the rated current of a given ac cable. Capacitive leakage current is another phenomenon that reduces
the current capacity of the ac transmission line, particularly when it is realized using cables. Finally,
dielectric losses are more pronounced in cables transmitting ac currents, resulting in reduced current
capacity and accelerated ageing of a cable.

Voltage capacity of the existing transmission lines is also improved if they are operated under dc.
Inductive voltage drop effectively reduces the voltage at the end terminal of the ac transmission line,
the effect not present in dc. Insulation of the existing cables is designed for the peak voltage in ac
systems, which permits the rated voltage increase of a replacement dc system.

Aforementioned technical benefits of the dc power transfer over the ac, lead to its application and
consideration in several areas, previously dominated by ac.

1.2.2 Current and future applications of the dc power transfer

Increase of the capacity due to the absence of reactive current, as well as stability issues, have rendered
HVdc power transmission systems a favourable solution for a long-distance power transfer. Bulk
power transfer by undersea cables is another application area of the HVdc power transmission, mainly
due to a high parasitic capacitive current in the ac systems. HVdc power transfer by undersea cables
is principally used for interconnecting two power systems, or for the power transfer from offshore
wind power plants. Although modern HVdc power systems date back to 1950s [4], last two decades
have seen a massive increase in the HVdc projects worldwide, mainly driven by the Asian mainland
power system projects, and large installations of offshore wind power plants globally.

Not only does the employment of dc technology shows advantage over ac in HVdc applications, but
also in the collection grids for renewable energy sources, such as solar and wind. Various research
studies were conducted showing the advantage of the medium voltage dc (MVdc) over the medium
voltage ac (MVac) collection grids, both in terms of economical parameters and energy efficiency
(51, [6]. In addition, studies from ABB [7]], [8] show the economical and practical benefits of having
offshore wind farms directly connected to the onshore substations by means of +£60 kV MVdc grids,
for the offshore wind farms less than 70 km distant from the shore.

Due to the proliferation of distributed renewable energy sources, energy storage systems, ultra-
fast charging stations for electric vehicles, future distribution grids might also shift from ac to dc.
Moreover, the existing ac distribution cables can be re-purposed to dc, resulting in improved capacity,
efficiency and flexibility, as suggested by [9]]. Another study [10] shows that distribution system
operators (DSOs) can benefit from future MVdc distribution grids, as the total costs of installation
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and operation are heavily in favour of the MVdc over the standard low voltage ac (LVac) distribution
grids.

Modern ships have electrical power distribution systems realized mainly as dc, either low voltage
(LV) or MV. The key benefit of the on-board dc distribution is the absence of synchronization between
multiple generators, permitting the use of high-speed generators without a gearbox, which results
in improved efficiency and lower footprint [[11]]. Besides, it also results in reduced power losses and
easier integration of energy storage systems, necessary for pulsed loads on military ships. In vessels
with the total installed power of up to 20 MW, low voltage dc (LVdc) distribution systems are typically
employed, whereas for higher rated power systems MVdc from 1kV to 35kV is considered [12].

Although the shift towards dc offers evident benefits, it will certainly not exist as a standalone in
the future. Given the maturity of ac electrical power systems, the likely future scenario will be a
hybrid grid, adopting the benefits of both systems. Power electronics converters will thus have an
indispensable role in interfacing ac and dc grids, while at the same time providing the active and
reactive power-flow control, fully electronic failure management and fast protection of associated
equipment, as well as electronic current limitation in both ac and dc systems [13]].

1.3 Medium voltage ac-dc converters

Potential contenders for the ac-dc converters in MV applications can be found in diode rectifiers,
thyristor rectifiers, monolithic active rectifiers and modular multilevel converters. Each type of
converter has its merits and weaknesses, and the following paragraphs aim to highlight the most
important ones.

Diode rectifiers (DRs) are simple, robust and inexpensive converters, with a long legacy in ac-dc
conversion. Nevertheless, the fact that it is an uncontrollable converter, where dc voltage is determined
by the ac, means that the converter cannot remain in operation under a fault at either ac or dc side,
neither can it actively control the fault current. In addition, they require bulky filters at the ac side to
suppress the induced current harmonics. All these drawbacks do not satisfy the criteria for an ac-dc
stage employed in modern MVdc grids.

Thyristor rectifiers (TRs) have a long tradition in HVdc applications, and even nowadays they are em-
ployed in extremely-high-power HVdc projects, such as recently commissioned 12 GW Xinjiang-Anhui
ultra-HVdc project [14]]. Contrary to uncontrollable DRs, TRs are controllable two quadrant convert-
ers, yet with the dynamics determined by the ac grid frequency. Although being able to provide dc
voltage of both polarities, which is a desirable property in case of dc side faults, their slow dynamics,
induced current harmonics, and inability to perform active current control on the ac side, puts them
in unfavourable position for such an application.

A monolithic active rectifier is a type of converter able to actively control the dc side voltage and
ac side currents, while allowing bidirectional power flow. Closed-loop control of the voltage across
the output dc capacitor provides a dc voltage of good quality. A disadvantage of this converter is
that its dc voltage is unipolar, and the range within it can be controlled is determined by the ac
line-line voltage. Consequently, it cannot actively suppress dc fault currents, despite its high control
bandwidth, determined by the switching frequency.

Typical representative of such a converter type is a two-level (2L) voltage-source converter (VSC),
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commonly used in the range up to 1800 V. A limiting factor for its application in the higher voltage
range is the maximum blocking voltage of commercially available power semiconductors applicable in
VSCs, which is a couple of kilovolts. Although series connection of semiconductors could potentially
solve the issue, it is coupled with a number of practical difficulties. Since the voltage is pulse-width-
modulated, filters are required at the converter terminals, which could significantly contribute to
the price of the installation. Additionally, fast changes of the pulse-width-modulated voltage at the
ac terminals cause significant stress on the insulation of any equipment connected to the converter
terminals, especially in the MV range.

The issues associated with the 2L VSCs can be alleviated by using multilevel monolithic VSC topologies,
such as the neutral point clamped (NPC) converter, active NPC, and flying capacitor converters. NPC
converters are type of diode-clamped converters which offer multilevel output voltage generation.
Their voltage level can be increased compared to the 2L VSC, without employing semiconductors with
higher ratings, owing to the clamping diodes. However, the problem is that the number of diodes is
quadratically dependent on the number of levels. In practice, three-level NPC is the most frequently
encountered converter of this type, typically found in MV drives.

Previously mentioned VSCs lack the ability to actively suppress the dc fault currents, lack true
redundancy, and are not easily scalable to a higher voltage, which makes them unsuitable for the
conversion tasks assumed for an ac-dc converter in future MV applications.

Modular multilevel converter (MMC) has been introduced by Marquardt et al. in 2002 [15], and has
since then attracted a lot of interest by both academia and industry. It was originally proposed as a
VSC for HVdc applications, and since its first commercial use in 2011, it has become a standard VSC
solution for HVdc projects. Being the VSC it can offer many advantages over the traditionally-used
line-commutated converters (LCCs), such as fast transient response, decoupled control of the active
and reactive currents, easier control of multiterminal HVdc networks, and black-start capability
[16]]. Compared to the previously used two-level IGBT-stacked VSC, it offers improved reliability
achieved through redundancy, improved efficiency, as well as elimination of bulky filters, due to the
nearly-sinusoidal voltage.

Abuilding block of the MMC is a submodule (SM) (c.f. [Fig. 1.1), consisting of a storage dc capacitor and

mostly HB or FB switching module. In order to meet certain voltage requirements, SMs are stacked in

i DC
" mmss  Phase leg
: ; : = Arm
mss=  Submodule (SM)

L L

arm Larm

A — Half-bridge SM Full-bridge SM

arm

L L
L e 1

arm arm Larm

DC-

Fig. 1.1 Schematic of a three-phase (3PH) ac/dc modular multilevel converter. Building block of the converter
is a submodule (SM), which is typically realized as a half-bridge (HB) or full-bridge (FB).
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series, thus being able to interface any voltage level using commercially-available semiconductors. For
that reason the MMC is said to be scalable. The fact that they are built of identical SMs is a desirable
property for any converter, both from the technical and economical point of view. Technically,
modularity of the converter allows employment of redundancy principle, thus increasing converter’s
availability, as well as ease of maintenance, since a failed SM can be easily replaced. Economically,
production of identical SMs is cost effective, due to the economy of scale [17].

Another advantage of the MMC is its very high efficiency, owing to the low switching frequencies
of individual SM. Namely, in order to gain certain bandwidth in control of the ac and dc variables,
converter terminal voltages are changed with a frequency being the product of the individual SMs
switching frequency and the number of SMs being employed. Therefore, in case of high number of
SMs, as in HVdc applications, switching frequency of an individual SM can be as low as fundamental
AC terminal voltage frequency, thus ensuring high converter efficiency.

Due to the multilevel voltage waveforms, filtering requirements are reduced or even completely
eliminated, thus further reducing the cost and the footprint of the overall installation.

Last, but not least, in order to control the dc voltage across its terminals, a dc link capacitor is not
necessary at all [13]], as the MMC benefits from its distributed capacitors over the SMs. Absence
of a centralized dc link capacitor allows fast dc link voltage (or dc link current) control, which is a
property not being offered by other types of converters.

Fast controllability of both ac and dc terminal voltages and currents, high availability due to the
redundancy, bidirectional power flow, scalability to any voltage level, no filtering requirements, and
high efficiency make the MMC a good candidate for the converter interfacing MVac with the future
MVdc power networks.

1.4 Current and prospective applications of the MMC

1.4.1 HVdc power transfer

Thyristor-based LCCs are still dominating point-to-point HVdc power transmission, exceeding several
giga-watts. Nevertheless, for multiterminal HVdc grids, with preferred black-start capability, the
MMC set up to be the standard VSC solution over the last decade. Hitachi Energy, Siemens, Toshiba,
and RXHK are some of the large providers of the MMC-based HVdc converters. Typical use cases
are power transmission from offshore wind power plants to onshore substations, (undersea) cable
interlinking of two power systems, long-distance power transmission, as well as interconnection
of asynchronous grids. Illustrations of the typical use-cases of the MMC within the HVdc grids are

presented in

The first commercial use of the MMC technology in the HVdc power transmission was in Trans Bay
project from Pittsburg to San Francisco, with rated power of 400 MW and bipolar dc grid voltage of
+200 kV. It was realized by Siemens in 2011. Contemporary MMC-based HVdc projects go as high as
+515kV (NSL HVdc project [19]), and deliver as much as 2000 MW of power (ULTRANET - A-Nord
[18])). If realized with the so-called full-bridge SMs, the MMC can offer a quick dc-fault clearance,
thus eliminating the need for a solid-state dc circuit breaker. The very first commercialization of the
MMC of such a type will be realized in ULTRANET-A-Nord project [18] in Germany, in 2023.
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Fig. 1.2 Typical use-cases of the MMC within the HVdc application: (top) Offshore to onshore power
transmission using undersea HVdc cables; (bottom left) Multiterminal HVdc grid connecting multiple ac
systems; (bottom right) back-to-back connection of two MMCs for interconnection of two asynchronous grids.

shows the offshore converter station of the BorWin3 HVdc project, realized by Siemens, as
well as a valve hall of one of the HVDC Light projects, realized by Hitachi Energy.

1.4.2 MV variable-speed drives

Together with research activities in the HVdc domain, the application of the MMC in variable-
frequency MV drives has been extensively studied [20]-[23]].

Three-level NPC is a converter topology used by most of the medium-voltage drives suppliers [24].
Nevertheless, in order to reach higher voltage levels, either expensive semiconductors rated for
higher blocking voltages are necessary, or the number of levels should be increased. Increase in
the number of levels is coupled with an increase in the number of clamping diodes, resulting in a
complex and expensive mechanical design of the low-inductive commutation paths [25]. Another

Fig. 1.3 Photos of the contemporary HVDdc projects: (left) offshore converter station in BorWins HVdc
project, realized using HB MMC by Siemens [18]]; (right) MMC valve hall of an HVdc project realized by Hitachi

Energy [19].
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widely-used topology in medium-voltage drives is the cascaded H-bridge (CHB) inverter, with the
SMs supplied from a transformer with multiple isolated secondary windings, each with a dedicated
rectifier. While this topology can ensure to meet higher voltage levels and offers redundancy principle,
a multi-winding transformer should be designed for each new configuration of the SMs.

MMC for drives applications offers several advantages, such as ease of scalability, high availability
achieved through redundancy, and motor-friendly multilevel waveforms, among others. It benefits
from the inexpensive low-voltage capacitors and switching devices, and has no scalability constraints,
as the other two topologies. Besides lower power density, a weakness of the MMC topology is also
a high capacitor voltage ripple in the low-frequency mode of operation, for loads with a constant
torque characteristic [21]. Hence, they are suitable for loads with higher operating frequencies and
quadratic torque characteristics.

Commercial electric drives based on the MMC topology are today manufactured by Siemens, Benshaw,
and General Electric [26]]-[28]. Examples of the MV drives, SINAMICS SH150 from Siemens and MaL

Series from Benshaw, are shown in [Fig. 1.4]

Fig. 1.4 Commercially available MV drives based on the MMC topology: (left) Siemens SINAMICS SH150;
(right) Benshaw M2L Series.

1.4.3 Pumped-hydro storage plants and railway inter-ties

Pumped-hydro storage plants are gaining importance with the ever increasing share of the intermittent
sources of electrical energy, such as wind and solar. Converter-fed variable-frequency synchronous
machines are a favourable choice for this application, and back-to-back connection of two active NPC
converters used to be a preferred topology for interconnection of the grid and the machine [29]].

With the introduction of the MMC arose the idea of using a so-called indirect MMC for interfacing
the grid and the synchronous machine [30]]. It represents a simple back-to-back (B2B) connection of
two MMC units. Besides increased availability, ability of the MMC to meet any voltage level renders
the machine-side power transformer unnecessary, thus improving the overall efficiency and reducing
the footprint.

As the MMC suffers from the high voltage ripple in the SMs at low machine frequencies, variable
speed operation is guaranteed only if the common-mode voltage and circulating currents are injected
[21]], [31]], which might not be always permitted, and in general negatively influences converter
efficiency and cost.

Modular multilevel matrix converter (M3C) is an ac-ac converter topology, belonging to the family
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of the modular multilevel converters. It was introduced by Ericksson et al. in 2001 [32[], before the
standard ac-dc MMC. Despite being introduced as independent converter topologies, the employed
control schemes of the two are to a great extent similar, and the M3C is often referred to as direct
MMC.

It has been shown by [33], [34] that the direct MMC is better suited than the indirect MMC to variable
speed operation with low nominal frequencies. It can better handle machine startup with the rated
torque, has lower SM count, and better overload capability [29]. First 3PH - 3PH direct MMC for
pumped-hydro storage plants was commissioned in Austria in 2020 by Hitachi Energy.

Besides pumped-hydro storage plants, the direct MMC proves to have superior performance in
case of a 3PH (50 Hz) to single-phase (1PH) (16.7 Hz) railway interties [35]. Authors in [[36] analyse
the behaviour of the integrated gate-commutated thyristor (IGCT)-based 3PH-1PH direct MMC for
railway interties, demonstrating the robustness of such a converter. It is commercially available, and
offered by Siemens under the product line Sitras SFC Plus [37]], and Hitachi Energy under the product
line Rail SFC Light [38]].

1.4.4 MVdc shipboard distribution

Shipboard power distribution systems based on dc are being conceived today both for commercial
and military vessels. In case when the power consumption exceeds 20 MW, MVdc power distribution
systems are favourable over the LVdc ones, with a recommended voltage range between 1kV-35kV
[12]. Benefits of the dc shipboard distribution systems are, among others, the following:

« No need for synchronization of phase angles between different synchronous generators. This
also permits using high speed generators, resulting in the reduced weight of the power system.

+ Reduced resistive losses and no inductive voltage drop on the distribution grid.

« Easier integration of the energy storage elements, such as batteries and fuel cells, observed
through improved efficiency and controllability of the power flows in transient and emergency
situations.

Due to the need for an MV ac-dc converter as an interface between the generator and the distribution
network, several authors propose the use of the MMC [39]]-[41]]. Besides increased reliability achieved
through redundancy, the MMC can also block dc short circuits, and thus inherently provide a service
of a solid-state dc breaker. Authors in [42] analyze a hybrid-MMC for shipboard electrical systems, as
means for interconnecting the MVac generators with an MVdc distribution network, while integrating
battery energy storage into the converter SMs. This topology allows uninterrupted operation of the
converter and the storage system, regardless of the possible failures at either dc or ac grid.

To interface the shipboard MVdc distribution network and the other dc loads or energy storage, an
isolating dc-dc converter is necessary. Several authors have addressed this issue by proposing the
MMC-based dc-dc converter with isolating transformer [43]-[45]. Even though the de-dc MMCs
have been extensively analysed in the literature for other applications, such as HVdc, they are not of
particular concern of this thesis. Within the context of the shipboard power conversion, the MMC
has also been proposed by [46]] for supplying the LV ac loads from the MVdc distribution network.
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1.4.5 Integration of distributed renewable energy sources and storage systems

As wind turbines are growing in size and in rated power, reaching 14 MW to this date [47], there is a
tendency of replacing the low-voltage generators for 690 V by the medium-voltage 6.6 kV permanent-
magnet generators [48]], [49].

No filtering requirements, scalability to higher voltage levels and high availability of MMC topologies
make them particularly attractive for offshore wind applications, where the accessibility is reduced
and the maintenance costs are high.

Depending on the type of a collection grid (ac or dc), ratio between the grid and the machine voltage,
frequency range of the permanent-magnet synchronous generator (PMSG), and fault ride-through
(FRT) capability, different MMC-based topologies are found to be optimal [48], [50], [51]. Authors in
(48] provide a design process of an MMC with integrated ultracapacitors as energy storage elements,
with the main focus on the FRT capability. Another proposal for the use of the M3C in wind power
applications is for offshore-to-onshore fractional frequency power transmission [52]].

As previously mentioned, when it comes to wind energy harvesting, the MMC is mostly used as an
interface converter for the HVdc offshore power transfer.

Solar energy is equally penetrating the energy mix as does the wind. To provide a connection of a
photo-voltaic (PV) plant to a distribution grid, without using a filter and a power transformer, the
authors in [53]] proposed the use of the MMC for grid connection of the solar power plant. Further
investigation is conducted in [54], with a focus on applicable modulation methods. In both cases the
MMC interfaces the PV plant connected to its dc terminals and ac grid.

Partial shading conditions can negatively influence the overall yield of a PV plant connected to dc
terminals of an MMC. To fully utilize the potential of a PV power plant, authors in [55]] proposed
the MMC converter structure with PV strings connected to the MMC SMs dc terminals. In this case,
grid-code compliant operation of a PV plant, with maximally possible power yield is ensured.

Power yield of the renewable energy sources, such as solar and wind, is generally varying throughout
the day and year, and together with the varying power consumption of the end-users, deteriorates
power quality of the grid. To alleviate the power-quality-related issues and fully utilize potentials of
the renewable energy sources, energy storage systems are a possible solution [56].

With the wind and solar farms collection grids realized as MVdc grids, an MMC with distributed
batteries is a good candidate for the connection to the MVac grid, while integrating LV batteries. It
has been firstly proposed by [57], and later analysed in more detail by [42], [48], [58]]-[60]], as an
interface converter between MV ac and dc grids. It allows omnidirectional power flow between the
two grids and the energy storage units, as well as the reactive power compensation. Furthermore, in
case of failure on either ac or dc grid, the MMC with integrated batteries can remain in operation
and exchange the energy with the healthy grid [42]], or store the excess energy during the fault
ride-through [48]. Nevertheless, these proposals have mainly remained in the academic world thus
far, without commercial deployments in the field.
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1.5 Objectives of the thesis

Previous sections have briefly outlined current and prospective applications of the MMC. Behaviour
of the MMC in all mentioned applications will depend upon requirements of a given application, and
will mostly influence its terminal voltages and currents. Vast amount of research has been conducted
thus far on the MMC internal as well as application-specific control and protection schemes, with the
former being more general.

Given the great advantages offered by the MMC and related topologies, as well as considerable interest
of both academia and industry in the MMC topology, the intention of the author of this thesis was to
address some of the internal control problems, that are application independent, and thus applicable
to the MMC and M3C serving various applications.

In addition to the theoretical studies, considerable effort was put in development of a laboratory
MMC MV prototype, consisting of two MMC units, acting as an MVdc source.

Briefly, objectives of the thesis could be summarized as follows:

« While MMC offers many advantages over other converter topologies, presence of floating
capacitors in the converter SMs necessitates advanced control schemes to ensure the capacitor
voltages are stable and around predefined values. Different energy/voltage control schemes were
presented in the literature, both for the MMC and the M3C. Control schemes were also evaluated
under different scenarios, such as unbalanced grid conditions, failure of a SM, short circuit
at the dc terminals, etc. General energy control approaches, applicable to various converter
structures and using different degrees of freedom, are also available in literature. While most
of the proposed solutions offer good static and dynamic behaviour of the controlled variables
(voltages of the SMs capacitors), they either lack simplicity of implementation, or generality
in terms of their application to various MMC-alike topologies. Therefore, the intention of the
author was to systematically cover the energy control issue in the MMC, yielding intuitive and
effective solutions, with a simple implementation and extensibility to other similar topologies,
such as the M3C.

 One of the merits of the MMC is its high availability achieved through redundancy. As the
events in the grids interconnected by the MMC can be various, the MMC should be capable of
operating under faulty conditions. Energy content within the MMC arms should correspond
to the energy references, in order to enable proper generation of the arm voltages. To meet
the objective, terminal, as well as internal currents must be controlled in a way that ensures
that the arm energies correspond to their references. Energy content within each arm should
be controlled independently, thus allowing the greatest possible flexibility of the converter
operation. Proposed control methods should be valid during normal as well as faulty conditions,
such as grid unbalances and a SM failure. Therefore, the objective was that the proposed control
methods can be readily used under both normal and faulty conditions, all while retaining the
abovementioned merits.

« Low-voltage SMs design, manufacturing, testing and integration into the converter, was part of
development activities of the MMC laboratory prototype. Cost of the equipment, as well as a
high number of SMs in the MMC call for different layers of protection and supervision, which
would minimize the risk of a great damage in case of undesired scenarios. Prior to deploying the
SM into the converter prototype, a thorough testing of its local control and protection features
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1.6

has to be performed. In addition, the SM should undergo the same conditions as those present
in the real converter, to test its ability to handle electrical and thermal stresses identical to the
ones found in the MMC under consideration. One of the objectives was to devise a test platform
for thorough SM testing, which would allow to test the SMs under realistic operating conditions.
Additionally, to further minimize the risks, the test platform should permit employing the
control principles applied for the converter-level control, and verifying them using a minimal
set of SMs prior to their deployment to the actual converter.

Outline of the thesis

This thesis is organized in seven distinctive chapters. A summary of the content of each chapter is
provided in the following paragraphs:

Chapter 2 introduces the MMC converter operation and modelling to a reader. Basic equations,
descriptions of the dynamics of terminal variables, internal control loops, capacitor voltage
variations, and as well as the main control challenges are outlined in this chapter. In addition,
basic equations of the M3C topology are covered, with the specific focus on the arm current,
voltage and power components, necessary to supplement the conducted analyses.

Chapter 3 discusses the energy control of the MMC and derives two distinctive methods
applicable in the MMC control. It outlines benefits and drawbacks of both methods, and provides
mutual comparison. Implementation of the two energy control approaches is presented, and
verified by high-fidelity simulation results.

Chapter 4 extends the derived energy control methods to the faulty conditions in the MMC,
specifically to the unbalanced grid conditions, and to the case of a failed SM condition, with the
objective of having uninterrupted operation of the MMC. It shows that the proposed control
method can be equally used under faulty conditions, and meets all the objectives set.

Chapter 5 evaluates presented energy control methods for application in the M3C control. It
shows that the control concept from Chapter 4 can be extended to the M3C, resulting in a
simple and intuitive approach for the M3C control under various operating conditions, including
grid faults and no-load conditions. Its functionality is verified using the hardware-in-the-loop
(HIL) simulator of the M3C, having the control architecture equivalent to the industrial grade
converter.

Chapter 6 presents development of a test platform, used for testing hardware and software
features of the MMC SMs. The platform was developed with the aid of a HIL system, where
important test scenarios were verified, prior to being carried out on the physical SMs. The
HIL system is based on the same control architecture, real-time simulator and arm model, as
the HIL system used for the development and testing of the converter-level control. The test
platform was primarily used to expose the SMs to the electrical and thermal stresses, equivalent
to those in the real converter. Additionally, the platform was used to evaluate fidelity of the
HIL system-based results, and thus de-risk development of the converter-level control.

Chapter 7 provides a summary of the conducted work, draws conclusions out of the research
topics, and outlines some open questions that might be subject of future work.

11



Chapter 1. Introduction

1.7 List of publications

Journal papers:

I

J2

Js

Ja

Js

M. Utvi¢ and D. Duji¢, "Generalized theory on direct arm energy control in modular multilevel
converters,” in CPSS Transactions on Power Electronics and Applications, vol. 5, no. 4, pp.
388-399, Dec. 2020, doi: 10.24295/CPSSTPEA.2020.00032.

M. Utvi¢, P. Bontemps and D. Duji¢, "Direct Arm Energy Control of the Modular Multilevel Ma-
trix Converter,” in IEEE Access, vol. 11, pp. 1793-1805, 2023, doi: 10.1109/ACCESS.2023.3234013..

A. Christe, M. Petkovic, L. Polanco, M. Utvic and D. Dujic, "Auxiliary submodule power supply
for a medium voltage modular multilevel converter,” in CPSS Transactions on Power Electronics
and Applications, vol. 4, no. 3, pp. 204-218, Sept. 2019, doi: 10.24295/CPSSTPEA.2019.00020.

S. Milovanovic, I. Polanco, M. Utvic and D. Dujic, "Flexible and Efficient MMC Digital Twin
Realized With Small-Scale Real-Time Simulators,” in IEEE Power Electronics Magazine, vol. 8,
no. 2, pp. 24-33, June 2021, doi: 10.1109/MPEL.2021.3075803.

M. Basi¢, M. Utvi¢ and D. Duji¢, "Hybrid Modular Multilevel Converter Design and Con-
trol for Variable Speed Pumped Hydro Storage Plants,” in IEEE Access, doi: 10.1109/AC-
CESS.2021.3118277.

Conference papers:

12

Cq

M. Utvig, L. P. Lobos and D. Dujic, "Low Voltage Modular Multilevel Converter Submodule for
Medium Voltage Applications,” PCIM Europe 2019; International Exhibition and Conference for
Power Electronics, Intelligent Motion, Renewable Energy and Energy Management, 2019, pp.
1-8.

M. Utvié, S. Milovanovi¢ and D. Duji¢, "Flexible Medium Voltage DC Source Utilizing Series
Connected Modular Multilevel Converters,” 2019 21st European Conference on Power Electron-
ics and Applications (EPE 19 ECCE Europe), 2019, pp. 1-9, doi: 10.23919/EPE.2019.8915466.

M. Utvic and D. Dujic, "Direct Arm Energy Control in Modular Multilevel Converter Under
Unbalanced Grid Conditions,” 2020 International Symposium on Power Electronics, Electrical
Drives, Automation and Motion (SPEEDAM), 2020, pp. 250-256,

doi: 10.1109/SPEEDAM48782.2020.9161828.



Modelling and Operating Principles of Modular
Multilevel Converters

To familiarize with basic operating principles and modelling of the MMC, the topology of the MMC
is presented in this chapter along with its relevant terminal and internal variables. Operating range,
fault-handling capability, and internal converter dynamics are also subject of the chapter. Influence of
different methods of reference calculation on the converter performance is analysed, along with various
multi-level modulation schemes. Due to the fact that some control methods presented in the thesis will be
applied to the modular multilevel matrix converter, its basic operating principles will also be covered in
this chapter.

2.1 MMC topology: basic elements and properties

CHB converters have paved the way to a new breed of multilevel converters. Firstly proposed for
MV motor drives [61f], similar concept was later introduced for static synchronous compensator
(STATCOM) application [[62]]. Lesnicar and Marquardt proposed the MMC - a new converter topology
suitable for a high voltage and high power range [63]]. The converter is originally conceived as an
ac-dc converter for HVdc applications. Since there are many variations of the topology, a 3PH ac-dc
MMC is referred to as standard MMC within this thesis, or simply MMC. In contrast, a 3PH ac-ac
matrix MMC will be simply referred to as M3C.

In the standard MMC each phase of its ac terminals is connected to the dc terminals by two MMC arms,
thus constituting a phase leg, as shown in Fig. Arms in the original MMC topology featured
series connection of HB SMs without an arm inductor, whereas the later publications [64]-[67]]
assumed an arm inductor as part of the arm.

Basic building block of the MMC is a SM. In principle, each SM consists of a floating dc capacitor
and a switching module, typically realized as an HB or FB module In case of an HB SM, the
output voltage of an SM can be either zero, or equal to the capacitor voltage V. In case when the
switching module is of FB type, three distinctive output voltage levels can be realized: V¢, 0, and —V.
While many other SM types have been proposed in literature [[68]]-[71]], the two abovementioned are
most commonly analysed and applied due to their simplicity.

The number of SMs per arm is equal in all the arms, in order to guarantee symmetrical operation,
and is labelled as N. Floating capacitors in the SMs are dynamically charged and discharged during
operation, and it is one of the control objectives to ensure the voltages of all the capacitors are around
their rated value. At the same time, this is one of the key advantages of the topology, as the capacitors
do not need external power supply, like in the case of a CHB converter. Stacking a high number of
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SMs in series results in a reduced rated voltage of the SM capacitors for a given application. As the
rated voltage of a switching module within the SM is defined by the rated voltage of the SM capacitor,
high number of SMs within an arm permits the use of commercially-available low-cost capacitors
and semiconductors in the SMs, even for ultra-high voltage applications.

A stack of series-connected SMs can be perceived as a controllable multilevel voltage source, provided
that the voltages of the individual SM capacitors are mutually balanced. Multilevel voltage waveforms
at the converter terminals (c.f. render terminal filters unnecessary and reduce the stress
on the insulation caused by a high dv/dt. High number of SMs allows generating terminal voltage

references with very low switching frequencies of individual SMs, making the converter highly
efficient.

During operation, each SM can be in either of the three following states: inserted, bypassed, and
idle. Inserted SM has its capacitor directly connected to the SM terminals, inserting to the arm either
a positive (HB and FB), or a negative capacitor voltage (FB). When a SM is not expected to insert
any voltage to the arm, it is simply bypassed, providing zero voltage at its terminals. Finally, in case
of terminal or SM faults, switching commands to a SM can be suppressed, bringing the SM into a
so-called idle state.

Owing to the fact that a SM can be inserted into the arm, or bypassed from it, redundancy principle
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Fig. 2.2 Idealized terminal voltages of an MMC converter with N = 16 SMs per arm, obtained using the
nearest-level modulation: (left) ac terminal phase voltage; (right) dc terminal voltage. Voltage values are
normalized with respect to the rated dc terminal voltage.
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can be applied by having a redundant SM, resulting in improved availability of the converter. Namely,
in case a fault is detected in a SM, affected SM is bypassed, whereas the redundant one takes over its
duty, and the arm seamlessly continues synthesizing the voltage reference.

Modular design also drives down the manufacturing costs due to the economy of scale, and facilitates
maintenance, as a faulty SM is simply replaced by a redundant one during operation, or with a new
one during a scheduled maintenance.

2.2 Modelling of the MMC

To facilitate understanding of the MMC operation, certain nomenclature should be adopted, which
will be utilized throughout the thesis. shows electrical schematic of the MMC topology,
together with the relevant nomenclature.

A stack of SMs within an arm is equivalently represented with a voltage source u, y, where x denotes
an arm connected to a positive (p) or negative (n) dc terminal, whereas y corresponds to a phase of
the ac terminal to which the arm is connected V= {A, B,C}. The voltage of an equivalent voltage
source uy y is a sum of the terminal voltages u0 * of the individual SMs (denoted by the superscript z)
within the xy arm. Taking into account a switching function Sy, of an individual SM, and denoting

capacitor voltages of the individual SMs as %, the equivalent arm voltage uy y can be expressed as:

N .
X,y,2 10,1}, for half-bridge SMs
u Se v Ve , here S = 2.1
e Z:Z:l out Z oy < v LYE {—1,0,1}, for full-bridge SMs 1)

Relationship demonstrates that by controlling the switching functions of individual SMs, a stack
of SMs behaves as a controllable voltage source, yielding a multilevel voltage waveform of a desired
form.

To define terminal voltages, the mid-point of the dc terminal is chosen as a reference point (labelled
as Ny, in[Fig. 2.3), even though in some cases it might be physically unavailable. Nevertheless, the
results of analyses do not depend on a chosen reference point, so theoretically, any point in the shown
schematic could be chosen as the reference. Neutral point of the ac terminals is labelled as N, and
generated ac terminal voltages are referred to this point. The voltage between the ac neutral point
and the dc mid-point is referred to as common-mode voltage, labelled as ucyy.

Following the same logic as for the arm voltages, arm currents are denoted as iy y, and they can be
decomposed into a common and differential components, as will be shown shortly. Owing to the
fact that the topology is symmetrical with respect to its ac and dc terminals, to derive meaningful
conclusions it is sufficient to analyse the quantities within a single phase leg. Writing Kirchoff’s
voltage equations for a positive and negative arm of a single phase yields:

di
Uuq Xp
— = Ugp t+ Larm—5— + ux + ucm (22)
2 dt
Ug, dix,n
TC =Ugn + Larm? — Uy — UcM (2.3)
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Fig. 2.3 MMOC topology with the relevant terminal and internal variables. Arm currents are expressed by
their arm-common and arm-differential components. Common-mode voltage is defined as a voltage between
the grid neutral point and dc terminal mid-point.

By subtracting the two equations, a relationship between the arm voltages and the ac terminal voltage
can be obtained:

L arm &

ux,n_uX,szarmi(i —i )+ux+u — Uy giff = ——
2 2 dr\ %P X,n CM Ldiff 2 dt

Iy diff=lx

tugtucy  (2.4)

Uy diff

Ac terminal current iy is determined by the difference between the positive and negative arm currents.
Under balanced conditions, the two arms should equally contribute to the ac terminal current. This
current component is referred to as arm-differential current component igig. It is shown by
that the ac terminal, or arm-differential current, can be controlled by controlling the arm-differential
voltage ug;sr. Conversely, in case when the MMC acts as a grid-forming converter, the ac terminal
voltage u, can be controlled by means of the arm-differential voltage. Equivalent circuit of the MMC
ac terminal and corresponding arm-differential quantities are depicted in [Fig. 2.4la.

On the other hand, should one sum up the equations (2.2)-(2.3), arm voltages can be related to the dc
terminal values as:

Uge ux,p + Uxn d ix,p + ix,n Udc dix,comm
—_— = 4L —_ — = — =u + L _— 2.
2 2 arm dt 2 2 X,comm arm dt ( 5)
ux,comm lx,comm

Arm-common current component i.omm is @ mutual current component of two arms within a phase
leg. It is thus not observed at the ac terminals, however a portion of this current constitutes the dc
terminal current. In ideal conditions, dc terminal current is equally split among the three phase legs,
therefore the arm-common current component is in ideal conditions equal to igq./3. Nevertheless,
there may exist cases where the dc terminal current is unequally shared among the phase legs, as will
be discussed within To better comprehend the difference between the arm-common and
arm-differential current components, one can refer to where the two are shown in orange
and purple, respectively.

Besides the dc current, the arm-common current can contain other current components, observable
neither at the ac, nor at the dc terminals. Such current components are termed circulating currents,
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Fig. 2.4 Equivalent circuits for the: a) ac terminal current (voltage) control; b) circulating current and dc
terminal current (voltage) control.

and can have parasitic nature, or can be intentionally introduced by the control algorithm. These
current components will be further labelled as i, as in (2.6). All arm-common current components
that satisfy the condition (2.7) have circulating nature.

ix,comm = ix,dc + ix,circ (2-6) iA,circ + iB,circ + iC,circ =0 (2'7)

Based on (2.5), the arm-common current is controlled by the arm-common voltage component U¢omm.
as it is graphically shown in[Fig. 2.4/b. By controlling the arm-common current in each phase leg,
a portion of the dc terminal current of that respective phase is controlled. Such components of the
three phases constitute the dc terminal current. Similarly to the ac quantities, in case when the MMC
acts as a dc grid-forming converter, the dc terminal voltage can be controlled by the appropriate
control of the arm-common voltages of the three phases. Equivalent circuit of the MMC, observed
from its dc terminals is shown in[Fig. 2.4lb. Equivalent voltage source, relevant for the dc terminal
voltage/current control is obtained as an average of the three voltage sources in [Fig. 2.4lb, as shown
in (2.8). Similarly, equivalent inductance observed from the dc terminals is a parallel connection of

the three inductances form[Fig. 2.4b, calculated as in (2.9).

avg UA comm T UB,comm T UC,comm
Ucomm = (2'8)

Leq = ~Larm (2.9)

From it can be concluded that all MMC-related quantities can be controlled independently
one from another. While the ac terminal voltages/currents are controlled by means of the arm-
differential voltage, dc terminal voltage/current and circulating currents are controlled by means of
the arm-common voltage quantities.

Based on the previous discussion, arm voltages and currents can be expressed in terms of their
common and differential components as in (2.10)-(2.13). Ideal waveforms of arm voltages and currents
within a phase leg of an MMC are illustrated in[Fig. 2.5

Uy p = Ux,comm — Uxdiff (2'10) Uy n = Ux comm T Ux,diff (2'11)

ix,p = ix,comm + ix,diff/z (2'12) ix,n = ix,comm - ix,diff/z (2~13)
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Uarm

Udc .
2 )
ix.p

a) b)
Fig. 2.5 Ideal waveforms of arm quantities: a) positive and negative arm voltages; b) positive and negative
arm currents.

Besides the fact that the available degrees of freedom permit independent control of the ac, dc and
internal variables (circulating currents), these variables are not completely independent from each
other. While the ac terminal current is coupled with the dc terminal current through the converter
energy balance, further analysed in|[Chapter 3/and|Chapter 4| ac and dc terminal voltage capabilities
are also mutually dependent. This dependence defines the operating region of the MMC, and is
influenced by the number and type of the SMs employed, as well as by their rated voltage.

2.3 Operating range of the MMC

Given that a stack of SMs within an arm represents an equivalent voltage source, voltage generating
capability of the arm is dependent upon the total voltage across the SMs within the arm, labelled as
VZ in (2.14). Note that the phase and arm notation (xy) is omitted in the following analysis, based on
the assumption that the voltage generating capabilities of the arms within an MMC are equal.

V2 = ZVCZ (2.14)

Depending on a SM configuration, and the total arm voltage, different limits exist in terms of attainable
dc and ac voltage at the MMC terminals. Based on the expression for the positive arm voltage (2.10),
arm-voltage generating limits can be summarized as:

max (uarm) < VCZ = Ucomm T ﬁdiff < VCZ (2-15)

. R HB arm
min (uarm) 20 = Ucomm — Udiff = 0 (2-16)
max (Uyy) < ch and Ucomm T Udiff < ch (2.17)

) 5 R 5 FB arm
min (Uypy) > —V¢ == Ucomm — Udiff = —V¢ (2.18)

Constraints defined by (2.15)-(2.16) are applicable to an MMC with HB SMs, given the fact that HB
SMs can produce only non-negative voltage at their terminals. On the other hand, FB SMs can
produce voltage of both polarities at their terminals, therefore the arm voltage is constrained within
[~VZ,VZ], as indicated by (2.17)-(2-18). For this type of analysis, the inductive voltage drop can be
neglected, so the arm-differential voltage becomes ugif = u,., whereas the arm-common voltage

equals U.omm = Ugc/2. Consequently, constraints (2.15)-(2.18) can be rewritten as:
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2.3. Operating range of the MMC

U, . (2% N

% + i, <V (2.19) % + . <V (2.21)

u HB arm u FB arm
% e >0 (2.20) % e >-VE (2.22)

Defining dc and ac voltage modulation indices as in (2.23)-(2.24), conditions (2.19)-(2.22) can be
rewritten as in (2.25)-(2.28). Note that the variable #,. in (2.24)) is a non-negative magnitude of the ac
terminal phase voltage u,.. Consequently, ac modulation index m,. can take only positive values.

_ HMdc ﬁac
Mgc = V2 (2.23) Mye = V_CZ (2.24)
My <1—m 2.25 Mmy.<1—m 2.27
ac dc ( ) HB arm ac dc ( ) FB arm
Mye < My (2.26) My < 14 mgc (2.28)

Constraints (2.25)-(2.28) are depicted in [Fig. 2.6la, together with the constrain m,. > 0. These
constraints define achievable operating range for an HB-based MMC and FB-based MMC, shaded in

green and purple, respectively. Ideal waveforms of the arm voltages for different operating points are
depicted in[Fig. 2.6}b-c. While HB-based MMC arms can generate only positive voltage (waveform
B), FB-based arms are able to produce voltage of both polarities (waveforms C, D and E).

It can be concluded from [Fig. 2.6la that the ac modulation index m,. can never exceed the dc
modulation index mg. for HB-based arms, and attains the highest value for m,. = mg.. In other words,
magnitude of the ac phase voltage #,. is limited to uy./2. This operating point is the point of best
utilization of the arm voltage capacity, and in this case, the total arm voltage should be selected as
VCZ > Uge-

However, some ac-dc conversion stages necessitate higher ac to dc voltage ratio, meaning that either a
transformer should be used at the ac terminals, or a FB-based MMC should be utilized [[72]]. Waveforms
C and E in[Fig. 2.6]c are the examples where this ratio is higher than 1/2 in absolute terms. Apart
from the cases where ac and dc voltages are unmatched, leading to the ac to dc voltage ratio higher
than 1/2, operation under such conditions is also expected when the dc voltage is reduced on the
HVdc transmission lines, to prevent flashovers during unfavourable atmospheric conditions [72].

uarnl uarm

,—C

Mac = Mdc < —=

E f
.
mae T3 =
\_.D
71 0.5 0 05 N v v

Mae =1+ Mg

a) b) )
Fig. 2.6 a) Operating range of a HB-based and FB-based MMC, defined by the constraints from (2.25)-(2.28);
b), c) ideal waveforms of the arm voltages for different operating points.
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Another application with reduced dc link voltage is a B2B connection of two MMCs, proposed for
supplying a synchronous machine in large pumped-hydro storage plants [30], [73]]. For common-
mode-free operation at low machine speeds, reduction of the dc link voltage is a necessary action
to prevent excessive voltage ripple across the machine-side MMC SMs [31], [74], [75]. MMC-based
active front-end (AFE) stage should remain in operation on the grid side, while allowing for the dc
link voltage reduction. Operation of the AFE stage under such conditions is not possible with HB
SMs, thus necessitating either a fully-FB solution, or a hybrid solution with a mix of HB and FB SMs.

In any case, each arm should be able to support half the dc terminal voltage as well as the ac terminal
phase voltage. Some voltage reserve is also accounted for the current control purpose, as well as for
the potential ac voltage swells.

2.4 Fault-blocking capability

Besides the differences in terms of voltage generating capability of the HB and FB-based MMC, they
also differ in terms of their fault-blocking capabilities.

HB-based MMC can naturally block faults at the ac terminals, as illustrated in a. In case of a
line-to-line fault at the ac terminals, the inrush current is detected, and the active switches (IGBTs)
are gated-off. The path of inrush currents naturally goes from the dc terminals to the ac terminals
through the free-wheeling diodes and the SM capacitors. Given the fact that two arms are in the
path, and each arm is charged to a voltage level of approximately u4., opposing voltage of the arms
drives the inrush current to zero thus cutting-off the feeding path for the ac faults from the dc side.
Depending on a type of the ac fault, an HB-based MMC can restore partial-power operation after the
inrush current is suppressed.

In case of a dc pole-to-pole fault, once the inrush current is detected, the active switches are gated-off,
so the fault current is supplied from the MMC ac terminals through a six-pulse rectifier (c.f. [Fig. 2.7]b).
As a result, an HB-based MMC is incapable of naturally blocking the dc terminal faults. In addition, an

( = ac fault w== dc fault ]
DC+ DC+ DC+

L4 € >
»l Il >t
>t Pt

C ‘ C “Z

Fig. 2.7 Equivalent circuits of the MMC under ac and dc faults: a) ac line-to-line fault at the HB-based MMC
terminals; b) dc pole-to-pole fault at the HB-based MMC terminals; c) ac line-to-line (red) and dc pole-to-pole
(blue) faults in the FB-based MMC.
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2.5. Energy dynamics of an MMC arm

HB-based MMC could not remain in operation under zero dc voltage, even if the inrush current was
suppressed. Despite its higher efficiency and lower cost compared to a FB-based MMC, an HB-based
one is not well suited for applications where the dc faults could happen regularly, such as in the dc
distribution grids, and where converter might be expected to remain in operation on the ac side.

FB-based MMC behaves similarly during the ac faults as does the HB-based MMC. On the other
hand, it has far more favourable behaviour under the dc faults, as illustrated in c. Once the
inrush current is detected, active switches are gated-off, making the inrush current path through
the free-wheeling diodes and SM capacitors. The inrush current is driven by the line-to-line voltage,
and it passes through two arms. Given the fact that each arm is charged to a voltage higher than the
ac phase voltage, two arms on the inrush-current path oppose the line-to-line voltage, leading to a
cut-off of the faulty current. Not only can a FB-based MMC block dc faults, but it can also remain in
operation at the ac terminals, while its dc terminals are in fault, providing a STATCOM functionality.
All the aforementioned benefits are penalized by higher losses, and more costly converter, which is
the reason why all commercially-available MMCs up to this date were realized with HB SMs [18]].

2.5 Energy dynamics of an MMC arm

Arm SM capacitors can be perceived as energy buffer elements, storing the energy received from the ac
terminals and releasing the energy to the dc terminals, and vice versa. This energy exchange is taking
place simultaneously, and is accompanied by energy pulsations originating from the single-phase
nature of the SMs. To better understand the underlying process, arm energy dynamics should be
expressed as a function of the terminal variables, i.e. voltages and currents.

For the sake of analysis, the equivalent switching frequency of an arm is assumed to be much greater
than the fundamental frequency of the ac terminal voltage. Consequently, switching effects can be
neglected, and an arm can be perceived as a single controllable voltage source, while all the SMs
within an arm are assumed to have the same dynamics.

Arm energy is the energy stored within capacitors of a respective arm. The energy variation is
governed by the arm power, i.e. a product of the voltage and current at the arm terminals. Arm power
equations for two arms of a single phase leg can be expressed as:

pp,x = up,xip,x = (udc/2 — Uy — uCM)(idc,x + ix/z + icirc,x) (2-29)

Pnx = un,xin,x = (udc/2 + Uy + uCM)(idc,x - ix/z + icirc,x) (2-30)

Note that the arm voltage is expressed only as a function of its terminal components, whereas the
additional voltage components, that exists due to the inductive and resistive voltage drop, are relatively
minor compared to the terminal variables, and thus neglected.

Defining ac terminal variables as in (2.31)-(2.32), and replacing them into (2.29)-(2.30) yields (2.33)-(2.34).
As a first step, the common-mode voltage ucy; and the circulating current i,  are neglected in order
to facilitate the analysis.

Uy = Uy sin(a)gt) (2.31) iy = iy sin(a)gt + ¢X) (2.32)
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~
A %

Udclde,x axix cos(fx) ug i . . . Uyl
Ppx = . 1 +—= sm(a)gt + g{)x) — Uylde x sm(a)gt) + % cos(ngt + ¢X) (2-33)
dc value 1st harmonic 2nd harmonic
Udclde x Uiy cos(dy)  Ugcly . . . Uiy,
Pnx = P 2 1 = =X sm(a)gt + g{)x) + Uyigex sm(a)gt) + % cos(ngt + ¢X) (2.34)
dc value 1st harmonic 2nd harmonic

Expressions (2.33)-(2.34) represent the arm power components, which are composed of their dc and
second harmonic component, that are equal in the two arms, as well as the first harmonic component,
which is in counterphase in the two arms. Integrating (2.33)-(2.34), the expressions for the arm
energies of a positive and negative arm are obtained (2.35)-(2.36). Arm energy is a reflection of the
SM capacitor voltages, and thus should have a dominant constant term, corresponding to the average
capacitor voltage. Additionally, due to the interaction between the terminal variables of different
frequencies, fundamental and the second harmonic energy oscillations are also present.

A~ ~
A A

Udcly uxidc,x Uyly
Wox = Wox  — ™ cos(wgt + ¢X) + - cos(wgt) + S0 sm(ngt + (/’)X) (2.35)
average value & & N b
1st harmonic 2nd harmonic
Wox = Wypx + dex cos(a)gt + qSX) - X Cos(wgt) + == sm(ngt + gbx) (2.36)
’ — Wg 8wg
average value y
1st harmonic 2nd harmonic

Average values of the arm energies W}, y and Wy, , are controlled by the dc components of the respective
arm powers. As the energies are a measure of the total voltage available within the arm SMs (VZ), they
should be thus maintained around predefined values, as a prerequisite for a proper converter operation.
Techniques for the arm energy control will be covered in depth in|Chapter 3/and|Chapter 4!

Oscillations in the arm energy are directly reflecting the oscillations in the SM voltages. Since the
SMs should ideally have constant voltage, the oscillating terms are unwelcome, so they should be
evaluated. Since the expressions for the energy oscillating terms are already derived, a relationship
between the arm energy and the arm total voltage oscillations should be established.

2.5.1 Relationship between the arm energy and voltage

To allow for a proper operation of the converter, rated value of the total arm voltage (VZ,or) should
conform the identities expressed by (2.19)-(2.22). The rated value is chosen during the design procedure
of the converter, as well as the number of SMs per arm N, and the SM capacitance Csy;. Assuming
that the SMs within an arm are mutually balanced, i.e. they equally share the total arm voltage, the
total energy stored within the arm is determined by:

1
(VCZ)Z =7 arm(Vg: 2 (2~37)

2 N 2

2
v\ _1Gwm
N

N
1 1 1
Warm = ) ECSMVCZ,Z = ENCSMVCZ = ENCSM<_
z=1
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2.5. Energy dynamics of an MMC arm

Equation shows that, in terms of its energy content, an arm can be equivalently perceived as a
single capacitor with the capacitance C,,,,, and the voltage v*. The arm capacitance is the equivalent
capacitance of a series connection of N capacitors, whereas the total arm voltage v2 is a sum of the
voltages across N individual capacitors.

As shown by (2.35)-(2.36), apart from the constant terms, arm energies contain oscillating terms at
the fundamental and second harmonic of the ac terminal frequency. Analogously, it can be assumed

that the same components will be dominant in the total arm voltage. As a result, the total arm voltage

vZ can be expressed as:

> _ ) )
= V& + Vg +t Vi (2.38)

—— —— ——
dcvalue 15t harmonic  2nd harmonic

Replacing the expression for the total arm voltage (2.38) into (2.37), and assuming that the amplitudes
of the oscillating terms are much smaller than the average arm Voltage, yields:

1 2 » )
Warm = 5 5 arm(vc) == arm(Vc + v, 1st+ 2nd) 2 ((V ) +( 1st) +( 2nd) +
—_—
5 TE T (2.39)
2V g+ AV g + 2159 na )

[N
=0

The term V2 has dc nature, whereas the terms vzlst and v’ an are ac quantities. Consequently, from
(2.39), three distinctive arm energy components can be identified:

1 N2
Warm = Ecarm(vc ) (2-40)
Warm,1st = CarmV v 1st (2.41)
Warm,2nd ~ CarmV VC 2nd (2-42)

The three energy components from (2.40)-(2.42) correspond to the arm energy expressions from
(2.35)-(2.36), and they also confirm the assumptions from (2.38).

It is shown in that the average arm voltage V2" can be controlled by controlling the average
arm energy. On the other hand, the oscillating terms of the arm voltage, v 15+ and v, a4, should be
minimized so as to avoid overmodulation, and the resulting low-frequency harmonics. Those terms
can be expressed as:

1  Warm,1st (2.43) > 1 Warmznd
: 2nd —
Carm ch oo Carm ch

Vv

cz,lst = (2.44)

Energy pulsations are determined by the terminal voltages and currents, as shown in (2.35)-(2.36), and
are an inevitable consequence of a single-phase nature of the converter SMs. Arm voltage oscillations
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are reflections of the energy oscillations, and are inversely proportional to the SM capacitance value.
Therefore, in order to maintain the voltage oscillations within a certain limit, appropriate value of the
SM capacitance should be chosen. Unreasonably high values of the SM capacitance would result in a
very small voltage ripple, however, the size and the cost of the converter would be prohibitively high.

2.5.2 Capacitor voltage ripple reduction

To minimize the SM (arm) voltage ripple, without employing unreasonably high capacitance values,
energy oscillations should be reduced. Arm energy oscillation reduction can be achieved by reducing
the power terms that cause these oscillations.

Fundamental frequency energy oscillations are in counterphase in the arms of the same phase leg

(c.f. (2-35)-(2-36)), and are governed by the power term p;g in (2.45). The power term in (2.45) is

expressed for the positive arm only, as for the negative it differs only in sign.

A~ N
A %

Udclx . n . . Uyl
Dist = % sm(wgt + ¢X) — Uyldex sm(o)gt) (2.45) Pond = % cos(Za)gt + ¢X) (2.46)

Second harmonic energy oscillations are common to the two arms of a single phase leg, and their
dynamics is determined by the power term py,q in (2.46). Reduction of the existing power components
can be achieved by introducing new power components in the total arm power. Circulating currents
are internal MMC variables, and thus invisible at its terminals. As such, they can be utilized to produce
additional power components, and suppress or reduce the energy oscillations. Additional power
terms in the two arms, originating from the circulating currents, take the form as in (2.47)-(2.48).

(circ) . Udc . . i Ude .
Ppx ~ = Upxleirex = 7lcirc,x — Uxlcire,x (2.47) pggﬁﬁ% = %lcirc,x (2.49)
==
(circ) . Udc . . . .
Pnx = = Unxleirex = 7lcirc,x + Uylcire,x (2~48) P((ﬁgc) = —Uylcircx (2.50)

(circ) (cire)

Arm power components in (2.47)-(2.48) have a common term pcomm, and a differential term pyer -
The two terms should ideally cancel the arm power terms from (2.45)-(2.46). The common term
from should cancel the second harmonic power component in (2.46), whereas the differential
component from should cancel the fundamental frequency power component in (2.45):

A
A D

i Udc . Uyl
nglrglcr)n + pond = 0 = zclcirc,x + 4X cos(ngt + ¢x) =0 (2.51)
(circ) . udC;X ﬁxidc,x
Paie .t P1st =0 = —Uylcirex T e Cos(a)gt + ngX) - Cos(a)gt) =0 (252)

g Wg

As the iy x cannot conform both conditions, two straightforward solutions are that the current is
chosen to cancel either the common term, or the differential term. Authors in [35] proposed injection
of the second harmonic circulating current that would completely suppress the second harmonic
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2.5. Energy dynamics of an MMC arm

energy oscillations. From (2.51), and using the definitions of the modulation indices mg. and m,_, the
circulating current takes the form:

A

m
ac! 1 cos(Za)gt + ¢X) (2.53)

leirex = —
mgqc

Obtained circulating current is at double the fundamental frequency, and while it completely sup-
presses the second harmonic pulsations, it also interacts with the ac voltage component u,, creating
a fundamental and third harmonic power components, shown in (2.54). These power components
create an additional first and third arm-energy harmonics, expressed by (2.55).

A~

. ) My i
Apgigf) = —Uydgirex = machZ s1n(a)gt)m—zczx cos(ngt + ¢X)
C
s | (2.54)
= V ( sm(a)gt + (ﬁx) - sm(3a)gt + ¢X))
mqc 8
(circ) mgc ix ch Mac ix Ve
Warm & = — —— cos(a)gt + ¢x) — —— cos(3a>gt + ¢X)
myc 8 wg myc 24 , (2.55)
Awind A""éxr]ccll

Induced first harmonic Aw{nd from (2.54) adds up to the naturally present first harmonic of arm

energy (2.35). The difference between the original and the resulting first harmonic of the arm energy
is denoted as Awirsltd < and is visualized in a, as a function of the ac modulation index m,
and grid current phase angle ¢. It can be concluded that, besides the complete suppression of the
arm energy second harmonic, the magnitude of the first harmonic is also reduced. On the other hand,

third harmonic of the arm energy is introduced, which does not exist in normal conditions.

o M [pu] Awed [pu] 0.5 A2 ara [pu] M5 Esna Du]farm [P] farmscire D]
03
] 0.016 0.65 0.8
-0.02 1 0.2 0.26
_— 0.012 | 0.5 06
' | ‘ 0.22
0.04 0.008 0.15 | 0.45 [ o
| . 1 0.18 :
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Fig. 2.8 Effects of the second harmonic energy mitigation on other energy oscillation components: a)
magnitude of the natural second harmonic energy component (brown), magnitude of the induced third
harmonic energy component (blue-green), magnitude of the effective induced first harmonic energy component
(yellow-blue); b) comparison between the total energy magnitude in the natural case (brown), and when the
circulating current is injected (yellow-blue); c) comparison of the arm current magnitudes without (brown) and
with (yellow-blue) circulating current injection. Note that the plots assumed normalized values of the currents,
voltages and energies, while the dc modulation index is assumed to be my. = 0.5.
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To visualize the overall benefits of the second harmonic circulating current injection according to
(2.53), the magnitude of the total original arm energy oscillations is compared with the magnitude
of the total resulting arm energy oscillations in [Fig. 2.8]b. It is obvious that the circulating current
injection, proposed by [35]], results in reduced overall arm energy oscillations. Nevertheless, the arm
current is increased (c.f. [Fig. 2.8]c), and so are the converter losses.

As the first-harmonic arm energy oscillations are dominant, injection of the circulating current
with the aim of suppressing them might yield better results. Second harmonic circulating current is
calculated according to (2.52), and it takes the following form:

Ieire = leirc COS(Za)gt + ¢c) (2.56)
2m?_tan ¢ . ~ Mg Sin ¢
d X ? » Mg X

¢ = atan (zc—z) (2.57) leirc = ~lg - — (258)
2my, — mg. Mae Sin @

The injected current interacts with the arm-differential voltage u, resulting in a complete suppression

of the first-harmonic energy oscillations. Additionally, this interaction generates the third harmonic
power component A pi;r’fil, shown in (2.59). The circulating current also interacts with the arm-common
voltage component, which is approximately equal to u4./2, resulting in a parasitic second-harmonic
power oscillations Apizrrﬂ, given in (2.60). The two parasitic power terms create corresponding energy
oscillations Awérrlg and szirlllﬁ.

ind Mye » > . ind Mac » 5
Apy = _Tlcirch sm(3a)gt + ¢)C) = Awyj = a’circh cos(3wgt + qﬁc) (2.59)
g
ind _ 2 s ind _ Mdc+ s .
Apyiy = Macleire Ve cos(ngt + ¢C) = Aw,q = glcircvc sm(Za)gt + ¢c) (2.60)
g

To comprehend the benefits and disadvantages of such an approach, oscillating terms of the arm
energy were mutually compared in While the induced third-harmonic energy term Awé‘rlg
is relatively minor with respect to the suppressed first harmonic, the induced second-harmonic
energy term Awéﬁ?i have comparable, or even higher magnitude than the first harmonic that is
suppressed. [Fig. 2.9lb compares the magnitude of the total energy oscillations prior and after the
first harmonic compensation. It shows that the compensation might be advantageous for high ac
modulation indices (m,, > 0.4) and for negative grid current phase angles (¢, < 0). Nevertheless,
introduced circulating current component heavily increases the arm current (c.f. [Fig. 2.9}c), making

this approach unjustified.

Therefore, instead of suppressing only the second harmonic of the arm energy oscillations, many
authors opt for a holistic approach focussing on reducing the overall peak-to-peak energy ripple
within an arm [[76]], [77]. For this purpose, not only the second, but also the fourth harmonic circulating
current is injected [78]], resulting from an optimization algorithm. A trade-off between the voltage
oscillation reduction and the arm current increase is usually found using cost functions with variable
weight factors [76].
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Fig. 2.9 Effects of the first harmonic energy mitigation on the other energy oscillation components: a)
magnitude of the natural first harmonic energy component (brown), magnitude of the induced third harmonic
energy component (blue-green), magnitude of the induced second harmonic energy component (yellow-blue);
b) comparison between the total energy magnitude in the natural case (brown), and when the circulating
current is injected (yellow-blue); c¢) comparison of the arm current magnitudes without (brown) and with
(yellow-blue) circulating current injection. Note that the plots assumed normalized values of the currents,
voltages and energies, while the dc modulation index is assumed to be mgy, = 0.5.

2.5.3 Low-frequency operation of the MMC

Although not initially conceived for application in electric drives, some of superior features of the
MMQC, such as low filtering requirements, redundancy, and scalability to any voltage level, made it
a good candidate for this type of application. As frequency-controlled drives should support wide
operating frequency range, low-frequency operating points can be challenging for the MMC.

To facilitate the discussion, the arm energy equation (2.35) is rewritten:

uq, i axidc,x gl .
Wox = Wpx — 4;X cos(a)gt + ¢X) + cos(a)gt) + % s1n(2a)gt + ¢x) (2.61)

g Wg Wg

Regardless of the motor control method being applied, the ratio between the magnitude and frequency
of the voltage supplied to the motor remains more or less constant. The principal reason is to preserve
the flux of the machine at the rated value, and thus maximize efficiency. Analysing the terms in (2.61),
one can conclude that the second term increases its magnitude with the frequency decrease. The
other oscillating terms have their magnitudes independent of the frequency, due to the constant u/ f
ratio.

This increase in energy ripple negatively affects voltage generating capability, reducing the available
arm voltage when the dominant oscillating term exhibits its minimum, but also leading to the
overvoltages in the SM capacitors, when it hits the maximum. Therefore, this scenario should be
avoided, and different methods are available for mitigating this term.

The authors in [21] were the first to address the issue by proposing the injection of the common-mode
voltage component and the circulating current, defined as in (2.62)-(2.63). The power and energy
components originating from this interaction are given by (2.64)-(2.65).

ucm = ﬁCM Sin(wcmt) (2'62) icirc,cm = icirc,CM COS((C‘)cm - wg)t - ¢cm) (2-63)
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, dcnicirecM dcMicireCM
ApCM = —UcMlcire,CM = _T Sln((zwcm - a)g)t - ¢cm)_ s e— sm(a)gt + ¢cm) (2-64)
fieMicire,CM ficMmicire,CM
Aweym = e cos((Zcocm — wg)t — gbcm) y— e cos(a)gt + (ﬁcm) (2.65)
2Q2wem — wg) 2wg
HF term LF term

The low-frequency term in should suppress the second term in (2.61). On the other hand,
interaction between the common-mode voltage and the circulating current introduces the oscillating
term at the angular frequency 2wcy, — wg, with the magnitude inversely proportional to the chosen
common-mode frequency w.p,. Consequently, it is desirable to have the common-mode voltage at
the highest possible frequency, in order to minimize the oscillating term. This approach was also
analysed in [79]], whereas the references [|80]]-[82]] use a square-wave common-mode voltage, with
a square-wave [80f], [82] or sinusoidal [81f] circulating currents, or triangular common-mode and
circulating currents [83]].

The second term in can be reduced if the ratio between the peak-current and the frequency is
kept constant through the rotor-flux optimization, as suggested by [21]]. This method is applicable to
the loads with a quadratic torque characteristic, and results in a reduced range where the injection of
the common-mode voltage and circulating current is applied.

Disadvantages of the proposed method are detrimental effects of the common-mode voltage on the
machine bearings, as well as the increased converter losses due to the circulating current injection.
The former is particularly pronounced in retrofit applications, where the machine is designed to be
grid-connected and thus does not support any or very little common-mode voltage [31f], [[73]. In that
case a solution is to reduce the dc link voltage in the B2B connection of two MMCs supplying the
machine. To achieve such regimes, either a FB or hybrid MMC is necessary as the AFE stage [31]],

(74], [75].

Which one of the aforementioned methods for voltage ripple reduction in low-frequency mode of
operation will be applied, depends on the application and the associated trade-offs.

2.6 Modulation

So far, we have assumed that a stack of SMs within an arm acts as an ideal controllable voltage source,
able to generate a multilevel voltage waveform. In fact, the number of SMs per arm is finite, and
each SM contributes a discrete voltage value, i.e. Vy; € {-V,,0,V.}. The arm voltage reference is
obtained from the control algorithms, further explained in|Chapter 3|and|Chapter 4| and the role of
the modulator is to reproduce these references to the best possible extent, given the available arm

voltage vZ.

2.6.1 Generation of the insertion index

The insertion index is defined as the ratio between the arm voltage reference, and the total available
arm voltage v2*. Depending on the information used for the total available arm voltage v, there are
different approaches for the insertion index generation.
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Direct voltage control is the method where the average value of the total available arm voltage is
used for the insertion indices generation. For the positive and negative arm of the same phase leg,
the insertion indices are calculated as in (2.66)-(2.67), where u} and u;, are the arm-voltage references
for the positive and negative arm. Note that the phase notation is omitted, as it is not relevant for the
discussion. Calculated insertion indices represent a relative number of SMs that is to be inserted in
order to generated the reference voltage.

Up uh
n. — — 2.66 n, = — 2.67
P = (66 =y (267)

This method is computationally very simple, as it does not require instantaneous information about
the SMs voltages. Additionally, it has been shown in [84] that the converter is inherently stable when
this method is applied, meaning that the converter total energy is equally distributed among its arms.
However, this method introduces parasitic voltage components, briefly analysed hereupon.

We have already seen that the arm voltage can be decomposed into a common and differential
component. Consequently, arm voltage references can be written as in (2.68)-(2.69). Also, the total
arm voltage v2* is shown to consists of the average value, as well as the first and the second harmonic

oscillating components, as expressed in (2.70)-(2.71).

1’% = uéomm - ugiff (2.68) u;; = ugomm + uéiff (2.69)
> 2 ) > > _ oy > >
Vep = VC’P ~ Vist + Vand (2.70) Ven = Vc,n + Vist  Vand (2.71)

Neglecting the computational and actuator delays, and adopting the definitions from (2.66)-(2.71),
actual arm voltages are computed as:

* *
Uu — Uj.
_ > _ comm diff /> > ")
Up = NMpVep = 5 (V. p~Vist T Vond) (2.72)
C

* *
U + uj;.
_ > _ “comm diff ) 3 3
Un = MpVen = Ve (Vc,n + Vigt T Vznd) (2.73)
C

Assuming that the total average arm voltages are equal in the two arms ch,p = ch,n = V2, arm-common
and arm-differential voltages can be computed accordingly:

> >,
Vond x Vst

> > *

— up +Un * (VC + V2nd) u Vist = u +ut u
- diff T,» — “comm comm diff {5
Ve v Ve

U = U,
comm comm
2 v

(2.74)

*
= Ucomm T+ Audc,comm + Auan,comm
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_ ) > % > b
Ugifs = Un up _ u* (VC + v2nd) u* Vist _ u* + u* V2nd + u* Vist
ur — — Ydiff comm s T “diff diff comm 5
2 Ve Ve Ve Ve (2.75)

C

= wlipr + At dif + Aised dife

The arm-common voltage reference uyymy, is in steady state approximately equal to ug./2, yet due
to the presence of the oscillating terms in the available arm voltage v, the realized arm-common
voltage ucomm contains parasitic components, as shown in (2.74). Parasitic dc and second harmonic
voltage component appear, causing a parasitic dc and second harmonic arm-common currents. While
dc component is closed-loop regulated by the available arm-current controller, parasitic second
harmonic current necessitates a dedicated controller that would suppress this term. Otherwise, it
appears as a parasitic second harmonic circulating current, reducing the converter efficiency, and
further increasing the oscillating terms of the SM voltage [67], [85]].

The arm-differential voltage controls the arm-differential (ac terminal) current component. Besides
the reference voltage u};q, realized arm-differential voltage ug;f contains parasitic first and third
harmonic voltage components, shown in (2.75). The first harmonic voltage component Auyg giee
creates a parasitic first harmonic ac terminal current, which is successfully suppressed by the ac
current controller. The third harmonic parasitic component Aus,q gifr is in phase in all three phase
legs, thus creating undesirable common-mode voltage component.

Direct voltage control also has certain drawbacks when it comes to operation under unbalanced
grid conditions. Namely, a product of the negative-sequence grid voltage and the positive sequence
grid current, as well as the product of the positive-sequence grid voltage and negative sequence grid
current yield zero sequence power components at double the fundamental frequency. In other words,
the induced second harmonic power oscillations in three phases are equal in magnitude and phase.
When the direct voltage control is applied, these power terms are not supplied by the MMC arms, but
by the dc terminals, thus inducing a double the fundamental frequency current component at the dc
terminals [86].

Closed-loop voltage control is another insertion index generation method, where the instantaneous
values of the arm voltages are used, as in (2.76)-(2.77), as opposed to the average values used in the
direct voltage control. This method poses more burden on communication, and is marginally stable,
as opposed to the asymptotically stable direct voltage control [67], [85]]. To balance the total converter
energy among the arms, dedicated arm energy controllers are needed as part of the control structure.
On the other hand, there are no parasitic voltage components, as can be seen from (2.78)-(2.79).

* *
Yp Un
ny = = (2.76) =~ (2.77)
VC vc
+u no vy + v * —u x +uj
Up n pVep nVen 1 [ Ucomm ~ Ugiff 5 Ucomm T Ujiff 5 .
Ucomm = = == S Vep + S Ven | = Ucomm (2-78)
2 2 2 Vep Vén
_ > ) * * * *
. Un —Up  MmVen —MpVep 1 [ Ucomm + udiffvz Ucomm — udiffvz _ (2.79)
diff 2 2 2 Vo W, r) e
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Open-loop voltage control method, proposed by [85]], [87] is based on the similar principle of
obtaining the insertion indices as in the closed-loop control method, apart from the fact that the
instantaneous total arm voltages are not measured, but estimated. The authors argue that in such a
manner the communication burden can be significantly reduced, and the need for voltage sensing
devices can be eliminated. The stability analysis [85] shows that this method is asymptotically stable.

Due to the fact that the SM voltage is measured for protection reasons, and is readily available both
to the local SM controller, as well as to the central converter controller through communication
channels, all the analyses conducted within this thesis will assume closed-loop voltage control. The

converter prototype, developed within the laboratory, briefly described in[Chapter 6] also utilizes
this control approach.

Up until this point, only the averaged model of the MMC arm was considered. It was assumed that
the stack of SMs realizes the commanded arm voltage in a continuous manner, devoid of any parasitic
components, as in the case of the closed-loop voltage control. Nevertheless, the number of SMs
within an arm is finite, and so are the available voltage levels. Therefore, to produce a desired voltage
waveform, an appropriate pulse-width modulation (PWM) technique should be adopted.

2.6.2 PWM techniques

The purpose of a PWM is to generate an ac voltage, whose average over a switching period is equal
to the reference. While the PWM in two-level converters means switching the output ac voltage
between the positive and negative dc terminal voltage, multilevel converters permit more degrees of
freedom in choosing the number of voltage levels and duration of the pulses.

Modulation techniques decide when the switching event should take place and how long it should
last. Different modulation methods, already studied for other types of more mature converters, have
been investigated for the MMC. In the following paragraphs, some of the most prominent methods
will be covered, outlining their advantages and disadvantages.

The phase-shifted carrier (PSC) modulation has been extensively studied for the MMC in [88]]-
[93]. It relies on N mutually-shifted carriers, with each one being assigned to a single SM. The phase
shift between carriers results in increased apparent switching frequency, and multilevel voltage

waveform, as illustrated in[Fig. 2.10|a.

Spectral analysis of the generated arm voltage shows that apart from the desired dc and fundamental
ac component, components around (N fearr, 2N fearr, ---) appear in the spectrum [89]], [9of]. Additional
spectral components increase the total harmonic distortion (THD) of the generated voltage, and
necessitate filters. Given the fact that the inductances in the grid have low pass nature, higher
frequency content becomes less of a problem. Therefore, the product N f,,, should be chosen such
that the obtained voltage conforms the grid code requirements. On the other hand, the carrier
frequency f..rr is equal to the switching frequency of a single module in the PSC modulation, so there
is a trade-off between the low THD and low switching losses.

Two arms constitute a phase leg, and therefore, spectral components of both arms influence the overall
spectral content seen from the dc and ac terminals. As the two arms have different voltage references,
the resulting high-frequency spectral content will differ as well. Introducing a phase-shift of § =«
between the upper and lower arm carriers, a so-called (N + 1)-level modulation is achieved, and the
high frequency spectra seen from the dc terminals is minimized. Otherwise, if the high frequency

31



Chapter 2. Modelling and Operating Principles of Modular Multilevel Converters

—_

IOy
I

0.

o

s

0 0005 001 0015 0.02 0 0005 001 0015 0.02 0 0005 001 0015 0.2
time [s] time [s] time [s]
a) b) 0)
Fig. 2.10 Examples of different modulation methods used for generating the reference arm voltage with
N = 4 SMs per arm: a) PSC modulation method, with phase shift among carriers of A = 27/N, and carrier

frequency f.,,, = 250 Hz; b) Phase-disposition (PD) modulation method with carrier frequency f.,,, = 1000 Hz;
¢) Nearest-level (NL) modulation method.

[\

spectrum observed from the ac terminals is to be minimized, the displacement angles between the
positive arm and negative arm carriers should be as follows:

0, N is odd
B = 8o (2.80)
x/N, N iseven

Under such conditions, the number of voltage levels at the ac side is artificially increased, leading
to the so-called (2N + 1)-level modulation [9o]], [93]. High-frequency harmonic spectrum of the ac
terminal voltages is reduced, but increased of the dc terminal voltage. The choice between the two
types is subject to the constraints of a specific application.

Voltage oscillations in the SMs as a consequence of the converter dynamics have been already
studied in the previous sections. Nevertheless, the used model assumed continuous arm voltage,
instead of a stack of dynamically switched SMs. As a consequence of switching, SM voltages contain
high frequency ripple components, located around multiples of the carrier frequency f.,rr. These
components are inversely proportional to the number of SMs within the arm (N), but only up to some
extent, where this dependence saturates, and the increase in N has no further influence on the high
frequency voltage spectra in the SMs.

PSC modulation method shows good results in mitigating all the frequency content up to the higher
frequencies, determined by the carrier frequency. Another good feature of this modulation method is
the fact that each SM has a dedicated carrier, and thus a constant switching frequency, resulting in
equal loading among the SMs. In addition, the convenience of having a dedicated carrier to each SM
can be utilized to realize a distributed control scheme, as will be detailed in Note that
although the carriers can be assigned to individual SMs, this might not always be the case. Namely,
due to the possible differences in the SM voltages, inserting or bypassing one SM instead of other
might be advantageous for preserving the voltage balance. Therefore, PSC method might just provide
the adequate switching references, while the decision on which SMs are inserted/bypassed can be
made by a sorting algorithm.

Level-shifted carrier (LSC) modulation techniques represent a group of multi-carrier modulation
techniques, where the individual carriers are shifted with respect to one another in a vertical manner.
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Namely, assuming an arm with N SMs, N individual carriers are created, and “stacked” on top of one
another, as illustrated in [Fig. 2.10]b. The reference insertion index n, y is multiplied by the number of
carriers N, thus constituting a reference for this modulation scheme. By comparing the reference
with the "stack” of carriers, switching signals are obtained, as illustrated in [Fig. 2.10]b.

The simplest form the the LSC modulation is the phase-disposition (PD) technique, where all N stacked
carriers are in-phase, as was in the example illustrated in[Fig. 2.10]b. Other LSC modulation methods
include phase opposition disposition (POD), and alternative phase opposition disposition (APOD), with
latter producing the same output voltage as in the case of PSC modulation [91]], [94]. One should
note that in order to produce voltage waveforms with the same apparent switching frequency, carrier
frequency should be selected as N times higher than in the case of the PSC modulation.

Unlike the PSC, where each carrier could be assigned to a specific SM, switching frequency of the
SMs with LSCs would be uneven, resulting in uneven thermal stress and unbalanced voltages among
the SMs. Consequently, the intersection of the reference signal with the carriers determines just the
switching events, whereas the choice of a SM to be inserted/bypassed is left to a sorting algorithm.

Compared to the PSC modulation method, where the harmonic spectrum is grouped around the
multiples of carrier frequencies (N fear, 2N fear, --.), the frequency content of the arm voltage in case
of PD and POD is dispersed up to the low frequencies [91]. Although the THD of the LSC methods
might be lower compared to the PSC method [91] for a higher number of SMs, the presence of low
frequency harmonics imposes higher overall filtering requirements. In addition, comparison between
the PSC and the two LSC methods shows that the capacitor voltage ripple caused by modulation
effects is the lowest in case of the PSC modulation (the same as APOD) [91]].

Nearest-level (NL) modulation method relies on inserting the amount of SMs that would produce
the voltage closest to the reference value. This is achieved by defining N voltage levels that would
represent the boundaries of specific regions, defined by Ly in (2.81). If the reference voltage is
within the range [Ly, Ly ], the number of SMs to be inserted is equal to k. The principle of the NL
modulation has been illustrated in [Fig. 2.10}c, where the assumed number of SMs is N = 4. Because
of its characteristic shape, it is also referred to as staircase modulation.

VZ
Ly = —;[(0.5 + k) ,where k = 1..N (2.81)

The frequency with which the reference voltage is sampled, and compared with the predefined
boundaries, is called sampling frequency and has major influence on performance of the method,
along with the number of SMs [95]. It is shown that the dominant harmonics in the spectrum
of the arm voltage are those around sampling frequency and its multiples, thereby creating an
equivalence between the sampling frequency in the NL modulation and the carrier frequency in
the PSC modulation. The value of this frequency should be chosen as high as possible, in order to
have more precise sampling of the reference, and thus fully utilize all the available voltage levels.
Nevertheless, above certain sampling frequency, further reduction of the sampling period does not
bring any benefits, and the quality of the voltage waveform is solely dependent on the number of
SMs [l95].

Besides harmonic components around multiples of the sampling frequency, spectrum of the arm
voltage also contains low frequency harmonics, which become pronounced as the number of available

33



Chapter 2. Modelling and Operating Principles of Modular Multilevel Converters

voltage levels decreases [[96]]. Consequently, for an MMC with a low number of SMs per arm, the NL
modulation is not as suitable as is the PSC modulation, with a sufficiently high carrier frequency. In
contrast, if the number of SMs per arm is high, NL modulation becomes favourable over the PSC, due
to simplicity of implementation, whereas the THD of the two methods becomes very similar.

Unlike PSC modulation, the NL modulation cannot have pre-assigned SMs that would be inserted/by-
passed during the transition from one level to another. This is a consequence of the asymmetry
between the lower and higher levels in terms of insertion period, which would eventually result
in imbalance between the SMs [94]]. Therefore, this modulation scheme necessitates a centralized
voltage balancing algorithm, based on SMs sorting.

Programmable modulation methods are those modulation methods where the switching instants
of the SMs are predetermined as a result of different criteria.

Selective harmonic elimination (SHE) is a modulation method inherited from the thyristor-based
converters, that can be applied in the MMC with low number of SMs [97]]. As the name indicates,
the switching instants of the SMs are precalculated, with the objective of eliminating certain low-
frequency harmonics. Precalculated values of the switching angles are stored in a form of look-up
table for different values of modulation indices. As the method determines only the switching events,
and not the particular SMs to be inserted/bypassed, it is applied in conjunction with a centralized
voltage balancing algorithm.

More advanced programmable methods are optimized pulse patterns (OPPs) [98]], [99]], where the
switching events are precalculated in a similar fashion as for the SHE. Nevertheless, the objective
of these modulation methods is often multidimensional, meaning that several parameters are taken
into consideration, such as total demand distortion (TDD), converter losses (switching frequency),
dynamic performance, etc. The switching frequency in thus modulated converter can be as low as
fundamental frequency [98]], [99], all while conforming with the grid codes.

It is noteworthy that the PSCs modulation, unlike LSC and NL methods, can also meet grid code
requirements and provide superior dynamic behaviour with a low number of SMs per arm. However,
this comes at the expense of an increased switching frequency, and thus converter losses. Due to that
fact, and due to the possibility of assigning carriers to individual SMs, the PSC modulation method
has been adopted as the modulation method used in the work presented in this thesis.

2.7 M3C: Topology properties and basic operating principles

Focus of the thesis will be mainly on control methods and development of the standard MMC. Arm-
energy control methods, presented in |[Chapter 3|and|Chapter 4] are developed for the standard
MMC, yet they are general in a sense that they can be equally applied to different variants of the
MMC family of converters, including the M3C. Therefore, it is important to familiarize with the basic
operating principles of the M3C, in order to facilitate the discussion on energy control in

This topology was proposed by Erickson and Al-Naseem [32] for interconnection of two asynchronous
ac systems. It was proposed even before the standard MMC, and as the first proposal of the MMC, it
also lacked arm inductors, unlike later publications [33], [100], [101]]. The layout of a 3PH ac-ac M3C
topology is given in [Fig. 2.11] where two 3PH systems, labelled as ABC and RST, are interfaced by an
MsC.
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Fig.2.11 Layout of a 3PH ac-ac M3C topology, together with labelling of relevant converter variables (voltages
and currents).

Like in the standard MMC, each terminal of the ABC system is interconnected to a terminal of the
RST system via an arm, consisting of a stack of series-connected SMs and an arm inductor. Unlike
the standard MMC, a SM has to provide a bipolar voltage at its terminals, so it is typically realized
with a FB switching module. The role of the arm inductor is to permit independent switching in each
arm, and allow for circulating current control within the converter. Like in the MMC, a stack of SMs
acts as a controllable multilevel voltage source.

From [Fig. 2.11| one can observe that three arms connected to three ABC terminals are connected in
star configuration, which is referred to as a cluster within this thesis. Neutral point of such a cluster is
connected to an RST terminal. As a result, three such clusters can be identified in the M3C topology.
Note that the topology is symmetrical regardless from which terminals it is observed. Namely, one
could identify a cluster of three arms connected to three different RST terminals, connected in star
configuration, with the neutral point connected to one of the ABC terminals. Neutral points of the
systems ABC and RST are labelled as N, and N, respectively, whereas the voltage difference between
the two neutrals is referred to as common-mode voltage, and is labelled as uc);.

The fact that three phase-voltages in both systems are symmetrical in normal conditions, and that the
topology itself is symmetrical, permits us to draw useful conclusions on the M3C operation just by
observing a single arm. Therefore, adopting a generic form, where x = {A, B,C}, and y = {R,S, T},
and applying Kirchoff’s voltage equation for the arm xy yields:

diy
Uyy = Uy — Uy —UCM — Larm dt (2.82)

Observing and identifying clusters of arms connected to a single terminal, one can assume
that the terminal current is equally split among the arms forming that cluster. Therefore, arm current
can be expressed in terms of terminal currents as:

L
y

= + = 2.8
3 (2-83)
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a) b)

Fig. 2.12 Decoupled control of the terminal variables: a) ABC terminal current control, not influencing the
RST terminal current; b) RST terminal current control not influencing the ABC terminal current.

Assuming that the ac systems ABC and RST are of different frequencies, control of the terminal vari-
ables is decoupled one from another, decomposing the arm voltage from (2.82) into two independent
terms:

(1) Larm dix 2) Larm diy
Uxy = Uy s % (2.84) Uxy = —Uy — UCM s I (2.85)
The arm-voltage consists of two components: u)((?;, which is in charge of the x = {4, B, C} current/volt-

()

age control, and uxy, which controls the y = {R, S, T} terminal current/voltage. To demonstrate
that the two systems can be really decoupled, as assumed, we will at first observe a cluster of arms
connected to one of the y = {R, S, T} terminals, as illustrated in a. Arm voltages and currents

are assumed to have only the components related to the x = {A, B, C} terminal, i.e. u)((l}), and i, /3.
Under the assumption that the ABC system current is deprived of a zero-sequence component, the
three arm currents sum-up to zero, thus yielding iy = 0. Under this condition, and with equal arm
inductances, terminal voltage uy can be calculated as a mean value of the three voltages applied to
the star. Taking into account the definition from (2.84), this sum takes the form:

1 1 1
| o~ )+ — ) + (e~ L dlip +ig i)
uy +ucm = 3 3 5 =0 (2.86)

The last expression shows that the arm-voltage components u( ) are decoupled from the y terminal
voltage. In addition, provided that there is no path for zero- sequence currents, three arm-current
components originating from the ABC terminals also sum-up to zero, and thus do not appear at RTS

terminals. Therefore, the voltage term u)((l)), solely influence the x terminal current component control,

as assumed previously in (2.84).

On the other hand, should one observe a cluster of arms connected to the same x = {A, B, C} terminal,
and observing only the arm components related to y = {R, S, T} terminals, an equivalent circuit can
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be expressed as in[Fig. 2.12]b. As there is no path for zero-sequence currents, the three RST terminal
currents sum-up to zero, yielding i, = 0. Similarly to the previous case, the terminal voltage u, can be

calculated as a mean value of the three voltages applied to the star. Taking into account the definition
from (2.85), this sum takes the following form:

2 2 2
(ug +ucm + u)(d%) + (us + ucm + u)(gs)) + (ur +ucm + u)((,%) Loem d(ig + is + iT)
Uy = = =0 (2.87)
3 3 dt
(2)

The last expression confirms that the arm-voltage components ux y have no influence on the x = {A, B, C}
terminal voltages u,. In addition, due to the absence of the zero-sequence current path, the three
arm-current components originating from the RST terminals also sum-up to zero, and do not appear
at ABC terminals. As a result, we can conclude that the two assumptions about an independent
control of the terminal voltages and currents, expressed in (2.84)-(2.85), are valid, and will be utilized
in the upcoming analyses.

As the SMs in the M3C are equipped with floating capacitors, their energy content is dynamically
changed and dependent upon the arm-power components. To understand interactions between the
arm quantities, and the consequences it has on the M3C operation, the following notation will be
adopted, focusing on a single arm xy. Please note that, as in the case of the MMC, switching effects
are neglected, and arm voltage is assumed to be a continuous variable.

Uy = Uy sin(wyt) (2.88) iy = iy sin(wyt + ¢y) (2.89)
uy =ty sin(a)yt + ®Y) (2.90) iy = fy sin(a)yt +0y + ¢y) (2.91)

Based on the definitions of terminal variables (2.88)-(2.91), arm voltage (2.82) and current (2.83), and

neglecting the inductive voltage drop and the common-mode voltage uc)y, the arm power is calculated
as follows:

A A~
A~

. . . Uyl Uyl
Pxy = Uxyixy =(ux - uy)(lx/3 + ly/3) = TX cos(iy) —? cos(2wyt + ¢y) + ...
———— e/

dc value

~ A~
A D A

&y cos ((wx — )t — Oy — ¢Y) _% cos (e + Wyt + Oy + ¢y) *o

) LF component ’
i f i f (92)
Yy Yy
ahve cos(gi)y) +T cos(Zwyt +20y + ¢y) + ...

+

dc value

A~ A
A % A

- % cos ((a)x — )t — Oy + ¢X) +% cos ((a)X + o)t + 0y + gbx)

LF component

Observing (2.92), it can be concluded that the arm power component has two dc values, stemming
from the active power delivered from the ABC system, and delivered to the RST system. These terms
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will be utilized for the arm energy control, further explained in[Chapter 5| Two power terms at the
angular frequency wy — wy are also present and have a significant influence on the operation of the
M3C. Namely, in case when the angular frequency of the RST system wy approaches the angular
frequency of the ABC system wy, amplitude of the voltage oscillation at the angular frequency wy — wy
increases significantly, leading to an unstable operation of the converter. Unless circulating currents
are injected to compensate these terms [102[], operation of the M3C interfacing two systems of similar
frequencies is prohibited. Even in case when the circulating currents are injected, voltage ripple
is still higher than in the case of an equivalent MMC [34]], while the arm current is significantly
increased. On the other hand, the standard MMC experiences a similar problem when operating at

low frequencies.

Various studies have been conducted on operation of the M3C [33]], [100]]-[102], and its comparison
with the standard MMC for drives applications [33]], [[34]. It has been concluded that the standard
MMC is well suited for drives which operate nominally at higher frequencies, and with a quadratic
torque characteristic, such as pumps, fans and blowers. On the other hand, M3C is well suited for
low-speed gearless drives with a constant torque characteristic, such as mills, conveyors and extruders

(34].

2.8 Summary

In this chapter, modelling of the standard and matrix MMC was performed. Key variables, governing
the MMC operation were identified. The operating range of the converter voltage was defined, as
a function of the the submodule ratings, number of submodules and their type. Fault-handling
capabilities of the converter with different submodule types were discussed. Equations describing
energy oscillations within the converter arms were derived, and directly related to the voltage
oscillations within the submodules. Remedies for reducing the voltage oscillations were presented
for the standard operation, as well as the low-output-frequency operation. Different methods for
insertion index generation were discussed, as well as various multi-level modulation methods, typically
employed in the MMC control. Finally, topology and basic operating principles of the M3C were
presented, together with the equations describing terminal and internal variables. All the theory
presented in this chapter serves as a basis for further theoretical analyses in the thesis.
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Methods for the Arm Energy Control in the
MMC

The energy content within the arms should correspond to their respective energy references, in order to
enable proper generation of the arm voltages. To meet the objective, terminal, as well as internal currents
must be controlled in a way that ensures that the arm energies correspond to their references. The energy
content within each arm should be controlled independently, thus allowing the greatest possible flexibility
of the converter operation. In addition, these control actions should not alter the terminal variables.
Finally, the arm energy control method should be intuitive and simple to implement, while providing
satisfactory results under different operating conditions. In this chapter, energy control mechanisms are
identified, and different methods for their realization are proposed. The proposed control methods are
evaluated under different conditions, compared mutually, as well as with other control methods.

3.1 Motivation

To generate desired arm-voltage waveforms, the average value of the total voltage within an MMC
arm should be greater than the maximal value of the arm-voltage reference. It has been shown in
Fig. that the highest utilization of the HB SMs is achieved when m,. = my. = 0.5. In that case,
the total available arm voltage should be V> > u4.. Nevertheless, in order not to loose generality, the
average value of the arm voltage will be simply denoted as V2, without presumptions regarding its
value.

The average value of the total voltage available within an arm V2 is related to the energy content of
the arm capacitors by the relationship (2.40), repeated here:

1 2
Warm = Ecarm(vcz) (3-1)

By controlling the average arm-power quantities, the average arm energy can be controlled, and so
the average arm voltage V2. In other words, to maintain the arm voltage around its current value, the
net-zero power flow into the arm should be achieved.

Repeating the equations (2.33)-(2.34), shows that in order to have a zero-net power flow into an arm,
the dc power terms should cancel each other. Oscillating components that exist in the arm power do
not contribute to the average arm energy, and are thus disregarded.
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_ Udcldex _ lgclae COS(Pac) ) _ Udcldex _ lgclae COS(¢ac)
px,p = 2 4 (3-2 Pxn = 9 4

dc value dc value

(3-3)

From the above two equations, we can conclude that the average power terms in the two arms of a
same phase leg x are identical, and dependent upon the terminal variables. Assuming symmetrical
conditions, i.e. dc current equally distributed among the arms (igc x = iq./3), and symmetrical ac
terminal currents, summing the power terms from and across all the arms of the converter
yields:

Udc idC,X ﬁac{ac COS(¢ac) . 3. =
Pz = Z - = Ugclde — ZUaclac COS(Pac) (3.4)
_ 2 3 4 — 2
x=A,B,C P
y=p.n P,

Therefore, to maintain an energy equilibrium in each arm of the converter under symmetrical
conditions, it is sufficient to maintain a balance between the ac terminal active power and the dc
terminal power. Additionally, if the total converter energy is to be changed, i.e. the capacitor voltage
in all the SMs, it is sufficient to manipulate the power difference between the total ac and dc power,
and it will equally reflect in all the arms.

Note that in the previous analysis the converter power losses were neglected. Therefore, at equilibrium
state, the power difference will be equal to the converter power losses. Nevertheless, even when it is
accounted for the converter power losses, and the converter is kept at its equilibrium energy state, the
total converter energy might not be equally distributed among the converter arms, due to different
effects.

3.1.1 Sources of energy imbalances

There are several factors that might cause asymmetries among the arm energies, and that require
further explanation.

Electrical parameters of the arms might differ to some extent, and thus cause an energy imbalance.
To understand the imbalances caused by asymmetries in the arm parameters, we will briefly analyse
those caused by the asymmetries in the arm capacitance, inductance and the parasitic resistance.

To facilitate understanding, it will be assumed that the converter works in the inverter mode of
operation, i.e. generates an adequate ac voltage at its ac terminals, and draws the active power from
the dc terminals. Power drawn from the dc terminals should correspond to the active ac power,
augmented for the total power losses inside the converter.

The arm capacitance asymmetry occurs when the the equivalent capacitance Cy,,,, differs among
the arms of a converter. The equivalent capacitance of an arm is the capacitance of a series connection
of all the SM capacitors within the arm:

1 N
=) = (3-5)
G 4G

Two types of asymmetries can occur. The first asymmetry type occurs when the equivalent arm
capacitances within one phase leg are higher or lower with respect to the ones in another phase
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leg. Under dynamic conditions, when the dc power does not match the power reference, there will
be a surplus (or deficiency) of a power delivered to the converter, which is absorbed (or released)
by the SM capacitors. This integral of power will represent the excess energy stored in (or drawn
from) the SM capacitors, and the energy is equally distributed to all arms under symmetric conditions.
In case when the total capacitance within a phase leg is different from the other two, equal energy
distribution yields unequal voltage distribution among the phase-legs.

The second type of asymmetry occurs when the arm capacitances differ within a phase leg. During
transient conditions, when there is a non-zero power flow to (from) the phase leg, although the excess
power will be equally split among the two arms, the arm with a lower arm capacitance will charge
(discharge) more compared to the other arm within the phase leg. As a result, a voltage imbalance
between the arms appears.

The arm inductance asymmetry also provokes energy imbalance between the arms, and it might
cause some parasitic current components at the MMC terminals [103]]. To understand the underlying
processes, a single phase leg of an MMC is depicted in Fig. [3.1]a, using the averaged arm model, and
assuming unequal inductances in the two arms, denoted as L, and Lj,.

Writing the Kirchoff’s voltage law equations for the two arms yields:

( . .P
— =y, + Ryip + L,— + 6
2 ac T fplp T Lp~m T lp (36)
Ugc diy

— = —Uy. t+ Rnin + Ln

5 ] (3-7)

Defining the sum and differential inductances as Ly = L, + L, and Ly = L, — Ly, and similarly the
sum and differential arm resistances, arm-common and arm-differential equations are obtained from

i L, R Ry/4 Ls/4 ;.
L Uuge/2 — T ug/2 — lcomm 2 1 5/4 Ly/4 igig
/ / + + \
Lp ZL, u 5 7 X .
\ " R,=R de Uoomm Uit "
o \ p=Ry \ N ) /
I
+
1 ’
In R, I Lp Rp S L\d./, + \'/H—
Ix Lo dlaisf L_A dicomm
2 dt 2 d

a) b) c)

Fig. 3.1 a) Representation of an MMC phase leg, with idealized voltage sources, and asymmetric arm
parameters; b) Equivalent circuit for the arm-common current control considering inductance mismatches
among the arms; ¢) Equivalent circuit for the arm-differential current control considering inductance mismatches
among the arms.
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ig; d(i + igifr/ 2
Uge :up+un+Rp(icomm+%)+Lp (icomm *+ idgift/ )+

dt
2uc0mm
. Ldiff d(icomm - idiff/z) (3-8)

+ Rn(lcomm - _) + Ln d

t
dicomm Ry Lp didiff
=2u, + Ryi 4+ Ly—————+ —igigp+ ——

comm Yicomm % dr 2 diff 2 dt

Un —Up Ry, igife, | Ly 9Ccomm — idTiff) p
Uae = 5 +7(lc0mm - T + ?T - ?(lcomm + ldiff/z) + ..
Udiff
Ry, X Ldiff p #\comm T 7,
_ng _ay PO 27
2 Seommo g 2 dt
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=UQiff — Tldiff - 77 - 71comm - 77

The equation shows correlation between the arm-common voltage and the arm current. It
reveals that under the asymmetry among the arm inductors, a parasitic ac voltage component appears,
proportional to the time-derivative of the ac terminal current iy, and the arm inductance difference
Ly, as shown in Fig. [3.1b. This voltage component will drive a parasitic fundamental-frequency
arm-common current component. As the arm inductance differences Ly might have arbitrary values
in the three phase legs, so do the induced fundamental-frequency arm-common currents. Therefore,
their sum over the three-phase legs is not equal to zero, and thus appears at the MMC dc terminals as
the oscillating component. Therefore, it is necessary to have a dedicated controller tuned to suppress
this parasitic arm-common current term.

On the other hand, the equation reveals that a parasitic voltage component appears in the
arm-differential circuitry (c.f. Fig. [3.1}c), proportional to the derivative of the arm-common current
icomm, and the arm inductance difference Ly. While the derivative of the arm-differential current
is the oscillating term at the fundamental frequency, the derivative of the arm-common current
oscillates at double the fundamental frequency in case when the direct voltage control is applied, thus
appearing at the ac terminals. In addition, the second harmonic arm-common current component
is not symmetrical among the three phases, thus appearing at the dc terminals as well. Though a
dedicated controller for this current component is needed in the direct voltage control scheme, such a
problem is not present in the closed-loop voltage control.

Nevertheless, even in case of the closed-loop voltage control, parasitic fundamental-frequency arm-
common current appears as a result of asymmetry, and interacts with the arm voltage components,
resulting in non-zero average power components. To understand the effects of such a current on the
arm energy content, induced arm-common current component can assume the following form:

Ly dig; wgLal Ll
SATUL 2 st +9) = Ailfam = - sin (0t +9) (3.10)
)

(ac)
A -
Vecomm 2 dr 5

Interaction of such a current with the arm-voltage components in the positive and negative arm
yields the following power terms:
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dw, Lai,
p Uq L Alac .
el (f — U Sin (a)gt)) 2L;C sin (a)gt + ¢) (3.11)
dw,  juge . . Lpdae .
dtn = (?C + uac Sin (a)gt)) T;C sin (C()gt + ¢) (3'12)

Only the arm-differential energy term has a non-zero average over a fundamental period, which is
equal to:

dWy _ﬁacfacLA cos (¢)

el i (3.13)

The last equation shows that this current component creates an energy imbalance between the arms
within a phase leg. As discussed earlier, it can be suppressed by a dedicated controller. However,
even temporary existence of the parasitic fundamental-frequency arm-common current component
creates an energy imbalance between the arms within a phase leg, thus necessitating a dedicated
energy controller that would maintain the arm-differential energy W, around its reference value.

Note that in previous analysis the arm resistance was neglected, as it does not have profound effect
on the outcomes of the analysis. Nevertheless, difference in the parasitic arm resistance may also
cause an energy imbalance, which will be clarified hereupon.

The arm resistance asymmetry is the most likely to occur, as the arm-resistance is a parasitic term,
combining the parasitic resistances of the semiconductors in the SMs, the arm inductor resistance, as
well as the resistances of the busbars and connections. Differences in cooling, layout and manufactur-
ing may cause the parasitic resistance terms to differ among the converter arms, which may provoke
different effects in the MMC.

Equations - show the dependence of the arm-common and arm-differential currents on
the respective voltages. Assuming symmetric arm inductors in this analysis (Ly = 0), a parasitic
voltage term appears in the arm-common equivalent circuitry, proportional to the asymmetry in
the arm resistances, and the arm-differential current, as illustrated in Fig. b. On the other hand,
arm-differential equivalent circuitry (c.f. Fig. [3.2]¢) reveals that the asymmetry in the arm resistances
results in parasitic dc voltage component, creating a parasitic dc current at the ac terminals [103]].

Nevertheless, the parasitic resistances are typically small, and significantly lower than the arm
impedances, rendering these parasitic current components negligible. Nevertheless, the asymmetry
in the parasitic resistances can contribute to the energy imbalances among the MMC arms. The first
type of imbalance may occur among the phase legs, if the parasitic resistances are different among the
phases. Namely, the dc current drawn from the dc terminals corresponds to the power requirements at
the ac terminals, augmented for the total converter power losses. Assuming symmetrical conditions,
the dc current is equally split among the phase-legs. While the active power consumption at the ac
terminals might be balanced, different parasitic resistances would cause different power losses among
the phase legs. As a result, phase legs with lower resistance will experience lower losses, resulting in
increased energy content in their SMs, whereas those with higher resistance would have their energy
content reduced.
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Fig. 3.2 a) Representation of an MMC phase leg, with idealized voltage sources, and asymmetric arm
parameters; b) Equivalent circuit for the arm-common current control considering resistance mismatches
among the arms; c¢) Equivalent circuit for the arm-differential current control considering resistance mismatches
among the arms.

Another type of energy imbalance might occur within a phase leg, when the parasitic resistances of
the two arms differ. In such a case, while the power received from the dc terminals and released to a
corresponding ac terminal are equal for the two arms (c.f. (3.2)-(3.3)), the difference in their power
losses causes the arm with lower losses to surcharge, and the other with higher losses to discharge.

Unbalanced grid conditions are yet another source of energy imbalance within the converter.
Namely, taking as an example a single-phase-to-ground fault, affected phase will experience a sudden
voltage drop at the MMC terminals. While the grid-current control will ensure that the ac terminal
currents remain symmetrical after the transient, the active power delivered to the affected phase
will be generally smaller compared to the remaining phases. Consequently, under equal dc power
distribution among the phases, the total energy in the affected phase leg will increase, in contrast to
the other two phases. Even if the dc power is distributed among the phases proportionally to the
active power delivered to the ac terminals, a power difference during transients might have already
caused an energy imbalance in the affected phase.

As a result, besides dc power redistribution among the phases according the the ac phase power
outputs, an energy controller maintaining the energy content within each phase leg is also necessary,
to support operation under unbalanced grid conditions.

Failed SM operation is an operating mode where the energy imbalance among the arms can be a
desired scenario. Namely, redundant SMs can be installed to provide uninterrupted operation during
a fault of a SM. There are different schemes how the redundancy is employed.

One possible scheme is a so-called “cold reserve” [104]], [105]], where the redundant SMs are kept
bypassed during normal operation, and inserted into the circuitry only when a SM fails. The drawback
of this approach is that the “cold” SM has to be charged prior to being inserted, and this process might
last prohibitively long.

Another scheme is the so-called “hot reserve” or “spinning reserve”, where redundant SMs are used
along with the regular ones during normal operation. In case of a fault of a SM, faulty SM is bypassed,
whereas the affected arm continues its operation with the remaining SMs. Although operating with
an asymmetric number of SMs per arm, the last scheme can guarantee normal operation, provided
that the total voltage available in the affected arm is sufficiently high to generate the reference voltage
[104]. In case where the increase in the SM voltage reference is permitted, the total arm voltage is
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preserved by increasing the voltages of individual SMs. Otherwise, the neutral-point shift approach
is applied. Nevertheless, in both cases the arm energy reference is changed, due to the change in the
number of SMs.

Previous discussion has shown that the energy content in the arms might change due to the tolerances
in arm parameters, as well as during transients or unbalanced grid conditions. The energy imbalance
can also be intentionally produced in case of a failed SM.

In the previous chapter, different methods for insertion index generation were discussed, together
with the implications they have on the generated arm voltage. It has also been mentioned that the
direct voltage control method maintains the arm energies inherently balanced, in contrast to the
closed-loop voltage control method, which necessitates dedicated energy controllers for this purpose.

3.1.2 Internal dynamics of the direct-voltage-controlled converter

The direct voltage control method is the simplest control method, as its modulation indices are
generated without the need of measured arm voltages, and more importantly- it does not require
dedicated energy controllers to keep the converter arm energies balanced, as it was empirically proved
in [67].

A formal proof of the self-balancing capability, along with the discussion regarding the process

dynamics and different factors that have a decisive influence over it, is provided in

To summarize the conclusions, the total arm voltages are defined as in lHD where ch,p,ref and
>

chn rof are reference arm voltages, whereas Ach,p and AV, are mean arm voltage deviations from the

reference values.

Ve = Vet T AV (3.14) Vo = V2 o+ AV, (3.15)

c,nre

After a derivation process, detailed in|Appendix Al and introducing a sum deviation term AVCE,Z =

AVCE,p + AVCZ’H, and delta deviation term AVy = AVey, — AVCZ’H, the dynamic behaviour of the two terms
is described by the following equations in Laplace’s domain:

2
m.
AVCZ,Z(S)(SZCarmLarm + Scarm(Rarm + Kp) + (T'I’IéC + %)) =0 (316)

2
m
AVEA(S)(szcarmLarm + sCarm(Rarm + Kp) + (mgc + %)) -0 (3.17)

These equations show that whatever the deviation, the arm voltages will naturally converge towards
; ) %
the setpoints Vc,p,ref and V;

n,re
parameters and control gains, and is some cases might be very slow.

¢ Although the convergence is guaranteed, it is dependent on the arm

Despite the ease of implementation, and natural self-balancing property, it has already been shown
that a variety of undesired effects follows the direct voltage control, which are completely avoided if
the closed-loop voltage control is applied.
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3.1.3 Internal dynamics of a closed-loop voltage-controlled converter

Motivated by the appearance of the parasitic second harmonic current in the direct-voltage-control
scheme, the authors in [67] proposed the closed-loop voltage control concept. They have also shown
that the control concept is marginally stable, and requires additional energy controllers to stabilize
the system.

To understand these principles, we shall start with the insertion index definition, which is the
major difference with respect to the direct voltage control scheme. Insertion indices in the closed-
loop voltage-controlled converter are determined by dividing the arm voltage reference with the
instantaneous value of the total arm voltage:

* * * *
Up  Ucomm — Ugifr Uy Ucomm T Ugif
np=—~=——= (3.18) nh=—=-=—>5 (3-19)
Vep Vep Ven Ven

Consequently, generated arm-common and arm-differential voltages correspond to their references, as
shown in (3.20)-(3.21). As a result, no parasitic current components appear neither in the arm-common,
nor in the arm-differential current.

* * * *
_ BT 1 Yeomm — Uaigr s Moomm Flair s ) _ s (3.20)
Ucomm = - 5 > c,p > c,n | — Ycomm .
2 2 Vep Ven
* * * *
_ T 1 Ucomm T Ugifr 5 Ucomm T Udiff 5 |
Ucomm = 2 - 5 Ven + ) vc,p - udiff (3~21)
Ven Vep

Neglecting the voltage terms originating from the current control (inductive and resistive voltage
drops), arm power equations for the positive and negative arm take the following form:

dWP _ . [ Ude . . £ Ide iac . ( ¢
5 =P =t = ~tacsin (wg ) £y + = sin{wgt + 9) (3-22)
aw, lge 1

dtn = Pn = Upin = (% + flye sin (a)gt))(%C — %‘“‘ sin (wgt + gb)) (3-23)

Adding and subtracting the equations (3.22)-(3.23) yields:

A

dWs _ ugclde . . e
— 0 = — Uy sin (wgt) — sin (wet +
! 3 L : e (3.24)
_ Udclde aaciac Cos (¢) N ﬁacl'ac cos (Za)gt + ¢)
=3 y p
AWy Ugclge Sin ((ugt +¢@)  2dycige sin (wgt) 29)
) - 3.25

dt 2 3
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Provided that the ac and dc power balance condition is satisfied, the first two terms in (3.24) cancel
each other out, and the equations (3.24)-(3.25) take the following form:

dWs,  Uaclac €OS (ngt +¢)

- 26
o 2 (3-26)

dW)p Ugclae SN (a)gt +¢)  2dycige sin (wgt)
i 5 - 3 (3-27)

The last two equations contain only the oscillating terms, giving a conclusion that the system is at
the boundary of stability. Namely, in case of any deviation of the arm-sum energy Ws, or arm-delta
energy W)y, the system does not return to the nominal operating point on its own. Therefore, to
stabilize the system, two controllers should be added, as demonstrated by the following equations:

dWs  Ugclac €OS (ngt +¢)

= = y + Koz (Ws - W) (3.28)

AW udcfac sin (a)gt + ng) 2Uycige SIn (a)gt) .
el ; - 3 + Kp,A(WA - WA) (3.29)

Neglecting the oscillating terms, and applying Laplace transformation onto (3.28)-(3.29) yields:

W(s) = Wi ()2 (330)  Wa(S) = Wi()—22 (3.31)
S) = S)—— .30 S) = S)——— .31
z > S+Kp,z 33 A A 3+Kp,A 33

Therefore, the two energy controllers not only stabilize the system, but can also drive the arm-sum
W5, and arm-delta W) energies to the arbitrary references. The question that naturally arises is how
the two control actions are achieved, and how do they correlate to the terminal and internal voltages
and currents of the MMC. Therefore, the subject of this chapter is to investigate different methods for
the arm-energy control.

3.2 Arm-Energy Control Mechanisms

In the previous chapter, it was shown that the arm energies consists of a dc term and oscillating
components at fundamental and double the fundamental frequency. As the dc value of the arm energy
corresponds to the average value of the total arm voltage V2, the energy content within each arm
should be maintained around predefined value to ensure proper operation of the converter.

It was shown by (3.28)-(3.31) that by addition of two energy controllers for the arm-sum W5 and arm-
differential W energy in each phase, the arm-sum and arm-differential energies can be controlled to
arbitrary values. As a result, individual arm energies within a respective phase can also be controlled
to arbitrary values:
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Wy (s) + Wa(s) (332) W.(s) = W(s) = Wa(s)

Wpls) = 2 2

(3-33)

Mean arm energies are governed by the mean arm-power components, and it is necessary to identify
power components that would realize the arm-energy control tasks, as proposed in (3.28)-(3.29).
We have already seen that when the closed-loop voltage control scheme is applied, average power
components equal zero, thus making this control scheme incapable of achieving the energy control
tasks. One should recall that during the analysis, it was assumed that the arm voltages and currents
consist only of the ac and dc terminal components. Nevertheless, as it has been shown in|[Chapter 2|
a common-mode voltage u.,, can be also injected at the ac terminals, if permitted, and the circulating
currents can be produced within the MMC arms, without affecting its terminals. These components
can be utilized to produce non-zero mean arm-power components that would execute the arm-energy
control tasks.

To understand how these components interact with the other arm voltage and current quantities,
arm power equations are repeated here for a single phase leg, assuming symmetrical conditions.

. Ude .o ide | lac . .

Pp = Upip = <7° — U, sin (a)gt) - ucm>(?c + % sin (a)gt +¢)+ lcirc> (3-34)
. Ude | ~ . Ide iac . .

Pn = Uply = > + U, sin (a)gt) + Uem Fainiey sin (a)gt + ¢) + icire (3.35)

Common-mode voltage u.,;, and arm-circulating current i;,. are degrees of freedom, and can theoret-
ically take any form. A product of two ac components has non-zero average only in case when the
two components are of the same frequency. Therefore, the common-mode voltage and circulating
current should be chosen such that their frequency components correspond to those of the other
terms in (3.34)-(3.35). Therefore, we can assume that the two variables have the following form:

Uem = acml sin (wgt + ¢cml) + acmZ sin (wcmt + ¢cm2) (3~36)

Icire = leire,de T lcirc,acl sin (wgt + ¢circ1) + lcirc,ac2 sin (wcmt + ¢circz) (337)

The choice of frequency components in (3.36)-(3.37) should be further clarified. The common-mode
voltage was chosen such that it might contain a fundamental frequency component, in order to
interract with the grid current component i,., and another arbitrarily chosen component at the
angular frequency w.p,. It might also interact with the dc current component, but the reason why
only the wy is chosen is the fact that all the control requirements will be satisfied with the interaction
with the grid current. Namely, while the dc current cannot exist without the corresponding grid
current, grid current can exist even if the dc current is equal to zero, when the MMC is providing
STATCOM functionality. Therefore, as the interaction of the common-mode voltage with the dc and
grid current would give the same effects, it is more reasonable to have the common-mode voltage at
the angular frequency w,. Regarding the circulating current, it is assumed that the circulating current
might have all the components as the arm voltages.
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Multiplying all the terms in (3.34)-(3.35) and retaining only those that could have non-zero average
values, the equations (3.38)-(3.39) are obtained.

_udcidc _ ﬁaciac cos (¢) n udcicirc,dc _ aacicirc,acl cos (¢circ,ac1) +

Pe ) 4 2 2 (3.38)
ﬁcmliac Cos (¢cm1 - ¢) ﬁcmzicirc,aCZ Cos (¢cm2 - ¢circ,acZ)
B 4 - 4
udcidc ﬁac{ac cos (¢) udcicirc,dc aaczcirc,acl Cos (¢circ,ac1)
e 4 T2 T 2 ' (3-39)
_ ﬁcmlfac COos (¢cm1 - ¢) + ﬁcmzfcirc,acz Cos (¢cm2 - ¢circ,ac2) .
4 4

The fact that the positive-arm power and negative-arm power contain the same terms, yet some with
the opposite signs, couples the control of the positive and negative arm energies, thus making it
impossible to control them independently. Nevertheless, by summing and subtracting the equations
(3-38)-(3-39), arm-common py and arm-differential py power terms are obtained, which are completely
decoupled from one another.

Ugclg ﬁac{ac Cos (45) . ﬁcmlfac Cos (¢cm1 - ¢)
ps=pptpPn= — - + Udclcirc,de — (3-40)
3 2 2
.2 ﬁcmzicirc,aCZ COos (gbcmz - ¢circ2)
PA = Pp = Pn = —Uaclcirc,act COS (¢circ1) - (3.41)

2

The arm-sum py and arm-differential pp power components are derivatives of the arm-sum W5 and
arm-differential W)y energies, respectively. As such, these two power components represent the means
for controlling the sum and differential arm energies, and thus the positive and negative arm energy.

As there are several terms that can be used to achieve a desired control function, each control
mechanism should be examined in more detail. As the arm-differential and arm-sum control methods
are decoupled from one another, they can be separately analysed. Arm-differential energy control is
analysed first, as some of the principles derived for this control action are used later in the arm-sum
energy control.

3.3 Arm-Differential Energy Control

To start with, the equation is repeated in (3.42), where two power terms can be identified. The
first power terms is based on interaction of the arm-differential voltage ug;¢ and the intentionally-
produced circulating current iy 5c1. The second term is a product of interaction of the common-mode
voltage u.y,, with the intentionally produced circulating currents icjyc ac2-

ﬁcmZicirc,aCZ COs (¢cm2 - ¢circ,ac2)

A = _ﬁacicirc,acl Cos (¢circ,ac1) - (3-42)
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a) b)
Fig. 3.3 Equivalent model of the arm-differential control assuming a) P control structure; b) PI control
structure.

While the arm-differential voltage is available in most of the operating modes, the common-mode
voltage might not always be available. Even in case when the common-mode voltage is injected, it
magnitude is typically significantly lower compared to the arm-differential voltage. In case of a third-
harmonic injection method, this ratio equals 1:6. Therefore, to produce the same power component,
the second term in would require significantly higher circulating current component, than it
would be the case with the first term. Consequently, unless in case of a severe short circuit close to
the MMC ac terminals happens, the first term will be utilized for arm-differential energy control in
most of the cases, and hence be the subject of the forthcoming discussion.

3.3.1  Choice of controller structure

The arm-differential energy controller was introduced in the equation (3.29), and by neglecting the
oscillating terms, the time derivative of the arm-differential energy W) is determined by:

d(% = Kp,A(WK - WA) (3-43)

Therefore, the output of the arm-differential energy controller described by is the arm-differential
power reference. Structure of the arm-differential energy controller is shown in [Fig. 3.3}a. The basic
control structure assumes only the proportional gain, yet in certain cases it might not be sufficient. For
example, in case of the arm-inductance asymmetry, a parasitic fundamental-frequency arm-common
current component will appear, and by interacting with the arm-differential voltage create the arm-
differential power component. If this current component is not compensated for, it will result in a

constant arm-differential power term PgeXt), modelled as a disturbance in |Fig. 3.3|a.
From the equivalent model from a, the arm-differential energy error AW, can be obtained as

a function of the arm-differential energy reference Wy and the external disturbance PgeXt) as:

s 1

AWA(S) = — Wi(s) + X PEY(s) (3-44)
1% 1%

Assuming the arm-differential energy reference and external disturbance are two constants, that can
be described by Heaviside step function, and applying the final-value theorem, yields the steady-state
value of the arm-differential energy error:

Wi o1 P gem) _ A (3.45)

K

AWt — o) = lim s AWA(s) = lims (
P

+
s+Kp s s+Kp s
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3.3. Arm-Differential Energy Control

The last expression shows that in presence of a constant external disturbance, proportional only
control structure is incapable of achieving zero steady-state error in tracking the arm-differential
energy reference.

On the other hand, if the controller assumed proportional-integral (PI) control structure, as illustrated
in b, the arm-differential energy error AW, now takes the following form in s-domain:

2

s (ext)
AW, == P .46
A(s) Zsko T K A (8) (3-46)

s
WA(s) + ————
A sz+st+Ki

Applying the final-value theorem, the steady state error in presence of a constant external disturbance
becomes zero:

* (ext)
2 w P
( > A > = ) =0  (3.47)

AWA(t — ) = lims AWx(s) = lims | ——
a ) s—0 als) 5= sz+st+Ki s s2+st+Ki s

0

Therefore, due to various effects that might be a constant disturbance for the arm-differential energy
control, PI controller structure is adopted, as it ensures zero steady-state error.

3.3.2 Arm-differential energy control mechanism

While the controller structure is defined, it still remains an open question how the arm-differential
power reference (Py in is realized. In the internal control structure that realizes
the reference arm-differential power is represented by a block named MMC, which has a unity gain,
i.e. ensures that Py = P;. Recalling the equation , and considering only the first power term,
arm-differential power in phase x can be expressed as in (3.48), where iy is the magnitude of the
arm-differential voltage in the phase, fA)X is the magnitude of the circulating current introduced for
the arm-differential control, and ¢, y is a phase shift between the voltage and the current. Circulating
current and phase shift are labelled slightly differently with respect to for convenience reasons.

PA,X = _ﬁdiff,xiA,x COs (¢A,X) (3.48)

The arm-differential voltage magnitude g is readily available variable in the controller, and is
equal among all phases under symmetric conditions. The remaining variables, the circulating current
magnitude and the phase shift, are two degrees of freedom that should be carefully selected.

By setting the circulating currents in phase with the respective arm-differential voltages, circulating
currents with the lowest magnitudes are obtained from the arm-differential power references:

ix o= Pha (3.49) i, = Pan (3.50) ine = L. (3.51)
Aa = = . b= e . Ac = = .
b gifra AD T daiten ¢ lgifre

While the arm-differential voltage magnitudes are equal in all three phases under balanced conditions,
arm-differential power references have in general arbitrary values. Consequently, calculated circulat-
ing current magnitudes iy , have different values among the phases. Based on the initial assumption
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( == Original references == Modified references J
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a) b) )
Fig.3.4 Phasors of the arm-differential voltage references Uyt and circulating currents Iy , for arm-differential
energy control: a) Original set of circulating current reference phasors; b) original and modified circulating
current reference phasors - Method I; ¢) original and modified circulating current reference phasors - Method II.

that the circulating currents are controlled to be in phase with the respective arm-differential voltages,
their sum across three phases is in general different from zero. This is illustrated in[Fig. 3.4la.

While many authors use the abovementioned principle to control the arm-differential energies, many
of them fail to recognize the issue of a non-zero sum of the circulating current references, as in [67]],
[103], [105]-[108]. Generating references in this manner would result in an ac current component
penetrating the dc terminals, which should be avoided.

Several other authors [[109]]-[117] deal with the issue using different approaches.

Authors in [[109]] propose a solution where the circulating current references are obtained by trans-
forming the original references into the positive and negative sequence rotating reference frames, and
controlling currents independently in the two frames. The same approach is used in [112]]. Although
derived using a different approach, the solution proposed by [[114] results in the same circulating cur-
rent references, obtained in the two rotating reference frames. Authors in [[110]] propose a generalized
method for a class of modular multilevel converters, resulting in a transformation matrix that is used
to multiply the original set of references. Nevertheless, interpretation of the results from [110]] might
be tedious, and requires the use of advanced mathematical tools [[118]], [119]]. The reference [111] uses
two rotating reference frames at fundamental and double the fundamental frequencies to control the
arm energies and suppress the voltage ripple in the SMs. While the proposed method ensures that
the circulating currents remain within the converter, it cannot guarantee a control of arm-differential
energies to arbitrary values. Authors in [113], [115] propose an arm-differential energy control
method based on positive and negative sequence circulating currents. Although it can ensure that
the circulating currents remain within the converter, as well as an arbitrary arm-differential energy
reference tracking, it requires decomposition into the two sequences, as well as the positive sequence
voltage extraction during unbalanced grid conditions. The authors in [[116], [117]] present a generalized
energy control method, applicable to the class of MMCs. The set of circulating currents is obtained as
a result of optimization with respect to the RMS value of the current. According to the authors [[116]],
resulting currents have the same form as in the case of method [114].

The upcoming analyses will investigate different methods for obtaining the circulating currents for the
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3.3. Arm-Differential Energy Control

arm-differential energy control task. Its aim is to explore the degrees of freedom, and find effective,
yet simple solutions to the problem. Proposed methods do not require use of multiple rotating
reference frames, neither advanced mathematical tools for its understanding and implementation.
In addition, the methods derived within the thesis can be effortlessly extended to different types of
MMC topologies, such as a multiphase MMC, M3C or the MMC with paralleled arms [120]], and are
equally applicable under unbalanced grid conditions.

Based on the equations (3.49)-(3.51), arm-common current references for the differential energy
control (i3 ,) are calculated, keeping in mind that they should be synchronized with the respective
arm-differential voltages. However, as the illustration in a shows, the sum of the three arm-
common currents is not necessarily equal to zero, due to the arbitrary arm-differential power references
Py - Additionally, during unbalanced conditions, arm-differential voltages are asymmetrical, yielding
asymmetrical current references iZ,X, even if theoretically arm-differential power references are equal
among the phases. Therefore, there exists a need for the arm-differential current modification.

[Fig. 3.4!b and[Fig. 3.4}c show two possibilities that are analysed in this chapter. Phasors of the original
current references (green) and symmetrical arm-differential voltages (black) are shown, together with
the phasors of the modified current references (purple).

The first approach assumes that the active power obtained by interaction of an arm-common current
and a corresponding arm-differential voltage should remain equal in case of both original and
modified current references. In other words, by modifying the current references, arm-differential
power references Py , should be respected. In addition, modified references should sum-up to zero, so
as not to appear at the MMC dc terminals. This method is referred to as Method I within this thesis.

The second approach identifies a set of modified current references that have the lowest deviation
from the original set of references, and still sum-up to zero. As a consequence, it does not ensure the
arm-differential power reference tracking, yet due to the low deviation of the generated currents from
the original references, realized power components are close to the references. The motivation is to
generate the lowest possible circulating currents that satisfy the zero-sum condition, while enabling
arm-differential energy control. This method is further referred to as Method IL.

3.3.3 Current modification - Method I

To obtain a set of currents that would produce required arm-differential power components while
summing-up to zero, we will start by defining the time domain expressions for the original and
modified current references:

ina = Iaq sin (0g) (3.52) ixe = 13" sin (gt + dn ) (3.55)
.k Tx . 277,' ck% Sk . 271'
ixp = Ipp Sin (wgt — ?) (3.53) ixp = Ipp SN (a)gt iy + qSA,b) (3.56)
. % T . 2]7: oY Txk s 277:
INe =IpSin (a)gt + ?) (3.54) ine = Ipcsin (a)gt + ey + ¢A,c) (3.57)

Magnitudes of the original set of current references i A are obtained from 1HD whereas their
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phases are aligned to the associated arm-differential voltages, as illustrated in[Fig. 3.5}a. Note that
during the analysis it is assumed that the grid phase voltages and currents are symmetrical, and so
are the arm-differential voltages. Arm-energy control under unbalanced grid conditions is subject of
Chapter 4

On the other hand, modified current references, expressed by 1Hi have three magnitudes i X’;
and three phase angles ¢ x that can in general take arbitrary values. Therefore, at initial stage, there
are six degrees of freedom in choosing the modified current references.

Nevertheless, the ultimate criterion that the modified references should comply with is that their sum
should be equal to zero, as expressed by (3.58).

l % sin (a)gt +pa) + lAb sin (a)gt 2? +ap) + lAc sin (a)gt + T Pre) =0 (3-58)

This constraint can be further decomposed into the sine and cosine terms, which should both be equal
to zero:

sin (wgt)<lA o COS (qSA a) + lAb cos (qSAb - 2—) + lA . cos (qSA c 2”)) =0 (3.59)

3 3
Aw . Pk . 21 Asw . 2m\\ _
cos (wgt) Ina SIN(Ppa) +iypsin(Pap — 3 +ipesin(Pac+ 3= 0 (3.60)

Equations (3.59)-(3.60) are two constraints that are imposed on the degrees of freedom, and as such
reduce the degrees of freedom from six to four. Denoting the projections of the modified current
references to the axes of the respective voltages as in (3.61), the two constraints (3.59)-(3.60) can be

expressed as in (3.62)-(3.63).

léd)z = zAXcos (qSA X) (3.61)
tan (¢A b) ( )(\ftan (gi)A a) — 1) l(d) + 21(d) (3.62)
\fl Jtan (gpc) = 2(\ftan (fpa) +1) - Zlédg + 1£dc) (3.63)

The two conditions (3.62)-(3.63) are valid for both Method I and Method II, as both methods have to
ensure the zero-sum of the currents.

What Method I aims to ensure is that the arm-differential power references are preserved with the
employed current modification. This is achieved if the projections of the modified current references

2(d)

on the corresponding voltage axes (i ) are equal to the original current references i Ay as illustrated

A(d
lAaC°5(¢Aa) lég A (3.64)
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a) b)
Fig. 3.5 Phasors of the original and modified current references, for Method I of the arm-differential energy
control: a) Projections of the modified current references to the respective voltage axes are equal to the original
references, thus preserving power references; b) Criterion used to find an optimal solution, by minimizing the
deviation of the modified references with respect to the original ones.

inn cos ($ap) = ’Ab =ixb (3.65)
2(d
% cos (Pac) = léc) =iz, (3.66)

As a result, the constraints (3.62)-(3.63) can be now expressed as a function of a single unknown
variable - tan(¢p ,):

\E{Xb tan (¢ap) = {Xa<\/§ tan (¢pa) — 1) - {Xb + Z{X,C (3.67)

\/gfzc tan (Pp ) = fKa(@ tan (Pp ) + 1) - Zl?z,b + fZC (3.68)

With the three additional constraints (3.64)-(3.66), the number of degrees of freedom is further reduced
from four to one. The two phase angles (¢A b and ¢, ) as well as the three current magnitudes G5 Aas ix A b

and i A, A ) are implicitly defined by leavmg the variable ¢, , the only degree of freedom.

In general, this degree of freedom can be arbitrarily set (for example tan(¢s ) = 0), rendering the
system fully determined. Nevertheless, the objective is to use the remaining degree of freedom so as
to minimize the magnitudes of the newly obtained current references. Given the fact that the original
current references represent the lowest circulating currents that would attain the arm-differential
power references, it is of interest that the modified current references have the least possible deviation
from the original ones. This would ensure that the magnitudes of the modified references are the
least possible, under given constraints.

To do so, a criterion function A? is defined as in [Fig. 3.5b, representing the sum of the squared
deviations of the modified references from their original values:

. 2 N 2 . 2
A =AZ+ AL+ AZ= (i&a tan(d)A,a)) + (iz,b tan(gbA’b)) + (lX’C tan(d)A,C)) (3.69)
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Incorporating the equations (3.67)-(3.68) into (3.69), and finding the solutions for the equation:

dA?

atan(qﬁA,a) =0 (3.70)

yields the three phase angles (§a 5, #ap, and ¢, ) that would ensure the minimal deviation of the
modified references with respect to the original ones, while preserving the arm-differential power
references and ensuring a zero sum of the currents.

~ ~ A A~

By —ixe ixc—ix iAa ~iAp
tan(fpa) = NN (371)  tan(gap) = \f 2 (3.72)  tan(fpc) = \f (3.73)
Aa IA b IAc

Recalling the initially assumed time-domain expressions for the modified current references (3.55)-

(3.57), they can be now expressed as:

ira(t) = ZA; sin (wgt + ¢ a) = lAX’; cos (¢p ) sin (wgt) + ZAXZ sin (¢a ) cos (wgt)
= iA’a sin (a)gt) + f&a tan(qSA,a) cos (a)gt)
2 . 1 /» 2
= lz,a sin (wgt) +ﬁ(l&b - lz,c) cos (a)gt)

original reference

(3.74)

ixp@) = ;ﬁ) sin (a)gt i, ¢A,b) = IAX’{) cos (fap) sin (a)gt — z?ﬂ) + IAX’L sin (¢ ) cos (wgt — 2?”)

3
A . 2r A 2r
=iy} sin (a)gt - ?) +ixp tan(ga p) cos (a)gt — ?)
- 2r 1 /» » 2r
=iy sin(wt——)+—(i* —ix )cos(wt——)
Ab g 3 \/g A,c Aa g 3

original reference

(3-75)

iz WOE zA’*C sin (cogt + Z?n + ¢A,c) zA . COSs (¢A C) sin (a)gt + 23 ) + zA < sin (¢A c) cos (a)gt + 2?)
_ G 2r 27
=ip . Sin (wgt + 3 ) + lA c tan(¢A C) Ccos (wgt + ?)

A 2 1 /» A 2r
=iy Wt + — )+—(i* —ix )cos(wt+—)
A,C ( g 3 \/g Aa Ab g 3

\

original reference

(3-76)

Sine terms in (3.74)-(3.76) are identical to the original arm current references, defined in -
(3.54), which are in-phase with the arm-differential voltages. In addition, in-quadrature sinusoidal
components are also present in the modified references, and the question is how those can be generated.
By denoting the sine terms of the three arm-differential phase voltages as:
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A =sin (a)gt) (3.77) B =sin (a)gt - z?ﬂ) (3.78) C = sin (a)gt + z?ﬂ) (3.79)

time-domain expressions for the modified current references can be obtained as:

30 = 5.4+ 5 (5, ~ i) (C - B) (3.80)
350 =3B+ 5 (e~ ira) (A C) (3.81)
i55) = 85,0+ %(IA ~izy) (B~ 4) (3.82)

Implementation of Method I of the arm-current modification is illustrated in As it can
be observed, the additional currents are generated by a simple multiplication of the normalized
arm-differential voltages and original current references by the matrix denoted as K;. Thus obtained
current components are summed with the original references, yielding the final circulating current
references for the arm-differential energy control.

Compared with the other methods that aim to modify the current references, based on current
decomposition into the positive and negative sequence rotating reference frames, this method offers a
straightforward implementation, devoid of the need for sequence decomposition. On the other hand,
by comparing the original and modified references of the proposed method and the method presented
in [109], as it is done in using exemplary phasors, it can be concluded that both methods
yield the same modified references. Nevertheless, the implementation of the Method I is significantly
simpler compared to the method presented in [109].

Thus obtained current references iy’ sum-up to zero, while preserving the original power references.
The modified current references from are further fed to the current controller, which should
be able to track the references.

reference modification

modified references

ina(®)
ixp(®)
ire(®)

U3¢
Ugigra () = | | [0 1o
udige (1) E K =—|-1 1
g V3 _
Ui (8 —ﬂl | 1 1 0

@
Pra

L]
Pp—

T 3 S
NasabsiAc

o
Uqitr

original references

Fig. 3.6 Implementation of the reference current modification for the arm-differential energy control. Modifi-
cation part involves multiplication of the normalized arm-differential voltages with the matrix K1, as well as
the multiplication of the original current reference magnitudes with the same matrix. Finally, the product of
the two is added to the original references.

57



Chapter 3. Methods for the Arm Energy Control in the MMC

Tab. 3.1 Comparison between the modified current reference phasors

Original phasors Modified phasors (Method I) Modified phasors (Method [109]])
Phase a I, =0.6/0° p.u. I3, = 0.6928/=30° p.u. Iy, = 0.6928/=30° p.u.
Phase b Iy, = 0.2/=120° p.u. I3}, = 0.2309/=90" p.u. I3}, = 0.2309/=90° p.u.
Phase ¢ Ii. = 0.8/120° p.u. I35 = 0.8327/136, 1" p.u. I3 = 0.8327/136,1° p.u.

3.3.4 Current modification - Method II

In the previous discussion it was shown that the circulating current references can be modified in
such a way that they sum-up to zero and remain unobserved at both converter terminals. In addition,
reference modification achieved by Method I preserves the arm-differential power references, obtained
from the energy controller. To achieve so, additional in-quadrature current components are generated
as shown in thus increasing the overall circulating current magnitudes.

Another approach that can be used in modifying the original current references is illustrated in
[Fig. 3.7}a. It aims to minimize deviation of the modified current references from the original ones, all
while conforming to the zero-sum criterion. As indicated before, it is referred to as Method II within
the thesis.

To obtain a set of references with the minimum deviation with respect to the original ones, a similar
process to the one applied for Method I is used. A deviation function A? was created, representing
the sum of the squares of particular deviations, as illustrated in [Fig. 3.7lb. Denoting projections of

the modified current references to the corresponding voltage axes as 1( ) . (cf.[Fig. 3.7la), the criterion
function can be expressed as:

A% = A2+ AL+ A2 (IA A= zgdg) (lédg an (@, a)) (?*,b gdg) ( édg tan (@, b))

, (3-83)
(i) + (1 an 00)

Hd) ~(d) =(d)

The three modified reference projections - ip ,, iy} In ¢ - @s well as the three phase angles - ¢ 5,
PAb> Pac - are six degrees of freedom in selectlng the modified references. Nevertheless, one should
recall that the ultimate objective of the reference modification is to obtain a zero-sum of the modified
references. Therefore, as for the Method I, this constraint can be expressed in terms of equations

(3.62)-(3.63), repeated hereafter:

V3igh tan ($ap) = ixa (V3 tan ($a,) — 1) = igp + 2ie (3.84)
\@{Sc) tan (fa.c) = in a(\f tan (¢pa) + 1) — 2i édﬁ + édc) (3.85)

The two constraints implicitly define the two phase angles - §5 p,, Pa - thus reducing the degrees of

58



3.3. Arm-Differential Energy Control

Uaitt.c

Uaitrb

a) b)
Fig. 3.7 Phasors of the original and modified current references, for Method II of the arm-differential energy
control: a) Projections of the modified current references to the respective voltage axes are different from the
original references, yet the modified references should the least deviate from the original ones; b) Criterion
used to find an optimal solution, by minimizing the deviation of the modified references with respect to the
original ones.

freedom from six to four. Combining the expression (3.83) with (3.84)-(3.85)), the criterion function
can be expressed as a function of the remaining four degrees of freedom:

A= f ( tan (B0, o, Pnhs s ) (3.86)

Full expression is omitted here for the sake of brevity. Finding a minimum of the function of four
variables provides a unique solution for the available degrees of freedom:

4iF 4ir o +ir
~(d A,a A,b A,C
lg’g = p; (3-87)

Tx Tx Tx
A(d)  lAa + 4’A,b +ipe

o(d ig,a + iZ,b + 41'5"c
lé,c) = P (3-89)

\/g(iz,b - {X,c)

Tx Tx Tx
41A,a + InD +ipc

tan (gbA,a) = (3.90)

Incorporating the solutions (3.87)-(3.90) into the two constraints (3.84)-(3.85), expressions for the two
remaining phase angles - # p,, #a . - can be obtained as:

tan (¢ ) _ \/g({zc - ;K,a) (3 91) tan (¢ ) _ \/g(;za - {zb)
M L+ i, ik ' M i + 4

(3-92)
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Once all the degrees of freedom are defined, we can obtain the time-domain expressions for the
modified current references. Recalling their definitions, they can be expressed as:

iz;(t) = ZK’; sin (a)gt + gbA,a) = ;X*a cos (gbA,a) sin (a)gt) + ZK’; sin ((/J)A,a) cos (a)gt)

fgg sin (a)gt) + fgg tan (¢A,a) cos (wgt)

21, 2r 1~ 2n
1 sm a)t 1 sm(wt——)——i* sin(wt+—) .
3 ( ) Ab g 3 3 Ac 3 3 (3-93)

N 1/~ N R

_ 3 T % . % %

—_ lA,aA _g(lA,aA + ZA,bB + lA,CC)
original
reference

2 . 2 2 . 27 2 . 2
ixp(t) =iz}, sin (wgt -3 + ¢A,b) =15} COS (¢ap) sin (a)gt - ?) +ix7, sin (¢ap) cos (wgt - ?)

- ifsin (g~ ) iR an () os (= )

Ei* sin(a)t—z—ﬂ)_lf* sin(a) t)—lf* sin(a)t+2—”>
3D g 3'Aa &) 3Ac &3
_ % 1 Tx Tx s
= lA,bB —g(lA’aA + ZA,bB + lA,CC)

original

reference

(3-94)

ire(t) = ZA sin (wgt+ 27 + Pa C) = 1Accos (fpc) sin (wgt + 23 >+1Acsm ($ac) cos (a)gt + %ﬂ)

zgdc) sin (a)gt + = 3 ) + lédc) tan (@ ¢ ) cos (a)gt + 2?7[)

gf* sin(a)t-l—z—ﬂ)—lf* sin(a) t) 11 sm(a)t—z—”>
3 Ac g 3 3 Aa g 3 Ab g 3
u 1 /4 n R
_ 3 r3 . % >k
—_ lA,CC _g(lA,aA + ZA,bB + lA,CC)
original
reference

(3-95)

Implementation of Method II is shown in Original current references are obtained by
multiplying the normalized arm-differential voltage references ugy ~with the magnitudes of the
circulating current references i Ax- They are further modified by multiplying with the matrix K, which
is equivalent to subtraction of the average value of the three references from each one.

The final result of the analysis could have also been obtained by analysing the space vector of the
original set of current references. In general, there could be n phases, where the resulting space vector
can be represented by n linearly-independent vectors. One such a vector can be chosen as a vector
representing an average value of n original vectors, representing the zero component. As the sum
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of the current references should be equal to zero, the closest possible approximation of the original
space vector is obtained by a simple subtraction of the zero component. The resulting space vector
preserves all the other n — 1 linearly-independent components, thus representing the best possible
approximation of the original.

An example of these theoretical considerations is illustrated in[Fig. 3.9|for a 3PH system, where the
original set of current references constitute a space vector I presented in oS0 reference frame. The
modified space vector I** is obtained when the zero component I;* is subtracted from the original
space vector, whereas the original & and f components remain unaltered.

It can be shown that the obtained results are generic, and can be applied to an MMC with an arbitrary
number of phases. Namely, in order to obtain circulating current components with the lowest
deviation from the original set of references, the general approach for Method II can be expressed as

in (3.96), where k represents the number of phases.

Skk ek
lA,x - lA,x

k
Dixy (3.96)
x=1

i

Since the modified current references obtained by Method II have the lowest possible deviation from
the original references, their magnitudes will generally be lower compared to currents obtained by
Method I. On the other hand, although the arm-differential power components generated from such
currents will be close to the references, they will not completely preserve the power references yielded
by the arm-differential energy controller. As a consequence, the settling time for the arm-differential
energy control might be longer for Method II compared to Method L.

A choice between the two presented methods is the choice between faster energy control response
and lower circulating current magnitudes. Both methods are equally applicable under unbalanced
grid conditions, as will be shown in as well as in case of SM failure.

To achieve a full control over the arm energies, the arm-sum energy control mechanism shall also be
incorporated.

reference modification

Udige

Ugiera () — | | 2z -1 - L ()
hise () I K= 3 =il 2 -1 X0)
e (t) | -1 -1 2 T0)
PRa ' H}Odlﬁed

y ! references
Tep 2
Fic original a w

Udigs references averaging

Fig. 3.8 Implementation of the reference current modification for the arm-differential energy control, using
Method II. Modification part involves multiplication of the original references with the matrix K, which is
equivalent to the subtraction of the average value of the three references from the originals.
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Fig. 3.9 Graphical representation of the effects imposed by application of MethodII to the space vector of the
original current references. The vector deprived from the zero component is the best possible approximation of
the original vector under the zero-sum constraint.

3.4 Arm-Sum Energy Control Method

Arm-sum energy control is achieved through the arm-sum power ps, control. Recalling the equation

for the arm-sum power (3.40), repeated in (3.97), the key terms can be identified:

Udclde Uy clyc COS (¢) . Uemilac COS (¢cm1 - d’)
= 3 o 2 + Udcleire,de — 5 (3.97)

During normal operation, only the first two terms exist, and they normally cancel out each other, due
to the active power balance maintained between the ac and dc terminals. It should be noted that for
the moment only symmetric grid conditions are considered, whereas the arm-sum energy control
under grid asymmetries is the subject of the following chapter.

Regardless of the active power balance, arm-sum energies might still diverge from their references,
due to various reasons mentioned at the beginning of this chapter. Therefore, a control action is
needed to ensure the arm-sum energy convergence towards the reference. During the following
analyses, it will be assumed that the dc terminal voltage is always available.

From the terminal point of view, an MMC can generally be controlled in two distinctive modes -
inverter mode and rectifier mode. In the inverter mode, the MMC is assumed to be connected to a
dc grid, which is supplying power to the ac grid. In such a case, the MMC terminal control aims
to follow the active and reactive power references towards the ac grid, whereas the active power is
drawn from the dc terminals. In case when the MMC operates in the rectifier mode of operation, it
generates a necessary dc voltage at its terminals, where the necessary dc power is supplied from the
ac terminals. Therefore, to achieve the energy balance within the converter phase legs, either ac or dc
current is controlled.

3.4.1 Inverter mode of operation

Neglecting the power term originating from the common-mode voltage in[3.97] the expression for the
arm-sum power can be simplified as:

Udclde flaclac COS (¢) .
= 3 - 2 + Udcleire,de (3.98)
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Inverter mode

Fig. 3.10 Arm-sum energy control for the inverter mode of operation, shown for three phases simultaneously.
Symmetrical ac grid conditions are assumed. Final references are dc arm currents, that in sum constitute the dc
terminal current.

In the inverter mode of operation, the ac terminal currents are controlled such that the ac power
references are respected, whereas the dc currents are controlled to maintain the total energy balance
within the converter.

shows how the arm-sum energy control is executed in the inverter mode of operation.
The difference between the first two terms in is used to generate the power references from
the controller. As the ac power reference is provided from a higher control level, the dc power
reference per phase is obtained as a sum of the ac power and the controller power request. Finally, the
arm-common dc current components of the respective phases are obtained, which in sum constitute
the dc terminal power.

3.4.2 Rectifier mode of operation

In this mode of operation, the dc voltage (current) reference is provided from a higher hierarchy,
whereas the ac terminal active power is controlled to ensure the energy balance of the converter.

In the inverter mode of operation, different power requirements per phase leg could have been
satisfied with the different dc arm-common currents, which would in sum constitute the total dc
current. However, in case of the rectifier mode of operation, dc current is determined by the load,
and must not be influenced for internal control purpose. On the other hand, ac currents should be
symmetrical, amd thus cannot account for different power requirements among the phase legs.

To settle this problem, additional dc circulating currents are injected into the converter arms, with
the aim of generating necessary power references from the energy controllers. From (3.98), utilizing
the circulating dc currents, arm-sum energy can be controlled by the power:

ps = udcicirc,dc (3-99)

shows the arm sum-energy control block diagram. Three energy controllers for each phase
leg output three arm-sum power references Ps'y. Sum of the three references and the total power
delivered to the dc terminals Py constitutes the ac terminal active power reference P,.. This control

action preserves the total energy balance in the converter.

Power references of the individual legs are converted to the dc current references iz y. Due to the
fact that three energy controllers in general yield different power requirements, sum of the three dc
current references is generally different than zero, and thus would appear at the dc terminals. This is
not acceptable in the rectifier mode of operation, where the dc terminal voltage and currents should
be determined solely by application requirements, and not by the internal control actions.
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Fig. 3.11 Arm-sum energy control for the rectifier mode of operation, shown for three phases simultaneously.
Symmetrical ac grid conditions are assumed. Output of the arm-sum energy control are the ac power reference
P} and dc circulating current references iy ,.

To mitigate this issue, current modification is needed, so that the three current references sum-up to
zero. This is illustrated in [Fig. 3.12] where three arbitrary dc current references are shown. As in the
case of the arm-differential energy control, the current references should be modified such that they
sum-up to zero, and have the least possible deviation from the original references.

Criterion function A? is created, and a minimum is found as a function of two variables, and the
resulting modified current references are:

1
Sokk . % %
52T 3%aT 3b T 3a (3.100)
ckk g-* 1% l-*
Ish = 3hb T 3a T 3he (3.101)
Swk g-* l-* l-*
iye = 3ime T 3%a T 3 (3-102)

As in the case of Method II of arm-differential energy control, modified current references are obtained
by subtracting the zero sequence component from the original references. In such a way, it is ensured
that the dc currents generated for the the arm-sum energy control do not alter the dc terminal current.
Observing [Fig. 3.11] one can also note that the zero sequence component of the power references in
the arm-sum energy control (P5,) is also respected, through the ac terminal power reference Py.

The derived arm-sum energy control method can be generalized for an MMC with an arbitrary
number of phase legs, or an arbitrary number of paralleled arms [[121]]. In both cases, modified current
references can be obtained by subtracting the zero-sequence component from the original references:

*
IZ,a

o
IE,a

== Original references

== Modified references

e
Ly
.
Ly

> Ei=0

x=abe

3 L. =0 A= A2 + A} + A2

x=abc

Fig. 3.12 Modification criterion for the arm-common currents used in arm-sum energy control in the rectifier
mode of operation.
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. . 1 .
lg,; = lg,x - E Z l;,x (3-103)
x=1

Previous discussions presented two methods for the arm-differential and one method for the arm-sum
energy control. Compared to the other control methods that can be found in the literature, presented
methods are characterized by their simplicity, intuitiveness, and generality. Their applicability under
faulty conditions are evaluated in the whereas the same principles are applied for the
M3C energy control, as will be presented in

3.5 Arm energies filtering techniques

Once the novel energy control methods are presented, to be able to understand the whole control
structure, and to properly tune the energy controllers, energy measurement and filtering techniques

should be analysed.

Due to the decoupled relationship between the arm-sum Wy and arm-differential W energy control
mechanisms, the two are controlled independently from one another, as shown in previous sections.

While it is of interest to control only the average terms of the arm-sum and arm-differential energies,
they both contain oscillating terms at different frequencies, as it was already derived in
Equations (2.35)-(2.36) do not take into account existence of a common-mode voltage, which would,
if present, necessarlly interact with the arm currents and create oscillations in the arm energy.

These oscillations should be filtered out from the measured arm energies, in order to be used in the
arm energy control structures. As a first step, dominant frequencies at which the oscillations occur
should be identified. Recalling the arm voltage and current definitions, neglecting the inductive and
resistive voltage drops, and defining the common-mode voltage as in (3.104), the two arm energies

are determined as in (3.105)-(3.106).

Ue = U SIN (3a)gt + qﬁcm) (3.104)

A~

t+T +T w3
Wp =L det = L (— — 1, sin (a) t) ey SIN (3a)gt + gbcm))(?c + EX sin (a)gt + gb))

_ Jt+T( Udclde _ Uyl COS (¢) +udc{x . ux idc
t

p 2 sin (wgt +¢) — ——sin (a)gt)

=0

~
A

+Tcos(2wt+¢)—

Uemide

sin (3a)gt + Pem)

A~
A

Urml ﬁ ;
— —CI: X cos (Za)gt + Pem — ¢) + Czl = cos (4a)gt + Gem + ¢)>dt

(3.105)
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(3.106)

Integrating the expressions (3.105)-(3.106), followed by summing and subtracting them, arm-sum and
arm-differential energies can be thus expressed as:

ux

r+ ¢) — ;Z I sin (ngt + Pem — ¢) + ;Z e sin (4a)gt + Pem + ¢) (3.107)
g g

~

Udclx

A .

Uem dc

WA = — cos (a)gt + gb) + R £ cos (a) t) + cos (3wgt + ¢cm) (3.108)

8

Arm-sum energy contains the second harmonic and fourth harmonic components. The first term in
exists in normal operation, whereas the other two terms are a consequence of a common-mode
voltage component at triple the fundamental frequency. The common-mode voltage component is
typically injected to increase the ac voltage generation capability, and besides the third harmonic, it
can contain other multiples of three of the fundamental frequency, as in min-max (or space-vector)
modulation. Nevertheless, the third harmonic component of the common-mode voltage is dominant
and in case when it is only injected, its magnitude is equal to 1/6 of the fundamental ac voltage
magnitude. Consequently, by comparing the first and the third term in it is concluded that
the fourth harmonic energy component has twelve times lower amplitude compared to the second
harmonic energy pulsation in normal conditions. Therefore, it will be predominantly important to
eliminate the second harmonic component from the arm-sum energy.

Arm-differential energy component, on the other hand, contains a first harmonic component that
exists in normal operation, as well as the additional first and third harmonic components, stemming
from the common-mode voltage. Again, comparing the magnitudes of the first and the third term in
, it can be concluded that the ratio of the two is 1/36. Therefore, it is of particular interest to
eliminate the first harmonic energy pulsations from the arm-differential energy.

As the dc value of both arm-sum and arm-differential energies is of interest, it can be obtained
applying either low-pass or notch filters to the measured energies. As the filtering influences the
achievable bandwidth of the energy controllers, it is necessary to assess both options.
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3.5.1 Low-pass filters

Low-pass filters (LPFs) have nearly unity gain for frequencies lower than the cutoff frequency, whereas
they attenuate signals at higher frequencies. First-order LPF has the simplest form, shown in (3.109).
Second-order LPFs are used to increase the attenuation of the high-frequency signals, compared to
the first-order LPF. Conversely, they can be perceived as filters that have a wider unity gain area
than the first-order counterparts, for a given attenuation at a specific frequency. While they can
be realized in many different ways, a second-order Butterworth filter is used as an example, with a
transfer function given in (3.110).

Gals) = —= (3-109) G,(s) & (3.110)
= : = — 110
a s+ . 4 $2 + 28w,s + w? 3

The choice of a corner frequency f, determines the frequency range that will be passed through a
filter. Analysing the arm-sum and arm-differential energies, it was concluded that the dominant
frequency components appear at the fundamental frequency (50 Hz) in the arm-differential energy,
and double the fundamental frequency in the arm-sum energy. Therefore, if the LPFs are to be used
to obtain the average arm-sum and arm-differential energies, they should be tuned such that they
greatly attenuate the dominant frequency components.

Comparison between the magnitude and phase characteristics of the two filters, with the corner
frequencies selected as f. = 10Hz and f, = 20 Hz, are provided in a-b.

The filters with the corner frequency selected as f. = 10 Hz are intended to be used for the fundamental
frequency component suppression in the arm-differential energy. [Fig. 3.13}a shows the difference
between the two filters in terms of attenuation at the fundamental frequency. It is evident that the
second-order filter introduces five-fold higher attenuation at the fundamental frequency, compared to
its first-order counterpart. Therefore, it can be adopted as an obvious choice for the arm-differential

we= first-order LPF === second-order LPF
El\ 0 a 0 I \
Z 1 = 1
=-141dB = — =-141dB = —
g -20 f [ Gal dB =55 < [ Gl 4B =35
Ei 3 20t 3
s _ 1~ g B 1
& 40 | [ |Ga| = —27.9dB = = ] &b [ |Ga| = —27.9dB = = ]\/
= : = -40 : .
o )
L r U r
S Z
g -90 + 2 -90 -
< L 4 <
< <
~ ~
-180 0 3 P 3 -180 0 1 P 3
10 10 10 10 10 10 10 10
Frequency (rad/s) Frequency (rad/s)
a) b)

Fig. 3.13 a) Magnitude and phase characteristics of the first and second-order filters, tuned for the corner
frequency of f. = 10 Hz. In case of the second-order filter, the relative damping is chosen as & = 1/+/2. Actual
damping is examined at the fundamental frequency. b) Magnitude and phase characteristics of the first and
second-order filters, tuned for the corner frequency of f, = 20 Hz. In case of the second-order filter, the relative
damping is chosen as £ = 1/+/2. Actual damping is examined at double the fundamental frequency.
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Fig. 3.14 Responses of arm-sum energy filters on energy step change: a) First and second-order LPFs both
tuned at f, = 20 Hz, aiming to suppress the dominant second harmonic component. To make a comparison
easier, the relative damping of the second-order filter was set to & = 1. The first-order filter has lower rise time,
but a five times higher steady-state oscillating component. b) The responses of two LPF are compared for the
first-order filter cutoff frequency of f.; = 4Hz, and the second-order filter cutoff frequency is retained. The
same steady-state oscillation suppression is achieved, yet with a higher response time of a first-order LPF.

energy filtering.

On the other hand, LPFs tuned at f. = 20 Hz are intended to suppress the oscillations at double the
fundamental frequency. Since the corner frequency is increased two-fold, examination at double the
fundamental frequency reveals that the resulting attenuation will be the same as in the previously
analysed case. As a result, the two corner frequencies can be adopted for LPFs used in arm-energy
filtering.

Analysis of the phase characteristics of the two types of filters shows that the second-order filter
introduces a larger phase delay at frequencies higher than the cutoff frequency. This should be taken
into account during the design of the energy controller, as it might lead to instability if unreasonably
high control gains are adopted.

To observe the difference between the two filters, both in dynamic and steady-state conditions, a
simulation of an arm-sum ws, energy step is conducted. The arm-sum energy is normalized with
respect to its rated value, and the second harmonic energy oscillations are included. The simulated
arm-sum energy is filtered by both first-order and second-order LPFs, and the results are presented in
Fig. 3.14)

To make the comparison easier, the relative-damping of the second-order filter was assumed to be
equal to £ = 1. From|[Fig. 3.14la can be concluded that when the two LPFs are tuned for the same
corner frequency, the dynamic response of the first-order filter is generally faster, yet at the expense
of a higher steady-state oscillating component. The difference between the steady-state oscillating
terms is well in accordance with the conclusions drawn from [Fig. 3.13]

As it is of interest to suppress the oscillating term to a greatest reasonable extent, the first-order filter
cutoff frequency is reduced five-fold, in order to have the same attenuation in steady-state as the
second-order filter tuned at f. = 20 Hz. The responses to the step change in in the arm-sum energy are
presented in[Fig. 3.14/b. While the steady-state oscillating terms are suppressed to nearly the same
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extent, dynamic response of the first-order filter becomes rather slow compared to its second-order
counterpart.

As a result, it can be concluded that the second-order filters are better suited for filtering out the
undesired harmonic components from the measured arm energies. Further increase in the cutoff
frequency is possible, and would yield a faster dynamic response, but at the expense of lower
attenuation of the oscillating components. For example, increasing the cutoff frequencies by 50 %
results in the second-order filter attenuation reduction from 1/25 to 1/11. Further increase by 100 %
from the original values would result in attenuation of approximately 1/6.

Note that the arm-sum energy step does not represent a real scenario, as the energy in the converter
cannot change abruptly. Nevertheless, it used in the simulation to compare the behaviour of the two
filters. Although the filters are examined for a cutoff frequency of 20 Hz, while suppressing double the
fundamental frequency, the same conclusions can be drawn if a cutoff frequency is chosen differently,
such as to suppress the fundamental frequency oscillations in the arm-differential energy.

Also note that the arm-sum and arm-differential energies might contain the third and fourth harmonic
components, which were not accounted for in the analysis. However, besides their magnitudes being
naturally lower, attenuation of the LPFs at higher frequencies only gets higher.

3.5.2 Notch filter

Band-stop or notch filters are types of filters used to suppress frequency components around some
resonant frequency, while leaving unattenuated the rest of the spectrum. In case of both arm-sum
and arm-differential energies, frequency components to be attenuated are known in advance, and
thus notch filters can be employed.

A transfer function of a notch filter in Laplace domain is typically represented as:

s? + w?

Gy(s) = (3.111)

$2 + 2Ew,s + Wl

where @, represents a frequency component to be filtered out (or rejected), whereas the parameter ¢
defines the width of the rejection region.

To understand the influence of the parameter £ on the filter frequency characteristics, magnitude and
phase characteristics of a notch filter, tuned to suppress a frequency component at f, = 100 Hz, are

plotted in[Fig. 3.15}a for different values of the parameter &

Magnitude characteristics reveal that the parameter & defines the selectivity of the filter, i.e. a range of
frequencies that will be attenuated. For the smallest chosen value of & the notch filter also introduces
the smallest phase deviation for a large range of frequencies. Thus, from the perspective of frequency
characteristics, the lowest chosen value of & seems to be the most favourable.

Dynamic response of the notch filter to the arm-sum energy step change is shown in[Fig. 3.15/b. On
the same figure, the second-order LPF response was shown for the sake of comparison. It can be
observed that the notch filter with the lowest value of ¢ quickly attains the final value, but the settling
time is prolonged due to the oscillations at the central frequency. On the other hand, responses of the
notch filters with higher values of the parameter & are more attenuated, and converge towards the
steady-state value quickly.

69



Chapter 3. Methods for the Arm Energy Control in the MMC

1.2

0.8

=== 2nd-order LPF (£ =0.707)
== Notch filter (¢=10.1)

=== Arm-sum (ws) energy step}
0.4+t

=201

0

Magnitude (dB)
f=]

1.2
0.8 1
40 | [ == Notch filter (£ =0.707) ]
% : 0.4} ]
| o | | |
oy 45 1.2 I
<
Y = 081 1
g [ == Notch filter (¢ =1) ]
£ a5t {1 o4} i
) I I 0 . . .
10! 102 103 0.45 0.5 0.55 0.6 0.65 0.7
Frequency (rad/s) time (s)

Fig. 3.15 (left) Magnitude and phase frequency characteristics of a notch filter with a central rejection
frequency f. = 100Hz (w, =~ 628 rads™"), and different values of the parameter & (right) Comparison of a
dynamic response of a second-order LPF and notch filters with different values of & to a step change of the
arm-sum energy at their input.

Compared to the response of the second-order LPF, notch filters show faster response for any of
the chosen value of & Consequently, notch filters will introduce smaller equivalent delays in the
arm energy control structure. As such, they are a preferable solution for filtering in the arm energy
control structure.

Although a notch filter with smaller value of £ reaches the setpoint faster, filters with a higher value
of £ might better suit the application, as they do not introduce oscillations into the feedback signal.
Therefore, in the following analysis, notch filters with a value of £ = v/2/2 will be used to suppress
desired frequency components.

A notch filter with a central frequency of f. = 100 Hz was subject of the analysis, nevertheless, the
same conclusions apply to a notch filter tuned at any central frequency. For the arm-differential energy
filtering, a dominant frequency component is at the fundamental grid frequency. Besides, when the
common-mode voltage component is injected, a third harmonic and fourth harmonic components
appear in the arm-differential and arm-sum energies, respectfully.

Block diagram of the energy measurement and filtering process in the MMC is provided in

Central controller

" ; ; X X pgtite)
X
5 R I G gum _ S+ (o)
& 5% + 4,5 + (2,)? 52 + 8Ewgys + (4y)?
(filt)
W,
Wy 2 2 2 2 A,
2 o= Gt _ SHog G _ s* + (3wy) 5
n = ————————— =
2+ 280, + W} “ 2+ 6£0,s + (3w,)?

Fig. 3.16 Block diagram of the energy measurement and filtering: SM voltages v, , are communicated from

the SMs to the central controller, where the six arm energies W, are calculated and converted to the arm-sum

wy, and arm-differential wy energies, which are further filtered using the appropriate notch filters.
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Assuming that the voltage measurement is available on each SM, measured values are communicated
to the central controller, where the total arm voltages in all six arms are calculated. These are further
converted to the equivalent arm energies wyy, from which the sum and differential components

are calculated for each phase. These components are further filtered using notch, according to the

previous discussion. Finally, filtered arm-sum wéﬁlt) and arm-differential wgﬁlt) energies, are fed to

the ¥ and A energy controllers as the feedback variables.

3.6 Energy control parameters

As discussed earlier within this chapter, both arm-sum and arm-differential energy controllers should
have a PI structure. Although the two control methods are decoupled from each other and based on
different mechanisms, their control structures have similar form.

A block diagram showing the energy control structure is presented in using the arm-
sum energy control as an example. Note that the same conclusions would as well apply for the
arm-differential energy.

The objective is to model all relevant parts of the system, in order to obtain an equivalent transfer
function, that will be used to tune the controller’s parameters. As the energy control occurs in the
central controller, which communicates with all the SMs, it is executed with certain period, labelled
as T¢y- The output of the energy controller are power references, which are further converted to the
current references, based on the previous discussion. Thus generated modified references Iy are
further fed to the current controller structure, which eventually makes the converter currents follow
their references.

SM voltages (or energies) are communicated to the main controller, where the communication latency
is modelled by a transport delay of Tcopy- Finally, arm-sum energies are filtered in the central
controller using notch filters, and their outputs are fed back to the control structure as feedback
variables.

To be able to properly tune the controllers, each block in the block diagram shown in[Fig. 3.17|should
be modelled. Even though the main controller is a digital controller, with a discrete time step of Tery,
modelling will be performed in s-domain for a sake of simplicity.

shows a block diagram, representing the arm-sum energy control structure from [Fig. 3.17

modelled in s-domain. It can be observed that the output of the energy controller converted to the
modified current references Ig’; making an assumption that the current modification block (G.y,)
does not induce significant magnitude change. Further, controller time step is modelled as a transport

current i
X pZ,x WZ,X
reference : S [ra> i
control L s

generation

TerrL
energy E )
filtering I B
ZOH Tcomm
Central controller (Terr)

Fig. 3.17 Block diagram of a complete arm-sum energy control structure.
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delay of TcTgy, whereas the current control loop is equivalently modelled with a first-order transfer
function. While the current control loop might be represented more accurately using a second-order
transfer function, for the sake of analysing the slower, outer loops, such as the energy control loop,
the first-order transfer function is a good approximation. Note that the parameter w, represents the
bandwidth of the current control loop.

The plant (leg capacitance) is represented by an integrator. Realized arm-common currents iy, interact
with the dc terminal voltage vy, yielding the arm-sum power. Integral of such a power represents the
arm-sum energy.

Communication delay is represented as a transport delay of Tcopmp, Whereas the sampling of the
energies by a central controller introduces an additional transport delay of of Tery /2.

Finally, a notch filter employed in the arm-sum energy filtering is modelled by an equivalent first-order
transfer function, with the same characteristics within the frequency range of interest. Due to the fact
that the current control loop is subordinate to the energy control, and that it has expected bandwidth
of f.. = 500 Hz, it is reasonable to have an order of magnitude slower outer loop. Therefore, for the
selected frequency range, a first-order transfer function can be a good approximation of a notch filter.

[Fig. 3.19]a shows frequency characteristics of a notch filter with the central frequency f, 5nq = 100 Hz,
and the parameter £ = v/2/2. In addition, frequency characteristics of a first-order transfer function,
with a bandwidth frequency fyy, 15t = 60 Hz, are shown on the same plots. The two transfer functions
have almost identical magnitude and phase characteristics for the frequency range » < 300rad/s
(f < 48Hz). Consequently, for the notch filter with a central frequency of f. ;.4 = 100Hz, the
equivalent first-order transfer function bandwidth can be selected as:

Wfond = 27 fow.1st = 120w rad/s (3.112)

Similarly, [Fig. 3.19}a shows frequency characteristics of a notch filter tuned to suppress the fourth
harmonic, i.e. with a central frequency f 41, = 200 Hz. It is shown that a first order transfer function
with a bandwidth frequency fi, 15t = 120 Hz represents a good approximation of the notch filter.

As the two filters (second harmonic and fourth harmonic) are cascaded (c.f. [Fig. 3.17) the equivalent

transfer function of the two represents a product of their particular first-order transfer functions:

Wf,2nd Wf 4th Wfeq
G, eq = = (3.113)
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Fig.3.18 Block diagram of a complete arm-sum energy control structure, where individual blocks are modelled
by the appropriate s-domain transfer functions.
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Fig. 3.19 Magnitude and phase characteristics of a second-order notch filter and its first-order equivalent: a)
notch filter with a central frequency set as f. = 100 Hz, and £ = +/2/2; first-order equivalent has the bandwidth

frequency set as fi, 1 = 60Hz; b) notch filter with a central frequency set as f, = 200Hz, and £ = J2/2;
first-order equivalent has the bandwidth frequency set as fiy, 1 = 120 Hz.

Wf 2ndWf 4th 2
Wfeq = —————— = ~Wfand = 807 rad/s (3.114)
Wfond + Wfath 3

Similar conclusions can be drawn for the arm-differential energy filters, suppressing the fundamental
and third harmonic. In such a case, equivalent angular frequency of the first-order filter approximation
equals:

Qf 15tWf,3rd 3

Wfeq = —————— = ~wpist = 457 rad/s (3.115)
@f 15t + Wf3rd 4

Once all the parts of the energy control structure are modelled, parameters of the controller can be
selected. To simplify the analysis, all transport delays will be combined into a single delay of Tp,
whereas the transfer function of the current control and energy filtering are approximated by a single
first-order transfer function, with an angular frequency:

(‘)C(:wf,eq
O)eq =

=— (3.116)
Wee t+ wf,eq

A simplified block diagram of the arm-sum energy control is presented in The bandwidth
of the control structure is determined by the proportional gain, so theoretically higher proportional
gains would yield higher bandwidth in the energy control. Nevertheless, due to the delays in the
system and a low-pass nature of certain subsystems, too high values of the proportional gain might
render the system unstable.

Therefore, to chose a proper value of the proportional gain, the integral part is neglected in the first
analysis. Open-loop transfer function of the system shown in [Fig. 3.20|takes the following form:
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Fig. 3.20 Simplified block diagram of the arm-sum energy control. All the transport delays are combined
into a single delay Ty,, whereas the energy filters and the current control are approximated with an equivalent
first-order transfer function.

K, o
1Y €eq —
Goi(s) = ————¢ I (3-117)
S S+ (eq

Gain crossover frequency @y, is a frequency at which the magnitude characteristic of an open-loop
transfer function reaches unity (or 0dB). Phase margin is a parameter used to evaluate stability
of a given system, and is typically defined as in (3.119), where ¢, is phase lag introduced by the
open-loop transfer function G(s) at the gain crossover frequency w.

[Got(jwge)| = 1 (3.118) PPM = T = PGol (3.119)

As a compromise between stability of the system and a high bandwidth, a phase margin is recom-
mended to be within the range ¢pp; € [30°,60°]. In this work, the target phase margin is chosen as
¢pm = 45°. To evaluate the phase lag introduced by the open-loop transfer function around the gain
crossover frequency, the open-loop transfer function can be expressed as:

K, .
Goi(s) = —————e 10 (3.120)
JWgc 1 4 e
(eq

As a result, the phase lag of the open-loop transfer function can be obtained as in (3.121), whereas
the phase margin is given by (3.122). Defining the target phase margin as ¢py; = /4, the expression

(3.122) becomes (3.123).

12) 19)
Dol = Ty wgcIp + atan <£> (3.121) dpMm = z_ wgcTp — atan (ﬁ) (3.122)
2 Weq 2 Weq
o)
weIp + atan (ﬁ) =z (3.123)
Weq 4

From (3.123) the gain crossover frequency can be obtained. Two parameters have an influence
on its value, and those are the total transport delay in the system Ty, and the equivalent angular

frequency weq. While the former is explicitly defined as a sum of the delays in[Fig. 3.17| the latter
is a combination of the current control bandwidth w.. and the equivalent angular frequency of an

employed filter wr ey, defined in (3.114)-(3.115).
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Fig. 3.21 Evaluation of a phase margin as a function of frequency: a) phase margin for the arm-sum energy
control; b) phase margin for the arm-differential energy control.

In case of an energy controller, sampling period is chosen as ten times the control period of the
subordinate current control, i.e. Torrr, = 1.25 ms. Neglecting the communication delays, the total
transport delay of the energy control system is approximately Ty = 1.87 ms.

To obtain a gain crossover frequency, a phase margin is plotted in[Fig. 3.21]for both arm-sum and
arm-delta energy control, accounting for different filter delays. They assume the use of cascaded
filter structure (2nd + 4th order / 1st + 3rd order), and reveal that the gain crossover frequency can be
selected as wg. = 2723 rad/s for the arm-sum energy control, whereas the gain crossover frequency
for the arm-differential energy control equals Wy, = 2716 rad/s.

Once the gain crossover frequency is determined, one can find a value of the proportional gain, based
on the definition from (3.118).

. Wge 2
‘e‘f“’gcTD’ =1 = b = Wge, |1+ (ﬁ) (3.124)
N ——— weq

Weq
Jwge + Weq

KP
jogel

|Gol(j(‘)gc)| = |

Once the proportional gain is determined, the integral gain can be determined, either based on a
desired response, or using some of the common tuning techniques, such as symmetrical optimum.
To obtain a closed-loop transfer function of the system, the open-loop transfer function should be
further simplified.

Since the frequency range of interest is rather low, and the transport delay Tp is in a millisecond range,
it can be well approximated as in (3.125). Then the open-loop transfer function can be expressed as in

(3.126), where Toq = 1/weq.

1
e ~ 12
1+ STD (3 5)
sK, + K; sK, + K; sK, + K;
Goi(s) = P 5 i 1 T® 5 ! 1 =P > P 1 (3.126)
s 1+ 5Teq 1+ sTp s 1+ s(Tp + Teg) s 1+ sTiot
T
tot
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Consequently, closed-loop transfer function of the energy control system takes the following form:

Gol(s) sKp + K;
1+Gy(s)  $3Tpor + 5% + sKp + K;

Gails) = (3-127)

As the closed-loop transfer function is of third order, whereas the two controller gains are available
for tuning, independent pole placement cannot be achieved. Since the proportional gain has been
already determined using the phase margin rule, one way to select the integral gain can be according
to the symmetrical optimum rule, which is expressed in (3.128). It is noteworthy that the proportional
gain could have been selected based on the symmetrical optimum, in which case it would take the

value as in (3.129).

K2
2 (3.128) Kp = i (3.129)

(SO) _
K== 2T,01

Step responses of the transfer function (3.127) for two sets of control gains are shown in [Fig. 3.22]
Selecting the proportional gain according to the phase-margin rule, as in (3.124)), combined with

the integral gain based on symmetrical optimum, as in (3.128), yields quick, yet oscillatory response
with low settling time. If the proportional gain is retained, whereas the integral gain is reduced, the
response becomes satisfactory. In comparison with the response when the control gains are chosen
according to the symmetrical optimum criterion, the overshoot is similar, yet the dynamic response is
faster.

As a result, control gains are adopted according to the Similar analysis can be conducted for
the arm-differential energy control, where the only difference is the equivalent transfer function of

the filter, as described in (3.114)-(3.115).

Tab. 3.2 Comparison between different energy controller gains for the arm-sum and arm-differential energy
control. The gains are calculated assuming the current control bandwidth w.. = 27500 rad/s, and the total

transport time delay T, = 1.87 ms. Assumed filtering bandwidth angular frequencies are given in (3.114)-(3.115)

K™ KW KO KO K, selected  K; selected
W, control 170.11 14469 81 3281 170.11 5787
W, control 125.25 7843 53.96 1455 125.25 3137

Values of the control gains for both arm-sum and arm-differential energy control are provided in
the Both phase-margin and symmetrical optimum-based gains are provided, as well as the
finally selected gains. It can be observed that the gains in the arm-differential control are generally

lower, which is a consequence of the lower achievable bandwidth compared to the arm-sum energy
control. This difference is also observed in the step responses provided in [Fig. 3.22]
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Fig. 3.22 Step response of the energy control system, described by (3.127) for two sets of control gains: a)
arm-sum energy step response; b) arm-differential energy step response.

3.7 [Evaluation of the Proposed Control Methods

3.7.1 Arm-sum energy control evaluation

In the previous sections, the arm-sum energy control method was presented for two operating modes
of the MMC: the inverter and the rectifier mode. In the inverter mode of operation, the principal
objective of the MMC is to serve the ac grid, delivering required active and reactive power. In the
rectifier mode, the MMC acts as a medium/high voltage/current source converter, ensuring that the
reference dc voltage/current is being fully respected.

Tab. 3.3 Physical and control parameters of the simulated MMC converter. Simulated converter represents a
genuine replica of the physical MMC prototype developed in the laboratory.

Parameter Label Value
Line-line voltage U, 3.3kV
DC terminal voltage Uge 5kV
Rated power Sa 250kVA
Grid frequency fe 50 Hz
No. of SMs per arm N 8
SM capacitance (tolerance +5%) Csm 2.25 mF
Arm inductance (tolerance +10%) Lim 2.5mH
Arm resistance Ry 400 mQ
IGBT switching frequency fsw 1kHz
Inner-loop control period qu)-RL 125 ps
Outer-loop control period Té?r)RL 1ms

From the energy control perspective, the difference between the two modes of operation is that for
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Fig. 3.23 Step response of the arm-sum energy control system, for the two modes of operation: a) inverter
mode of operation; b) rectifier mode of operation. The top figure shows the arm-sum energy reference and
filtered arm-sum energies in three phases. The middle figure shows the SM voltages, whereas the bottom graph
shows the arm-common currents.

the inverter mode, the MMC can freely draw current from the dc terminals, while respecting the
active and reactive ac power references, whereas in the rectifier mode, the dc terminal current must
not be altered for the reasons of the arm-sum energy control.

To evaluate the behaviour of the presented control method for both modes of operation, a high-fidelity
model of the MMC converter, with parameters presented in is created in PLECS. The model
accounts for component tolerances, control algorithms are executed in finite time steps, and all effects
relevant to the analyses are captured by the simulations. Energy controllers are implemented in
discrete form using the forward-Euler discretization method, with the controller gains set according
to The PSC modulation was used to generate the switching signals of the individual SMs.

Fig. 3.23|shows the behaviour of the arm-sum energies during the reference step change. [Fig. 3.23la
illustrates the behaviour during the inverter mode of operation, whereas the energy step response for
the rectifier mode of operation is shown in [Fig. 3.23|b. The figure shows that the energy references in
both modes of operation are reached after approximately 40 ms, which corresponds to the expected
settling time from the theoretical analyses. In addition, it can be seen that the energy control in the
inverter mode of operation relies on drawing the current from the dc terminals, whereas in the case
of rectifier mode of operation, the dc current reference remains constant.

In practice, the current references from the energy controllers should be limited, so as not to create an
excessive current stress on the semiconductors. To evaluate the performance of the energy controller
under the limitations, the arm-sum current references, issued for the purpose of energy control, are
limited to 10 A per phase, which represents around 60% of the rated dc current.

Behaviour of the arm-sum energy control under current reference limitation is shown in It

can be observed that while the arm-sum current references remain within predefined limits, settling
time is slightly prolonged. Nevertheless, this has no major influence on the overall performance.
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Fig. 3.24 Step response of the arm-sum energy control system, with limited current references: a) inverter
mode of operation; b) rectifier mode of operation.

3.7.2 Arm-differential energy control evaluation

Throughout this chapter, two methods for the arm-delta energy control were presented. Both methods
are based on injection of the fundamental frequency components into the arm-common currents,
while they differ in terms of implementation and performance.

The same simulation model in PLECS was used to confirm the performance of the presented control
methods, and for their mutual comparison. shows the behavior of the arm-delta energy
control structure for the step change in the delta energy reference. Both methods ensure short settling
times, within approximately 60 ms, corresponding to the theoretical analyses presented in this chapter.
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Fig. 3.25 Step response of the arm-differential energy control system, for the two proposed methods: a)
Method I; b) Method II. The top figure shows the arm-differential energy reference and filtered arm-differential
energies in the three phases. The middle figure shows the SM voltages, whereas the bottom graph shows the
arm-common currents.
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Fig. 3.26 Step response of the arm-differential energy control system, for the two proposed methods, with
the arm-common current limitation: a) Method I; b) Method II. The top figure shows the arm-differential energy
reference and filtered arm-differential energies in the three phases. The middle figure shows the SM voltages,
whereas the bottom graph shows the arm-common currents, with amplitudes limited to 10 A.

Fig. 3.25a figure shows the fundamental frequency arm-common current references, generated by
the Method I of the arm-delta energy control, whereas the current references generated using Method
II are shown in[Fig. 3.25}b. It can be observed that the Method I yields in general current references
with the higher magnitudes, compared to Method II. On the other hand, the settling time for the
Method I is slightly shorter, due to the fact that the power references are fully preserved with this
method.

What can also be observed for the two methods is that the sum of the current references does
not contain fundamental-frequency components, which was the objective of the current reference
modification.

As in the case of the arm-sum energy control, arm-differential energy references can also be limited,
in order to reduce the current stress on the semiconductors. To evaluate performance of the control
methods under reference limitations, the simulations are repeated, where the maximum current
reference was limited to 10 A. The results of a step response to the arm-differential energy reference
are shown in[Fig. 3.26|for both Method I and Method II. While the settling time is slightly prolonged,

both methods ensure energy reference tracking without interference with the dc terminal current.

3.7.3 Direct arm energy control

The arm-sum and the arm-differential energy control are two decoupled mechanisms that can ensure
an arbitrary control of the arms energy content. While the previous results demonstrate their validity,
the upcoming results aim to show their mutual action, while controlling the arm energies to arbitrary
levels. In addition, it is beneficial to observe their influence on the other internal and terminal
variables.

To start with, the converter was simulated for the inverter mode of operation. Ideal dc voltage source
is assumed at its dc terminals, whereas a symmetrical ac grid voltage was present at its ac terminals.
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The converter was operating at nominal power with a unity power factor until the time ¢t = 0.85s,
when the active power flow was reversed. Att = 0.5 s energy references in the positive arm of phase
b, and negative arm of phase c, were increased by 10%, and returned to its nominal value att = 0.7 s.
As it can be seen on the plots, the energies settled within approximately 60 ms, with the change only
in the dc and circulating currents. Ac terminal currents were not affected by the energy control
actions, which was a prerequisite for the inverter mode of operation.

After power reversal at t = 0.85s, arm energy references were changed again, now in a slightly
different manner. Namely, the energy reference in the positive arm of the b phase was increased
by 10%, whereas the reference of the negative arm in ¢ phase was decreased by the same amount.
Consequently, the total energy requirements of the converter remained constant, and the control
mechanisms needed to ensure the energy redistribution within the converter. From[Fig. 3.27} it can
be seen that the settling times are similar as before, whereas the dc and ac terminal currents are not
at all influenced. Only the internal circulating currents ensure the energy redistribution within the
converter.

[kv]
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Fig. 3.27 Simulation results showing the performance of the energy controllers in the inverter mode of
operation, with arbitrary energy reference changes and the power reversal. Top two plots show the grid
voltages and currents, while the following two show the dc terminal voltage and current. Voltages of the
individual SMs are shown in the middle, followed by the arm-sum and arm-differential energy references and
measured values. The final plot shows the arm-common currents in all three phase legs.
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Fig. 3.28 Simulation results showing the performance of the energy controllers in the rectifier mode of
operation, with arbitrary energy reference changes and the dc terminal voltage reversal. A passive load is
connected between the dc terminals.

Rectifier mode of operation assumes that the converter is connected to a stiff ac grid, and provides a
dc terminal voltage/current according to the reference. In the analyzed case, the MMC acted as a dc
voltage source, whereas the dc terminal current was influenced by the passive/active load connected
to the dc terminals. Compared to the inverter mode of operation, the rectifier mode is more restrictive,
as the dc terminal currents must not be influenced by the internal energy control actions, nor is the
asymmetry in the grid currents permitted.

The first evaluation was performed assuming a passive load connected to the dc terminals, with the
power consumption equivalent to the rated converter power. Reactive grid power was assumed to be

equal to zero. Results of the simulations are shown in[Fig. 3.28|

Similarly to the previous case, the energy references are increased in two arms, which resulted in
the arm-sum and arm-differential energy references change. Settling time for the energy control is
around 60 ms, which corresponds to the results achieved during the inverter mode of operation. The
dc terminal current was not influenced, which was the ultimate objective of the proposed control
methods. On the other hand, ac terminal currents exhibit a small change, which is a consequence
of the temporarily increased active power reference. Nevertheless, the ac terminal current remain
symmetrical.
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Fig. 3.29 Simulation results showing the performance of the energy controllers in the rectifier mode of
operation, with arbitrary energy reference changes and the dc power reversal. An active load is connected
between the dc terminals.

Att = 0.85 second, the dc terminal voltage is reversed, followed by energy references step changes at
t = 1.15s. Again, energy references are changed in such a way that the total converter energy remains
constant. Consequently, neither dc nor ac terminal currents are influenced during the transition.

The same scenarios are repeated assuming an active load connected to the dc terminals of the converter,
in order to test the energy control capabilities during the power reversal in the rectifier mode of
operation.

Results of the simulations are plotted in[Fig. 3.29] for the same scenarios as in the previous two figures.
Again, the results are almost identical, and energy control methods succeeds in ensuring tracking the
arbitrary energy references, while conforming with the constraints regarding the interaction with
the terminal currents.

It is noteworthy that in all the three previous simulations, Method I is used as the arm-differential
control method, whereas the arm-sum control method is dependent upon the converter operating
mode.
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3.7.4 Effect of the current modification on the reference space vector

To observe the effects of the current modification methods applied in the arm-differential and arm-sum
energy control, space vector of the original current reference is plotted in a0 reference frame, along
with the space vectors of the modified references.

[Fig. 3.30la shows the space vector of the original current reference, together with the space vectors
of the modified current references, using the two presented methods. It can be concluded that both
methods ensure that the zero component of the original reference is not present, which ensures that
the ac circulating currents do not appear at the dc terminals. The other conclusion is that the af
components of the current reference are also modified in case of Method I, whereas those components
are preserved in case of Method II. The difference comes from the fact that Method I ensures that
the power references are preserved, resulting in the o components modification, whereas Method
II ensures the lowest deviation from the original current references, under the zero-sum constraint,
which is achieved by the zero component subtraction.

[Fig. 3.30lb shows the results of the reference current modification in case of arm-sum energy control.
Since this method corresponds to the Method II in the arm-differential energy control, the conclusions
are similar. The lowest deviation from the original current vector is achieved when only the zero
component is reduced.
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Fig. 3.30 Space vectors of the original and modified current references: a) arm-differential energy control; b)
arm-sum energy control.
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3.8 Summary

The problem of energy control was introduced in this chapter, and control mechanisms were identified.
Control structure was presented, along with the relevant parts of the system. Two control actions,
that ensure an arbitrary arm energy control, are identified and analyzed.

Arm-differential energy control is achieved by introduction of a fundamental frequency current
components in the arm-common currents. To prevent these current components from appearing at
the dc terminals of the converter, two current modification methods are presented within this chapter.
Theoretical foundation of the two methods was presented, as well as the way of implementation
inside the control structure. Both methods are characterized by an intuitive approach and a simple
implementation. Evaluation results show that both methods manage to achieve the objectives, and
confirm theoretical considerations presented in the chapter.

Arm-sum energy control was presented as a second mechanism that, together with the arm-differential
control, ensures an arbitrary control of the arm energies. Two mechanisms for this control were
presented, applicable for the inverter and rectifier modes of operation. Finally, both methods are
evaluated independently, as well as in conjunction with the arm-differential energy control.

Apart from their simple implementation, and good performance, the presented control methods are
also applicable under faulty conditions, such as grid asymmetries and a SM failure, which is the
subject of the following chapter. Moreover, the conclusions derived from this chapter can be easily
adapted for the energy control of the other converters from the MMC family, such as multiphase
MMC, and the M3C. Energy control of the M3C, applying the principles presented within this chapter,

will be analysed in[Chapter 5/
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Arm Energy Control Under Faulty Conditions

The energy content within the MMC arms should correspond to the energy references, in order to enable
proper generation of the arm voltages. To meet the objective, terminal, as well as internal currents must
be controlled in a way that ensures that the arm energies correspond to their references. Energy content
within each arm should be controlled independently, thus allowing the greatest possible flexibility of the
converter operation. In addition, these control actions should not alter the terminal variables. Finally, the
arm energy control method should be intuitive and simple to implement, while providing satisfactory
results under different operating conditions. In this chapter, energy control mechanisms will be identified,
and different methods for their realization will be proposed. Proposed control methods will be evaluated
under faulty conditions, such as grid unbalance and a SM failure. Finally, presented methods will be
compared mutually, as well as with other control methods.

4.1 Motivation

One of the merits of the MMC is its high availability achieved through redundancy. As the events in
the grids interconnected by the MMC can be various, the MMC should be capable of operating under
faulty conditions. Two types of faulty conditions will be analyzed within this chapter: unbalanced
grid conditions and a failure of a SM within an arm.

Researchers have been already dealing with the topic of energy control in the MMC under unbalanced
grid conditions. Authors of [[122]] use a similar approach to the conventional horizontal and vertical
energy balancing in @ fdomain. Regarding the horizontal energy control, they provide an improvement
over the existing methods in terms of feeding forward the products of interaction of the grid voltages
and currents of different sequences. The authors, however, provide a solution only for the inverter
mode of operation. In terms of delta energy control, the authors use circulating currents aligned with
the grid phase voltages, together with the zero-sequence subtraction. This approach corresponds to
the approach offered by Method II, where the only aim was to control the currents such that they do
not appear at the dc terminals, without considering the influence of such an approach on the active
power references. In addition, they assume equal voltage magnitudes in the three phases, which
yields incorrect current references under unbalanced grid conditions. Moreover, while they use per
unit values of the phase voltages, they do not show how such values are obtained under unbalanced
grid conditions.

Authors in [123]] identify relationships between voltages and currents, in terms of the arm-sum,
arm-differential and the total power components. They decompose all the terminal and internal
variables into the positive and negative sequence components, and analyze their mutual interactions.
The authors propose an independent use of positive-sequence voltage balancing with the negative
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sequence circulating currents in cases when the positive sequence voltage is dominant, and vice-
versa in cases when the negative sequence voltages are dominant. They identify a problem with
the delta energy control in cases when the positive and negative sequence voltages have similar
values, where the coupling happens and can render the control unstable. In such a case, they inject a
zero-sequence second-harmonic common-mode voltage, as well as the second harmonic circulating
currents. Besides the need to inject such components, the problem with the proposed approach is
that it uses exclusively one system of voltages (positive or negative), and only one system of currents.
Thus it does not fully benefit from the available grid voltages, resulting in a higher arm currents for
the same arm-differential power requirements.

Researchers from [J124] propose an improvement in the transient response of the energy control
under unbalanced grid conditions. The approach is similar to the approach used by [123] in terms of
horizontal (arm-sum) energy control, and is based on extraction of the positive and negative voltage
and current components. This has an equivalent effect as the per-phase feed-forward power terms in
the control proposed in this thesis. The arm-differential energy control is based on introduction of the
circulating current components at the positive and negative sequence, that would interact with the
grid voltage components. As there is a degree of freedom left, it has been used such that the positive
sequence circulating currents are aligned with the positive sequence voltage. While it helps to make
the system deterministic, and reduce the positive-sequence current amplitude, this doesn’t ensure
that the overall current amplitudes are minimal.

The control methods proposed in the previous chapter are evaluated for being used under faulty
conditions. The control methods applied under such conditions should satisfy the following require-
ments:

» Proposed energy control methods should remain valid under unbalanced grid conditions,
without significant changes in the control implementation.

« The internal currents, generated for the purpose of the energy control, should still not disturb
the terminal currents.

« Magnitudes of such internal currents should be kept as low as possible.

« In case of a failure of a SM, the energy control should ensure that the converter continues its
operation without affecting the terminal variables.

Therefore, to investigate whether and to what extent the two presented control methods are applicable
under faulty conditions, theoretical studies are conducted. Additionally, theoretical conclusions are
confirmed by high-fidelity simulations.

4.2 Energy control under grid unbalances

Proposed control methods were derived assuming a symmetrical system of grid voltages. While this
is the case under balanced grid conditions, grid voltages are not symmetrical under grid faults.

4.2.1 Symmetrical components

Asymmetrical voltages in the three-phase system under grid faults can be decomposed into three
symmetrical systems: a direct (positive), inverse (negative) and zero-sequence system. These are in
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4.2. Energy control under grid unbalances

the literature often referred to as symmetrical components.

The direct sequence of the voltages is the only sequence present under balanced grid conditions,
therefore, it is the desired sequence of three-phase voltages and currents. Within this chapter, it will
be denoted with the superscript ’+”, and it is defined as:

ut =4t sin(wt) (4.1)
u;' = 4" sin(wt — 27/3) (4.2)
ul = a7t sin(wt + 27/3) (4-3)

In contrast, voltages of the inverse sequence are defined as in (4.4)-(4.6), and the equivalent space-
vector of such a three-phase system rotates in the opposite direction with respect to the direct
sequence, hence the name.

u, =u sin(wt+¢7) (4.4)
w, =10 sin(wt + ¢~ +21/3) (45)
u; =4 sin(wt + ¢~ —21/3) (4.6)

Zero sequence components represent those components that have the same magnitude and phase in
all three phases. Therefore, the zero sequence component can be defined as:

u) = ”l(;) =u = 4" sin(wt + ¢°) (4.7)

Visualization of the grid voltages in case of a generic grid unbalance is provided in[Fig. 4.1] One can
observe that the phase voltages are asymmetrical in general case, but in the three systems, components
in phases are mutually symmetrical.

This fact provides an opportunity for extension of the energy control methods from symmetrical
to asymmetrical grid conditions. The following sections will provide an in-depth analysis of the
application of the presented control methods to unbalanced grid conditions.

As both the arm-sum and the arm-differential energy control are dependent upon grid conditions,
both methods deserve a thorough analysis. Nevertheless, as the arm-differential energy control is
dependent only on the grid voltages, the analysis will start by analysing this control scheme.

a) b) c) d)

Fig. 4.1 Phasors of phase voltages under a grid unbalance: a) total phase voltage phasors in a general asym-
metric case; b) direct-sequence components; c) inverse-sequence components; d) zero-sequence components.
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4.2.2 Arm-differential energy control

Two control schemes for the arm-differential energy control have been presented in the previous
chapter. Given the fact than only symmetrical voltage components were considered during their
derivation, it is expected that the performance of the methods change during the unbalanced grid
conditions.

The following paragraphs aim to explore the influence that the unbalanced grid conditions have on
the performance of the arm-differential energy control algorithms.

4.2.2.1 Method I

This method was developed to generate the arm-common current references that satisfy the following
two conditions:

« they produce the exact arm-differential power components as requested by the arm-differential
energy controllers

« their sum equals zero, thus making them invisible at the converter dc terminals.

Current references that satisfy these conditions were presented in (3.80)-(3.82), and they are repeated
here:

) = 1A+ %(ig,b ~ iz )(c - B) (4.8)
350 = 3B+ 3 (1 i) (4 ) (49)
i) = 1.0+ %(,A ~i3p)(B-4) (4.10)

While there is a possibility to follow a similar procedure as in the previous chapter, and obtain current
references valid under unbalanced grid conditions, the analytical derivation of this method based on
the approach used for balanced conditions would be extremely demanding. Therefore, an alternative
approach is adopted here: the grid voltages will be observed through their symmetrical components,
and arm-differential energy balancing will be analysed for each component independently, followed
by their superposition at the end of the process.

Direct-sequence components

During this analysis, it can be assumed that only the direct sequence voltage components exist in
the grid voltages. According to the definition of the symmetrical components provided in (4.1)-(4.3),
variables A, B and C take the following form:

PR

=5 = sin(wt) (4.11)
uy

Bt = Pl sin(wt — 27/3) (4.12)
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+

L _ sin(wt + 27/3) (4.13)

Cct =
ot

Arm-differential power references requested by energy controllers in particular phases should be
realized by all available voltage sequences, i.e. direct, inverse and zero, to maximally utilize the
available components and thus minimize the currents. Therefore, the arm-differential power realized
by the direct-sequence voltage should correspond to the fraction of the total arm-differential power
reference, proportional to the ratio of the positive sequence voltage with the total voltage:

+
PAX i (4.19)

X

*(+)

Direct-sequence arm-common current magnitudes are obtained by dividing the respective power
references by the direct-sequence voltage magnitude:

At

*("‘) pr *
A"'“("l‘) _ A’a ﬁa _ PA,a _ Tx (4 15)
A a ﬁ+ ot aa Aa :

b= =izp (4.16)
P*

2x(+) Ac =

INe = 0 = Z,C (4-17)

Note that in previous equations voltages ,, 4, and 4, represent magnitudes of the voltages in indi-
vidual phases. Further, direct-sequence arm-common current references are obtained by multiplying
current magnitudes with per unit values of the direct-sequence voltages:

lg(;) in AT = f&a sin(wt) (4.18)

+
lz(b) lAbBJr ’Ab sin(wt — 27/3) (4.19)
ig’(:) = ¢X’CC+ = fX’C sin(wt + 27/3) (4.20)

As the magnitudes of the three arm-common current references have different values (c.f. (4.15)-(4.17)),
they should be modified in order to satisfy the two aforementioned criteria. As the direct-sequence
voltage components are present during the balanced grid conditions, the same conclusions apply as
for the balanced grid conditions. Therefore, modified current references are obtained as:

ina A AT+ _(lX,b - i&c) (CJr - B+) (4.21)
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ex(+)  ta 1/, Y
’Zl;( = ixpBT+ g(lA,c - lA,a) (A+ - C+> (4.22)
B+
q
e = B30t + 2 (iha — i) (B - 4Y) (823)
C+

The modification of the direct-sequence arm-common current components is identical to the mod-
ification performed under balanced grid conditions. In fact, the performed modification results in
introduction of an additional current component in each phase, which is in quadrature with the
original current component (hence the subscript ”q”). In such a way, no fundamental-frequency
component appears in the dc link.

Inverse-sequence components

Following the same procedure as for the direct-sequence voltages, relative inverse-sequence voltages
can be defined as:

A = Za_ = sin(wt) (4.24)
=

=== sin(wt + 27/3) (4.25)
C” = Zc_ = sin(wt — 277/3) (4.26)

Similarly to the case of direct-sequence components, the arm-differential power generated by the
inverse-sequence components should be a fraction of the arm-differential power reference, propor-
tional to the ratio of the inverse-sequence and the total phase voltage magnitude:

*(— « U
PA,E( ) = Pry= (4.27)

Inverse-sequence arm-common current magnitudes are obtained by dividing the respective power
references by the inverse-sequence voltage magnitude:

*(=) U
2x(=) PA,a PA N PA*,a 2
"Na = i - 0 = 0 “Ina (4.28)
a
P)\‘
2x(=) Ab »
b= g =Izp (4-29)
*
PO - Mhe (4:30)
Ac T . Ac 4.3
c

Note that the magnitudes of the direct and inverse-sequence arm-common currents are the same in
each phase, which is a consequence of the arm-differential power reference distribution proportionally
to the voltage magnitude of the respective sequence.
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As a result, inverse-sequence arm-common current references are obtained by multiplying current
magnitudes with per unit values of the inverse-sequence voltages:

lz(a ) A A= fX,a sin(wt +¢~) (4.31)
iZ’(b_) = f&bB_ = {X,b sin(wt + ¢~ + 27/3) (4.32)
zz(c ) = C f*,c sin(wt + ¢~ — 27/3) (4.33)

Based on the definition of the inverse-sequence components in (4.4)-(4.6), it can be observed that the
fundamental difference between the inverse and the direct-sequence components is that the phases B
and C are reversed. This practically means that in order to obtain the same in-quadrature components
with respect to the original negative-sequence currents, the difference between the negative-sequence
voltages (A, B™, C™) should have reversed sign, as in the following equations:

inn ) =i5aA” + (i, i) (B -C) (4:34)
4q
1:13( ) - lA,bB_ + %(IAKC - {K,a) (C_ - A_> (4-35)
A
By
e =150+ 3 (iha—inp) (47 - B) (4.36)
—

One can note that in-quadrature current components for the negative-sequence references could
have been created in the same manner as for the positive references. It would only result in having
in-quadrature components that are advancing (c.f. [Fig. 4.2]c) rather than lagging (c.f. [Fig. 4.2}b) with
respect to the original reference. In such a case, the power product of the negative-sequence current
references and the negative-sequence voltages would still correspond to the desired power references.
Current references obtained in this manner take the following form:

ina ) =ira AT+ %(ZX,(b_) —inc’) (¢ - B") (4.37)
AN

0 =505 15O R (4 ) o

e ) =ine C+ 3( ine ~inp’) (B~ - A7) (4:39)
—
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a) b) o)
Fig. 4.2 Illustration of in-quadrature voltage phasors of: a) direct-sequence voltage components; b) inverse-
sequence voltage components with "lagging” in-quadrature phasor; c) inverse-sequence voltage components
with “advancing” in-quadrature phasor.

Although the two approaches seem to have similar effects, the real comparison in terms of gener-
ated power and the sum of the current references when both sequences are considered reveals the
differences.

4.2.2.2 Mutual influence of direct and inverse components

Before analysing the influence of the zero-sequence components, the inverse-sequence current
references should be superimposed onto the direct-sequence ones.

As the two methods of the inverse-sequence reference modification have been presented, their
summation with the modified positive-sequence references yields different results.

The Method I introduced in is in general based on modification of the original current
references such that in-quadrature components are generated so as not to produce an active power
with the corresponding phase voltages. Additionally, these components ensure that the sum of the
three arm-common current references is equal to zero.

To minimize the arm-common current references, the original current references are in-phase with
the respective phase voltages. Additional current references should be in-quadrature with the original
ones to avoid parasitic power terms. Exemplary phasors of the original and in-quadrature components
are shown in[Fig. 4.3} It can be seen that in-quadrature phasors are rotated for a quarter of the period
in negative direction with respect to the original phasors. This can be mathematically expressed as in
((4.49)), where U, represents an original phasor, whereas U, 4 represents its in-quadrature counterpart.

Uy =€ 72U, (4.40)

Applying ((4.40)) to a phasor that can be decomposed into its direct, inverse and zero-sequence
components, in-quadrature phasor takes the following form:

Aj=eiA=eTi(AT+ AT+ A%) = Af + AL + A) (4.41)

Results from ((4.41)) show that the phase shift applied to the original phasor results in the same phase
shift of its components, irrespectively of their sequence. This is visually represented in[Fig. 4.3} and
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corresponds to the method of the inverse-sequence in-quadrature signal generation described by

(4.39)-(4.36). and graphically represented in[Fig. 4.2}b.

A simple addition of the currents from (4.21)-(4.23) and (4.34)-(4.36) yields (4.42)-(4.44). As the current
references have the same magnitudes for both the direct and the inverse sequences in a particular

phase, no distinction was made between the two.

cxx(4/— - _ 1/2s - _ _
lA,a(+/ ) = ’A,a(A+ +A7)+ E(IA’b - lA,C)(CJr -B"+B -C ) (4-42)
cex(H/=) otk _ 1 /24 fx _ _
lA’b(+/ ) =’A,b(B++B )+§(1A,c_1A,a)(A+_C++C —A ) (4.43)
*k - T — 1 T Tx — _
iA’C(Jr/ ) _ iA)C(CJr +C ) + g(lA,a — lA’b)<B+ —-AY+ A" —-B ) (4.44)

From the graphical analysis of the components, it is obvious that the generation of modified references
where in-quadrature components in all the sequences are phase shifted in the same direction yields
no parasitic power terms. However, summing up the modified current references from (4.42)-(4.44)
reveals that the sum of the three modified current references equals:

e = ina i D i g A iR B iR CT) 20 (4.45)

As it can be seen, the sum of the three modified current references that preserve the power reference
do not sum-up to zero, which is one of the two main objectives of the modification.

On the other hand, omitting the formal proof, it can be shown that if the inverse-sequence reference
modification obtained by (4.37)-(4.39) is used, the sum of the current references is equal to zero,
however, the resulting arm-differential power in the three phases corresponds to:

Ppa = 2Udiffaip g

({Z,a(A+ + A_) + %({X,b - {X,C)(C+ -B*-B + C_>>1,Aldiff,a(A+ + A_)

S A (4.46)
inatdifta  2V30gifea /oy ap .,

- e PO i ~i3) sind

| S —

*
PA,a

Fig. 4.3 Decomposition of asymmetrical grid voltage phasors and respective in-quadrature voltages into the
direct, inverse and zero sequence components.
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Ppb = A UdifED

(lfg,b(BﬁL + Bi) + %(ch - fﬁ,a) (AJr -Ct-C+ A))ﬁdiff)b(B+ + B7>

N A (4.47)
InpUdifth  23ddifeb ey N L L
= . + 3 (IA,c - lA,a) sin ¢
Py,
Ppc = ip Udiffc
Su _ 1 Y% Y% — — iyl -
= (lA,C(C+ +C ) + g(lA,a - lA,b)(B+ ~AT-A"+B ))udiff’c<c+ +C )
(4.48)

incldiffe | 2V3ldifte ny ay ) . -
= 5 + 3 (ZA,a - lA’b) sin ¢
[NE—
Pac

It is obvious from (4.46)-(4.48) that the current modification method that ensures zero-sum at the
dc terminals results in parasitic arm-differential power terms. The major problem is that in some
cases these terms can take values significantly higher than the required power references, making the
system unstable. To counteract these parasitic power terms, authors in [123]] inject a second-harmonic
common-mode voltage at the ac terminals and the second harmonic arm-common currents. While
the approach ensures stability of the control system, it is inconvenient, as it requires increased voltage
and current capacity of the converter, and does not fully benefit from all the voltage grid sequences,
as explained in introductory section of this chapter.

Previous analyses show that the extension of the Method I to unbalanced grid conditions is troublesome
due to the cross-coupling between the positive and negative sequences. Ensuring zero-sum of the
introduced arm-common currents results in parasitic power terms which might lead to instability,
whereas ensuring that generated power terms correspond to the reference values leads to the non-zero
sum of the arm-common current components.

An analytical solution that ensures both conditions is possible to obtain, with the form that is similar
to what was already presented in (4.42)-(4.44), with the only difference in coefficients that multiply

in-quadrature components:

ina(® =i, A +kadg (4.49)
ixh(®) = ix,B+kgBq (4.50)
ire(t) = fX’CC +keCy (4.51)

In cases when zero-sequence components are not present in the grid voltage, coefficients ka, kg, and
k¢ can be determined in such a way that the obtained arm-differential power components correspond
to the references. However, these coefficients are not anymore dependent only upon the power
references, but also include sine and cosine terms of the phase disposition angle ¢~ between the
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two sequences. Additionally, if the zero-sequence component is present in the grid voltages, the
power references cannot be completely tracked while ensuring the zero-sum constraint. Moreover,
calculation of the coefficients kp, kg, and k¢ becomes even more complex, making this approach
extremely complicated for implementation. Consequently, Method I might not be the best candidate
for the energy control under unbalanced grid conditions.

4.2.2.3 Method II

Although a formal derivation of this method for the arm-differential current generation was conducted
in previous chapter, conclusions can be summarized as follows:

« To ensure the arm-differential energy control, arm-common current references should be
aligned with respective phase voltages to ensure minimal current amplitudes for a given power.

« As the current references have arbitrary values in phases, they should be modified to respect
the zero-sum condition.

« Method II proposes a current modification that ensure minimal deviation from the original
current (and thus power) references while respecting the zero-sum constraints.

« It is based on extraction of the zero-sequence component from the three generated current
references.

While the conclusion was derived for arbitrary current references under balanced grid conditions, it
is applicable irrespectively of the grid conditions, for any set of vectors. Therefore, formal derivation
for unbalanced grid conditions will be omitted, and only the reasoning with the vectors (phasors) will
be used.

To do so, an arbitrary set of three phase voltages, also used in the previous analysis, is shown in
[Fig. 4.4la. This set is composed of direct, inverse, and zero-sequence symmetrical components, as

illustrated in

Following the reasoning behind the Method II, normalized voltages are obtained for each phase
(c.f. [Fig. 4.4lb), and the current references for the arm-differential energy control are multiplied by
such voltages, in order to ensure minimal phase displacement between the currents and voltages, and
thus minimal current amplitudes for the given power references. This step is illustrated in [Fig. 4.4lc,
and can be analytically described as:

iy a(t) = fz’aA (4.52)
ixp() =ix,B (4-53)
ix.()=ix.C (4.54)

As the three current references do not sum up to zero (orange phasor in[Fig. 4.4lc) it is necessary to
modify them. Subtracting the zero-sequence component from the three phasors, results in modified
phasors that represent the closest possible approximation of the original ones under the zero-sum
constraint. Resulting phasors are illustrated in [Fig. 4.4}d. Modified currents produce arm-differential
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power components that are the closest possible approximation of the original power references, while
the modified references sum up to zero.

The benefit of this method of arm-differential energy control is that it does not require decomposition
of the grid voltages and arm currents into the direct, inverse and zero sequences. The analytical form
of the current modification is as follows:

o 1/~ . A

iRn @0 = 3,A— (KA +iRB+iAC) (455)
A 1/~ . A

N = i3pB— 5 (iKaA +i3,B+ i3 C) (4.56)

. s 1/ . .

iXe®) = 3.0~ S(iRaA+ i3 B +iA.C) (457)

The modification of the current references has the same form as for the case when only the direct-
sequence component is considered, which was presented in the previous chapter. The only difference
with respect to symmetrical grid conditions is how normalized grid voltages are obtained.

For symmetrical grid conditions the amplitude of the grid voltage is equal among phases, and thus
the normalized voltages can be effortlessly obtained by dividing the real-time grid voltage references
with the magnitude.

In case of asymmetrical grid conditions, magnitudes of the phase voltages have arbitrary values, and
to obtain them, the approach based on second-order generalized integrator (SOGI), presented in [125]],
is used. This approach uses SOGI to create in-quadrature voltage components, which is further used
to calculate voltage magnitude in each particular phase, using the identity (4.58). Instantaneous value
of the voltage of a particular phase is denoted as u,, whereas its in-quadrature component is labelled

as quy.

A

Uy = u>2( + qu}% (4.58)

Hlustration of a SOGI-based phase voltage magnitude extraction is provided in[Fig. 4.5 where wpy [ is

a) b) 0 d)
Fig. 4.4 Ilustration of the arm-common current generation process: a) phasors of three asymmetrical phase
voltages; b) normalized asymmetrical phase voltage phasors ; ¢) arm-common current references aligned with
respective phase voltages; d) modified arm-common current references, summing up to zero.

98



4.2. Energy control under grid unbalances

*(f)
] Mabo 5+ ()
Uabc
X2+ 92
bx «(f)
a,b,c
WRLL

Fig. 4.5 Phase voltage magnitude calculation using in-quadrature signal generation based on SOGL

an estimated angular frequency of the grid voltages using the frequency-locked loop (FLL) technique
[125] on the voltages measured at the point of common coupling (PCC), as will be described later.

Inputs to the magnitude extraction subsystem are the arm-differential voltage references in particular
phases, as the arm-common current components for A energy control need to be aligned with
these voltages. With phase voltage magnitudes calculated, magnitudes of the arm-common current
references are calculated as:

*
. PA,a
Na= 7% (4-59)
Udiff.a
*
2 Ab
ixp = o3 (4.60)
diff,b
P *
N Ac
lz,c =T % (4.61)
Udiff,c
Further, normalized phase voltage references are obtained as:
u *
diff,a
A= — (4.62)
Ugiff,a
u *
diff,b
B= — (4.63)
Udiftb
*
us.
diff,c
C=— (4.64)
Udiff,c

Finally, instantaneous values of the modified arm-common current references for A energy control

are obtained using (4.55)-(4.57).

4.2.3 Complete energy control scheme

Mlustration of the complete arm energy control scheme, enhanced for the operation under unbalanced
grid conditions is shown in [Fig. 4.6

The figure shows that the arm energies are calculated from the respective arm capacitor voltages,
and further computed arm-sum and arm-differential energies (W5 and Wp). Computed energies are
further filtered using notch filters tuned at appropriate frequencies.
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Energy controllers are realized as PI controllers, due to existence of parasitic power terms during
unbalanced grid conditions. They yield power references, which enter their corresponding reference
generation blocks.

The current reference generation for the arm-sum energy control differs for the inverter and rectifier
mode of operation, as already discussed in previous chapter. The difference with respect to symmetrical
conditions is that the ac phase power components are not equally shared among phases, so individual
active power components are fed-forward. Due to the fact that the single-phase active power contains
a second-harmonic oscillating term, it needs to be filtered out.

In case of the rectifier mode of operation, the current reference generation does not differ from the
case shown for the symmetrical grid conditions.

Concerning the current reference generation for the arm-differential energy control, the real differ-
ence from the Method II presented for the balanced grid conditions is in SOGI-based phase voltage

ENERGY CONTROL

ac

Pz(abc)/
Z(abc)

Ws, (ab.c) rcfcrcncc : i (abc)
generation )

generation H lcomm,(a,b,c)
),

z
vcp.(a,b,c) W, .(a,b,

5O )’
3 = .
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I i
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Fig. 4.6 Illustration of the complete energy control scheme applicable in case of unbalanced grid conditions.
One should note that this scheme is equally valid under balanced conditions, and is not subject to switchover
with previously-presented scheme.
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magnitude calculation. This permits to generate more accurate power references compared to the
case when the voltage amplitudes are assumed equal in all three phases, without a significant increase
in complexity.

4.2.4 Performance evaluation

To evaluate performance of the presented control schemes under unbalanced conditions, a high-fidelity
simulation model of a 3PH MMC is created in PLECS.

Energy controllers are realized as discrete controllers, with the execution period ten times higher than
the fast-loop (current control) execution period (equal to 125 ps). In all the analysed cases symmetrical
components under grid unbalances are assumed to be: 0.5 p.u. for the positive, 0.35 p.u. for the
negative, and o.15 p.u. for the zero sequence.

Results for the inverter mode of operation are shown in [Fig. 4.7}{Fig. 4.10] The two figures show
the grid voltages and currents during the unbalanced grid conditions, along with the dc terminal
voltage and current, individual SM voltages, arm-sum and arm-differential energies, as well as the
arm-common currents.

Results in show the moment when the imbalance in the grid occurs (t = 0.5s), and the
behaviour of the MMC at its terminals and internally during the imbalance.

As it can be witnessed, the phase currents remain symmetrical despite the asymmetry in the phase
voltages. Their amplitude increases in order to deliver the same active power to the grid as prior
to the grid fault. This is an assumption made during this test case, although the scenario might be
different in reality. Nevertheless, it does not influence validity of the presented results.

The inverter configuration of the MMC assumes that it is connected to the stiff dc voltage grid,
therefore grid conditions do not have influence over the terminal dc voltage. In contrast, the dc
current drawn from the dc grid is freely controlled to match the power (energy) needs of the converter
during transients. Nevertheless, the inverter configuration does not pose limits to the dc current,
except that it should not contain any fundamental frequency components and its harmonics.

Further, individual capacitor voltages of all the arms are plotted, showing that the capacitor voltages
remain balanced during the unbalance event, proving a good behaviour of the energy control system.
Nevertheless, capacitor voltage oscillations increase, which is expected behavior, as capacitor voltages
now buffer the zero-sequence 2"4 harmonic power oscillations stemming from the grid, not allowing
it to appear on the dc side (typical problem in two-level inverters).

During the unbalance event, arm-sum and arm-differential energies remain around their references.
Small transient effects can be noticed, originating from the transient in the energies, but also from
the transients in the applied notch filters. To respond to the transients in the respective energies,
arm-common currents become unbalanced among the phase legs, reflecting different active power
needs of individual phases. In addition, an oscillating component is present in the arm-common
current until the affected energies settle to their reference values.

At the time instant t = 0.8 s energy references are changed in different arms, resulting in the energy
reference changes in both arm-sum and arm-differential energies. The results show that the applied
energy control scheme ensures that the arbitrary energy references in the arms are followed, despite
adverse grid conditions. Compared to the energy reference tracking during balanced grid conditions,
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Fig. 4.7 Behavior of the energy control scheme during a short circuit on the grid side of the converter, for
the inverter mode of operation. Top two graphs show phase voltages u, , and currents i, , followed by the dc
voltage u,, and current ig.. Individual SM voltages v, are shown in the fifth plot from the top, followed by the
arm-sum Ws , and arm-differential W, , energies and respective references. The final plot shows arm-common
currents i.omy « in the three phase legs.

the response in the arm-sum energies is slightly slower. This can be explained by the slower response of
the arm-sum energy filter, which is tuned to have higher suppression of the 2 nd harmonic component
(due to its higher value during grid unbalances), yet at the expense of a slightly slower response.

Arm-differential energies do also track their references within the time interval of 100 ms . However,
due to the fact that for this control action the arm-differential power is realized by the interaction of
the arm-differential voltages and arm-common currents, the amplitudes of the latter are limited in
order to avoid high arm-common current references during severe short circuits in the grid. This
explains a rather slow response with a constant slope. Arm-common currents change during transients
according to the references from the energy controllers.

[Fig. 4.8 and [Fig. 4.9| illustrate the behaviour of the energy control schemes under unbalanced
conditions, focusing on arm-sum and differential energies, arm voltages, and respective arm-common
current components.

Observing the arm-sum energy control behaviour in[Fig. 4.8/ shows that the arm-common currents
during the transient slightly change their average values in order to redistribute the arm-sum energies
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of operation. verter mode of operation.

between the phase legs. However, their steady-state values remain the same as prior to the transient,
and reflect the ac average power requirements of individual phases.

On the other hand, shows the behaviour of the arm-differential control action. In the bottom
of the figure, only the arm-common current components used for this control action are shown. It
can be observed that such currents exist only during the transient, and the fact that their amplitude is
limited defines the slope of the arm-differential energy control reserve.

Finally [Fig. 4.10|shows the behaviour of the control scheme during and after clearance of the grid
fault. It can be observed that the grid currents resume the value they had prior to the fault, the
dc current responds during the transient to satisfy the converter energy needs, while SM voltages
and respective energies experience insignificant change, except that the voltage ripple in the SMs is
reduced to the value prior to the grid fault. In addition, due to resumed symmetry among the phases,
the arm-common currents also become balanced.

To simulate the behaviour of the presented control scheme under balanced grid condition, energy
references in arms were arbitrarily changed at time instant t = 2 s, and returned to normal condition
after t = 0.5 s. The control scheme proves to have robust behaviour and is able to track the arbitrary
arm energy references regardless of the grid conditions, not affecting its terminal variables.

All previous figures aim to demonstrate the behaviour of the energy control scheme of the MMC
under balanced and unbalanced grid condition, when applied in the inverter configuration.

The following figures demonstrate the behaviour of the presented control scheme under the same
grid conditions, yet when the MMC is used as a rectifier. Such conditions pose slightly more stringent
requirements over the terminal variables, as the dc current should remain uninfluenced by the internal
MMC energy control actions or grid conditions, while the three phase grid currents should remain
symmetrical.

shows the response of the control scheme during the grid unbalance event, and while
changing the energy references, the same as in[Fig. 4.7] It can be observed that the grid currents
change during the transients, respecting the power needs of the converter, all while preserving
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Fig. 4.10 Behavior of the energy control scheme during and after the short circuit clearance on the grid side
of the converter, for the inverter mode of operation. Top two graphs show phase voltages u,, and currents i, ,
followed by the dc voltage uy. and current iy.. Individual SM voltages v, are shown in the fifth plot from the
top, followed by the arm-sum Ws, and arm-differential W) , energies and respective references. The final plot
shows arm-common currents i,y in the three phase legs.

symmetry among the phases. On the other hand, the generated dc voltage and current remain
unaltered during the transients, which is one of the main objectives for the MMC as a rectifier. After
the grid unbalance event, the SM voltages and corresponding energies remain balanced, while the
arm-common currents redistribute among the phase legs according to the power needs of individual
phases.

Energy references are changed at the time instant ¢ = 0.8 s and returned back to their nominal values
att = 1.1s. It can be observed that both the arm-sum and the arm-differential energy references are
attained after approximately 100 ms. After the references are set back to their nominal values, the
arm energies settle within approximately the same amount of time (100 ms).

Closer look into the arm-sum and the arm-differential energy reference changes and their effects
is provided in[Fig. 4.12}{Fig. 4.13] Similarly to the inverter mode of operation, the arm-differential
energy control scheme behaviour shown in[Fig. 4.12]indicates that the arm-common currents slightly
change only during the transient, allowing for energy exchange between the legs. After the arm-sum
energies are settled, the arm-common currents resume to their previous values.

104



4.2. Energy control under grid unbalances

) | | | | | | | A il
e A A A e

TSI TSP e R sepipneipiubabnbabibiteirhitahrehmighpivinorhriehcheintnbilehmbehrighiop i ", ([ vae [kV] [

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
time [s]

Fig. 4.11 Behaviour of the energy control scheme during a short circuit on the grid side of the converter, for
the rectifier mode of operation. Top two graphs show phase voltages u,, and currents i, , followed by the dc
voltage u,, and current ig.. Individual SM voltages v, are shown in the fifth plot from the top, followed by the
arm-sum Ws , and arm-differential W, , energies and respective references. The final plot shows arm-common
currents ieomm  in the three phase legs.

Similarly, the arm-differential energy control mechanism also manages to ensure reference tracking
using sinusoidal arm-common currents. It can be noted that these current components almost
completely disappear after the transient. Yet, one should recognize that a small oscillating current
component remains, even though the arm-differential energies have closely reached their values.
The reason for such a behaviour can be found in the fact that even for the small energy difference,
arm-common current reference for arm-differential energy control is high in a phase where the
phase voltage is relatively low during the fault. In addition, this relatively high arm-common current
reference in a single phase influences arm-common current references in other phases, thus having
a larger influence than it would normally have under balanced grid conditions. Nevertheless, the
amplitude of such oscillations are relatively low, and have a tendency to decay over time, and thus do
not represent any major disadvantage in using the method.

Lastly, the behaviour of the MMC during and after the grid fault clearance is captured in[Fig. 4.14!
where the same case was simulated as in The results show that the control algorithm

maintains the MMC rectifier operation objectives valid during both fault clearance and energy
reference change. The latter is used to confirm that the proposed energy control method for the
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Fig. 4.14 Behavior of the energy control scheme during and after the short circuit clearance on the grid side
of the converter, for the rectifier mode of operation. Top two graphs show phase voltages u,, and currents iy,
followed by the dc voltage uy, and current iy.. Individual SM voltages v, are shown in the fifth plot from the
top, followed by the arm-sum W5, and arm-differential W, , energies and respective references. The final plot

shows arm-common currents .oy, in the three phase legs.
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4.3. Arm energy control under a SM failure

rectifier configuration is valid under both balanced and unbalanced grid conditions.

Previous results demonstrate that the presented control scheme can be readily used under both
balanced and unbalanced grid conditions. Besides ensuring its primary function- arbitrary control of
the arm energies, the control scheme ensures that the terminal variables are not affected for a given
MMC configuration.

4.3 Arm energy control under a SM failure

In normal operation, the number of SMs per arm is equal in all converter arms, and the sum of their
voltages is kept around their rated value. However, in case of a failure of one or several SMs within
an arm, remaining SMs are typically surcharged so that the total arm voltage remains unaltered, as
during the normal operation [[105]. In this case, the arm with failed SM contains more energy stored
compared to the other arms.

It is supposed that the monitoring system of the converter recognizes a fault in a SM, and bypasses it,
informing the upper-level control system. The upper level control system recalculates the energy
of the arm such that the remaining healthy SMs retain the same voltage capability as the complete
arm before the fault. As a result, arm-sum and arm-differential energy references change for the
respective arm, resulting in an increase of SM voltages of the affected arm. Therefore, each arm
should be equipped with a dedicated energy controller in order to ensure direct control of their energy
content.
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Fig. 4.15 Simulation of a single SM fault during the =~ Fig. 4.16 Simulation of a single SM fault during the
inverter mode of operation of the MMC. rectifier mode of operation of the MMC.
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One should be aware of the voltage capability of an individual SM, i.e. of its upper limit. Namely, such
a scenario is feasible only in case when the SMs are designed so as to be able to withstand the voltage
across their capacitors higher than in the rated case. Due to the fact that higher voltage capabilities
lead to non-optimal converter design, such an approach is justified in case when the number of SMs
per arm is relatively high (for example when N > 8).

References for the arm-energies change, and so do the references of ¥ and A energies of the corre-
sponding phase. To demonstrate the effectiveness of the proposed control concepts in case of failure
of a SM, a single SM within the upper arm of phase A is temporarily bypassed at the time instant
t = 0.6 s and put back into operation at t = 1s, thus emulating a failed SM.

Simulation of such a case was conducted for both configurations: inverter and rectifier, with the
results being shown in [Fig. 4.15|and [Fig. 4.16| respectively.

This scenario is valid for both converter configurations, with the only difference that the ac currents
should not be affected for the inverter, while the dc current should not be affected for the rectifier
configuration. Simulation results presented in [Fig. 4.15|and [Fig. 4.16| prove exactly this, again
demonstrating robustness of the converter and its control scheme against SM failures.

4.4 Summary

This chapter aimed to show how the proposed energy control scheme can ensure robust operation of
the MMC under various faulty conditions, specifically under grid unbalances, and a SM failure within
an arm. The objective in both cases was that the MMC remains operational at its terminals, and that
such faults do not influence its performance. An additional objective was that the internal variables,
i.e. arm energies, remain controlled, thus allowing for a proper operation of the converter.

The two methods presented in the previous chapter were thoroughly studied for application under
unbalanced grid conditions. It was found that both methods can be theoretically adjusted to such
conditions, though the Method II requires only minor modifications with respect to the balanced grid
conditions. In contrast, Method I would require knowledge of all the grid sequences, their phases and
magnitudes, as well as complex calculations to determine the proper current references.

As a result, Method I was selected for further evaluation for the two converter configurations. It was
shown that the converter manages to perform its primary functions, as well as to stay balanced under
grid unbalances, step changes of the energy references during unbalances, as well as during and after
the fault clearance.

Finally, the energy control scheme was applied in regulating the arm voltages in case of a SM
failure within an arm. It was shown that the proposed energy control scheme ensures that the total
arm voltage remains constant, irrespectively of the configuration, thus ensuring that the converter
operation is not compromised.

In conclusion, it was demonstrated that the proposed energy control methods are applicable under
both normal and faulty conditions, without the need for switchover between different control schemes,
all while offering the benefits of extendibility, implementation simplicity and effective control of the
arm energies.
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Energy Control of the Modular Multilevel
Matrix Converter

Arm energy control methods for a regular ac-dc MMC were presented in previous chapters. It was shown
that they can be used under normal and faulty conditions, as well as for converters with multiple phases
or paralleled arms. This chapter investigates extension of the energy control method used in[Chapter 4
to the M3C. It benefits from previously derived conclusions and energy control principles, and proposes
various control actions to meet the objective of independent arm energy control. Proposed control concept
is tested under normal conditions, no-load conditions, as well as under grid unbalances. Validity of the
control concept was demonstrated using an in-house-developed hardware-in-the-loop simulator of the
M3C, with control algorithms being deployed in the industrial-grade controller.

5.1 Motivation

High reliability achieved through redundancy, high efficiency, elimination of bulky filters and trans-
formers [[35]] come with the price of increased control complexity.

The most complex tasks are those related to monitoring the protection of the converter, and voltage
(energy) control of the floating SMs. Even more challenging does it become in case when no energy
is exchanged between the two converter ac terminals (no load conditions), or in case of grid faults.

Several publications have been made on the topic of arm energy control of the M3C. Reference [110]
presents a generalized set of criteria for arm energy balancing, applicable to different MMC-alike
topologies, such as the standard MMC, delta and star STATCOM, M3C and Hexverter. Although
the stability of the method has been confirmed by means of simulation, using M3C as an example,
this reference only mathematically formulates the criteria, and does not present a solution for any
particular converter, neither does it provide guidelines for its implementation. In [126] authors use
the approach from [110] to balance the energies inside a standard MMC converter, demonstrating
that the application of this method requires profound mathematical expertise in obtaining a solution,
even for a less complex converter topology, such as the MMC.

The first references successfully dealing with this topic [100], [[127] propose a set of solutions for the
M3C energy control, based on circulating currents and common-mode voltage injection, which might
be used in different ways, depending on the operating mode. While it demonstrates the ability to
create an arbitrary imbalance among the converter arms, implementation of this method is based on
double-a 0 transformations, which might not be an intuitive approach and requires a considerable
amount of direct and inverse double-af0 transformations. A similar approach was used in [101]],
where the authors experimentally demonstrate the effectiveness of the balancing method. Apart from
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Chapter 5. Energy Control of the Modular Multilevel Matrix Converter

a significant amount of double-a 0 transformations, validity of the method was not tested under
unbalanced grid conditions.

Improvement of the method presented in [100] was proposed in [128]], where an additional XA
transformation is performed on the internal aa, af, fa, ff currents, in order to decouple specific
frequency components. The same approach was used by the authors in [51]], [129], which use the
M3C as an interface between the wind generator and the ac utility grid. While this approach reduces
the delay of the filtering chain in specific balancing directions, the overall delay is determined by the
slowest among them. As a result, no significant benefits are expected in terms of control dynamics,
while the realization of the control method gets even more complicated. In addition, relationship
between the controlled current components in diagonal directions and the final arm currents become
more complex, making it difficult to both understand and limit the influence of a certain control
action on a particular arm current.

Authors in [[130]] present a generalized approach for current control and energy balancing, applicable
to any of the modular multilevel converter topologies. The approach is based on using circulating
current components at both grid and load frequency, as well as common-mode voltages and circulating
current components at arbitrary frequencies. The optimal solutions, in terms of minimal RMS of
the induced circulating currents, were presented in the form of matrices, which yield circulating
current and common-mode voltage references from the arm power references. Two matrices are
presented, where each one of them is optimal for different operating ranges of the M3C. While the
solution poses lower current stress on the converter for some operating points compared to [101]), the
implementation of the method is not simple, due to the fact that the resulting matrices are of high
order, and the elements of the matrix are variables dependent upon the operating condition, which
are calculated in real time. High number of different elements in the matrices that are either used as
inputs or calculated in real-time increases the risk of error during implementation of the method. In
addition, a clear distinction between the application range of the two methods has not be presented,
which could lead to transient behaviour of the converter during the hard switch-over between the
two. Applicability of the method was not confirmed under unbalanced grid conditions. Although the
proposal combines all degrees of freedom and yields an effective solution with the minimal current
stress, its lack of simplicity of implementation might render it unattractive, particularly for engineers
and researchers entering the field.

Complexity of the existing solutions for the M3C energy control was recognized by the authors in
[131]], who proposed an energy balancing solution that simplifies the energy control problem in the
M3C, compared to the existing solutions. Although effectively achieving the balancing task within
the converter under symmetrical conditions, proposed solution is unable to deal with the energy
control in cases when different energy levels are required in different arms (as in the case of a SM
failure in one arm). In addition, the solution might not be able to ensure decoupling of the inner
energy control from the terminal currents during grid faults.

Another issue with operation of the M3C arises when the frequencies of the two ac systems it intercon-
nects become similar or equal. In such a case, energy oscillations in the M3C arms become excessively
high, resulting in a large ripple in the voltage of the arm capacitors. If not mitigated, excessively
high voltage ripple would lead to overvoltages across SM capacitors, loss of the voltage generation
capability, and consequently loss of control over the converter. Mitigation of such oscillations relies
on introduction of a common-mode voltage and circulating currents, which together counteract the
power components that provoke the oscillations [33], [[101]], [128]], [[129], [132]], [133]. Regardless of
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the control method being applied, what all of them have in common is the fact that the arm current
increases significantly due to the introduced circulating currents. It can go up to 50% above the
rated arm current [34]], [134]. Additionally, voltage oscillations in case when the supply and load
frequencies are equal are still 2.5 times higher in case of the M3C compared to the back-to-back MMC
solution, yielding a requirement for a higher installed energy in the M3C. All these facts contribute
to the conclusion that the M3C is a converter suitable for interconnecting two ac systems of unequal
frequencies, or an ac motor drive with a rated frequency far below the grid frequency.

Therefore, voltage oscillation mitigation due to equal frequencies is considered by the author as a
separate control issue, and is thus not part of the presented energy control scheme. It was treated as
a separate control objective in [[128]], [129]], [132], [133]].

Focus of this chapter is on techniques for the arm energy control in the M3C, assuming that the
frequencies of the interconnected systems are sufficiently different from each other. Its primary aim is
to develop the arm energy control technique which can attain the objective of independent arm energy
control under various grid/load conditions, all while using an intuitive and simple-to-implement
control approach.

5.2 Energy control mechanisms in the M3C

To facilitate the derivation of the mechanisms that govern the energy control inside the M3C,
is shown again [Fig. 5.1

Key variables determining the behaviour of the M3C are its terminal voltages u, and uy, where
x = {A,B,C}, and y = {R,S, T}, internal arm-generated voltages u, ,, total arm SM voltages v, y,
terminal currents iy and iy, and internal arm currents iy y.

Arm currents iy can be expressed as a portion of the terminal current iy and iy, and additional

circulating current components Aig,), and Aig,), that exist typically temporarily and are in general
sinusoidal components at angular frequencies wy and @y, respectively.

Arm currents typically contain one third of their respective terminal currents under symmetrical
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Fig. 5.1 Layout of a 3PH ac-ac M3C topology, together with labelling of relevant converter variables (voltages
and currents).
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grid/load conditions. Under asymmetries, or during transients, additional circulating currents are
injected to correspond to energy needs of each individual arm. Consequently, the arm current can be
expressed as:

—lx/3+ly/3+Al(x)+Al(y) (5.1)

Similarly, arm-generated voltage u, ;, counteracts corresponding terminal voltages, and contains
components for arm-current control, as expressed in (5.2). For relatively small arm inductances, these
components can be neglected, and the arm voltages can be expressed as in (5.3).

diy
arm d t

(5-2)

ux,y:ux—uy—uCM—L

Ugy = Ux — Uy — UCM (5:3)

The total voltage across the SMs capacitors inside an arm is a reflection of the total energy stored
within these capacitors. The energy content is controlled by the arm power, which can be expressed

as in (5.4).

Pry = Uxyixy = (uy — uCM)(lX/3+ly/3+Al(x)+Al(y)) (5.4)

To analyse the average arm power components, the following definition of the quantities from (5.4)) is
adopted:

= Ty sin(wyt) (5.5)

Uy = Uy sin(a)yt + ®y) (5.6)

udht = icat sin(ext +Ocniy) (57)
uc({/)l = ﬁéﬁ sm(wyt + @CM)y) (5.8)

iy = I sin(wyt + ¢x) (5.9)

iy = fy sin(a)yt + 0y + ¢y) (5.10)
8iy = iy sin(wnt + g + gax) (5:11)
AI;E);I) = 1;5};,) sm(coyt + 0y + 4y + ¢A,y) (5.12)



5.2. Energy control mechanisms in the M3C

It was mentioned previously that the two systems (ABC and RST) are assumed to have unequal
frequencies. On the other hand, arm power components in can have non-zero average values
over their periods only in case when the voltage and current components involved are of equal
frequencies. Consequently, only the power terms stemming from interaction between the equal-
frequency voltages and currents will be considered. The following non-zero-average power terms can

be obtained from (s5.4):

uXiX aXiX COS(¢X)
— _) —_—

P, .1
x g S (5.13)
P . _uy_iy N _ﬁyiy COS<¢Y) (5 14)
yooo3 6 '
uCM,xix ﬁCM,xiX COS(®CM,X - ¢x)
P CMx * — 3 - - 6 (5-15)
UCM,yly ﬁCM,yiy cos(@CM,y - gby)
Pemy ¢ 3 - P (5.16)
A 2(x)
. iyixyy cos(¢y)
PA());)Y : uXAl)E,);) — X 2 X (517)
. 2(y)
o bieoss)
PA(i,)y : —uyAlg,) - - > (5.18)

Power components shown in (5.13)-(5.18) stem from interaction between internal arm currents and
terminal voltages. The first two power terms represent active power components of a respective
arm to/from its respective ac terminals. The following two terms represent power components
resulting from interaction between injected common mode voltage and a portion of the respective
terminal current. One should notice that the common-mode voltage ucy can in general have multiple
frequency components. In this case, it was assumed that it might contain components at frequencies
equal to those of the two terminals. The last two power terms (5.17)-(5.18) represent interaction
between the ac terminal voltages and internal circulating currents.

In normal operation, only the first two terms are present. However, these terms cannot be used as
means of complete arm energy control, as that would require altering the terminal variables, which is
in general not permitted.

To facilitate discussion, terminals labelled by x = {A, B,C} will be referred to as “grid”, whereas
terminals labelled by y = {R, S, T} will be referred to as "load”, referencing to the case where the M3C
is used as an interface converter between an electric grid and a synchronous generator/motor.

Injection of a common-mode voltage ucy, at grid/load frequency for the purpose of arm energy control
might be used, though it imposes the need to have an additional voltage reserve in the SMs, in order
to be able to generate the common-mode voltage on top of the two terminal voltage components.
This would result in increased converter size and cost, and is generally not the best practice. The only
case where injection of the common-mode voltage at grid/load frequencies can be performed is in
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cases when either of the terminal voltages is absent, e.g. no load conditions. In such a case, available
voltage reserve can be used to inject the common-mode voltage and use it for the energy control in
conjunction with the terminal currents.

The last two power terms (5.17)-(5.18) are normally used for energy control, as they do not necessitate
increased voltage capability of the converter, but only injection of the circulating currents. Given the
fact that they are based on interaction of circulating currents and terminal voltages, this solution is
preferable due to naturally high terminal voltage, which in turn result in relatively low circulating
current requirements.

Two power terms that could also exist according to are those stemming from the interaction
between the injected common-mode voltage components and circulating currents at equal frequencies.
These power terms were not considered for energy control as they would require injection of both
common-mode voltages and circulating currents, and might be considered only under extreme
circumstances.

One should also observe that the common-mode voltages of frequencies equal to the grid/load
frequencies have only been considered. It might be the case where the common-mode voltages would
naturally exist due to applied modulation technique (space-vector, min-max, etc.), yet they appear as
triplen harmonics of the base frequency. Consequently, this would require injection of circulating
currents at these frequencies, or at least at the 3rd multiple of the base frequency. Such a requirement
is in general not a problem, as the arm current control bandwidth is typically sufficiently high to
support tracking. However, amplitude of the 3rd harmonic of generated voltage due to modulation is
typically 6 times lower compared to the fundamental component. This would result in 6 times higher
circulating current reference compared to the case when circulating currents interact with terminal
voltages. Therefore, neither this possibility is considered further.

5.3 Proposed arm energy control method

In the following analysis it will be assumed that the load-side terminal currents are determined
by application (motor drive), and thus must not be altered by the energy control method. As the
converter configuration is symmetrical, the same reasoning could be applied for the grid side, in case
when the M3C interconnects the grid and a synchronous generator.

Nevertheless, to facilitate the discussion, analysed use case will assume a MV grid connected to a
synchronous generator/motor by means of the M3C. Grid currents shall remain symmetrical under
all circumstances, though their amplitude could vary, depending on the power flow and the needs of
the energy controllers. Load (generator/motor) currents are application dependent, and are thus not
subject to change due to the energy controller requirements.

Similarly to the regular MMC, energy content within each arm is calculated and most dominant
frequency components are filtered out (2wy, 2wy, (wy + wy), (@x — @y)). Nine PI controllers are utilized
to control energies of the nine arms. Their outputs are power references Py, for each individual arm.

To realize such power references using the degrees of freedom expressed in (5.13)-(5.18), different
strategies should be employed.
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5.3. Proposed arm energy control method

5.3.1 Energy control of the load-grouped clusters

The main assumption used for such energy control scheme is the availability of the grid voltage.
While the load voltage might not be generated, i.e. equal to zero, the grid voltage is assumed to be
always present, even in case of unbalanced grid conditions.

This permits to use arm currents at grid frequency to control the energy content within arms, based
on the power law expressed in (5.17). Two constraints have to be met while devising such a control
scheme: no influence on the load terminals, and symmetrical grid currents. Both constraints can be
met if the energy control scheme is designed for clusters of arms comprising those arms connected to
the same load terminals, as shown in[Fig. 5.2] Namely, if symmetrical currents are generated in each
arm of a cluster, these currents will sum-up to zero at their respective load terminal, thus assuring
that there is no influence on the load. On the other hand, grouping the arms into clusters permits to
satisfy the power needs of a cluster, while still drawing symmetrical currents from the grid.

Power requirements of a cluster are equal to the sum of the individual arm power requirements and
the active power drawn by the load at respective node:

* * * *
cly — PasY + Pb,y + Pcsy + Py (5.19)

To meet such power requirements, symmetrical grid-frequency currents are used, with their references
being calculated as follows:

2P,

Yixy() = S U (t) (5.20)

3(4y)

where 4 represents the amplitude of the positive-sequence arm voltage component at grid frequency,
while ug (¢) is its time-domain value for a particular phase.

Under balanced grid condition, the positive sequence component constitutes the complete grid-
frequency voltage, while under unbalanced grid conditions, negative and zero-sequence voltage
component might also be present. The sum of the three cluster current sets constitutes the grid current,
which shall remain symmetrical, hence the usage of only positive-sequence voltage components

Perr cLs Peyt

Yia,r Yib,r }/ic,r yia,s Yib,s Yic,s Yia,t Yib,t Yic,t
4 + + + + + + +

u,() up U uaCD up, u, ua<> up u,
l 1 0
@ig:u @ii\:o @iir:o

Fig. 5.2 Grouping of the M3C arms into clusters connected to the same load terminals for the energy control
purpose. Grid terminal currents i, iy, i, should remain symmetrical, while load currents i, i, i, should remain
equal to zero.
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in (5.20). Regardless of the power needs of each individual cluster, the sum of the three sets of
symmetrical currents represents the current drawn from the grid, and remains symmetrical.

Current references calculated as in (5.20) ensure that the power needs of each cluster are met. Thus
obtained current references will be part of the total arm current reference, as it will be shown later.

One can notice that thus far presented control scheme ensures tracking of only three power require-
ments out of nine. Therefore, additional control actions are necessary.

5.3.2 Energy control of the grid-grouped clusters

As this control action is dependent upon the load-frequency voltages, two different strategies will be
analysed, depending on the load voltage availability.

5.3.2.1  Non-idle converter state

In case when the 3PH machine is in operation, and the voltage is generated across its terminals, it can
be utilized to perform additional arm energy control actions, according to the power law expressed in
(5.18). This state of the converter is referred to as "non-idle” state, as opposed to the state of operation
where no voltages across machine terminals are generated, further referred to as “idle” state.

Following the same logic as before, arms can be regrouped into clusters comprised of arms connected

to the same grid terminals, as shown in

In order to maintain the effect of this control action invisible at the grid terminals, injected currents
inside the cluster should sum up to zero, all while producing the desired cluster power reference. All
arms within a single cluster have the same grid-frequency voltage component. To produce a non-zero
power component on a cluster level, the sum of the injected grid-frequency arm currents must be
greater than zero. Therefore, grid-frequency voltages cannot be used in such cluster grouping.

On the other hand, load-frequency voltages within a cluster configuration as in [Fig. 5.3] constitute a
3PH symmetrical system. Therefore non-zero cluster-level power can be produced by injecting a set
of symmetrical load-frequency arm currents. Due to their symmetry, their sum equals zero, so it does
not impact the grid-side terminals.

To calculate current references for such a control action, one should determine power requirements
of a cluster. Due to the fact that this control action remains internal, i.e. does not draw power from

id:uf® ﬁ,:Uf i(:“i©

iy Sias [ iy ip s ip ¢ Sicy Oicg Sic

u, g Uy Uy Ug Uy, u,

®,0 ® ®,0 ® ®00 ®

Fig. 5.3 Grouping of the M3C arms into clusters connected to the same grid terminals for the energy control
purpose. Grid terminal currents iy, iy, and i, should remain equal to zero.
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5.3. Proposed arm energy control method

Fig. 5.4 Ilustration of the current modification effects for the energy control of grid-coupled clusters. Original
current references at load frequency diy, are modified so that they do not influence the load terminals.

the M3C terminals, power requirements of a cluster are equal only to the power requirements of
involved arm energy controllers:

P :Pxfr"'Pxfs"'Pxft (5-21)

clx

Arm current references at load frequency are calculated in the following manner:

*
clx

2
5l)zy(t) = Wuy(t) (5.22)
Yy

It can be recognized that such arm current references have the opposite reference direction with
respect to the current references generated at grid frequency. This is a consequence of the fact that
the load-frequency voltages within arms have the opposite reference direction with respect to the
grid frequency voltages, in order to counteract the load terminal voltages.

Due to the symmetry among the currents within a cluster, their sum at the grid terminals equals zero.
However, due to different power requirements of individual clusters, amplitudes of the load-frequency
arm currents are generally different among the clusters. As a consequence, undesired load-frequency
currents appear at load terminals, which should remain internal to the M3C. Therefore, a modification
of the generated current references is necessary, as illustrated in[Fig. 5.4] Modification of the original
current references iy, results in modified references diyy which sum-up to zero while achieving the
same or similar power references.

Due to simplicity of implementation and its validity under both symmetrical and asymmetrical load
conditions, a modification strategy similar to Method II is adopted here. It relies on subtraction of
the zero-sequence component from the involved set of current references. It can be shown that the
subtraction of the zero-sequence component from the current references has the same effect as the
subtraction of the zero-sequence component from the cluster power references Cia, Pcib, Pc’ic. The
fact that the generated currents diyy remain within the converter means that they perform energy
redistribution among the three clusters. Observing from the cluster power viewpoint, zero-sequence
subtraction means that only differential power between the clusters is controlled, i.e. effectively only

two power components.

5.3.2.2 Idle converter state

This converter state might correspond to the case when the M3C is connected to both of its terminals,
yet it does not provide any voltage at its load terminals, such as during machine standstill, or
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STATCOM operation, i.e. providing only reactive power support to the grid.

In such a case, load-frequency circulating currents have no effects, and different means should be
adopted. From the power equations (5.13)-(5.18) there are two possibilities: injection of the common-
mode voltage ucyy, at either grid or load frequency.

In the first case, common-mode voltage can interact with the existing grid currents, that are covering
the converter losses, and thus provide energy control functionality. In the latter case, additional
load-frequency circulating currents need to be generated. While one can opt for any of the two
possibilities, only the first possibility is analysed here. One should note that similar logic as before
can be followed even if the second option was chosen.

In case when there are no load currents, grid currents have small values, covering only the power
losses of the switching converter. In such a case, no energy is drawn from the SM capacitors, and
energy control actions, even if necessary, require negligible power levels. On the other hand, the
M3C can operate as a STATCOM during the “idle” state, providing necessary reactive power to the
grid. In such a case, grid currents exists, and can be used to control the energy of the converter in
conjunction with the common-mode grid-frequency voltages. Although it might seem so, the first
case is typically not unfavourable, even though the grid currents are almost negligible. Injection of
high common-mode voltage would produce enough of arm power to cover the converter needs. This
is a consequence of the fact that there are no currents in the converter, i.e. no sources of energy
imbalance.

As the common-mode voltage of each grid-tied cluster should be in phase with the respective grid
current, the common-mode voltage reference for each cluster x is obtained as follows:

* _ Iy .
Ucmx = 7 UcM (5.23)
lX

The amplitude of the common-mode voltage ¢y is determined depending on the available voltage
reserve, and in case when the load voltage is equal to zero, it can be as high as the rated load voltage
amplitude.

Three grid-tied clusters have different power requirements, while the common-mode voltage is
determined by its amplitude and phase. Calculation of the common-mode voltage can be performed
such that it reflects power requirements of different clusters, in the following way:

Pcl,auéM,a + Pcl,buéM,b + Pcl,cuéM,c
|Pcl,a| + |Pcl,b| + |Pcl,c|

Ucp = (5.24)

In this way, common-mode voltage phase and amplitude are adjusted in order to reflect power
requirements of specific clusters.

As a single common-mode voltage value is calculated, its product with the three phase currents
sums-up to zero, meaning that the converter does not exchange active power with the grid. Instead,
by means of common-mode voltage injection and its interaction with the grid currents, energy is
redistributed among the clusters.
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5.3. Proposed arm energy control method

Depending on the operation mode, either of the two approaches can be selected, but both can be
active at the same moment, with appropriate dynamic coefficient selection. In such a way, smooth
switchover between the two modes of energy control can be achieved.

In conclusion, the previously described control actions ensure meeting five independent energy
references in total, while to gain complete control over the M3C arms, nine control actions are
necessary in total.

Therefore, additional four degrees of freedom should be utilized in order to gain full control over the
arm energies.

5.3.3 Inter-arm energy distribution

The last control mechanism will redistribute the energy among the converter arms without considering
specific clusters. Due to the fact that nine arm currents can be controlled, theoretically all nine arm
power references can be respected. However, due to the constraint that the energy control actions
should not alter the terminal currents, such control actions should remain internal to the converter.

It has been already stated that the grid voltage availability is assumed during the whole converter
operation. Power references of all nine arms can be created by interaction of the grid-frequency arm
currents and grid-frequency arm voltages, as illustrated in

These current references are calculated as in (5.25). Nevertheless, due to arbitrary values of the power
references, these currents do not generally sum up to zero, and should undergo modifications.
P

. >y
Aif, = 2—2u, (5.25)
X,y 2

Method II approach can be used, where three current references entering a terminal node are grouped,
and deprived of their zero-sequence component. The process is illustrated in[Fig. 5.6] where such
modification is applied first to the currents entering the nodes R, S, T, followed by regrouping the
modified current references into those entering the nodes A, B, C, and applying the same procedure.

Due to the symmetry, the order of Step 1 and Step 2 could be reversed without influencing the end
result. Finally obtained current references Aify are such that they ensure least power deviation from
the original references, while ensuring that no terminal currents are affected.

© ® ® © ® ® ©

icr Aia,s JAYp Aiy, ¢ Aic ¢
+ + + + +
U, U Up U

® ® ® & 6 &6 © © ©

Fig. 5.5 Arm power generation by means of grid-frequency circulating currents Ai, , and grid-frequency arm
voltages u, in nine converter arms.
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Step 1

modification

Step 2 ia
% N % - @+@Ald ' modification Ald% db@+® %
® & O ® & O

Fig. 5.6 Modification of arm current references in order to provide decoupling from the terminal currents:
(top) Step 1 - performs modifications on current references belonging to the same load terminals; (bottom) Step
2 - further modifications of modified current references belonging to the same grid terminals.

Given the fact that this modification is performed on six nodes, where currents of only five nodes
are linearly independent, such modifications result in only four linearly-independent arm currents
(nine initial currents undergo five nodal modifications). This results in four circulating currents,
redistributing the energy among the arms.

With all previously-described control actions, arm energy control of the M3C is assured.

5.4 Implementation of the energy control scheme

Implementation of the proposed energy control scheme is shown in [Fig. 5.7 Part a) shows nine
energy controllers for nine arms, yielding arm power references.

Part b) shows energy control of load-grouped clusters, using grid-frequency arm current components
Yixy- These current components are obtained from cluster power references Pj el cl sand P oLt
assuming a balanced load. This scheme can be applied even in case when the load active power is
unbalanced among phases, by feeding the active power of each load terminal into the cluster power
equation. Only positive sequence voltages are used, in order to avoid negative sequence currents in
the grid during grid unbalances. Current references are calculated according to (5.20).

Part c) illustrates energy control of grid-grouped clusters, using load-frequency arm-current compo-
nents iy y in conjunction with the load-frequency arm voltages. One can observe that symmetrical
load frequency voltages are assumed in this control scheme, whereas it can be equally applied if the
load voltages were not symmetrical. The only difference in such a case is that the voltage amplitude
uy, dividing the cluster power references P L Pcl , and P 1 -» would need to be replaced by the three
individual phase voltage amplitudes, obtained through SOGI or other means, as shown in

Calculation of the current references diy is done according to (5.22). Further, currents are regrouped
into the load-tied cluster currents, and modified through the current modification block. Its function-
ality is illustratively described in [Fig. 5.8, Such modified current references §iyy are used for the arm
energy control when the converter is in so-called “non-idle” operating mode.
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Fig. 5.7 Implementation of the complete arm energy control scheme for the M3C converter: a) nine arm
energies are measured, filtered and fed back to nine respective PI-based controllers, yielding nine arm power
references; b) energy control of load-grouped clusters, yielding nine grid-frequency arm current references; c)
energy control of grid-grouped clusters in non-idle mode, yielding nine load-frequency arm current references;
d) energy control of grid-grouped clusters in idle mode, using the common-mode voltages; e) inter-arm energy
control by means of grid-frequency circulating currents.

In case of "idle” operating mode, grid-grouped cluster power references are calculated (c.f. [Fig. 5.7}d),
and further used to calculate the common-mode voltage references, according to (5.24).

Finally, the inter-arm energy control is performed by generating the grid-frequency arm current
references Aiyy, from the respective arm power references, as illustrated in part e) of [Fig. 5.7} It
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Fig. 5.8 Description of the current modification block: reference currents are modified by subtracting their
zero-sequence (average) component.

is important to note that the complete grid-frequency voltage component is used for such current
reference generation, irrespectively of possible unbalanced grid conditions. This results in maximal
utilization of grid voltages and minimal arm current references. Current references Aiy'y are calculated
according to (5.25), and further modified using the current modification block for all six nodes of the
converter.

Finally, total arm current references are calculated taking into account the reference load currents
and all previous control actions:

i£y=i;/3+yi£y—5i;}‘,+Ai£; (5.26)

Additionally, arm voltage references are determined based on grid and load voltage references (origi-
nating from respective current controllers), and calculated grid-frequency common-mode voltage:

*

* ok *
Uy = Uy — Uy — Ucyg (5.27)
Other aspects of the converter control, such as the terminal and the arm current control, modulation

and protection are not discussed in the thesis, even though all these control actions are implemented
in the overall converter control.

So far, it can be assumed that the energy control of the M3C arms can be assured if its arm current
and voltage references are determined as in (5.26) and (5.27). Nevertheless, its performance should be
evaluated to confirm validity of the proposed scheme and its implementation.

5.5 Real-time HIL simulator description

An MMC converter rated for MV was developed in Power Electronics Laboratory for research
purpose, as well as to support the MV laboratory infrastructure. To facilitate the development of
control concepts for the MMC, a real-time (RT) HIL simulator was developed within the laboratory,
described in [[135]], [136]]. The control platform used in the MMC and RT HIL is based on ABB’s AC
800PEC family of controllers, which are in charge of performing top-level MMC control tasks, such
as converter pre-charging, control of terminal voltages and currents, energy control, exchanging
references and measurements with the SMs, etc. The same platform is utilized to develop an RT HIL
simulator of the M3C converter, shown in

Converter SMs inside the HIL simulator are realized in a hybrid manner. Namely, the control part of
the SMs is realized by the so-called Control cards, shown in [Fig. 5.9 where the local SM controller is
implemented, based on TI TMS320F28069 digital signal processor (DSP). Control cards also host a
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communication interface between the SM controller and the top-level control. Power parts of the
SMs, i.e. IGBTSs, gate-drivers, DC capacitor, are modelled within a Plexim RT-Box 1, and there are in
total eight SMs modelled within a single RT-Box. Control cards are interfaced to an RT-Box through
the interface board, whereas they are communicating with the top-level controller (AC 800PEC) using
the fibre-optic interface. Such a structure represents a single arm of the converter, and is referred to
as Arm unit in[Fig. 5.9] There are in total nine such units, each one modelling an arm. Due to the
same communication interface and the same software running on the DSP of a control card, as it
would in the real SM, it is achieved that there is no difference between the HIL-modelled arm and an
arm in the real converter, from the perspective of the top-level controller.

Grid and load side of the converter, as well as the interconnections between the arms are modelled
using a separate RT-Box and interface board, labelled as Application unit in[Fig. 5.9 Thereby, all the
power stages of the converter are modelled in the RT HIL simulator, whereas the control hardware
corresponds to the one found in the real converter. Consequently, top-level control methods, as well

AC 800PEC-based control structure

Communication

9x == Arm unit 9x8 = Control card 1x = Application unit

[
w
%CMD dODd O >w%
=i

Fig. 5.9 'The structure of the HIL system modelling the M3C. RT-Box-based HIL consists of 9 arm units, and
one application unit. Each arm unit contains N=8 control cards, corresponding to eight SMs within an arm. AC
800PEC control structure acts as the main control hardware of the converter.
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as SM-level control (implemented on DSPs), can be safely developed and tested using such a system,
without making difference between the real converter and the HIL system.

Additionally, it permits to validate the proposed control algorithms using the HIL system, without
compromising validity of the results.

5.6 Control validation

The presented control concept was tested on the RT HIL simulator, modelling the M3C converter
which interfaces a medium-voltage grid, and a synchronous machine, as a typical use case of the M3C
[29], [137]. Parameters of the grid, converter and machine are provided in

Tab. 5.1 Physical and control parameters of the simulated M3C converter. The simulated converter represents
a possible future solution, whereas the synchronous machine corresponds to the machine used in the laboratory.

Parameter Label Value
Grid voltage (line-line) Uy 3.3kV
Grid voltage frequency fe 50 Hz
Converter rated power Sa 250kVA
No. of SMs per arm N 8
SM capacitance (tolerance +5%) Csmt 2.25mF
Arm inductance (tolerance +10%) Lim 2.5mH
IGBT switching frequency fsw 1kHz
Machine voltage (line-line) U, 2.1kV
Machine rated power S 170kVA
Machine pole pairs Pm 2
Machine rated speed N 500 rpm
Machine rated torque T 3000 Nm

The first test scenario is such that the machine is in the idle mode, i.e. at zero speed. Regardless of
the fact that the machine is not operating, the converter should be synchronized to the grid, and
control its arm energy content. Leftmost part of shows that the converter maintains the arm
voltages around the predefined value during this operating mode. In addition, at t = 1.12 s voltage
references of the SMs in two arms are modified from v; = 680 V to v = 710 V and v; = 650 V, and
set back to the original reference at t = 1.8 s. In both cases the voltage references are attained within
At = 200 ms.

The next scenario is shown as the middle plot of It represents the machine speed-up to the
rated speed, starting at t = 6.2 s, and load torque rising to the rated value, starting at t = 6.7 s. It can
be observed that the arm voltages remain constant throughout the whole transition process, which
verifies good performance of the presented control method.

While different transitions between the two scenarios might be adopted, the approach adopted here
was the simplest one. Namely, for operating modes where the load voltage was higher than half
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Fig. 5.10 Results obtained from the RT HIL simulator. The leftmost plot shows relevant variables of the
converter and the machine in idle mode. Energy references of two arms are changed from their rated values to
demonstrate the effectiveness of the control principle in this mode. The middle plot shows the performance
of the converter during dynamic conditions, i.e. the machine speed-up and the load torque increase. The
rightmost plot demonstrates the performance of the energy control method in presence of the load voltage.

of its rated value, the load-frequency circulating currents for energy control were used, otherwise
grid-frequency common-mode was injected. As it has been demonstrated, hard switch between
the two does not cause any problem in the converter operation, which can be only improved by
introducing a soft transition between two operating modes.

The rightmost plot in[Fig. 5.10|shows the converter operation at the rated speed and rated load torque.
As in the first test scenario, voltage references of two arms were changed, and energy control was
able to ensure reference tracking.

[Fig. 5.11)demonstrates the converter’s capability to control its energy content under different dynamic
conditions, namely during the speed reversal (leftmost plot), negative speed of the machine (middle
plot), as well as during the machine de-loading and slowing down.

It is important to notice from[Fig. 5.10|and [Fig. 5.11]that the grid and load currents remain unaffected
by the energy control actions. In addition, transition between different operating modes of the
machine, and thus between the two energy control scenarios, remains seamless.

Finally, to verify performance of the presented control method under unbalanced grid conditions,
single-phase-to-ground fault in the grid is simulated during both motor mode (c.f. and idle
mode of operation (c.f. . In both cases, arm voltages remained unaffected, thus demonstrat-
ing capability of the two control scenarios to properly work under unbalanced grid conditions.

Presented results show validity of the presented control methods under realistic operating conditions.
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They show that the converter voltages are maintained around their reference values, and that converter
terminals are not influenced by such control actions.

5.7 Discussion

The presented results verify the effectiveness of the proposed energy control method, under different
imbalances, speed (frequency) reversal, grid unbalanced conditions, as well as under no-load operation.
Compared to the methods based on double a0 transformations, implementation of the method is
simpler, using only the real-time values of the grid and load quantities, without multiple ¢ 0 and dq
transformations.

Compared to the solution proposed by [130]], bulky matrices with real-time variable elements are
omitted, whereas the transition between the low-frequency (low load voltage) and high-frequency
operating modes can be seamlessly performed. Additionally, the proposed solution was verified under
unbalanced grid conditions, even under combined unbalance and no-load conditions, in contrast to

[130].

Comparing the solution against another simple solution, proposed in [131], the solution in [131]]
cannot ensure an arbitrary energy control under normal conditions, neither can it ensure decoupling
of the internal balancing currents from the terminal currents under grid faults. Therefore, although
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Fig. 5.11 Results obtained from the RT HIL simulator. The leftmost plot shows the performance of the energy
control method during the speed reversal of the synchronous machine. Even though the energy control changes
between the idle and non-idle, and back to idle mode, the arm voltages remain unaffected and follow their
reference. The middle plot demonstrates the effectiveness of the control principle in the generator mode of
operation. The rightmost plot shows that despite the sudden de-loading, followed by the machine slowing-down,
the effectiveness of the energy control is not compromised.
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Fig. 5.13 Performance verification of the energy

control under unbalanced grid conditions. The syn-

Fig. 5.12 Performance verification of the energy
control under unbalanced grid conditions. The syn-

chronous machine is in the motor mode of operation,
so the energy control is achieved using the load volt-
ages.

chronous machine is in the standby mode, so the
energy control is achieved using the common-mode
voltages- the idle mode.

the solution [131]] seems as the simplest one, it in fact does not perform well under all operating
modes.

One might argue that the proposed solution does not preserve all the power references yielded by
the energy controllers, due to the current modification blocks. While this claim is true, the current
modification block is optimized so as to minimize circulating currents imposed in the converter arms,
while still ensuring the energy balancing under all conditions.

Finally, simplicity of implementation, coupled with the fact that the current modification is optimized
to reduce the current stress on the converter while ensuring an arbitrary energy control, make this
solution unique, simple to understand and implement, and robust under various operating modes.

5.8 Summary

In this chapter a novel energy control scheme for the M3C was proposed. First, the energy control
mechanisms were identified, along with constraints that should be accounted for.

Further, the energy control strategy was methodologically developed, analysing the power needs
of the arms, but also the available degrees of freedom. Energy control was at first performed on
the cluster level, namely for arm clusters connected to the same load terminals. This control action
benefits from the interaction of the grid-frequency arm voltages and the grid currents, all while
preserving their symmetry. This control action ensures that each cluster receives from the grid the
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amount of energy it needs.

To further exploit the degrees of freedom, the arms were further regrouped into the clusters connected
to the same grid terminals, which appear symmetrical from the load side. For this control action two
different strategies were adopted, based on the availability of the load voltage. In case when the load
voltage were available, load-frequency circulating currents were injected, while in case when the
load voltage were not available, a grid-frequency common-mode voltage was injected, interacting
with the grid-frequency currents. In both cases, such control actions redistributed the total converter
energy among the clusters of arms connected to the same grid terminals.

Remaining degrees of freedom in the energy control were used for the internal energy exchange
between the converter arms, irrespectively of the cluster. Four circulating currents were created using

the current modification strategy described in [Chapter 4} which interact with the grid voltages.

It is important to note that the proposed control methods ensure arbitrary arm energy control, and
it is applicable under both symmetrical and asymmetrical grid/load conditions. Their applicability
was also demonstrated under the no-load voltage condition, as well as during the machine (load)
speed (frequency) reversal. The control performance under all above-mentioned conditions was
demonstrated using an RT-HIL M3C demonstrator, showing no difference with respect to the control
system found in the actual converter.

Finally, a brief reflection on other M3C energy control solutions was done, highlighting advantages
and disadvantages of the proposed method with respect to the other solutions.
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HIL-Aided Development of a Medium Voltage
Test Platform for MMC Submodules

The development of a medium-voltage, high-power modular multilevel converter is a complex project,
which involves a proper insulation coordination, thermal management, different layers of protection and
supervision, rather complex control, as well as a proper submodule design. Given such a complexity,
and cost of the converter, commissioning of a medium-voltage converter is a challenging task, which
has to be undertaken with great care and in several steps. Both the control software and the prototype
hardware have to be independently tested under real operating conditions, before they are merged into
a functional converter. This chapter presents development of a test platform, used for testing hardware
and software features of the MMC SMs. The platform was developed with the aid of a HIL system, where
important test scenarios were verified, prior to being carried out on the physical SMs. The HIL syste