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Abstract

The line-commutated converter (LCC) and the voltage-source converter
(VSC) are the two main converter technologies utilized in high-voltage direct
current (HVDC) transmission applications. Depending on the application
requirements, one technology might be more advantageous than the other.
On the one hand, the LCC features technological maturity, high efficiency,
and high power-transfer capability, but it lacks the ability to independently
control active and reactive power and to ride through ac faults. On the
other hand, the VSC overcomes the shortcomings of the LCC and offers more
functionality, as it features the ability to independently control active and
reactive power, ac-fault ride through capability, black-start capability, and
superior harmonic performance. Yet, it is less mature, less efficient, and has
lower power-transfer capability than the LCC. Thus, the combination of the
LCC and the VSC topologies could yield hybrid converters that leverage the
complementary characteristics of both technologies and thus are optimized
for HVDC applications. Therefore, the main objective of this thesis is to
investigate existing and derive new hybrid converters that combine the com-
plementary characteristics of the LCC and VSC technologies.

The hybrid converters investigated in this thesis are divided in two main
categories, namely: (a) current-source; and (b) voltage-source hybrid con-
verters. The former category includes hybrid converters that are based on
the LCC structure and utilize a VSC part either for compensating the reac-
tive power consumed by the LCC, or for active filtering of the LCC current
harmonics, or for independently controlling active and reactive power, or for
achieving a combination of these functionalities. Four different current-source
hybrid converters have been investigated and compared in terms of function-
ality, conduction losses, and semiconductor requirements.

The second category includes more complex circuits that combine thyris-
tors and modular VSC elements in ways that enable these hybrid convert-
ers to operate as VSCs and to achieve high active-power capability. Two
new voltage-source hybrid converters are analyzed and compared in terms
of active-power capability, semiconductor requirements, and controllability.
This study reveals that the hybrid alternate-common-arm converter (HACC)
is the most interesting circuit; thus, an in-depth analysis is performed for this
converter. The theoretical analysis shows that, under certain operating condi-
tions, the HACC can transfer twice the active power of the full-bridge modular
multilevel converter (FB-MMC) with lower semiconductor rating per unit of
active power. Yet, if the total commutation time of the thyristors and/or the
power angle are increased beyond certain values, the active-power capability
of the HACC is reduced. Finally, simulation and experimental results are
provided in order to verify the theoretical analysis and prove the feasibility
of the HACC.

Keywords: High-voltage direct current (HVDC), hybrid alternate-common-
arm converter (HACC), hybrid converters, line-commutated converters (LCCs),
modular multilevel converters (MMCs), thyristors.
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Sammanfattning

Linjekommuterade (LCC) och spänningsstyva (VSC) omvandlare är de
två huvudteknologier som används i högspänd likströmsöverföring (HVDC).
Beroende på applikationskraven kan den ena varianten vara mer fördelak-
tig än den andra. LCC är teknologiskt mogen, har hög effektivitet och hög
överföringskapacitet, men det saknar förmåga att styra den reaktiva effek-
ten oberoende av den aktiva effekten. LCC är också känslig för ac-linjefel.
VSC har inte dessa brister och erbjuder dessutom möjlighet till så kallad
“black start”. Den harmoniska prestandan är överlägsen. Dock är tekniken
mindre mogen, har något lägre verkningsgrad och lägre överföringskapaci-
tet än LCC. Sålunda kan kombinationen av LCC- och VSC-teknologierna ge
hybridomvandlare som utnyttjar de komplementära egenskaperna och därför
lämpar sig väl i HVDC-applikationer. Huvudsyftet med denna avhandling är
att undersöka befintliga och utveckla nya hybridomvandlare som kombinerar
de komplementära egenskaperna hos LCC- och VSC-teknologierna. Omvand-
larna som undersöks i denna avhandling är uppdelade i två huvudkategorier:
(a) strömstyv och (b) spänningsstyv. Den förstnämnda kategorin innefattar
hybridomvandlare som är baserade på LCC-strukturen och använder en VSC-
del antingen för att kompensera den förbrukade reaktiva effekten, för aktiv
filtrering av strömövertonerna som genereras av LCC-omvandlaren, för att
oberoende styra aktiv och reaktiv effekt eller för att uppnå en kombination
av dessa funktioner. Fyra olika strömstyva hybridomvandlare har undersökts
och jämförts med avseende på funktionalitet, ledningsförluster och halvledar-
krav. Den andra kategorin innehåller mer komplexa kretsar som kombinerar
tyristorer och modulära VSC-element på sätt som gör det möjligt för dessa
hybridomvandlare att fungera som VSC och för att uppnå hög överföring av
aktiv effekt. Två nya spänningsstyva hybridomvandlare analyseras och jäm-
förs med avseende på aktiv effekt, halvledarkrav och styrbarhet. Denna studie
visar att den så kallade “hybrid alternate-common-arm converter” (HACC) är
den mest intressanta topologin. Därför utförs en djupgående analys för denna
omvandlare. Den teoretiska analysen visar att HACC under vissa driftsförhål-
landen kan överföra två gånger den aktiva effekten hos en modulär multinivå-
omvandlare med fullbryggor (FB-MMC) med lägre halvledarbehov per enhet
av aktiv effekt. Dock reduceras överföringsförmågan om den totala kommu-
teringstiden för tyristorerna och/eller effektvinkeln överskrider vissa värden.
Slutligen redovisas simuleringar och experimentella resultat för att verifiera
den teoretiska analysen och påvisa fördelarna med HACC-topologin.

Nickelord: “Hybrid alternate-common-arm converter” (HACC), hybrid
omvandlare, högspänd likströmsöverföring (HVDC), linjekommuterade om-
vandlare (LCC), modulära multinivåomvandlare (MMC), tyristorer.
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Chapter 1

Introduction

1.1 Background and Motivation

The high-voltage direct current (HVDC) technology has played a vital role in meet-
ing the continuously growing worldwide energy demand, as it enables the transmis-
sion of electrical energy over long distances. Notably, it overcomes the technical and
economical limitations of the conventional high-voltage alternate current (HVAC)
technology and allows the transmission of vast amounts of energy over thousands
of kilometres. The importance of the HVDC technology has grown further with
the widespread adoption of renewable-energy technologies that generate electrical
energy by exploiting renewable-energy resources, such as solar, wind, and hydro.
Typically, locations rich in renewable-energy resources are hundreds or even thou-
sands of kilometres far away from the locations where energy is consumed. HVDC
technology can bridge this distance gap and transmit the electrical energy pro-
duced by remote renewable power plants to the consumption centres. In this way,
HVDC technology contributes not only in fulfilling the growing electrical energy
demands, but also in realizing this in a sustainable manner. Since electricity is an
indispensable resource that fuels the development of contemporary societies, the
utilization and the continuous development of the HVDC transmission technology
is of paramount importance.

The key enabler of the HVDC transmission technology are the power-electronic
converters that are constructed by the interconnection of semiconductor switches.
The first converter technology that was applied in HVDC transmission applications
was the line-commutated converter (LCC). The LCC is based on thyristor switches
that feature low conduction losses and high surge-current capability; thus, it is very
efficient and robust against overcurrents caused by different types of faults. The
current-source nature of the LCC enables it to ride through dc faults, which is a vital
feature for HVDC transmission with overhead lines. Moreover, the series connection
of thyristor switches enables the LCC to operate at high dc-side voltages and hence
to transfer high amounts of active power. However, as the thyristors lack turn-off

1



2 Chapter 1. Introduction

capability, the controllability of the LCC is significantly limited. Notably, the LCC
relies on the ac grid for achieving a reliable turn off of the thyristors and cannot
control active and reactive power independently. Therefore, the LCC cannot be
connected to weak ac grids and cannot ride through ac-grid faults. Furthermore,
the ac-side currents of the LCC contain low-order harmonics that are typically
filtered out by bulky passive filters.

The advent of self-commutated semiconductor switches, such as the insulated-
gate bipolar transistor (IGBT), led to the development of the two-level voltage-
source converter (VSC). The turn-off capability of these switches enables the two-
level VSC to overcome many of the limitations of the LCC. More specifically, the
two-level VSC does not depend on the ac grid for turning off its semiconductor
switches; thus, it can be connected to weak grids and ride through ac faults. More-
over, the two-level VSC can control active and reactive power independently and
can generate ac-side currents with only high-order harmonics, which significantly
reduces the size of the required filters. Yet, the self-commutated switches have
higher losses and lower surge-current capability than the thyristors of the LCC.
Therefore, the two-level VSC is less efficient and less robust against overcurrents
than the LCC. In addition to that, the series connection of self-commutated switches
is more complex than that of the thyristors; therefore, the two-level VSC cannot
reach as high dc-side voltages and thus cannot transfer as high active power as the
LCC. Finally, the two-level VSC does not feature dc-fault ride through capability.
Despite these disadvantages, the two level VSC has been employed in numerous
HVDC transmission projects, mainly due to its superior controllability over the
LCC.

The modular multilevel converter (MMC), proposed in [1], is a breakthrough
in the VSC technology, as it solves many of the issues of the two-level VSC. Most
importantly, the MMC eliminates the need for series connection of self-commutated
switches for reaching high dc-side voltages. Instead, the latter is achieved by the
series connection of submodules (SMs) that can be switched independently. As the
series connection of the SMs is simpler than the series connection of self-commutated
switches, the MMC can reach higher dc-side voltages than the two-level VSC. More-
over, since each SM of the MMC introduces one voltage level, a high number of
SMs implies that the MMC can synthetize ac-side voltages with high number of
levels. If the number of SMs is very high, the ac-side voltages of the MMC ap-
proximate ideal sinusoids. In this way, the MMC can practically eliminate the
passive harmonic filters, such as those are required for the two-level VSC. All these
outstanding characteristics of the MMC has established the latter as the state-of-
the-art VSC technology for HVDC applications. In comparison to the LCC, the
MMC features the advantages of ac-fault ride through capability, superior control-
lability, and possibility to operate with weak ac grids. Moreover, the MMC can
achieve dc-side voltages in the same range as that of the LCC. However, as the self-
commutated switches do not have the same current capability as the thyristors, the
MMC cannot transfer as high active power as the LCC. Moreover, the MMC has
higher conduction losses and lower surge-current capability than the LCC.
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From this brief description, it becomes evident that the LCC and VSC technolo-
gies feature complementary characteristics. Thus, the question that arises is how
can these technologies be combined in order to create new hybrid converters that
feature the complementary characteristics of both the LCC and the VSCs? This
research question has emerged recently and a number of hybrid converters have
been proposed in the literature. The analysis of these hybrid converters reveals
that they have the potential of combining the favorable characteristics of the LCC
and the VSC technologies. This indicates that such hybrid converters can offer new
possibilities in the further development of the HVDC transmission technology. As
the topic of hybrid converters emerged rather recently, there is plenty of room for
research on studying and optimizing the existing or deriving new hybrid converters.

1.2 Main Objectives

The main objectives of this thesis are:

• to investigate existing and derive new hybrid converters that leverage favor-
able characteristics of the LCC and VSC technologies;

• to evaluate existing and new hybrid converters in order to identify the most
promising candidate for HVDC applications;

• to perform an in-depth investigation of the most promising hybrid converter
and prove its feasibility by both simulations and experiments.

1.3 Outline of the Thesis

This thesis is in the form of compilation thesis, which means that the purpose of
the main chapters is to introduce key concepts and to provide background and/or
complementary information for the papers appended in the thesis. However, Chap-
ter 2 is an exception to this, as it is not related to any of the appended papers. The
outline of this thesis is summarized as follows.

Chapter 2 provides a review of the established and the newly proposed hybrid
converter technologies for HVDC transmission.

Chapter 3 presents the operating principles and a comparative analysis of current-
source hybrid converters. Moreover, the impact of the active-filtering func-
tionality on the design, semiconductor and energy storage requirements of
two current-source hybrid converters is studied.

Chapter 4 investigates the operating principles, quantifies the active-power ca-
pability, and provides a comparative evaluation of two new voltage-source
hybrid converters.
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Chapter 5 focuses on the in-depth analysis of the HACC and investigates the
potentials and limitations of this converter. Moreover, simulation and exper-
imental results are provided to verify the theoretical analysis and prove the
feasibility of the HACC.

Chapter 6 describes the hardware and control structure of the single-phase HACC
prototype that was constructed for obtaining the experimental results of
Chapter 5.

Chapter 7 summarizes the main conclusions of this thesis and proposes ideas for
future work.

1.4 Methodology

The analysis of the operating principles of the current-source and voltage-source hy-
brid converters is conducted mainly by analytical and numerical calculations. These
calculations were focused on providing insights about the potential and limitations,
as well as on roughly estimating the semiconductor and/or energy storage require-
ments of the studied converters. The in-depth analysis of the operating principles of
the HACC is also conducted by analytical and numerical calculations. In addition
to that, the theoretical analysis of the HACC is verified by both simulations and
experiments.

1.5 Original Contributions

To the best knowledge of the author, the original contributions of this thesis can
be listed as follows.

• The investigation of the operating principles, functionalities, and limitations
of four current-source hybrid converters that have been proposed in the liter-
ature.

• A simplified method for the dimensioning of two current-source hybrid con-
verters with reactive-power and active-filtering capabilities.

• An investigation of the impact of the active-filtering functionality on the de-
sign, ratings, semiconductor requirements, and energy storage requirements
of two current-source hybrid converters.

• The investigation of the operating principles and the comparative analysis of
two new voltage-source hybrid converters with high active-power capability.

• The in-depth analysis of the operating principles, potential, and limitations,
as well as the simulation and experimental verification of the feasibility of the
HACC, i.e., a new voltage-source hybrid converter with high active-power
capability.
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1.8 Contributions of Individual Authors

As the first author in [Paper I–Paper VI]1, the author of this thesis contributed
with the mathematical derivations, circuit analysis, simulation and experimental
verifications, as well as the preparation of the manuscripts. The co-authors have
contributed with valuable ideas and comments during technical discussions, as well
as with proofreading the manuscripts and providing valuable comments that helped
the author of this thesis to significantly improve the quality of the manuscripts.

In [Paper R-I], the author of this thesis contributed to the implementation of
the core parts of the modulation scheme, the modifications of the communication
scheme, the design of the hardware architecture and timing of the control scheme,
as well as to the preparation of some parts of the manuscript.

In [Paper R-II], the author of this thesis contributed to the modification of
some parts of the modulation and the communication schemes, as well as the proof-
reading of the manuscript.

1The fundamental operating mode of the converter proposed in [Papers II, IV, and VI]
was initially proposed by Kalle Ilves, while it was further explored, developed, and implemented
by the author of this thesis.



Chapter 2

Review of Converter Technologies
for HVDC Applications

2.1 Background

High-voltage direct current (HVDC) technology has been employed for bulk trans-
mission of power over long distances, as it overcomes the limitations of transmission
distance of the high-voltage alternate current (HVAC) technology. Power-electronic
converters are the enablers of the HVDC technology and have been evolving for
several decades. Even though numerous converter circuits have been invented and
researched, nowadays three converter technologies have been established and are
applied in HVDC transmission applications, namely:

• the thyristor-based line-commutated converter (LCC);

• the two-level voltage-source converter (VSC); and

• the modular multilevel converter (MMC).

Each of these converters has its own merits and shortcomings. Therefore, the
first purpose of this section is to review the established converter technologies and
provide a qualitative comparison of their characteristics.

As the established converter technologies have certain shortcomings, still con-
siderable amount of research is being conducted on developing new converters that
overcome these shortcomings and are optimized for HVDC applications. One cat-
egory of new converters for HVDC applications are the hybrid converters that
combine thyristors with VSC elements and consist the main topic of this thesis.
Therefore, the second purpose of this section is to review the hybrid converters
that have been proposed in the literature for HVDC applications.

7
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Figure 2.1: System overview of the thyristor-based LCC including the main system
components: (a) dc-side smoothing inductor; (b) dc-side filters; (c) thyristor valves
consisting of series-connected thyristor switches; (d) transformer; and (e) filters on
the secondary (ac-side-2) or the primary (ac-side-1) winding of the transformer.

2.2 Established Converter Technologies

Current-Source Line-Commutated Converter

The thyristor-based line-commutated converter (LCC) emerged with the develop-
ment of the thyristor in the 1960s and has been utilized since then for numerous
HVDC transmission projects. Thus, the technological developments achieved and
operational experience gathered over several decades has rendered the LCC the
most mature and reliable converter technology for HVDC applications thus far.

The LCC circuit along with the main system components is illustrated in
Figure 2.1. The LCC is three-phase bridge consisting of three thyristor phase
legs. Each phase leg comprises two thyristor valves that are constructed by series-
connected or commonly termed cascaded thyristor switches for achieving very high
blocking voltages. The common node, or the midpoint of the two thyristor valves, is
termed ac terminal. The LCC is connected to the dc line via a smoothing inductor
and the dc-side filters shown in Figure 2.1. Moreover, the LCC is connected to the
ac grid via a transformer and harmonic filters, which can be connected either to
the secondary (ac-side-2) side, or to the primary (ac-side-1) side, or to both sides
of the transformer.

The operation of the LCC is detailed in, e.g., [2, Ch. 3], but the main principles
are briefly described in this section. The LCC behaves as a current source at the
dc-side, which means that its dc-side current (Id in Figure 2.1) is constant. Thus,
the LCC performs the dc-ac conversion by alternately switching the thyristor valves
of each phase leg. More specifically, the thyristors of each phase leg are switched
alternately at fundamental frequency, which means that: (a) only one of the phase-
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leg thyristors conduct at a time; and (b) each thyristor is turned on and off only
once per fundamental period. This switching has the following implications on
the ac-terminal currents (ira, irb, irc in Figure 2.1) and dc-side voltage (Vd in
Figure 2.1).

• The ac-terminal currents are quasi-square waves with a peak value equal to
the dc-side current. Therefore, they contain odd low-order harmonics, i.e., at
orders 6k ± 1 (where k is a positive integer) as described in [2, Ch. 3], which
must be filtered out in order to reduce their total harmonic distortion (THD)
to the levels required for HVDC applications [3]. This filtering is typically
performed by the ac-side-2 and/or ac-side-1 filters shown in Figure 2.1.

• The dc-side voltage is created by the full-wave three-phase rectification of
the ac-terminal voltages. Therefore, it contains even low-order harmonics,
i.e., at orders 6k (where k is a positive integer) as described in [2, Ch. 3],
which must be filtered out in order to reduce the electromagnetic interference
of the LCC to nearby systems, such as telecommunication networks. This
filtering is performed by the smoothing inductor and the dc-side filters shown
in Figure 2.1. Note also that the filtering action of the smoothing inductor
leads to fairly constant (or smooth) dc-side current.

Another important characteristic of the LCC is related to the lack of turn-
off capability of the thyristors. Even though the thyristors can be turned on by
sending a current pulse to their gate terminal, they cannot be turned off in such a
controllable manner. Thus, the LCC relies on the external circuit, and in particular
the grid voltages (applied to the ac terminals of the LCC via the transformer) for
the reliable turn off of the thyristors. This means that the thyristors of the LCC
can be turned on (or fired) only during specific intervals of the fundamental period,
which are defined by the zero crossings of the line-to-line ac-terminal voltages. The
thyristors can be fired at any instant within these intervals, which is defined by the
firing angle. By changing the firing angle, the dc-side voltage of the LCC can be
varied. As the LCC behaves as a current source at the dc side, this means that the
active power transmitted over the dc line can be regulated by varying the dc-side
voltage via firing-angle control. However, the firing angle dictates the phase shift
of the ac-terminal currents with respect to the ac-terminal (or grid) voltages, which
is commonly known as the power angle. Therefore, by varying the firing angle both
the active and reactive power of the LCC are altered. In summary, the firing angle
control leads to the following important implications.

• The dc-side voltage can be controlled via firing angle control. Therefore,
during dc faults the LCC can bring the dc-side voltage to zero (or slightly
negative) in order to control the fault current. Therefore, the LCC features
dc-fault ride through capability.
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• The active power of the LCC is controlled by varying the dc-side voltage via
firing angle control. Thus, the reversal of active power is performed via the
reversal of the dc-link voltage.

• The active and reactive power of the LCC cannot be controlled independently.

• The firing angles for which the reliable switching of the thyristors is ensured
dictate power angles that force the LCC to consume reactive power.

• Typically, a minimum firing angle is required in order to ensure the proper
biasing of the thyristors of the LCC. Thus, the firing angle must always be
higher than zero. This means that the LCC always consumes a certain amount
of reactive power, which is in the range of 50% of the active power [2, Ch. 3].
Typically, this reactive power is provided by the ac-side harmonic filters.

In conclusion, the reliance of the LCC on the grid for reliable thyristor operation
and the high reactive-power consumption does not allow the LCC to be connected
to passive or weak grids. Moreover, the LCC is sensitive to ac-grid disturbances
or faults that may result in unsuccessful thyristor turn off, which is termed com-
mutation failure, and eventually a dc-side short circuit due to the simultaneous
conduction of both thyristors of the same phase leg. Therefore, the LCC does not
feature ac-fault ride through capability.

Two-Level Voltage-Source Converter
The development of self-commutated semiconductor switches with turn-off capabil-
ity enabled the emergence of the two-level voltage-source converter (VSC), which
remedies many of the shortcomings of the LCC. The structure and operation of the
two-level VSC is detailed in [4, Ch. 1], but the main principles are summarized in
this section.

The semiconductor switches of the VSC must be able to conduct current in
both directions. The preferred semiconductor switch used in the two-level VSC for
HVDC applications is the insulated-gate bipolar transistor (IGBT) with an anti-
parallel diode. Therefore, only the IGBT with the anti-parallel diode is considered
as the semiconductor switch for the VSCs and is referred simply as IGBT or IGBT
switch from now on. The IGBT switch can be turned on by supplying a voltage
pulse at their gate terminals, while they can be turned off regardless of the external
circuit, by simply removing this voltage pulse from their gate terminals. This
means that the two-level VSC does not depend on the grid voltage for the reliable
switching of its switches, which results in significant controllability improvements
of the two-level VSC compared to the LCC.

The two-level VSC circuit along with the main system components is illustrated
in Figure 2.2. The two-level VSC is a three-phase bridge consisting of three phase
legs, each of which comprises two valves. Each valve is constructed by cascaded
IGBT switches for achieving very high blocking voltages. The common node, or the
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Figure 2.2: System overview of the IGBT-based two-level VSC including the main
system components: (a) dc-side capacitors; (b) IGBT valves consisting of series-
connected IGBT switches; (d) transformer; and (e) filters on the secondary (ac-
side-2) or the primary (ac-side-1) winding of the transformer.

midpoint of the two valves, is termed ac terminal. The two-level VSC is connected
to the dc line via the dc-link capacitors shown in Figure 2.1. Moreover, the two-
level VSC is connected to the ac grid via three phase inductors, a transformer, and
harmonic filters, which can be connected either to the secondary (ac-side-2) side,
or the primary (ac-side-1) side, or both sides of the transformer.

One of the main differences of the two-level VSC from the LCC is that the former
behaves as a voltage source on both the dc and ac sides. Notably, the two-level VSC
synthetizes its ac-side voltages by alternately connecting the ac terminals to either
the upper or lower dc terminals. This is accomplished by the alternate switching
of the IGBT valves of each phase leg. The amplitude of the ac-side voltage of a
phase leg V̂o is connected to the half of the dc-side voltage Vd/2 by the modulation
index, which is given by M = 2V̂o/Vd. As the two-level VSC behaves as a voltage
source at the ac-side, a certain impedance is required between the converter ac
terminals and the grid. This impedance is provided by the phase inductors and/or
the transformer leakage inductance and is important for both harmonic filtering
and control of the ac-terminal currents.

The main advantages of the two-level VSC over the LCC are summarized as
follows.

• The two-level VSC behaves as a voltage source at the dc-side. Therefore,
power reversal is achieved by reversing the current direction and not the
voltage polarity, as for the LCC. This is advantageous in case cables are used
for the HVDC line, as the current reversal does not stress the cable insulation.

• The valves of the two-level VSC can be switched independently from the grid
voltage; hence, the two-level VSC can operate even without a grid and hence
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can be connected to weak or even passive grids. Moreover, the two-level VSC
can create a three-phase voltage in order to assist in the recovery of a grid
that has collapsed due to a critical disturbance; this is termed black-start
capability. In addition to that, the two-level converter can still operate under
ac-grid disturbances or faults, which means that it features also ac-fault ride
through capability.

• The valves of the two-level VSC can be switched multiple times per funda-
mental period. Thus, the two-level VSC can perform the dc-ac conversion
by employing pulse-width modulation (PWM), which enables the former to
control both the amplitude and the phase of its ac-terminal voltages. This
means that the power angle of the ac-side quantities of the two-level VSC
can be fully controlled; thus, the active and reactive power can be controlled
independently.

• The PWM enables the two-level VSC to shift the harmonics of the ac-terminal
voltage to higher frequencies by simply increasing the PWM switching fre-
quency. Therefore, the two-level VSC requires smaller ac-side filtiers for
achieving the THD that is required for HVDC applications [3].

Nevertheless, the main disadvantages of the two-level VSC over the LCC are
summarized as follows.

• The two-level VSC cannot control its dc-side voltage in case of dc-side faults
and provides an uncontrolled path for the fault current through the anti-
parallel diodes of the IGBT valves. Thus, the two-level VSC does not feature
dc-fault ride through capability.

• The IGBTs have inferior conduction characteristics than the thyristors; hence
the conduction losses of the two-level VSC are higher than those of the LCC.

• The IGBTs have lower surge-current capability than the thyristors; thus, ad-
ditional semiconductor devices might be required to protect the IGBTs from
overcurrents occuring under certain fault conditions.

• Since PWM is utilized for shifting the ac-side voltage harmonics to higher
frequencies, the IGBT valves of the two-level VSC switch several times per
fundamental period. As every switching operation incurs losses, the switching
losses of the two-level VSC are much higher than that of the LCC.

• The fairly high PWM frequencies that are required for achieving good har-
monic performance imply that the switching transients of the IGBT valves
of the two-level VSC should last for short intervals, i.e., in the range of µs.
This is important for limiting the switching losses, but it leads to two main
issues: (a) the rate of change of the ac-terminal voltages dv/dt is very high
and stresses the insulation of the phase inductors and transformer that are
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connected to the ac terminals of the two-level VSC; and (b) the series con-
nection of IGBTs becomes complex. The latter is the main reason why the
maximum blocking voltage of IGBT valves cannot reach the blocking voltages
of the thyristor valves of the LCC.

In summary, the two-level VSC features higher controllability, i.e., independent
control of active and reactive power, independence from the ac grid, and better
harmonic performance, i.e., ac-side voltage and current harmonics can be shifted
to higher frequencies by PWM, compared to the LCC. However, the IGBT valves
of the former have higher conduction losses, lower overcurrent capability, and lower
maximum blocking voltage than the thyristor valves of the LCC. The latter does
not allow the two-level VSC to reach the same dc-side voltage of the LCC. This
combined with the fact that the rated current of the IGBTs is lower than that of
thyristors implies that the maximum power-transfer capability of the two-level VSC
is lower than that of the LCC.

Modular Multilevel Voltage-Source Converter
The main shortcomings of the two-level VSC are: (a) the trade-off between the
switching frequency and the harmonic performance; (b) the high dv/dt imposed
to the ac-side inductors and transformer; and (c) the limited maximum blocking
voltage of the IGBT valves due to the complexity of the series connection of the
IGBT switches. These shortcomings can be solved by multilevel VSCs that intro-
duce additional voltage steps between the positive and negative dc-terminal voltage
for synthetizing the ac-side voltages. These intermediate steps, termed levels, re-
duce the dv/dt imposed to the ac-side inductors and transformers and improve the
harmonic performance without increasing the switching frequency of the converter
valves. In order to provide these intermediate voltage steps, the multilevel VSCs
are constructed with IGBT valves of lower blocking voltage compared to a two-level
VSC rated for the same dc-side voltage. Even though the number of IGBT valves
is higher for the multilevel VSCs, the lower blocking voltage means that the series
connection of IGBTs is simpler than for the valves of the two-level VSC. Alterna-
tively, the multilevel VSCs can achieve higher dc-side voltages by employing valves
with the same blocking voltage as the two-level VSC. Two multilevel VSCs that
have gained considerable research attention are the neutral-point clamped converter
(NPC), proposed in [5], and the flying-capacitor converter (FCC), proposed in [6].
Even though these multilevel VSCs remedy some of the issues of the two-level VSC,
they still require series connection of IGBTs in order to reach the blocking voltages
required for HVDC applications. The blocking voltages of the valves can be re-
duced by introducing more levels, but this comes at the cost of a disproportionate
increase in the circuit and control complexity, as outlined in [4, Ch. 1].

The limitations related to the series connection of IGBTs are solved by the mod-
ular multilevel converter (MMC) that was proposed in [1]. This becomes possible
because the valves of the MMC are constructed by series connected single-phase
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Figure 2.3: System overview of the IGBT-based MMC including the main system
components: (a) valves (or arms) consisting of series-connected (or cascaded) SMs;
(b) arm inductors; (c) transformer. The MMC arms can be constructed by different
types of SMs; yet the most common types are the HB and FB SMs (top right).

VSCs, termed submodules (SMs), as depicted in Figure 2.3, which illustrates the
MMC system. The design and operation of the MMC are detailed in [4], but some
main principles are described in this section. As shown in Figure 2.3, the structure
of the MMC resembles very much that of the two-level VSC, in the sense that the
MMC consists of three phase legs, each of which comprises two valves. However,
the main difference of the MMC compared to the two-level VSC is that each valve
or arm of the MMC is constructed by the series connection of SMs. The most
commonly used are the half-bridge (HB) and the full-bridge (FB) SMs, which are
depicted at the top-right part of Figure 2.3. This structural modification has the
following significant implications.

• Each SM can be constructed by single IGBT switches, eliminating the need
for series connection of switches. The blocking voltage of the valve can be
easily increased by connecting SMs in series.

• As the SMs are equipped with capacitors, they can be switched indepen-
dently. This means that the number of series-connected or cascaded SMs
can be increased arbitrarily, without the need for synchronizing the switching
operations of individual SMs.

• Each SM introduces an additional level for synthetizing the ac-terminal volt-
ages. Thus, cascading SMs does not only increase the blocking voltage of
the arms, but also increases the number of levels of the ac-terminal voltages.
Moroever, if the number of SMs is very high, the MMC can generate nearly
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sinusoidal ac-terminal voltages, while the switching frequency of each SM is
fairly low, i.e., in the range of 50–200 Hz.

• Redundancy can be easily achieved by adding more SMs than those required
for reaching a certain blocking voltage. Therefore, if one SM fails, it can be
bypassed and substituted by one of the redundant SMs.

Therefore, the maximum blocking voltage of the MMC arms can be increased be-
yond that of the two-level or the other multilevel VSCs. This allows the MMC to
reach higher dc-side voltages and hence a higher power-transfer capability than the
other VSCs, while at the same time achieve excellent harmonic performance due to
the high number of SMs. The latter is important because it leads to a significant
reduction of the filtering demands for reaching the THD that is required in HVDC
applications [3]. Due to the high dc-side voltages of HVDC applications, the num-
ber of SMs per arm is typically sufficiently high to allow for the elimination of the
ac-side filters, as shown in Figure 2.3. Thus, the MMC is connected to the ac grid
via a transformer and the arm inductors. Note that the size of the arm inductors is
defined by fault cases and and control-related requirements, rather than harmonics.
In summary, the MMC features the same VSC functionalities as the two-level VSC,
but can achieve higher power-transfer capability and significantly better harmonic
performance than the two-level VSC. Moreover, the MMC can offer dc-fault ride
through capability by employing FB SMs, at the cost of higher conduction losses.

Despite the considerable advantages, the MMC introduces several control chal-
lenges due to its internal dynamics and due to the high number of SMs, which
needs to be switched in such a way that the voltages of all SM capacitors are
equal. Moreover, the MMC requires a higher number of semiconductor devices and
a higher total energy storage capacity than the two-level VSC [4, Ch. 1]. Yet, the
above mentioned advantages of the MMC over the two-level and the other mul-
tilevel VSCs have rendered the former as the state-of-the-art VSC technology for
HVDC applications.

Comparison of the Established Converter Technologies
This section aims to conclude the review of the established converter technologies
for HVDC applications with a qualitative comparison of their main characteristics,
which is summarized in Table 2.1. This table shows that the two-level VSC, the
HB-MMC (i.e., MMC with HB SMs), and the FB-MMC (i.e., MMC with FB SMs)
are superior to the LCC in terms of controllability, as they feature independent
control of active and reactive power, black start capability and are not depen-
dent on the ac-grid voltage for the reliable switching of their valves. The latter
implies that all VSCs are capable of riding through ac faults. Yet, the two-level
VSC, the HB-MMC do not feature dc-fault ride through capability. Therefore, the
LCC is superior to the two-level VSC and the HB-MMC in terms of dc-fault ride
through capability, but also in terms of conduction losses, overcurrent capability,
and technology maturity. The latter is related to reliability and cost. Note that,
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Table 2.1: Qualitative comparison of the established converter technologies for
HVDC transmission applications.

Feature LCC Two-Level VSC HB-MMC FB-MMC

Technology maturity High Medium Low Low

Maximum dc-side voltage High Medium High High

Maximum dc-side current High Medium Medium High

Overcurrent capability High Low Low Low

Conduction losses Low Medium Medium High
Dependency on ac-grid voltage
for reliable switching of valves Yes No No No

Black-start capability No Yes Yes Yes
Independent control of active-
reactive power No Yes Yes Yes

AC-fault ride through No Yes Yes Yes

DC-fault ride through Yes No No Yes

even though the FB-MMC features dc-fault ride through capability, it exhibits the
highest conduction losses among all the converters listed in Table 2.1. Moreover,
the power-transfer capability of the LCC is higher than that of the two-level VSC
because the former can reach higher dc-side voltages and currents. Even though the
HB-MMC can reach similar dc-side voltages as the LCC, it still cannot reach the
same dc-side currents. Therefore, the power-transfer capability of the LCC is still
higher than that of the two-level VSC and the HB-MMC. In conclusion, the LCC
and VSC technologies feature different but complementary characteristics. There-
fore, it becomes challenging to conclude which technology is the most superior, as a
different technology might prove more advantageous depending on the application
requirements.

2.3 Hybrid Converter Technologies

Definition
This section aims to provide a definition of the hybrid converters that are studied
in this thesis, as the term hybrid might refer to VSCs that combine modular VSCs
arms with two-level VSCs structures, as those proposed in [7], [8, 9], [10–12], [13].
However, the term hybrid throughout this thesis refers to converters that combine
LCC elements, e.g., thyristor switches/valves/phase legs/converters, with any type
of VSC element, e.g., self-commutated switches/valves/phase legs/converters, or
modular valves/arms/phase legs/converters that are constructed by cascaded SMs.
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The comparison of the established converters for HVDC applications revealed
that the thyristor-based LCC and the IGBT-based VSC technologies have comple-
mentary characteristics. This implies that hybrid converters have the potential of
leveraging the complementary characteristics of the two technologies and hence be
optimized for HVDC applications.

The purpose of the next subsections is to review the hybrid converters that
have been proposed in the literature for HVDC applications. The reviewed hybrid
converters have been divided in two main categories that are briefly described as
follows.

• Current-source hybrid converters: they are based on the LCC and operate in
a very similar manner as the latter; that is, they behave as current sources
at the dc side. Moreover, the VSC part of these converters is employed for
achieving different functionalities, such as compensating the reactive power of
the LCC, controlling active and reactive power independently, oferring active
filtering capability, and/or eliminating/minimizing the risk of commutation
failures.

• Voltage-source hybrid converters: they combine thyristor switches/valves and
VSC elements in different ways and operate as VSCs; that is, they behave
as voltage sources at the dc side. Typically in these hybrid converters, the
thyristors are employed for conducting the main converter currents for achiev-
ing high efficiency, while the VSC elements are utilized for controlling the
thyristor commutation process, enhancing the converter controllability, and
for offering active filtering and/or fault-ride through capabilities.

Current-Source Hybrid Converters
The first circuit that aimed at reducing the reactive-power consumption of the LCC
is the capacitor-commutated converter (CCC), which was studied in [14]. The CCC
is basically an LCC complemented with series capacitors connected between the
transformer windings and the ac terminals of the LCC phase legs. The principle
of operation is based on the voltage that is generated by the series capacitors, as
the fundamental phase currents of the LCC flow through the latter. This voltage
counteracts the grid voltage and enables the LCC to operate at firing angles that
reduce the reactive-power consumption or even enable reactive-power generation, as
demonstrated in [14–16]. Another advantage of the CCC is that the series-capacitor
voltage depends on the series-capacitor current; therefore, the series capacitors
can typically generate voltage even during grid disturbances. The series-capacitor
voltage allows the commutation of the thyristor even under grid disturbances, which
makes the CCC less sensitive to commutation failures than the LCC. Due to these
advantages, the CCC can be connected even to weak grids and has been applied
in transmission systems, such as the back-to-back installation described in [17].
The main shortcoming of the CCC is that the series-capacitor voltages cannot be
actively controlled, as they depend highly on the dc-link current. This increases
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the voltage stresses on the thyristor valves compared to the LCC and might lead
to commutation failures under certain grid disturbances [18].

The CCC has inspired further research on reactive-power compensation with
actively controlled VSCs that can act as “active capacitors.” Research has focused
on either using a combination of passive ac-series capacitors and ac-series VSCs [18]
or replacing completely the passive ac-series capacitors with ac-series VSCs [19–21].
For this reason, converters of this type are termed ac-series hybrid converters. The
operating principle is similar to that of the CCC, with the difference that the VSCs
can actively control the voltage at the ac terminals of the LCC; this principle is
termed series-voltage injection. The utilization of ac-series VSCs brings the benefit
of higher controllability, but at a higher cost, compared to the utilization of passive
capacitors. However, the controllability versus cost is a trade-off that should be
decided depending on the application requirements. An alternative implementation
is to combine the LCC with dc-series VSCs, that is the VSCs are connected at the
dc-side of the LCC.Both types of hybrid converters with either ac-series or dc-series
VSCs belong to the current-source hybrid converters, which are a main topic of this
thesis; hence, they are briefly reviewed.

For the ac-series hybrid converters, the VSC can be either a single three-phase
converter or a group of single-phase converters that are connected to the ac-side
of the LCC with or without a transformer. A simplified circuit of the ac-series hy-
brid converter with single-phase VSCs is depicted in Figure 2.4a. In [18], a hybrid
converter that employs a combination of a three-phase ac-series VSC with ac-series
capacitors is studied. The ac-series VSC is connected to the LCC through a trans-
former, whose primary windings are connected in series between the ac terminals
and the main transformer of the LCC. The ac-series capacitors are employed for
reactive-power compensation (as in the CCC), while the purpose of the VSC is
to actively control the voltage at the ac terminals of the LCC in order to avoid
commutation failures under certain grid disturbances.

An alternative hybrid converter that replaces the passive ac-series capacitors of
the CCC with single-phase ac-series VSCs is presented in [19, 20]. Each ac-series
VSC is an IGBT-based FB converter that realizes the ac-series-voltage injection and
is connected to the LCC without transformer. This ac-series hybrid converter can
be represented by the simplified circuit of Figure 2.4a, if the phase transformers are
omitted. In [19,20], the ac-series VSCs are controlled in order to inject an ac-series-
voltage pulse of small duration, rather than a sinusoidal voltage. This voltage pulse
is injected so that the LCC can operate at very small firing angles, which reduces
the reactive-power consumption of the LCC. Even though the voltage rating of
the ac-series FB VSCs is only a fraction of the grid voltage, series connection of
IGBTs might be required. The series connection of IGBTs can be avoided by using
cascaded FB SMs instead of a single FB VSC, as suggested in [21]. Moreover, in [21]
the potential of utilizing the single-phase ac-series FB converters for eliminating
commutation failures is explored.

An alternative implementation of the hybrid converter with VSCs for series-
voltage injection is proposed in [22], in which a single-phase modular VSC, con-
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(b) Simplified circuit of ac-parallel hybrid
converter [23–25].

Figure 2.4: Simplified circuits of the ac-series and ac-parallel hybrid converters.
Note that the dashed-grey coloured components are optional or depend on the type
of VSC employed (e.g., VSCs constructed with modular FB arms do not feature a
central dc-side capacitor).

sisting of cascaded FB SMs, is connected in series to each thyristor valve of the
LCC. Due to this connection, this type of hybrid converters is termed dc-series hy-
brid converter. Also this hybrid converter operates according to the series-voltage
injection principle for mitigating commutation failures of the LCC. However, the
connection of the modular VSC in series to each thyristor valve introduce impor-
tant differences compared to the ac-series hybrid converters proposed in [19–21],
namely: (a) the total voltage rating of the FB VSCs is higher, but the thyristor
voltage rating lower; (b) the FB VSCs conduct unidirectional current, which allows
the elimination of two IGBT switches per FB SM; (c) each FB VSCs conducts the
main LCC current for less than half of the fundamental period, which might lead
to lower cooling requirements per FB VSC.

Another type of current-source hybrid converters, termed ac-parallel hybrid con-
verters, combine the LCC with ac-parallel VSCs, i.e., VSCs that are connected in
parallel to the ac terminals of the LCC with or without transformer, as depicted in
Figure 2.4b. The ac-parallel VSC is basically a static compensator (STATCOM)
that injects an alternate current, typically sinusoidal, in order to compensate for
the reactive-power consumed by the LCC. This principle of operation is termed
shunt-current injection. Moreover, the ac-parallel VSC can be used for active fil-
tering or mitigating the commutation failures in case of grid disturbances, while
the ac-parallel hybrid converter maintains the favorable features of low conduction
losses and dc-fault ride through capability of the LCC.

The ac-parallel hybrid converter has been described and studied in terms of
modeling and control in various works, such as in [23–25] and in [26], which presents
a special case where the ac-parallel VSC is combined with a CCC instead of an LCC.
Moreover, one installation of a hybrid converter that combines an LCC with an ac-
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(a) Series hybrid converter [29–33].
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(b) Parallel hybrid converter [32,34].

Figure 2.5: Simplified circuits of the two types of hybrid converters that employ the
VSC part for active-power transfer. Note that the dashed-grey coloured components
are optional or depend on the type of VSC employed (e.g., VSCs constructed with
modular FB arms do not feature a central dc-side capacitor).

parallel VSC exists in the one side of the HVDC link that interconnects the north
and south islands of New Zealand [27]. Apart from reactive-power compensation, it
has been shown that the ac-parallel VSCs offer the additional benefit of improving
the transient stability of the LCC when connected to weak grids [24,26]. However,
it has also been shown that the performance of the ac-parallel VSC is constrained
by the resonance of the harmonic current filters of the LCC and the grid impedance
[24]. One way to overcome these constraints is to use the ac-parallel VSC as an
active filter, so that the harmonic filters that deteriorate the VSC performance
can be eliminated. Another implementation of the ac-parallel hybrid in which the
ac-parallel VSC is connected to the LCC without transformer has been recently
proposed in [28]. In this study, a 12-pulse LCC is considered and one ac-parallel
VSC is connected at the ac terminals of each 6-pulse LCC bridge. The ac-parallel
VSCs are utilized for three purposes, in particular: (a) compensating the reactive
power of the LCC bridges; (b) filtering out the current harmonics of each 6-pulse
LCC; and (c) assisting with the thyristor commutations [28].

One common trait of the ac-series, dc-series, and ac-parallel hybrid converters
is that the employed VSCs can only transfer reactive power; hence, they do not
contribute to the active-power transfer. However, if the VSC is connected to the
dc and ac sides of the LCC, the former can transfer part of the active power. Two
variations of such hybrid converters have been proposed, namely: (a) dc-series and
ac-parallel hybrid converter, or simply series hybrid converter, in which the VSC is
connected in series at the dc side and in parallel at the ac side of the LCC [29–32],
as depicted in Figure 2.5a; and (b) dc-parallel and ac-parallel hybrid converter, or
simply parallel hybrid converter, in which the VSC is connected in parallel at the
dc side and in parallel at the ac side of the LCC [32,34], as depicted in Figure 2.5b.
In both of these hybrids the VSC transfers part of the active power, but can serve
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additional purposes, such as compensating the reactive-power of the LCC [30],
filtering out the harmonics of the LCC [29], mitigating commutation failures in
case of grid disturbances, or a combination of those [31, 34]. Moreover, the hybrid
converters maintain the favorable characteristics of low conduction loss and dc-fault
ride through capability of the LCC. Yet, the dc-link power reversal characteristics of
the LCC and the VSC are not compatible, as outlined in [32]. More specifically, the
LCC reverses the dc-link power flow by voltage reversal, while the VSC by current
reversal. Even though this incompatibility might not be an issue in applications that
require only unidirectional power flow, it certainly limits the types of applications
where these hybrid converters could be applied, unless it is addressed.

In terms of voltage and current ratings of the VSC, the series and parallel hybrid
converters have the following important differences.

• The current rating of the VSC for the series hybrid is mainly defined by the
dc-link current of the LCC, while for the parallel hybrid it is defined by the
amount of active/reactive power that should be supplied by the VSC.

• The voltage rating of the VSC for the series hybrid is defined by the amount
of active/reactive power that should be supplied by the VSC, while for the
parallel hybrid it is defined by the dc-link voltage of the LCC.

Therefore, for the series hybrid converter, the maximum dc-link current is con-
strained by the maximum current of the VSC, unless parallel-connected VSCs are
employed. Conversely, the parallel hybrid converter, the maximum dc-link voltage
is limited by the maximum voltage of the VSC, unless VSCs that are connected in
series at the dc side are employed. Therefore, the implementation of the parallel
hybrid converter would be particularly challenging with the two-level VSC. This is
because the number of semiconductor devices that can be connected in series per
valve of the two-level VSC cannot be increased arbitrarily.

The modular multilevel converter (MMC) solves the problem of voltage scala-
bility of the two-level VSC and opens new possibilities for the combination of the
LCC and VSC technologies. Notably, the MMC can facilitate the implementation of
the parallel hybrid, without the need to series connect converters or semiconductor
devices. However, this possibility has not been studied extensively in the litera-
ture. Conversely, many research studies have focused on the series hybrid converter
with the MMC [35–37]. Research has been performed on utilizing the half-bridge
(HB)-MMC for eliminating the risk of commutation failures of the LCC, while the
LCC is employed for achieving dc-fault ride through capability and minimizing the
conduction losses of the series hybrid converter [35–37]. The series hybrid converter
can be employed at the rectifier side of the dc link [35], or at the inverter side of
the dc-link [36] or both [37]. Yet, in all these studies the series hybrid converter
is considered for applications with unidirectional power flow, such as wind-power
applications [35] and bulk power transmission from remote power plants [36, 37].
In [36] two solutions for full-power reversal are proposed, namely: (a) the utilization
of the FB-MMC instead of the HB-MMC, due to the capability of the former to
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Figure 2.6: Two variants of the thyristor-based CTB converter.

reverse its dc-link voltage; or (b) the use of mechanical switches for reversing the
connection of the dc terminals of the MMC. The latter has successfully been applied
in the Skagerrak HVDC link that interconnects two asynchronous networks, one on
Norway and one on Denmark, via a submarine cable. In the Skagerrak HVDC link,
the series hybrid converter with the HB-MMC has been installed on both sides of
the link [33].

Voltage-Source Hybrid Converters
Thyristors are semiconductor devices with excellent conduction characteristics and
high overcurrent capability. However, their turn off cannot be controlled by their
gate terminal, but must be forced by the external circuit. This is the main reason
why thyristors have not been utilized in VSCs. However, the concept of cascaded
SMs, which has gained more attention with the introduction of the MMC, has
opened up the possibility of utilizing thyristors in VSCs. Notably, cascaded SMs
can be employed in order to turn off the thyristors in a controllable manner, by
controlling the current through and the reverse voltage across the thyristors. Since
such VSCs combine thyristors with the self-commutated devices of the cascaded
SMs, they are termed voltage-source hybrid converters. This type of hybrid con-
verters leverage the low conduction loss and overcurrent capability of the thyristors
and the excellent controllability of the cascaded SMs. Moreover, the combination
of thyristors with cascaded SMs has led to voltage-source hybrid converters that
feature some of the favorable characteristics of the MMC but require less semicon-
ductors or/and energy storage elements compared to the latter. For these reasons,
the category of voltage-source hybrid converters is a main topic of this thesis and
it is briefly reviewed in this section.

The thyristor-based controlled-transition bridge (CTB) converter, depicted in
Figure 2.6a, is one of the first voltage-source hybrid converters discussed in the
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literature and was initially proposed for HVDC applications in [41]. As shown
in Figure 2.6a, the CTB is basically a two-level converter with thyristor switches
instead of self-commutated (IGBT) switches. In order to achieve the forced com-
mutation of the thyristors, the CTB employs three modular VSC arms, each of
which consists of cascaded FB SMs and is connected between the midpoint of the
associated thyristor phase leg and the midpoint of the dc-link capacitors. The main
characteristics of the CTB are outlined as follows.

• The CTB can be operated in such a way that the main current flows through
the thyristor switches for most of the fundamental period. This leads to two
benefits, namely: (a) conduction losses can be fairly low; and (b) the energy
variations (and hence energy storage requirements) of the modular FB arms
can be fairly low, as the latter conduct the main current for short time periods.

• The thyristors of each phase leg are switched at the fundamental frequency;
that is, each thyristor of the phase leg is turned on and off only once per
fundamental period.

• The modular FB arms can be used for active filtering the low-order harmonics
of the dc-link current, which stem from the fundamental switching of the
thyristor phase legs.

• The modular FB arms can be used for shaping the ac-terminal voltage when
the thyristors of the associated leg are not conducting. This functionality can
be used for various purposes, such as reducing the rate of change (dυ/dt) of
the ac-terminal voltage in order to reduce the stress on the insulation of the
converter transformers.

The first characteristic combined with the fact that only three modular FB arms
are required, imply that the conduction losses and the energy storage requirements
of the CTB can be lower than that of the MMC, as shown in [41]. However, the
second characteristic does not allow the CTB to leverage the benefits of PWM.
Therefore, the CTB can be operated with quasi-square wave modulation, or with
trapezoidal modulation, if the voltage-shaping functionality of the modular FB arms
is employed, as discussed in [41]. This quasi-square wave or trapezoidal operation
leads the following two drawbacks of the CTB.

• The THD of the ac-terminal voltage is high, as the latter includes low-order
harmonics. Thus, bulky passive filters are required for filtering out these
low-order harmonics and achieve low THD.

• The control of the amplitude of the ac-terminal voltage, or modulation index,
is limited.

Both of these drawbacks pose significant limitations in the application of the CTB
in HVDC applications. This leads to two interesting options for the CTB, namely:
(a) employ the CTB in applications where the trapezoidal modulation modulation
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is beneficial, such as high-voltage dc-dc converter applications proposed in [39,42];
and (b) modify the operation or the circuit of the CTB in order to remedy or avoid
the drawbacks associated with the trapezoidal modulation. The latter option has
led to the following variations of the CTB.

• In [41] the authors propose to operate the CTB with the double-slope trape-
zoidal modulation detailed in [43]. In this way, the modulation index can
be varied in a wider range and the THD of the ac-terminal voltage can be
reduced. In addition to that, a circuit modification is proposed in [41]; that
is, the utilization of two chainlink circuits instead of the passive capacitors
shown in Figure 2.6a. This modification is proposed for achieving even wider
range of modulation indices while ensuring that there is always a path for
the dc-link current. If the latter is not ensured, the dc-link current will be
discontinuous and large dc-link capacitors will be required for filtering out
these discontinuities and maintaining a fairly constant dc-link voltage.

• In [40] the authors propose the addition of ac-series modular FB arms, as
shown in Figure 2.6b. This circuit is termed enhanced controlled-transition
bridge (ECTB), as it offers important advantages compared to the CTB,
namely: (a) it can generate ac-terminal voltages with low THD, by utilizing
the ac-series FB arms as active filters; and (b) it features dc-fault ride through
capability, provided that the ac-series arms have adequate voltage rating.

In summary, the CTB proposed in [41] has the potential of operating in the range of
modulation indices that is required for HVDC applications, while featuring higher
efficiency and requiring lower energy storage than the MMC. However, it should
be noted that the CTB requires additional filters in order to achieve similar har-
monic performance as the MMC. In contrast, the ECTB proposed in [40] offers
the additional benefits of lower ac-terminal voltage THD and dc-fault ride through
capabilities. Thus, if compared with the FB-MMC, the ECTB has the potential of
featuring similar performance and fault-ride through functionality, but with higher
efficiency and lower energy storage.

The thyristor-based augmented modular multilevel converter (AMMC), which
was proposed in [38], is another voltage-source hybrid converter that redirects the
main current through thyristors for achieving high efficiency. The AMMC is basi-
cally an MMC with a thyristor valve in parallel to each modular arm. The arms
of the AMMC can be constructed by either FB SMs or a combination of HB and
FB SMs. The latter are required in order to enable the arms of the AMMC arm
to reverse bias the thyristor valves and control the commutation process of the
latter, for any arm-current direction. In turn, the thyristor valves are employed for
bypassing the modular arms in order to reduce the conduction losses. Yet, when
a thyristor valve is turned on, the voltage of the ac-terminal that is connected to
this valve is clamped to one of the dc terminals, as described in [38]. Therefore,
keeping the thyristor valves on for most of the fundamental period leads, on the
one hand, to low conduction losses, but on the other hand, to the clamping of the
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ac-terminal voltages to either the positive or negative dc-terminal voltage. The
latter means that the ac-terminal voltage waveforms of the AMMC resemble those
of the CTB; that is, the AMMC is operated with trapezoidal modulation. As a
result, the AMMC operates in a limited range of modulation indices and generates
ac-terminal voltages with high THD. Nevertheless, as for the CTB, suitable oper-
ational or circuit modifications of the AMMC can be performed in order to solve
the problems of the trapezoidal modulation. Two such modifications of the AMMC
have been proposed and are briefly described as follows.

• In [38] the authors propose to operate the AMMC with the double-slope
trapezoidal modulation detailed in [43]. In this way, the modulation index
can be varied in a wider range and the THD of the ac-terminal voltage can be
reduced. Moreover, dc-fault ride through capability can be achieved provided
that the AMMC arms include adequate number of FB SMs.

• In [44,45] the authors propose to divide the converter arm in smaller modules
of thyristor-bypassed SMs, termed power-groups in [44,45], instead of a single
thyristor-bypassed arm that is proposed in [38]. This modularization allows
the converter proposed in [44,45] to operate as the MMC or as the extended-
overlap alternate-arm converter (EO-AAC) [9]. In fact, in [45] it is shown that
the proposed converter achieves its maximum efficiency when operated as the
EO-AAC; thus, it is termed power-group alternate-arm converter (PG-AAC)
and is depicted in Figure 2.7a, along with the associated PGs.

As shown in Figure 2.7a, the PG-AAC is modular in the sense that each arm is
constructed by a number of PGs (or hybrid modules) that are connected in series.
This modularization enables the PG-AAC to bypass only a fraction of the SMs,
instead of the whole arm as performed by the AAC. In this way, a certain number
of SMs can be kept in the non-bypassed state in order to control the arm current
and minimize the harmonics of the ac-terminal voltages. In other words, the PG-
AAC can be operated as an MMC or as an EO-AAC, while each group of SMs can
be bypassed when they do not need to contribute to the arm voltage or inserted
when they need to contribute to the arm voltage. For this reason, the PG-AAC
can achieve similar performance and modulation index range as the MMC or the
EO-AAC, but with higher efficiency. In [45] it is shown that the PG-AAC, with
only FB SMs and when operated in the EO-AAC mode, can achieve very high
efficiency (i.e., 30% lower than that of the HB-MMC), while featuring dc-fault
ride through capability. Moreover, if dc-fault ride through is not required, even
higher efficiency can be achieved by constructing the PGs with HB SMs and a
single FB SM (required for controlling the thyristor turn-off process for any arm-
current direction), as proposed in [46]. Finally, it should be pointed out that the
higher efficiency of the PG-AAC is achieved at the expense of higher semiconductor
requirements, compared to the MMC with the same fault ride through capabilities.

Another hybrid converter that can achieve very high efficiency is the modular
converter proposed in [39, 47] and depicted in Figure 2.7b. This converter is again
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Figure 2.7: Two modular hybrid converters consisting of hybrid modules that
combine thyristor switches/valves with cascaded SMs.

modular in the sense that the arms consist of cascaded hybrid modules. Each hy-
brid module is a thyristor based HB converter equipped with a modular FB arm
that controls the commutation of the thyristors. This hybrid module is depicted in
Figure 2.7b, which shows that the modular FB arm is connected between the mid-
point of the thyristor switches and the midpoint of the dc-link capacitors. As this
arm is employed for the forced commutation of the thyristors, the hybrid module
is termed active-forced-commutated bridge (AFCB). The modular converter con-
structed based on the AFCB is termed AFCB-MMC and is depicted in Figure 2.7b.
This converter has the potential to achieve very high efficiency because the arm cur-
rents flow through the thyristors of the AFCBs for most of the fundamental period.
Moreover, the modular FB arm of each AFCB conducts only during the period that
the arm current must be commutated from the upper to the lower thyristor and
vice versa. This means that the cooling and the energy storage requirements of the
modular FB arms can be fairly low. However, in order to achieve this, the thyristor
extinction time tq must be fairly short, i.e., a tq =200 µs is considered in [47], and
the AFCB must be switched (inserted and then bypassed) only once per fundamen-
tal period. These requirements limit the maximum number of AFCBs per arm and
hence the number of achievable levels of the ac-terminal voltage. For example, only
5 AFCBs per arm could be used in [47], with the considered tq =200 µs. Therefore,
the ac-terminal voltage contains low-order harmonics that must be filtered out, in
order to reduce the THD to the level required for grid applications.

Finally, a hybrid voltage-source converter that employs the thyristors for recon-
figuring the connection of it modular arms to the dc terminals is proposed in [48,49].
This hybrid converter is termed modular embedded multilevel converter (MEMC)
and is depicted in Figure 2.8. The thyristor valves can be constructed either with
anti-parallel thyristors or one thyristor and an anti-parallel diode, as presented
in [48,49]. The modular arms of the MEMC can be constructed by either FB SMs
or a combination of HB and FB SMs. The latter are required for controlling the
commutation process of the thyristors; in particular the thyristors that are con-
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Figure 2.8: Thyristor-based MEMC that employs the thyristors for reconfiguring
the interconnection of the arms [48,49].

nected in parallel to each pair of modular arms. The main characteristic of the
MEMC is that it utilizes the thyristors to reconfigure its circuit in such a way that
the dc-link voltage is always provided by four modular arms. Therefore, each of
the modular arms of the MEMC can be rated for half the dc-link voltage, instead
of the full dc-link voltage, as the modular arms of the MMC. However, the dc-link
current can be shared among a maximum of two arms in the MEMC, instead of
three arms in the MMC. Yet, as shown in [48, 49], the peak current through the
arms of the MEMC is not higher than that of the MMC (at least for modulation in-
dices around M=1). In this way, for a certain dc-link voltage, the MEMC requires
half the number of SM of the MMC. This leads to a 50% reduction of the energy
storage elements. In addition, the superior conduction characteristics of the thyris-
tors lead to low conduction losses. In [49], the MEMC can achieve these benefits,
while providing very good harmonic performance and controllability. However, the
control complexity of the MEMC is high, due to the multiple different switching
states and the requirement for controlling the thyristor commutations.

2.4 Summary

This first part of this chapter provided a brief review of the established converter
technologies for HVDC applications, which include the LCC, the two-level VSC,
and the MMC. Moreover, a qualitative comparison of these technologies revealed
that they feature complementary characteristics. Thus, hybrid converters that
combine the LCC and VSC technologies have the potential of combining the com-
plementary characteristics of these two technologies and becoming very well suited
for HVDC applications. Some of the hybrid converters that have been proposed
in the literature indeed combine some of the favorable features of the LCC and
VSC technologies. Therefore, the next part of this chapter was devoted in briefly
reviewing the hybrid converters that have been studied in the literature.





Chapter 3

Current-Source Hybrid Converters

The information presented in this chapter is based on Papers I, II, VI.

3.1 Background and Methods

The LCC features two important drawbacks related to reactive power, namely:
(a) it cannot control active and reactive power independently; and (b) it cannot
supply reactive power to the grid and consumes high amounts of reactive power,
i.e., in the range of 50–60% of the active power when the converter transfers its
rated active power [2, Ch. 3]. In order to avoid drawing such high reactive power
from the grid, typically the harmonic-current filters and switched shunt-capacitor
banks that are connected to the converter’s ac terminals [50] are employed to supply
the reactive-power of LCC. However, VSCs can be utilized for the same purpose,
which reduces the reactive-power required from the filters and eliminates the shunt-
capacitor banks that are fairly bulky and occupy considerable space of the LCC
station. In addition to that, VSCs can provide more precise reactive-power control,
compared to the stepped control provided by the switched shunt-capacitor banks
and filters [50]. Moreover, VSCs can be connected with an LCC in various ways;
thus, different hybrid converter topologies can be derived. In Section 3.2, four
hybrid converter topologies are initially presented and compared in terms of active-
reactive power controllability. This comparison yielded the two most interesting
hybrid converters that offer partially independent control of active and reactive
power. The VSC parts of these converters can be utilized for active filtering of the
harmonic currents of the LCC part. Thus, in Section 3.3, the impact of the active
filtering functionality on the dimensioning and design of these hybrid converters is
studied.

Many of the analytical expressions of this chapter were derived by employing
the phasor representation of sinusoidal signals, as described in [51]. Even though
this representation is well-known, an example is presented here for the matter of
clarity. The instantaneous value of a sinusoidal signal can be expressed by a cosine

29
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or sine function as follows

υc(t) = V̂c cos(ω1t+ φ) (3.1)
υs(t) = V̂s sin(ω1t+ φ) (3.2)

where V̂ , φ, and ω1 are the amplitude, the phase angle, and the fundamental angular
frequency of the sinusoidal signals. Both of these signals can be represented by the
phasor

ῡ = V̂ ej(ω1t+φ) = V̂ ejφejω1t. (3.3)

This phasor rotates in the complex plane with the angular frequency ω1 and the
original signals can be retrieved by

υc(t) = Re{ῡ} = Re{V̂ce
j(ω1t+φ)} (3.4)

υs(t) = Im{ῡ} = Im{V̂se
j(ω1t+φ)}. (3.5)

One main advantage of the phasor representation is that it can be utilized for
vector summation of sinusoidal signals of the same angular frequency. This vector
summation is performed in the complex plane for any instant of time t, since the
phasors of all signals rotate at the same angular frequency. Since t = 0 simplifies
the phasor representation given in (3.3), typically this instant of time is selected for
the summation of phasors. However, it should be pointed out that before deriving
the phasor representation that will be used for the summation, all sinusoidal signals
must be expressed with the same function, i.e., cosine or sine. For the given example
of (3.1)–(3.2), the sinusoidal signals expressed with the cosine function are

υc(t) = V̂c cos(ω1t+ φ) (3.6)

υs(t) = V̂s cos
(
ω1t+ φ− π

2

)
. (3.7)

Thus, the rotating phasors of the sinusoidal signals and their sum at instant t = 0
would be given by

ῡc = V̂ce
jφ (3.8)

ῡs = V̂se
j(φ−π/2) (3.9)

ῡΣ = ῡc + ῡs = V̂Σe
jϑ (3.10)

where V̂Σ and ϑ the amplitude and phase angle of the phasor ῡΣ that represents
the sum of the two phasors ῡc and ῡs. For this particular example, where the latter
two phasors have the same amplitude and are phase shifted by π/2, their sum has
amplitude V̂Σ =

√
2V̂ and phase ϑ = π/4. Finally, the instantaneous value of the

sum of the two sinusoidal signals υc(t), υs(t) can be derived by

υΣ = Re{V̂Σe
(ω1t+ϑ)} = V̂Σ cos(ω1t+ ϑ). (3.11)
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3.2 Hybrid Converters With Reactive-Power Capability

The hybrid converters studied in this section consist of an LCC part and a VSC part.
The VSC part is employed for compensating the reactive power of the LCC either
by voltage or current injection. Note that the injected quantities were assumed
to be sinusoidal with fundamental frequency. Moreover, the VSCs parts of all
hybrid converters are based on the MMC structure [1] and consist of FB arms. The
considered hybrid converters are listed as follows.

• The SAC is an LCC with FB arms connected in series at the ac side and is
illustrated in Figure 3.1.

• The SDC is an LCC with FB arms connected in series at the dc side and is
illustrated in Figure 3.2.

• The PAC is an LCC with FB arms connected in parallel at ac side and is
illustrated in Figure 3.3.

• The SPM is an LCC with an FB-MMC connected in parallel at the ac side
and in series at the dc side and is illustrated in Figure 3.4.

The operating principles of the SAC and the PAC, have been presented and
investigated in [Paper III] by using phasor analysis. The analysis was extended
to include the SDC and the SPM in [Paper I], where the operating principles
of all four converters have been investigated in detail by using phasor analysis.
Therefore, these principles are presented briefly in this chapter. It should be noted
that the ac-side impedance of LCC is not taken into account for this analysis, which
means that the commutations of the LCC are assumed to occur instantaneously.
Therefore, the active and reactive powers of the LCC are given by

P r
LCC = SLCC cosα P i

LCC = SLCC cos γ (3.12)
Qr

LCC = −SLCC sinα Qi
LCC = −SLCC sin γ (3.13)

where SLCC, PLCC, QLCC are the apparent, active, and reactive power of the LCC,
superscripts r, i denote rectifier and inverter operation respectively, while ϕ and
γ are the firing and extinction angles of the LCC in rectifier and inverter mode,
respectively. The negative sign in the expressions of the reactive power is used to
be in line with the definition of [Paper I], i.e., that inductive reactive power is
defined as negative. Note that in [Paper I], the LCC is assumed to operate in
rectifier mode; hence, rectifier operation is assumed for the hybrid converters in the
rest of this section.

The SAC and SDC compensate the reactive power of the LCC by voltage injec-
tion; that is, the FB arms inject a controllable alternating voltage that counteracts
the grid voltage. Thus, the FB arms can modify the voltage at the midpoint of
the thyristors and allow the LCC to be fired at negative firing angles. Since the
reactive power of the LCC This voltage injection allows the thyristors to be fired
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Figure 3.1: SAC: LCC with FB arms connected in series at the ac side.

at negative firing angles, which means that the reactive power of the LCC changes
sign according to (3.13). In this, the SAC can supply reactive power to the grid.
However, since the FB arms of the SAC cannot exchange active power with the grid,
the voltage injected by these arms must be orthogonal with the ac-side current of
the LCC. In [Paper I], it is shown that this constraint implies that the voltage
injected by the FB arms alters the dc-link voltage and thus the active power of the
SAC. Based on this, in [Paper I], it is derived that the apparent power supplied
by the SAC is given by

S2
hyb = P 2

hyb +Q2
hyb =

(
3
2 V̂saÎsa1 cosϕ

)2
+
(

3
2 V̂saÎsa1 sinϕ

)2
(3.14)

where Shyb, Phyb, Qhyb the apparent, active, and reactive power of the hybrid
converter, respectively, V̂sa the amplitude of the grid voltage, Îsa1 the amplitude
of the fundamental ac-side current of the LCC, and ϕ the power angle achieved at
the PCC. Since the voltage injection of the FB arms of the SAC alters the power
angle ϕ, the active and reactive power are changed simultaneously. Therefore, it
is concluded in [Paper I] that the SAC does not feature independent control of
active and reactive power.

The operation of the SDC is similar to that of the SDC, which means that also
this hybrid converter does not feature independent control of active and reactive
power. However, the placement of the FB arms in series to the thyristor valves of
the LCC results in the following differences with the SAC:

• the number of FB arms of the SDC is double that of the SAC for the same
injected voltage;
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Figure 3.2: SDC: LCC with FB arms connected in series at the dc side.

Ira1

Id

Vd

+

-

+

-

Vfa

FB

FB

FB

 

+-

+-

+- Vsa
Vsb
Vsc
Ifa1 XLa

Figure 3.3: PAC: LCC with FB arms connected in parallel at the ac side.

• each FB arm of the SDC conducts the current of one thyristor of the associated
LCC leg, while each arm of the SAC conducts the current of both thyristors
in the associated LCC leg;

• the FB arms of the SDC are not required to conduct current in both directions,
as they are in series with a thyristor; thus, these FB arms can have only
unidirectional current capability;
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Figure 3.4: SPM: LCC with an FB-MMC connected in parallel at the ac and in
series at the dc side.

• the FB arms of the SDC contribute to the reverse/forward voltage blocking
when the associated thyristor is turned off, which means that the voltage
rating of the thyristors of the SDC is reduced compared to the SDC.

The PAC compensates the reactive power of the LCC by current injection; that
is, the FB arms (i.e., the VSC part) inject a controllable alternating current that
counteracts the fundamental ac-side current of the LCC. In other words, the VSC
part of the PAC operate as an FB-STATCOM. This means that these VSC part
cannot exchange active power with the grid and thus the injected current must be
orthogonal to the grid voltage. In contrast to the SAC, the current injection does
not impact the dc-link voltage of the PAC or any other quantity of the LCC, but
only the current at the PCC. This is expressed in [Paper I] by

S2
hyb = P 2

hyb +Q2
hyb

=
(

3
2 V̂saÎra1 cosα

)2
+
[

3
2 V̂saÎfa1 sin

(
±π2

)
− 3

2 V̂saÎra1 sinα
]2 (3.15)

where Îfa1 is the magnitude of the current injected by the VSC part of the PAC,
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±π/2 implies that the injected current can be either inductive or capacitive, V̂sa the
amplitude of the grid voltage, Îsa1 and α the amplitude of the fundamental ac-side
current and the firing angle of the LCC, respectively. Equation (3.15) shows that
the reactive power of the PAC can be controlled by the current injected by the VSC
part, while the active power can be regulated by the firing angle of the LCC. Thus,
the PAC features independent control of active and reactive power. However, for
a certain power rating of the VSC part, the maximum reactive power that can be
supplied by the PAC is limited by the firing angle at which the LCC is operated.

The SPM is an interesting topology as the employed FB arms (i.e., the VSC
part) can exchange both active and reactive power with the grid. This is possible
because the FB arms form an FB-MMC that is connected both at the dc and ac
sides of the LCC. Therefore, the FB-MMC compensates the reactive power of the
LCC by current injection, while it can regulate the active power at the dc-link by
regulating its dc-link voltage. In fact, the FB-MMC, with a rated dc-link voltage
of Vd, is able to regulate its dc-link voltage from Vd to −Vd. Therefore, if the FB-
MMC is rated for half the dc-link voltage of the SPM, the active power of the latter
can be fully controlled by the FB-MMC. In this way, the LCC can be operated at
its minimum firing angle, so that its reactive-power consumption is minimized. By
assuming that the SPM is operated in this way, it was found in [Paper I] that the
apparent power of this hybrid converter is given by

S2
hyb = P 2

hyb +Q2
hyb

=
(

3
2 V̂saÎfa1 cosβ + 3

2 V̂saÎra1 cosα
)2

+
(

3
2 V̂saÎfa1 sin β − 3

2 V̂saÎra1 sinα
)2 (3.16)

where Îfa1 is the magnitude of the current injected by the FB-MMC and β is the
power angle of the FB-MMC at the PCC, which is controlled by the angle injected
current. Equation (3.16) shows that the FB-MMC can regulate both the active and
reactive power of this hybrid converter by changing the amplitude and phase of the
injected current, while the LCC can operate at a fixed firing angle α.

In order to provide a comprehensive qualitative comparison of the considered
hybrid converters, the findings of [Paper I] are summarized in Table 3.1. This table
includes the most important operational characteristics and design considerations
that were identified in [Paper I]. Moreover, Table 3.1 includes a rough estimation
of the combined-power rating of the FB arms, which serves as an indication of the
semiconductor requirements for the VSC part of the considered hybrid converters.
The combined-power rating has been estimated for achieving a range of power
angles at the PCC of ϕ = 0− 45◦. For these calculations, it was assumed that the
LCC is operating at a fixed firing angle of α= 15◦ with respect to the voltage at
the midpoint of the thyristor legs. Note that the FB-MMC with the same power
rating and the same ac-side voltage as the hybrid converters has been included in
Table 3.1 to serve as a reference case for comparing the hybrid converters with the
state-of-the-art VSC.
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Table 3.1: Qualitative comparison of hybrid converters with reactive-power capa-
bility. Combined-power rating of semiconductor devices of the VSCs estimated for
achieving power angles ϕ= 0− 45◦ at the PCC while the firing angle of the LCCs
is ϕ=15◦ (with respect to the voltage at the midpoint of the thyristor legs). Note
that the abbreviation N/R stands for Not Relevant.
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SAC No Possible Not Possible Bidirectional 0.5 − 1.8 1
SDC No Possible Not Possible Unidirectional 1 − 3.6 <1
PAC Partially Not Possible Possible Bidirectional. 0.5 − 2.6 1
SPM Partially Possible Possible Bidirectional. 3 − 4.6 <1

FB MMC Yes Possible N/R Bidirectional. 5.4 N/R

In Table 3.1, it is shown that independent control of active and reactive power
can be achieved only by the PAC and the SPM. This is shown also by the PQ curves
of these hybrid converters, which are provided in [Paper I] but are presented in
Figure 3.5 for clarity. In Figure 3.5a–Figure 3.5b, the dashed grey line represents
the ideal PQ curve of the reference FB-MMC, assuming that the capacitive reactive
power is not constrained by the dc-link voltage of the latter. Figure 3.5a–Figure 3.5b
indicate that the PQ curves of the PAC and the SPM overlap with the ideal PQ
curve in a wide area, but still cannot reach the maximum reactive power of the
FB-MMC. This constraint stems from the fact that the VSC part of the PAC and
the SPM are dimensioned for achieving a power angle of ϕ=45◦ at the PCC when
the LCC is operated with α=15◦. It is possible to increase the rating of the VSC
part so that the PQ curve of the hybrid converters completely covers the ideal PQ
curve of the FB-MMC, but this has to be decided depending on the application
requirements. Moreover, since for the specific study of [Paper I] the PAC and the
SPM cannot cover the whole ideal PQ curve and since the coverage of the ideal
PQ curve is dependent on the dimensioning of the VSC part of these two hybrid
converters, in Table 3.1 it is marked that these two converters can achieve partially
independent control of active and reactive power.

Furthermore, in Table 3.1 it is shown that the SAC, the SDC, and the SPM
can utilize the associated FB arms for controlling the dc-link voltage. This means
that the FB arms of these converters can be employed for regulating the active
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(a) PQ curve of the PAC (light-grey area).
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(b) PQ curve of the SPM (light-grey area).

Figure 3.5: The graphs (a), (b) show the PQ curve extension (light-grey area)
achieved due to the VSC parts of the PAC,SPM over PQ curve of the LCC (black
line) and the ideal PQ curve (dashed grey line), which represents the boundary of
the PQ curve achieved by a VSC with apparent-power rating equal to the apparent
power of the LCC of the PAC. The rating of the VSC part of the hybrid converters
are estimated for achieving ϕ= 45◦ at the PCC when the LCC is operated with
α=15◦.

power without changing the firing angle of the LCC, but more importantly for ac-
tive filtering of the dc-link voltage harmonics that stem from the 6-pulse operation
of the LCC and the commutation process [2, Ch.3]. However, the FB arms of the
PAC and the SPM can regulate the ac-side current; thus, they can be employed
for active filtering of the current harmonics generated by the LCC part. More-
over, the FB arms of most hybrid converters are required to feature bidirectional
current capability, except for those of the SDC. This is because the FB arms of
this hybrid converter are connected in series to a thyristor that conducts current in
one direction. In terms of combined-power rating, the SAC seems to be the most
advantageous for the considered range of power angles. However, for low power
angles the PAC is a more attractive option as it features independent control of
active and reactive power.

The combined-power rating of the SDC and the SPM seems to be rather high,
but it should be considered that the apparent-power rating of the LCC is reduced
compared to the SAC and the PAC. Therefore, in order to conclude which hybrid
converter features minimum semiconductor requirements it is important to consider
the combined-power rating of the LCC thyristors. Compared with the FB-MMC,
all hybrid converters have lower semiconductor requirements for the FB arms but
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require extra thyristors for the LCC. However, since the cost of the thyristors is
lower than that of IGBTs that are typically used in the FB-MMC, the total cost of
the hybrid converters might potentially be lower than that of the FB-MMC.

At this point it should be highlighted that Table 3.1 reveals that the most in-
teresting hybrid converters for HVDC applications are the PAC and the SPM, as
they feature partially independent control of active and reactive power. This feature
combined with the low conduction losses of the LCC might render these hybrid con-
verters as an interesting alternative to an FB-MMC, depending on the application
requirements. Therefore, these hybrid converters are selected for further analysis.
Moreover, since the VSC part of these converters inject current at the ac-side of
the LCC, they can be employed for active filtering of the characteristic harmonic
currents of the LCC. However, the introduction of the active-filtering functionality
impacts the ratings, the conduction losses, and the required switching frequency
of the VSC part. Therefore, the impact of the active-filtering functionality on the
design and dimensioning of the PAC and the SPM is studied in Section 3.3.

3.3 Hybrid Converters With Reactive-Power and
Active-Filtering Capability

In Section 3.2 it was concluded that the PAC and the SPM are the most interesting
among the considered hybrid converters, due to their capability for independent
control of active and reactive power. In addition, the VSC part of these converters
can be employed for injecting currents that oppose the harmonic currents generated
by the LCC. Therefore, this section summarizes the more focused study on the
PAC and the SPM that is elaborated in [Paper V]. The purpose of this study
was to investigate the impact of active filtering on the dimensioning and the design
requirements of these converters. More specifically, [Paper V] discusses the impact
of active filtering on the ratings, the semiconductor requirements, the conduction
losses, the energy variations, and the minimum switching frequency of the VSC
parts of the PAC and the SPM. It should be pointed out that only a single study
case was considered in [Paper V]; thus, the conclusions are interpreted as indicative
rather than general.

Since the configurations of both converters in [Paper V] was changed compared
to [Paper I], the converter circuits are presented in Figure 3.6 and Figure 3.7. The
main differences in the circuits of [Paper V] are that: (a) the LCC parts of both
converters are drawn with the thyristors reversed, which indicates inverter operation
when the dc-link voltage is positive; and the VSC part of the PAC is connected
to a 12-pulse LCC. The latter modification was performed because the 12-pulse
is the most preferable configuration for HVDC applications, due to the harmonic
cancellation provided by the wye-wye and delta-wye transformers of the two 6-pulse
bridges [2, Ch.3].

From Figure 3.6 it becomes evident that the VSC part of the PAC is a wye-
connected FB-STATCOM. This FB-STATCOM, termed as PAC-STATCOM is em-
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Figure 3.6: PAC: LCC with wye FB-STATCOM connected in parallel at the ac
side.
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ployed for filtering the characteristics harmonics of the 12-pulse LCC. Nevertheless,
Figure 3.6 reveals that the FB-MMC of the SPM, termed as SPM-MMC, is em-
ployed for filtering the characteristic harmonics of the 6-pulse LCC. This means the
filtering requirement for the two VSCs are different. This is because the character-
istic harmonic currents of the 12-pulse LCCs appear at orders 12n± 1, where n is
a positive integer, while those of the 6-pulse LCCs appear at orders 6k ± 1, where
k is a positive integer [2, Ch.3]. These characteristic harmonics are calculated an-
alytically in [Paper V] in order to obtain the current that should be injected by
the PAC-STATCOM and the SPM-MMC of the hybrid converters.

In [Paper V], a dimensioning method of the hybrid converters that takes into
account the active filtering is presented in detail. However, it should be mentioned
that this method considers the following simplifying assumptions: (a) the voltage
drop on the phase impedance of the LCCs is not taken into account; (b) the commu-
tation overlap angle of the LCCs is not taken into account; (c) the dc-link current
is assumed to be constant; (c) only the characteristic current harmonics of the
LCCs have been considered. Based on these assumptions, the PAC and the SPM
have been dimensioned for inverter-mode operation with the design specifications
summarized in Table 3.2, and for the following two cases of active filtering:

1. the VSC parts of the hybrid converters filter up to the 31st current harmonic
of the LCC;

2. the VSC parts of the hybrid converters filter up to the 50th current harmonic
of the LCC.

The main results of [Paper V] have been compiled in Table 3.3. Note that apart
from the cases of active filtering up to the 31st and the 50th harmonic, Table 3.3
includes the following cases:

• the dimensioning parameters of an FB-MMC station rated for the same active
power, dc-link voltage, and power angle at the PCC as the PAC and the SPM;

• the dimensioning of the PAC without active filtering; and

• the dimensioning of the SPM without active filtering.

It should be noted that the that FB-MMC station comprises of two FB-MMCs
connected in series at the dc side and in parallel to the ac side; that is the FB-
MMC station features the same circuit configuration as the SPM where the LCC
is replaced by an FB-MMC. Furthermore, all of the cases included in Table 3.3
can serve as references for evaluating the advantages and disadvantages of adding
the active filtering functionality. Note that the total harmonic distortion (THD)
in Table 3.3 has been calculated by considering harmonic components up to the
50th harmonic (i.e., according to the requirement set in [3]), and assuming that the
effective switching frequency of the VSCs is 5 kHz, i.e., 100 times higher than the
fundamental frequency, when no active filtering is employed. In this way, the first
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Table 3.2: Design specifications considered for studying the impact of active filter-
ing on the dimensioning of the hybrid converters (PAC, SPM).

Parameter Value

Rated active power (P) 2400 MW

Power angle at the PCC (ϕ) 15◦ capacitive

DC-link voltage (Vd) 800 kV

Extinction angle of LCCs (γ) 30◦

harmonics generated by the VSC appear around the 100th harmonic and thus do
not impact the THD.

By considering the case of no filtering as the reference, the first observation is
that both active filtering cases offer significant reduction of the THD of the ac-side
current. Nevertheless, Table 3.3 reveals that the active filtering increases consid-
erably the conduction losses and the combined-power rating of semiconductors. In
particular, for the case of active filtering up to the 50th harmonic, the conduction
losses and semiconductor requirements increase more than 50% (with respect to
the case of no filtering) for both hybrid converters. However, the addition of ac-
tive filtering has minor impact on the energy variations of the hybrid converters.
Moreover, the minimum effective switching frequency is required for active filtering
is considered to be 10 times higher than the maximum harmonic component that
needs to be filtered [52, Ch. 4]. However, for minimizing switching losses, it is desir-
able to operate the FB SMs at low switching frequencies, i.e., in the range of 100 Hz.
For this purpose, a minimum number of FB SMs is required in order to achieve the
required effective switching frequency. The calculated minimum number of SMs is
of course highest for the case of active filtering up to the 50th harmonic and equals
125. For peak arm voltages in the range of 1000 kV, this number means that the
voltage rating of the SMs cannot be higher than 1000/125 = 8 kV. This does not
pose any serious limitation on the design of the VSC part of the hybrid converters.

Furthermore, Table 3.3 shows that the addition of the active filtering function-
ality has more significant impact on the dimensioning of the PAC-STATCOM and
more specifically on the peak arm voltage. This is because of the fairly high arm
inductance (0.1 p.u.) and transformer leakage inductance (0.05 p.u.) that are typi-
cally found in HVDC applications. This in turn impacts the conduction losses and
the combined-power rating of semiconductors. This is clearly shown for the PAC by
observing that, for filtering up to the 50th harmonic, the total conduction loss and
combined-power rating of semiconductors has almost doubled (i.e., increased by
100%) compared to the case of no filtering. Moreover, the combined-power rating
of semiconductors of the PAC-STATCOM has almost tripled. Yet, for the SPM, ac-
tive filtering up to the 50th harmonic increases the total conduction losses by 50%,
the total semiconductor power rating by 75%, and almost doubles the combined-
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Table 3.3: Comparison of the FB-MMC station and the hybrid converters for active
power P = 2400 MW, power angle ϕ = 15◦ capacitive, dc-link voltage Vd = 800 kV.
The results for the hybrid converters are presented for no active filtering, filtering
up to 31st and up to 50th.
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THD of ac-side current up to
the 50th harmonic [3] (%) 0 14.2 30 5 6 0 0

Total conduction loss (%) 0.73 0.43 0.54 0.59 0.69 0.77 0.82

Total combined power of semi-
cond. (p.u.) 23.4 14.5 18.8 20.8 27.9 27.2 32.9

Combined power of semicond.
of VSC (p.u.) 2x11.7 7.5 15.2 13.8 24.4 20.2 29.4

Rated power of VSC (MVA) 2x1243 2029 1796 2062 1841 2066 1840

Tfo turns ratio 1(∗) 2 1.5 2 1.5 2.1 1.5

Peak arm voltage (kV) 487.7(∗) 674.4 650.9 952.7 855.7 1417 1024

Peak arm current (kA) 2.49(∗) 2.31 2.43 2.99 2.96 2.96 2.97

Energy variations (kJ/MVA) 5.69 2.99 6.57 3.24 6.58 3.31 6.58

Min. effective switching fre-
quency (kHz) 5(†) 5(†) 5(†) 15.5 15.5 25 25

Min. number of SMs(‡) 25 25 25 78 78 125 125

(∗): Quantities refer to a single FB-MMC of the station.
(†): The minimum switching frequency when active filtering is not employed is set to 100
times the fundamental, so that switching harmonics appear beyond the 50th order and thus
do not impact the THD (calculated according to [3]).
(‡): The minimum number of SMs is calculated so that the effective switching frequency can
be achieved with a switching frequency of 100 Hz per SM.

power rating of semiconductors of the SPM-MMC (with respect to the case of no
filtering). Moreover, both the PAC and the SPM with active filtering up to the
50th harmonic have higher conduction losses and higher total combined-power of
semiconductors than the FB-MMC station. In summary, it can be concluded that
filtering up to the 50th harmonic significantly increases the conduction losses and
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the semiconductor rating for both hybrid converters. The increase is so high that
both losses and semiconductor rating are higher than those of an FB-MMC station
rated for the same apparent power as the hybrid converters. Therefore, filtering up
to the 50th harmonic does not seem to be an attractive option for neither of the
hybrid converters.

By considering again the case of no filtering as the reference, active filtering
up to the 31st harmonic increases the conduction losses by approximately 37% and
30% for the PAC and the SPM, respectively. In addition, the increase in total
combined-power rating of semiconductors is in the range of 43% and 48% for the
PAC and the SPM, respectively. Therefore, reducing the maximum harmonic order
that should be filtered from the 50th to the 31st has a positive impact on the conduc-
tion losses and semiconductor requirements compared to active filtering up to the
50th harmonic. The impact is more prominent for the PAC. In fact, the conduction
losses and the semiconductor requirements for the PAC for active filtering up to
the 31st are lower than those of the FB-MMC station. By decreasing the maximum
harmonic order that should be filtered, the conduction losses and semiconductor
requirements will be reduced even further, as illustrated in Figure 3.8 that shows
the total conduction losses and the total semiconductor ratings for both hybrid con-
verters versus the maximum harmonic order that should be filtered (note that the
respective quantities for the FB-MMC are represented by the dotted black lines).
Therefore, active filtering for harmonic orders lower than the 31st might render the
hybrid converters a more attractive option compared to the FB-MMC station, pro-
vided that the higher THD is dealt with by other means. Therefore, as outlined in
[Paper V], the combination of active and passive filtering for the hybrid converters
is an interesting topic for future studies. Moreover, the use of parallel-connected
PAC-VSCs, as well as the use of parallel- or series-connected SPM-MMC units in-
stead of the single converters are interesting topics for future studies. The reason
is that the use of multiple converter units introduces redundancy and reduces the
power rating and the size of the individual VSCs and the associated transformers,
which positively impacts practical aspects, such as transportation process and cost.

3.4 Summary

In this chapter different current-source hybrid converters, based on the combination
of an LCC and a VSC part, have been reviewed in an attempt to provide an insight
on their operational properties and design considerations. The first part of the
chapter reviewed hybrid converters that employ the VSC part for compensating
the reactive-power consumed by the LCC. The reactive-power compensation can
be performed either by voltage, for the SAC and the SDC, or current injection,
for the PAC and the SPM. Note that the injected quantities were assumed to be
sinusoidal with fundamental frequency. It was found that voltage injection is able
to compensate the reactive power of the LCC, but does not enable independent
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Figure 3.8: Total conduction losses and semiconductor rating of the PAC and the
SPM versus the max harmonic order for active filtering. Active filtering up to the
31st and 50th harmonic is represented by the bars at max harmonic order 31 and
50, respectively. No filtering represented by the bars at NF. The conduction losses
and semiconductor ratings of the FB-MMC are represented by the dotted black
lines.

control of active and reactive power of the hybrid converter. Conversely, current
injection provides both reactive-power compensation and independent control of
active and reactive power. It should be noted that both of these functionalities
depend on the rating of the VSC part of the hybrid converters. Nevertheless, the
feature of independent control of active and reactive power is missing from the
conventional LCC. Therefore, the PAC and the SPM were considered interesting
for further study, as they combine the controllability of the VSC part and the low
conduction losses of the LCC.

The second part of this chapter focused on the hybrid converters with current
injection, i.e., the PAC and the SPM, which proved interesting due to their capa-
bility to control active and reactive power independently. This capability stems
from the VSC part of these converters, which can be employed for active filtering
of the characteristic harmonics of the LCC. Therefore, the second part of this chap-
ter focused on studying the impact of active filtering on the dimensioning and the
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design of these hybrid converters by means of a study case. For this purpose, a
dimensioning method was derived and was used to derive the ratings, conduction
losses, semiconductor requirements, energy variations, and the minimum effective
switching frequency required for active filtering. The results of the study case in-
dicate that active filtering does not impact significantly the energy variations and
does not impose significant design constraints due to the required effective switch-
ing frequency. However, active filtering up to the 50th characteristic harmonic of
the LCC results in a significant increase of the conduction losses and the semi-
conductor requirements for both hybrid converters, which actually are even higher
than that of an FB-MMC station of the same active-power rating. Reducing the
maximum order of the filtered harmonics to the 31st brings conduction losses and
semiconductor requirements of the hybrid converters closer or even lower than the
FB-MMC station. This indicates that the active filtering functionality of the hybrid
converters should be constrained to harmonic orders lower than the 31st, in order
to render these converters more attractive than the FB-MMC station in terms of
conduction losses and semiconductor requirements. However, in such cases other
ways of dealing with the high-order harmonics of the LCC must be employed in
order to bring the THD of the hybrid converters to levels similar to the FB-MMC
station. Therefore, the combination of passive and active filtering is an interesting
research topic for future studies. Another interesting study would be to explore the
benefits of utilizing parallel VSCs for the PAC, as well as combinations of parallel
and series FB-MMCs for the SPM. A final remark is that the conclusions of this
part of the chapter are based on a single study case; thus, they should be interpreted
as indicative rather than general.





Chapter 4

Voltage-Source Hybrid Converters

The information presented in this chapter is based on Paper IV.

4.1 Background and Methods

Chapter 3 focused on hybrid converters that behave as stiff current sources at the
dc side. These converters were derived by attempting to utilize VSCs for enhanc-
ing the controllability of the LCC. Therefore, the current-source behaviour of these
converters is dictated by the large dc-link inductance, as well as the conduction and
switching properties of the thyristors and of the LCC. More specifically, the thyris-
tors conduct current only in one direction and cannot be turned off by their gate
terminal. Both of these properties render the thyristors unsuitable for constructing
converters that operate as stiff voltage sources at the dc side. However, the latter
limitation can be overcome by employing VSC elements for controlling the thyristor
turn-off process. This enables the utilization of thyristors in converters that behave
as stiff voltage sources at the dc side. Since such converters combine thyristors with
VSC elements, they can be termed as voltage-source hybrid converters and are the
main topic of this chapter.

The main purpose of this chapter is to introduce and investigate two voltage-
source hybrid converters that feature higher active-power capability than the state-
of-the-art VSC, i.e., the MMC. Therefore, these hybrid converters could bridge
the gap between the active-power capability of the MMC and the LCC. These
converters are termed: (a) the hybrid series-parallel sub-arm converter (HSPC);
and (b) the hybrid alternate-common-arm converter (HACC). Their common trait
is that they employ the thyristors for the parallel connection of VSC arms; thus,
enabling the transfer of higher current at the ac and dc sides. In turn, the VSC
arms are utilized for controlling the thyristor turn-off process; hence, overcoming
the limitation imposed by the switching properties of the thyristors. The operating
principles, the energy balancing, and the ratings of the HSPC and the HACC are
briefly presented and compared in order to select the most interesting converter for

47
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Figure 4.1: Circuits and important variables of FB-MMC (left), HACC (middle),
and HSPC (right). Note that the arms (or sub-arms) are represented by variable
voltage sources and are constructed by series-connected FB-SMs, i.e., exactly as
depicted for the upper arm of the FB-MMC (left).

further study. The comparison shows that the HACC is the most interesting hybrid
converter as it requires less semiconductors per unit power compared to the FB-
MMC and it features a degree of freedom that enables it to achieve the maximum
active-power capability in various modulation indices.

The main method employed in this chapter is analytical calculations of the
energy balancing, voltage, and current ratings of the studied converters. Moreover,
a method for evaluating the active-power capability of the studied converters is
developed and described. The results of the analytical calculations are utilized for
comparing the studied converters in terms of their active-power capability and the
required semiconductors per unit power.

4.2 Hybrid VSCs With High Active-Power Capability

This section investigates the operating principles, the active-power capability, and
the semiconductor requirements of the hybrid alternate-common-arm converter
(HACC) and the hybrid series-parallel sub-arm converter (HSPC). The operat-
ing principles of these converters are described in relation to those of the MMC,
in order to clarify the differences that enable the HACC and the HSPC to transfer
higher active power than the MMC. The single-phase circuits of the HACC, the
HSPC, and the MMC, along with the symbols for the various currents and voltages,
are depicted in Figure 4.1.

The single-phase circuits of Figure 4.1 feature an ac terminal, which is con-
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nected to the voltage υo, and two dc terminals, namely upper and lower, which are
connected to the dc-link voltage Vd. Moreover, it should be pointed out that the
term output is used from now on for referring to the ac terminal and the related
quantities. Based on these definitions, the structure of the single-phase circuits
shown in Figure 4.1 is briefly described as follows.

• FB-MMC (Figure 4.1 left): consists of two arms and two main inductors (Lu,
Ll), namely upper and lower. Each arm is connected between the output
terminal and its associated dc terminal via the corresponding main inductor.

• HACC (Figure 4.1 middle): consists of two main inductors (Lu, Ll), three
arms, two thyristor switches (each of which comprises two anti-parallel thyris-
tor branches), and three internal inductors. Two of the arms are termed as
upper and lower, similarly to the FB-MMC. The third arm is termed as com-
mon arm, because it is alternately connected in parallel to the upper or lower
arm, via suitable switching of the thyristor switches. The three internal induc-
tors are employed for controlling the current during the parallel connection
of the arms and for limiting the current derivative (di/dt) during the turn-on
and turn-off of the thyristor switches. These inductors can be much smaller
than the main inductors (in the range of 1/10th), meaning that the equiv-
alent ac- and dc-side inductances of the converter are defined by the main
inductors.

• HSPC (Figure 4.1 right): consists of two main inductors (Lu, Ll), six sub-
arms, four thyristor switches (each of which comprises two anti-parallel thyris-
tor branches), and six internal inductors. The upper three sub-arms, along
with the two associated thyristor switches and the three internal inductors
form the upper circuit of the HSPC. This upper circuit is connected between
the output terminal and the upper dc terminal via the main upper inductor
Lu. Similarly, the lower circuit of the HSPC, consisting of three sub-arms,
two thyristors switches and three internal inductors, is connected between the
output terminal and the upper dc terminal via the main lower inductor Ll.
The operation of the upper and lower circuit of the HSPC is characterized by
the suitable switching of the thyristor switches in order to connect the asso-
ciated sub-arms either in series or in parallel. Similarly as for the HACC, the
internal inductors are employed for controlling the current during the paral-
lel connection of the sub-arms and for limiting the current derivative (di/dt)
during the turn-on and turn-off of the thyristor switches. These inductors can
be much smaller than the main inductors (in the range of 1/10th), meaning
that the equivalent ac- and dc-side inductances of the converter are defined
by the main inductors.

Note that the arms (or sub-arms) of all converters are represented by variable
voltage sources in Figure 4.1 and are constructed by series-connected FB-SMs;
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thus, from now on the terms arms (or sub-arms) refer to FB arms (or FB sub-
arms), unless stated otherwise. From the brief description of the converter circuits
of Figure 4.1, it becomes evident that the main difference is that the FB-MMC
consists of two discernible arms, namely upper and lower, while the HACC and the
HSPC consist of multiple arms that are connected in different ways by controlling
the thyristor switches. However, since the converters exhibit also similarities, it is
convenient to establish a terminology that applies to all of them. For this purpose,
the terms upper circuit and lower circuit, which were already used for the HSPC,
are introduced for all converters and defined as: (a) the upper circuit represents the
converter parts that are connected between the output terminal and the upper dc
terminal; and (b) the lower circuit represents the converter parts that are connected
between the output terminal and the lower dc terminal. From Figure 4.1 it is evident
that the upper and lower circuits are different for each converter; thus, they are
briefly described as follows.

• FB-MMC (Figure 4.1 left): the upper and lower circuits coincide with the
upper and lower arms.

• HACC (Figure 4.1 middle): the upper and lower circuits are different depend-
ing on the switching state of the converter. Therefore, the upper circuit of the
HACC is formed either by the upper arm, or by the parallel-connected upper
and common arms. Similarly, the lower circuit of the HACC is formed either
by the lower arm, or by the parallel-connected lower and common arms.

• HSPC (Figure 4.1 right): the upper circuit comprises the three sub-arms and
the two thyristor switches that are connected between the output terminal and
the upper dc terminal. Similarly, the lower circuit comprises the three sub-
arms and the two thyristor switches that are connected between the output
terminal and the lower dc terminal.

All the converters depicted in Figure 4.1 have several definitions and variables
in common, namely:

• the reference potential of the output voltage υo is the mid-point of the dc-link
voltage Vd;

• two main inductors are connected to the dc terminals, i.e., Lu is connected
to the upper and Ll to the lower dc terminal, respectively;

• the main inductors are defined to be equal, i.e., Lu =Ll, and identical for all
converters;

• the terminal voltages (υu, υl), which are generated by the upper/lower cir-
cuits, are defined as identical for all converters;

• the currents that flow through the dc terminals, i.e., iu, il, are identical, which
follows from the definitions that the internal voltages and the main inductors
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are identical, as well as the assumption that all other inductors of the HACC
and the HSPC are much smaller than the main inductors.

The output voltage υo and current io of all converters are assumed to be sinu-
soidal and given by

υo(t) = V̂o sin(ω1t) (4.1)
io(t) = Îo sin(ω1t− ϕ) (4.2)

where ω1 = 2πf1 is the fundamental angular frequency, V̂o and Îo are the amplitudes
of the output voltage and current, respectively, while ϕ is the power angle that
is seen by the converter arms; that is, a power angle ϕ = 0◦ means that the
alternating components of the terminal voltages and currents are in phase. By
revisiting the assumption that the internal inductors of the HACC and the HSPC
are much smaller than the main inductors, the power angle seen by the arms of
these converters can be considered identical to that between the terminal voltages
and currents. Note that for all converters, the amplitude of the output voltage V̂o
is related to the dc-link voltage Vd by

V̂o = M
Vd

2 (4.3)

where M is the modulation index. The terminal voltages and currents for all
converters are given by

υu(t) = Vd

2 − υo(t) (4.4)

υl(t) = Vd

2 + υo(t) (4.5)

iu(t) = Id
3 + io(t)

2 (4.6)

il(t) = Id
3 −

io(t)
2 (4.7)

where υu and υl are the voltages generated by the upper and lower circuits, respec-
tively, while iu and il are the currents through the upper and lower dc terminals (or
through the upper and lower circuits), respectively, υo and io are the output voltage
and current, respectively, Vd and Id are the dc-link voltage and current. Note that
(4.6) and (4.7) indicate that the terminal currents comprise a direct component
(Id/3) and an alternating component equal to half of the output current (io/2).
The direct component is common for both the upper and lower circuits and thus it
is termed as the circulating current, in order to follow the MMC terminology [4].
The alternating component is in anti-phase for the upper and lower circuits. The
same observation applies for the terminal voltages that comprise half of the dc-link
voltage and the output voltage in anti-phase, as shown by (4.4) and (4.5).
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As the FB-SMs of the arms (or sub-arms) of all converters include capacitors,
the net energy that flows through the arms within a fundamental cycle must be
zero. Otherwise, the net energy will be stored in or retrieved from the capacitors
of the FB-SMs, which will respectively lead to the continuous increase or decrease
of the voltage of those capacitors. As the zero net energy condition ensures that
there is no net energy flowing in or out of the arms (or sub-arms) it is termed as
arm-energy balancing or simply energy balancing from now on. By considering the
terminal voltage and current of the upper circuit, the zero net energy condition can
be expressed as follows

Eu = 1
ω1

∫ 2π

0
Pu(t)dω1t = 1

ω1

∫ 2π

0
υu(t)iu(t)dω1t = 0 (4.8)

where Eu is the net energy flow through the upper circuit during a fundamental
period, Pu(t) the instantaneous power through the upper circuit. By substituting
(4.4) and (4.6) in (4.8) and performing algebraic manipulations, it can be derived
that the energy-balancing condition described by (4.8) is equivalent to

VdId = 3
4 V̂oÎo cosϕ (4.9)

where Id is the direct current that flows to the dc-link of the converters. The left
side of (4.9) represents the power flowing into the dc-link of the converter, while
the right side represents the average power that flows to the output terminal during
a fundamental cycle. This means that the arm-energy balancing is ensured when
the input (dc-link) and the average output power of the converter are equal. This
condition combined with (4.3) dictate a relation between the dc-link current and
the amplitude of the output current, which is derived by substituting (4.3) in (4.9)
and solving for Id. This yields

Id = 3
4MÎo cosϕ. (4.10)

As the modulation index is an important variable for the analysis and compari-
son of the converters of Figure 4.1, it is convenient to express the terminal voltages
and currents as function of the modulation index. This can be performed by sub-
stituting (4.1) and (4.3) in (4.4) and (4.5) and by substituting (4.2) and (4.10) in
(4.6). This yields

υu(t) =
[

1
2 −

1
2M sin(ω1t)

]
Vd (4.11)

υl(t) =
[

1
2 + 1

2M sin(ω1t)
]
Vd (4.12)

iu(t) =
[

1
4M cosϕ+ 1

2 sin(ω1t− ϕ)
]
Îo (4.13)

il(t) =
[

1
4M cosϕ− 1

2 sin(ω1t− ϕ)
]
Îo. (4.14)
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Figure 4.2: Example waveforms of terminal voltages (normalized with respect to
Vd) and currents (normalized with respect to Id) for M=1.4 and ϕ=0◦.

The peak values of (4.11)–(4.14) occur when the sine terms are equal to ±1, de-
pending on the sign of the corresponding sine term. Therefore, the peak values of
(4.11)–(4.14) are given by

V pk
u = V pk

l =
(

1
2 + 1

2M
)
Vd (4.15)

Ipk
u = Ipk

l =
(

1
4M cosϕ+ 1

2

)
Îo (4.16)

In summary, (4.11)–(4.14), as well as (4.15)–(4.16), describe the terminal voltages
and currents that are common for all converters of Figure 4.1, regardless of the
differences in the upper and lower circuits. Example waveforms of the terminal
voltages and currents for the modulation index M=1.4 and the power angle ϕ=0◦

are plotted in Figure 4.2, where voltages and currents are normalized with respect
to the dc-link voltage Vd and current Id, respectively. In Figure 4.2, the anti-phase
relation of the alternating components of both voltages and currents is clearly
illustrated.
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4.3 Hybrid Alternate-Common-Arm Converter (HACC)

Operating Principles and Energy Balancing
Thus far, the terminal voltages and currents that are common among the converters
of Figure 4.2 have been derived. These quantities are essential for explaining the
operating principles that enable the HACC and the HSPC to transfer higher output
power than the FB-MMC. Both of the former converters leverage the anti-phase
relation between the alternating components of the terminal currents, depicted in
Figure 4.2. More specifically, the peaks of the upper and lower terminal currents
occur at different half periods. Therefore, during the half period that the terminal
current is higher, arms (or sub-arms) are connected in parallel in order to share the
terminal current and hence reduce the peak current through the parallel connected
arms. This means that the hybrid converters can transfer the same output current
as the FB-MMC but at lower peak arm currents. Alternatively, the output current
of the hybrid converters can be increased up to the point that the peak arm currents
become equal to that of the FB-MMC. Thus, the HACC and the HSPC can transfer
higher output current with the same peak arm currents as the FB-MMC.

In order to clarify the concept of employing the parallel connection for sharing
the terminal currents, the switching states of the HACC are illustrated in Figure 4.3
along with the waveforms of the terminal voltages and currents for one fundamental
period. As shown in Figure 4.3, there are two main switching states, each of which
lasts for half a period, and are briefly described as follows.

• During the first half period, the upper circuit is formed by the parallel con-
nection of the upper and common arms. Thus, these arms share the upper
terminal current (iu), as denoted by the dashed red lines that represent the
current paths of the upper circuit. The upper terminal current is high during
the first half period, as shown in the waveforms of Figure 4.3. Therefore, the
current sharing reduces the peak currents through the upper and common
arms compared to the peak of the upper terminal current Ipk

u . However, the
lower circuit is formed only by the lower arm; thus, the latter conducts the
lower terminal current(il), which is low during this half period.

• During the second half period, the upper circuit is formed only by the upper
arm; thus, the latter conducts the upper terminal current (iu), which is low
during this half period. Nevertheless, the lower circuit is formed by the par-
allel connection of the lower and common arms. Thus, these arms share the
lower terminal current (il), as denoted by the dotted blue lines that represent
the current paths of the lower circuit. Therefore, the current sharing reduces
the peak currents through the lower and common arms compared to the peak
of the lower terminal current Ipk

l .

From this description, it becomes clearer that the current sharing leads to the
reduction of the peak currents through all arms, compared to the peak terminal
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Figure 4.3: Switching states of the HACC (top) along with the waveforms of the
terminal currents and voltages for ϕ = 0◦ (bottom). Current paths for upper and
lower circuit represented by dashed red and dotted blue lines, respectively. First
half period (grey area): upper and common arms share the upper terminal current
(iu). Second half period: lower and common arms share the lower terminal current
(il).

currents Ipk
u and Ipk

l . This becomes possible because the peak terminal currents
Ipk
u and Ipk

l occur during different half periods, due to the anti-phase relation of
the alternating components of the upper and lower terminal currents. Another
observation that can be made in Figure 4.3 is that when the terminal currents are
high, the terminal voltages are low; therefore, the common arm can be rated for
roughly half of the rated voltage of the main arms.

As presented in [Paper IV], the voltages of the main arms are equal to the
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terminal voltages and are given by

υum(t) = υu(t) = Vd

2 − V̂o sin(ω1t) (4.17)

υlm(t) = υl(t) = Vd

2 + V̂o sin(ω1t) (4.18)

where υu and υl are the upper and lower terminal voltages given by (4.11) and
(4.12), respectively, while υum and υlm are the voltages of the upper and lower
arms of the HACC, respectively. In order to derive the common arm voltage,
it is assumed that the HACC transits between its main switching states (shown
in Figure 4.3) based on the phase of the alternating component of the terminal
voltages, i.e., the output voltage υo. Thus, the transition between the two main
states occur at the instants ω1t= 0 and ω1t= π, regardless of the power angle ϕ.
As illustrated in Figure 4.3, the common arm is connected in parallel to the upper
arm during the first half period and in parallel to the lower arm during the second
half period. Therefore, by considering the voltage polarities defined in Figure 4.1
(middle), the voltage of the common arm can be expressed by

υmo(t) =


υum(t) = Vd

2 − V̂o sin(ω1t), 0 ≤ ω1t < π

−υlm(t) = −Vd

2 − V̂o sin(ω1t), π ≤ ω1t < 2π.
(4.19)

As shown in [Paper IV], by considering that the common arm is connected in
parallel to the upper arm during the first half period and in parallel to the lower
arm during the second half period, and by utilizing (4.2), (4.6) and (4.7), the upper
and lower arm currents are given respectively by

ium(t) =


piu(t) + Idx = p

[
Id
3 + Îo

2 sin(ω1t− ϕ)
]

+ Idx, 0 ≤ ω1t < π

iu(t) = Id
3 + Îo

2 sin(ω1t− ϕ), π ≤ ω1t < 2π.

(4.20)

ilm(t) =


il(t) = Id

3 −
Îo
2 sin(ω1t− ϕ), 0 ≤ ω1t < π

pil(t) + Idx = p

[
Id
3 −

Îo
2 sin(ω1t− ϕ)

]
+ Idx, π ≤ ω1t < 2π.

(4.21)

where p is the current-sharing factor that defines the portion of the upper (iu) or
lower (il) that flows through the upper or lower arm, respectively. Note that the
current-sharing factor can take values in the interval p = [0, 1], with p = 1 meaning
that there is no current sharing and the terminal currents flow exclusively through
the main arms, and p = 0 meaning that the terminal currents flow only through
the common arm during the respective current-sharing interval. In addition, Idx
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is a direct current circulating in the current-sharing loops for ensuring the arm
energy balancing. The current through the common arm for the first half period is
equal to the upper terminal current (iu) minus the current through the upper arm
(ium). Conversely, for the second half period, the current through the common arm
is equal to the lower arm current (ilm) minus the lower terminal (il). Hence, the
common arm current is given by

imo(t) =

iu(t)− ium(t) = (1− p)iu(t)− Idx, 0 ≤ ω1t < π

ilm(t)− il(t) = −(1− p)il(t) + Idx, π ≤ ω1t < 2π.
(4.22)

At this point it is important to derive the balancing current Idx that is required
for ensuring the energy balancing of all arms. This can be performed as described
in [Paper IV]; that is by integrating the product of the current and voltage of one
arm over one fundamental period, set the integral equal to zero, and solve for Idx.
In [Paper IV], the current and voltage of the upper arm was chosen; thus, the
equation for deriving the balancing current Idx is

Eum = 1
ω1

∫ 2π

0
υum(t)ium(t)dω1t = 0 (4.23)

where υum and ium are given by (4.17) and (4.20), respectively. By solving (4.23)
for Idx, the following expression is derived

Idx = (1− p)KdxÎo cosϕ (4.24)

where Kdx is a function of the modulation index and is given by

Kdx = 2−M2

2(π − 2M) . (4.25)

By substituting (4.24) into (4.21), (4.22), multiplying those with (4.18),(4.19), and
integrating the results over one fundamental period, it can be proved that the
balancing current leads to zero net energy flow through all arms.

The arm voltage and current waveforms after deriving the balancing current Idx
are illustrated in Figure 4.4, along with the voltage and current waveforms of the
upper and lower terminals for the modulation index M = 1 and the power angle
ϕ=0◦. These voltage and current waveforms lead to the power/energy waveforms
of Figure 4.5, which shows the power and energy that flows through the upper,
lower, and common arms, along with the total power and energy flows through the
upper and lower terminals for the modulation index M = 1 and the power angle
ϕ=0◦. Figure 4.5 reveals that the calculated balancing current Idx leads to periodic
power and energy flows through all arms, with period equal to the fundamental.
Therefore, the derived balancing current Idx ensures that the net energy flow during
one fundamental period is zero through all the arms.
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Figure 4.4: Voltage (top) and current (bottom) waveforms of upper (solid blue),
lower (solid yellow), and common (dashed red) arm, along with upper (dotted
purple) and lower (dotted cyan) terminal of the HACC for M=1 and ϕ=0◦. Note
that voltages and currents are normalized to Vd and Id, respectively.

Current and Voltage Ratings

In this section, the current and voltages ratings for the arms and the thyristors
of the HACC are derived. For this purpose, it is important to remember that the
state transitions of the HACC are defined by the phase of alternating component of
the terminal voltages, i.e., the output voltage υo. In order to clarify the derivation
of the voltage and current ratings of the HACC, the voltage and current waveforms
of the upper and common arms are calculated for the modulation index M=1, the
power angle ϕ=0◦, and the current-sharing factor p = 0.4. The voltage and current
of the upper arm are calculated by (4.17) and (4.20), respectively, while the voltage
and current of the common arm are calculated by (4.19) and (4.22), respectively.
The results are plotted in Figure 4.6, along with the upper terminal current that is
calculated by (4.13) for the same modulation index and power angle.

By comparing (4.20) and (4.21) it can be observed that the currents of the upper
and lower arm of the HACC comprise the same dc components, i.e., pId/3 + Idx
or pId/3, and an alternating component with the same amplitude, i.e., Îo/2, but
with opposite phase. The same applies for the arm voltages, as revealed by (4.17)
and (4.18). This means that the peak currents and voltages for these arms occur
at different time instants, but have the same magnitude. Therefore, only the upper
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Figure 4.5: Power (top) and energy (bottom) flows through the upper (solid blue),
the lower (solid yellow), and the common (dashed red) arm, as well as the upper
(dotted purple) and the lower (dotted cyan) terminal of the HACC for M =1 and
ϕ= 0◦. Note that the power is normalized to the apparent power S = P = VdId,
while the energy is normalized to the product 103VdId.

arm is considered from now on for the derivation of the current and voltage ratings
of the main arms of the HACC.

Figure 4.6 illustrates a single point that is important for the dimensioning of
the upper arm; namely, V pk

um that is given by

V pk
um =

(
1
2 + 1

2M
)
Vd. (4.26)

Note that (4.26) is identical to (4.15), as the main arms generate the terminal
voltages υu and υl. Yet, Figure 4.6 depicts three points on the voltage waveform
that are important for the dimensioning of the common arm of the HACC, namely:

• intermediate-peak voltage (V pk
mo): this is equal to the minimum voltage of

the upper or lower terminal voltages and occurs at the instants ω1t = π/2
(t=5 ms) and ω1t=3π/2 (t=15 ms);

• discontinuity voltage sl (V ds,sl
mo ): this is equal to the terminal voltage at the

instant when the common arm transits from the parallel connection with the
upper arm to the parallel connection with the lower arm, i.e., at the instant
ω1t=π (t=10 ms); and
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Figure 4.6: Voltage (top) and current (bottom) waveforms of the upper and com-
mon arms of the HACC along with the upper terminal current for M = 1, ϕ= 0◦,
and p= 0.4. Note that voltages and currents are normalized with respect to the
dc-link voltage Vd and current Id, respectively. The important points for the di-
mensioning of the HACC are outlined on the voltage (V pk

um, V pk
mo, V ds,sl

mo , V ds,su
mo ) and

current (Ipp
um, Inp

um, Ids,sl
um , Ids,su

um , Ipk
mo) waveforms.

• discontinuity voltage su (V ds,su
mo ): this is equal to the terminal voltage at the

instant when the common arm transits from the parallel connection with the
lower arm to the parallel connection with the upper arm, i.e., at the instant
ω1t=2π (t=20 ms).

By definition, the transitions between the parallel and series states occur at the
zero-crossings of the output voltage υo; thus, the dimensioning points for the volt-
age do not depend on the power angle and can be calculated by substituting the
aforementioned time instants into (4.19). This yields

V pk
mo = −υl (3π/2) =

(
1
2M −

1
2

)
Vd (4.27)

V ds,sl
mo = υu (π) = Vd

2 (4.28)

V ds,su
mo = υu (2π) = Vd

2 . (4.29)

(4.30)
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Equations (4.53) and (4.54) reveal that the discontinuity voltages V ds,sl
mo and V ds,su

mo
are equal to half of the dc-link voltage. Therefore, they are represented by the
symbol V ds

mo from now on. Furthermore, (4.27)–(4.28) can be used to defined the
rated voltage of the common arm of the HACC as follows

V HACC
mo,rat = max

(
V pk

mo, V
ds
mo
)

= max
[∣∣∣∣12M − 1

2

∣∣∣∣ , 1
2

]
Vd. (4.31)

Note that (4.55) indicates that the rated voltage of the common arm V HACC
mo,rat is

defined by the intermediate-peak voltage (V pk
mo) if the modulation index is M > 2;

otherwise V HACC
rat is defined by the half of the dc-link voltage.

The dimensioning points for the current rating of the main and common arms
are derived in a similar fashion as these for the voltage. Figure 4.6 illustrates the
four points in the current waveform that are important for the dimensioning of the
upper arm of the HACC, namely:

• positive-peak current (Ipp
um): this value depends on the modulation index and

the current-sharing factor and occurs at the same instant as the peak of the
upper terminal current (Ipk

um), i.e., at ω1t=π/2 (t=5 ms) for ϕ=0◦;

• negative-peak current (Inp
um): this is equal to the terminal current at the instant

ω1t=3π/2 (t=15 ms) for ϕ=0◦;

• discontinuity current sl (Ids,sl
um ): this is equal to the terminal current at the

instant ω1t=π (t= 10 ms) for ϕ= 0◦, i.e., at the instant when the common
arm is disconnected from the upper arm and is connected in parallel to the
lower arm; and

• discontinuity current su (Ids,su
um ): this is equal to the terminal current at the

instant ω1t=2π (t=20 ms) for ϕ=0◦, i.e., at the instant when the common
arm is disconnected from the lower arm and is connected in parallel to the
upper arm.

By inspecting (4.13) it can be found that the positive-peak and the negative-peak
of the terminal current occur at ω1t=π/2 + ϕ and at ω1t=3π/2 + ϕ, respectively.
Moreover, the discontinuity currents are defined by the instants of transition be-
tween the two main switching states of the HACC, which are defined always by the
phase of the output voltage; thus, the discontinuity current Ids,sl

um occurs at ω1t=π,
while the discontinuity current Ids,su

um occurs at ω1t=2π. Therefore, the important
dimensioning current peaks can be derived by substituting the aforementioned time



62 Chapter 4. Voltage-Source Hybrid Converters

instants in (4.20), after substituting Idx from (4.24); this yields

Ipp
um = p

(
1
4M cosϕ+ 1

2

)
Îo + (1− p) 2−M2

2(π − 2M) Îo cosϕ (4.32)

Inp
um =

(
1
4M cosϕ− 1

2

)
Îo (4.33)

Ids,sl
um =

[
1
4M cosϕ+ 1

2 sin(π − ϕ)
]
Îo (4.34)

Ids,su
um =

[
1
4M cosϕ+ 1

2 sin(2π − ϕ)
]
Îo. (4.35)

(4.36)

However, Figure 4.6 depicts a single point on the current waveform that is important
for the dimensioning of the common arm of the HACC (Ipk

mo), which occurs at
ω1t=π/2 + ϕ=π/2 (t=5 ms) for ϕ=0◦ in Figure 4.6). Thus, by substituting this
time instant into (4.22), after substituting Idx from (4.24), the peak current of the
common arm is given by

Ipk
mo = (1− p)

(
1
4M cosϕ+ 1

2

)
Îo − (1− p) 2−M2

2(π − 2M) Îo cosϕ (4.37)

Since the HACC will be compared with the FB-MMC for different modulation
indices but for power angle ϕ=0◦, (4.32)–(4.37) can be simplified. In addition, for
this power angle Ids,sl

um = Ids,su
um ; thus, the discontinuity currents are represented by

the same value and the symbol Ids
um from now on. Finally, for ϕ=0◦ (4.32)–(4.37)

are reduced to

Ipp,0
um = [pKpp + (1− p)Kdx] Îo (4.38)
Inp,0
um = KnpÎo (4.39)

Ids,0
um = 1

4MÎo. (4.40)

Ipk,0
mo = [(1− p)(Kpp −Kdx)] Îo (4.41)

where Kdx is given by (4.25), while Kpp and Knp are respectively given by

Kpp = 1
4M + 1

2 . (4.42)

Knp = 1
4M −

1
2 . (4.43)

Note that (4.40) reveals that the discontinuity currents are equal to the circulating
current of the single-phase circuit of the HACC, i.e., Id/3. Furthermore, (4.38)–
(4.41) can be used to define the rated current of the main and common arms as
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follows

IHACC
rat = max

(
Ipp,0
um , |Inp,0

um |, Ids,0
um , Ipk,0

mo
)

= max([pKpp + (1− p)Kdx] , |Knp|,
1
4M, [(1− p) (Kpp −Kdx)])ÎHACC

o .

(4.44)

Note that all arms of the HACC are rated for the same current, even though the
peak currents might differ between main and common arms. Even though this
is a worst-case dimensioning of the HACC, (4.44) is important for estimating the
active-power capability of the converter, which is eventually limited by the arm
with the highest peak current.

Moreover, it is important to estimate the voltage and currents ratings of the
thyristor switches. As observed in Figure 4.8, each thyristor blocks the dc-link
voltage when it is turned off and conducts the common arm current when it is
turned on. Based on this, and considering the worst-case dimensioning of (4.44),
the thyristor rated voltage and current are expressed by

V HACC
thyr = Vd (4.45)
IHACC
thyr = IHACC

rat . (4.46)

Active-Power Capability
Thus far, the current and voltage ratings have been derived for the HACC. In
this section, the active-power capability of this hybrid converter is quantified with
respect to that of the FB-MMC, provided that: (a) the dc-link voltage; (b) the
modulation index; (c) the power angle; and (d) the peak arm currents are equal for
both converters. The active-power capability of the HACC can be related to that
of the FB-MMC, by simply dividing the active power of the former with the active
power of the latter, which yields

PHACC
o
PMMC

o
=

3
2 V̂

HACC
o ÎHACC

o cosϕ
3
2 V̂

MMC
o ÎMMC

o cosϕ
(4.47)

If both converters operate at the same power angle, i.e., ϕ=0◦, the same modulation
index, and dc-link voltage, the ratio of (4.47) reduces to the ratio of the output
currents of the two converters. Therefore, by deriving this ratio, the active-power
capability of the HACC can be quantified. This can be performed by equating the
rated arm current of the HACC (given by (4.44)) with that of the FB-MMC (given
by (4.16) for cosϕ=1) and solving for the ratio of the output currents. This yields

ÎHACC
o

ÎMMC
o

= Kpp

max([pKpp + (1− p)Kdx] , |Knp|,
1
4M, [(1− p) (Kpp −Kdx)])

. (4.48)
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Figure 4.7: Power ratio of the HACC versus the modulation index M for ϕ= 0◦

and for two different values of p. For p= 0 the active-power ratio is maximized at
M=1.16, while for p=0.5 the active-power ratio is maximized at M=1.41.

The ratio given by (4.48) represents the output power of the HACC relative to that
of the FB-MMC for power angle ϕ=0◦; thus, it is termed as active-power ratio.

In order to evaluate the active-power capability of the HACC, the active-power
ratio given by (4.48) is calculated for a range of modulation indices and for two
different current-sharing factors; the results are plotted versus the modulation index
in Figure 4.7. This figure reveals that the maximum active-power ratio (or the
active-power capability) of the HACC is equal to 2, which means that this converter
can transfer double the active power of the FB-MMC with the same rated (or
peak) arm current. In addition, the active-power ratio is maximized at a specific
modulation index, depending on the value of the current-sharing factor p. More
specifically, for the current-sharing factor p=0 and p=0.5 the active-power ratio is
maximized at M = 1.16 and M = 1.41, respectively. This means that the current-
sharing factor p is a degree of freedom that can be leveraged for maximizing the
active-power capability of the HACC for different modulation indices.

Moreover, it is interesting to understand which of the peak currents given by
(4.38)–(4.41) is limiting the active-power ratio. This can be found by calculating
separately the terms of the max function in the denominator of (4.48). These
calculations reveal the following.

• For modulation indices on the left-hand side of the peaks of Figure 4.7, the
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active-power ratio is limited by the first term of the max function in the
denominator of (4.48), i.e., [pKpp + (1− p)Kdx]. This term is related to the
peak current of the main arms, as shown by (4.38); hence, the active-power
ratio for the specified ranges of modulation indices is limited by the peak
current of the main arms.

• For modulation indices on the right-hand side of the peaks of Figure 4.7,
the active-power ratio is limited by the last term of the max function in the
denominator of (4.48), i.e., [(1− p) (Kpp −Kdx)]. This term is related to
the peak current of the common arm, as shown by (4.41); hence, the active-
power ratio for the specified ranges of modulation indices is limited by the
peak current of the common arm.

4.4 Hybrid Series-Parallel Sub-Arm Converter (HSPC)

Operating Principles and Energy Balancing
The operation of the HSPC is very similar to that of the HACC, as it relies also
on the anti-phase relation of the alternating components of the upper and lower
terminal currents. This becomes clearer by considering the switching states of the
HSPC that are illustrated in Figure 4.8 along with the waveforms of the terminal
voltages and currents for one fundamental period. As shown in Figure 4.8, there
are two main switching states, each of which lasts for half a period, and are briefly
described as follows.

• During the first half period, the sub-arms of the upper circuit is are connected
in parallel; thus, they share the upper terminal current (iu), as denoted by
the dashed red lines that represent the current paths of the upper circuit.
As for the HACC, the current sharing reduces the peak currents through the
sub-arms of the upper circuit compared to the peak of the upper terminal cur-
rent Ipk

u . Moreover, the voltage of these sub-arms equals the upper terminal
voltage υu, which is low during this half period. Nevertheless, the sub-arms of
the lower circuit are connected in series; thus, they conduct the lower termi-
nal current(il), which is low during this half period, but they share the lower
terminal voltage (υl), which is high during this half period.

• During the second half period, the upper and lower circuits are formed in
the opposite way. That is, the sub-arms of the upper circuit is are connected
in series; thus, they conduct the upper terminal current(iu) and share the
upper terminal voltage (υu). However, the sub-arms of the lower circuit are
connected in parallel; thus, they share the lower terminal current(il) and each
of them generates a voltage equal to the lower terminal voltage υl. Thus, the
current sharing reduces the peak currents through the sub-arms of the lower
circuit compared to the peak of the lower terminal current Ipk

l .
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This description clarifies how the HSPC employs the current sharing for reducing
the peak currents through all sub-arms, compared to the peak terminal currents
Ipk
u and Ipk

l . In addition, the series connection of the sub-arms enables them to
generate a high terminal voltage when the terminal current is low, as shown by the
voltage waveforms of Figure 4.8. However, it should be noted that the sub-arms
must generate equal voltages when connected in parallel; therefore, their minimum
voltage rating is defined by the peak voltage during the parallel connection.

Another observation that can be made in Figure 4.8 is that the thyristor switches
of the upper circuit conduct the current of two sub-arms during the first half period.
The same applies for the thyristor switches of the lower circuit during the second
half period. This is an important difference with the HACC, as the current through
the thyristor switches of the HSPC can be higher (i.e., double) than that of the
sub-arms. Therefore, the current rating of the thyristors is not constrained by the
VSC elements of the HSPC, which enables the utilization of thyristors with high
current capability.

In order to derive the equations of the sub-arm currents and voltages, it is
assumed that the transition between parallel and series connection of the sub-arms
is performed based on the phase of the alternating component of the terminal
voltages, i.e., at the instants ω1t= 0 and ω1 = π, regardless of the power angle ϕ.
By assuming equal current distribution during the parallel connection and equal
voltage distribution during the series connection, the currents and voltages of the
sub-arms of the upper circuit are respectively given by

iut(t) = iup(t) = iub(t) =


1
3 iu(t), 0 ≤ ω1t < π

iu(t), π ≤ ω1t < 2π
(4.49)

υut(t) = υup(t) = υub(t) =

υu(t), 0 ≤ ω1t < π

1
3υu(t), π ≤ ω1t < 2π

(4.50)

where the symbols for the currents and voltages of the sub-arms have been defined
in Figure 4.1, while iu and υu are given by (4.13) and (4.11), respectively. Since
the current and voltage are the same for all sub-arms of the upper circuit, only the
relations for the top sub-arm (iut, υut) are considered from now on. In addition, as
the relations for the sub-arms of the lower circuit are similar and lead to the same
peak currents and voltages, they are not presented. This is illustrated in Figure 4.9,
which shows the voltage and current waveforms of the top sub-arms of the upper
and lower circuits, along with the voltage and current waveforms of the upper and
lower terminals for the modulation index M=1 and the power angle ϕ=0◦.

In terms of sub-arm energy balancing, the current and voltage of the sub-arms
must ensure that the net energy flow during one fundamental period through the
sub-arms is always zero. In order to derive the energy during one fundamental
period, the instantaneous power through one sub-arm should be calculated by mul-
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Figure 4.8: Switching states of the HSPC (top) along with the waveforms of the
terminal currents and voltages for ϕ = 0◦ (bottom). Current paths for upper and
lower circuit represented by dashed red and dotted blue lines, respectively. First
half period (grey area): sub-arms of upper circuit share the upper terminal current
(iu), sub-arms of lower circuit share the lower terminal voltage (υl). Second half
period: sub-arms of upper circuit share the upper terminal voltage (υu), sub-arms
of lower circuit share the lower terminal current (il).

tiplying (4.49) and (4.50). This yields

Put(t) = Pup(t) = Pub(t) =


1
3 iu(t)υu(t), 0 ≤ ω1t < π

1
3υu(t)iu(t), π ≤ ω1t < 2π,

(4.51)

By inspecting (4.51) it can be observed that the instantaneous power through each
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Figure 4.9: Voltage (top) and current (bottom) waveforms of upper top (solid blue)
and lower top (solid yellow) sub-arm, along with upper (dotted purple) and lower
(dotted cyan) terminal of the HSPC for M=1 and ϕ=0◦. Note that voltages and
currents are normalized to Vd and Id, respectively.

sub-arm is equal to 1/3rd of the instantaneous power resulting from the multiplica-
tion of the upper terminal current and voltage. The latter appears in (4.8), which
means that the integration of (4.51) over one fundamental cycle is zero. Therefore,
the equal sharing of the terminal current and voltage among the sub-arms of the
HACC ensures the sub-arm energy balancing. This is illustrated in Figure 4.10,
which shows the power and energy that flows through the top sub-arms of the upper
and lower circuits, along with the total power and energy flows through the upper
and lower terminals for the modulation index M = 1 and the power angle ϕ= 0◦.
Figure 4.10 reveals that the power and energy flows are periodic with period equal
to the fundamental; thus, the net energy flow during one fundamental period is
zero. Note that the power and energy through the sub-arms is 1/3rd of the total
power and energy through the terminals.

Current and Voltage Ratings
In this section, the current and voltages ratings for the sub-arms and the thyristors
of the HSPC are derived. For this purpose, it is important to remember that the
transitions of sub-arms from parallel to series connection and vice versa are defined
by the phase of alternating component of the terminal voltages, i.e., the output
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Figure 4.10: Power (top) and energy (bottom) flows through the upper top (solid
blue) and lower top (solid yellow) sub-arm, as well as the upper (dotted purple)
and the lower (dotted cyan) terminal of the HSPC for M=1 and ϕ=0◦. Note that
the power is normalized to the apparent power S = P = VdId, while the energy is
normalized to the product 103VdId.

voltage υo. More specifically, the sub-arms of the upper circuit are:

• connected in parallel at the zero-crossing when the output voltage υo changes
from negative to positive, i.e., at ω1t=2π;

• connected in series at the zero-crossing when the output voltage υo changes
from negative to positive, i.e., at ω1t=π.

In order to clarify the derivation of the voltage and current ratings of the HSPC,
the voltage and current waveforms of the top sub-arm of the upper circuit for the
modulation index M = 1 and the power angle ϕ= 0◦ are calculated by (4.50) and
(4.49), respectively. The results are plotted in Figure 4.11, along with the upper
terminal voltage and current waveforms, which are calculated by (4.11) and (4.13)
for the same modulation index and power angle.

Figure 4.11 illustrates three points on the voltage waveform that are important
for the dimensioning of the HSPC, namely:

• discontinuity voltage ps (V ds,ps): this is equal to the terminal voltage at the
instant of the transition from parallel to series connection of the sub-arms of
the upper circuit, i.e., at ω1t=π (t=10 ms);
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Figure 4.11: Voltage (top) and current (bottom) waveforms of the upper-top sub-
arm of the HSPC along with the upper terminal voltage and current for M=1 and
ϕ=0◦. Note that voltages and currents are normalized with respect to the dc-link
voltage Vd and current Id, respectively. The important points for the dimensioning
of the HSPC are outlined on the voltage (V sp, V ds,ps, V ds,sp) and current (Ipp, Inp,
Ids,ps, Ids,sp) waveforms.

• shared-peak voltage (V sp): this is equal to 1/3rd of the peak terminal voltage
and occurs at the middle of the second half period, i.e., at ω1t= 3π/2 (t=
15 ms) during which the sub-arms of the upper circuit are connected in series
and share equally the terminal voltage; and

• discontinuity voltage sp (V ds,sp): this is equal to the terminal voltage at the
instant of the transition from series to parallel connection of the sub-arms of
the upper circuit, i.e., at ω1t=2π (t=20 ms).

By definition, the transitions between the parallel and series states occur at the zero-
crossings of the output voltage υo; thus, the dimensioning points for the voltage
do not depend on the power angle and can be calculated by combining (4.50) with
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(4.11), after substituting the suitable transition instants. This yields

V sp = 1
3υu (3π/2) = 1

3

(
1
2 + 1

2M
)
Vd (4.52)

V ds,ps = υu (π) = Vd

2 (4.53)

V ds,sp = υu (2π) = Vd

2 . (4.54)

Equations (4.53) and (4.54) reveal that the discontinuity voltages V ds,ps and V ds,sp

are equal to half of the dc-link voltage. Therefore, they are represented by the
symbol V ds from now on. Furthermore, (4.52)–(4.54) can be used to defined the
rated voltage of the sub-arms of the HSPC as follows

V HSPC
rat = max

(
V sp, V ds) = max

[
1
3

(
1
2 + 1

2M
)
,

1
2

]
Vd. (4.55)

Note that (4.55) indicates that the rated voltage of the sub-arms V HSPC
rat is defined

by the shared-peak voltage (V sp) if the modulation index isM>2; otherwise V HSPC
rat

is defined by the half of the dc-link voltage.
The dimensioning points for the current rating of the sub-arms are derived in a

similar fashion as these for the voltage. Figure 4.11 illustrates the four points in the
current waveform that are important for the dimensioning of the HSPC, namely:

• positive-peak current (Ipp): this is equal to 1/3rd of the peak terminal current
and occurs at the instant ω1t=π/2 (t=5 ms) for ϕ=0◦;

• negative-peak current (Inp): this is equal to the terminal current at the instant
ω1t=3π/2 (t=15 ms) for ϕ=0◦;

• discontinuity current ps (Ids,ps): this is equal to the terminal current at the
instant ω1t = π (t = 10 ms) for ϕ = 0◦, i.e., at the instant of the transition
from parallel to series connection of the sub-arms of the upper circuit; and

• discontinuity current sp (Ids,sp): this is equal to the terminal current at the
instant ω1t= 2π (t= 20 ms) for ϕ= 0◦, i.e., at the instant of the transition
from series to parallel connection of the sub-arms of the upper circuit.

By inspecting (4.13) it can be found that the positive-peak and the negative-peak
of the terminal current occur at ω1t=π/2 + ϕ and at ω1t=3π/2 + ϕ, respectively.
Moreover, the discontinuity currents are defined by the instants of transition be-
tween the parallel and series states, which are defined always by the phase of the
output voltage; thus, the discontinuity current Ids,ps occurs at ω1t= π, while the
discontinuity current Ids,sp occurs at ω1t=2π. Therefore, by considering the afore-
mentioned time instants, the general expressions for the important dimensioning
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currents can be derived by combining (4.49) with (4.13), and are given by

Ipp = 1
3

(
1
4M cosϕ+ 1

2

)
Îo (4.56)

Inp =
(

1
4M cosϕ− 1

2

)
Îo (4.57)

Ids,ps =
[

1
4M cosϕ+ 1

2 sin(π − ϕ)
]
Îo (4.58)

Ids,sp =
[

1
4M cosϕ+ 1

2 sin(2π − ϕ)
]
Îo. (4.59)

However, the HSPC will be compared with the FB-MMC for different modulation
indices but for power angle ϕ = 0◦. The latter value simplifies (4.56)–(4.59) and
leads to Ids,ps =Ids,sp; thus, the discontinuity currents are represented by the same
value and the symbol Ids from now on. Finally, for ϕ=0◦ (4.56)–(4.59) are reduced
to

Ipp,0 = 1
3

(
1
4M + 1

2

)
Îo (4.60)

Inp,0 =
(

1
4M −

1
2

)
Îo (4.61)

Ids,0 = 1
4MÎo. (4.62)

Note that (4.62) reveals that the discontinuity currents are equal to the circulating
current of the single-phase circuit of the HSPC, i.e., Id/3. Furthermore, (4.60)–
(4.62) can be used to define the rated current of the sub-arms of the HSPC as
follows

IHSPC
rat = max

(
Ipp,0, |Inp,0|, Ids,0)

= max
[

1
3

(
1
4M + 1

2

)
,

∣∣∣∣14M − 1
2

∣∣∣∣ , 1
4M

]
ÎHSPC
o .

(4.63)

Furthermore, it is important to estimate the voltage and currents ratings of the
thyristor switches. As observed for Figure 4.8, the thyristor switches conduct the
current of two sub-arms for the first half period, during which the sub-arms of the
upper circuit are connected in parallel. For the second half period, the thyristors are
turned off and are blocking the voltage of two sub-arms. From these observations,
it can be derived that the rated current and voltage of the thyristor switches must
be twice that of the sub-arms. However, it should be noted that the negative-peak
current Inp is not relevant for the thyristors, as they are turned off when this peak
occurs. Therefore, by using (4.55) and (4.63), after excluding Inp, the rated voltage
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and current of the thyristors is respectively given by

V HSPC
thyr = 2 max

(
V sp, V ds) = max

[
1
3 (1 +M) , 1

]
Vd (4.64)

IHSPC
thyr = 2 max

(
Ipp, Ids) = max

[
1
3

(
1
2M + 1

)
,

1
2M

]
ÎHSPC
o . (4.65)

Active-Power Capability
The active-power capability of the HSPC is quantified in relation to the FB-MMC
via the ratio of the output currents of these two converters. Therefore, similarly as
for the HACC, the active-power ratio is derived by equating the peak arm current
of the HSPC (given by (4.63)) with that of the FB-MMC (given by (4.16)) and
solving for the ratio of the output currents. This yields

ÎHSPC
o

ÎMMC
o

=

1
4M + 1

2

max
[

1
3

(
1
4M + 1

2

)
,

∣∣∣∣14M − 1
2

∣∣∣∣ , 1
4M

] . (4.66)

At this point it is important to note that (4.66) is valid only for power angle ϕ=0◦.
An important observation that can be made by inspecting (4.63) and (4.66) is that
the HSPC would achieve an active-power ratio equal to 3, if the rated current of
the sub-arms IHSPC

rat would always be equal to the positive-peak current Ipp.
The active-power ratio of the HSPC can now be calculated for various modu-

lation indices and for power angle ϕ= 0◦ by using (4.66). The results are plotted
in Figure 4.12, which reveals that the HSPC can achieve a maximum active-power
ratio of 3 only for the modulation index M=1. That is, for this modulation index,
the HSPC can transfer three times higher active power than the FB-MMC, while
the peak current through the sub-arms of the former is equal to the peak current
through the arms of the latter. In other words, by employing FB-SMs of the same
voltage and current ratings, the HSPC can transfer three times higher active power
than the FB-MMC. It should be noted that the active-power ratio of 3 is achieved
because for the modulation index M =1, the rated current of the sub-arms IHSPC

rat
is defined by the positive-peak current Ipp, as observed for (4.66). However, for
other modulation indices the active-power ratio is lower than 3 because the rated
current of the sub-arms IHSPC

rat is defined by the other two dimensioning currents.
More specifically:

• for modulation indicesM<1 the active-power ratio is limited by the negative-
peak current Inp, which is given by (4.61); and

• for modulation indices M>1, the active-power ratio is limited by the discon-
tinuity current Ids, which is given by (4.62).
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Figure 4.12: Power ratio of the HSPC versus the modulation index M for ϕ=0◦.

In contrast to the HACC, the HSPC does not have a degree of freedom that can
be utilized for altering the peak arm currents in such a way that the active-power
ratio can be maximized depending on the modulation index. Therefore, it can
be concluded that the maximum active-power ratio of the HSPC is achieved for a
single modulation index M=1.

4.5 Comparison

Thus far it has been shown that the HACC and the HSPC can transfer higher
active power than the FB-MMC with the same peak currents. More specifically, the
HACC can transfer up to twice the active power of the FB-MMC, while the HSPC
up to three times the active power of the FB-MMC. However, this is achieved by
introducing more semiconductor devices, i.e., more FB-SMs and thyristor switches.
Therefore, in order to compare the hybrid converters with the FB-MMC in a fair
manner, it is important to estimate the semiconductor devices that are required per
unit power. This can performed by using the method presented in [53] and employed
in [Paper I] and [Paper V]. In this way, the semiconductor requirements for the
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FB-arms, the thyristors can be estimated by

Ssem
arms = NarmsNdevV

pk
armsI

pk
arms

Sconv
(4.67)

Ssem
thyr =

NthyrNtbbV
pk
thyrI

pk
thyr

Sconv
(4.68)

where Ssem
arms represents the combined-power rating of the semiconductor devices of

the considered arms (e.g., main arms/sub-arms or common arms) per unit of the
converter power (Sconv), while Ssem

thyr represents the combined-power rating of the
thyristor switches per unit of the converter power (Sconv). The total combined-
power rating of semiconductor devices for each converter can be found by summing
the combined-power rating of all arms and all thyristor switches, as calculated by
(4.67) and (4.68), respectively. Moreover, the definitions of the other variables of
(4.67) and (4.68) are summarized as follows:

• Narms: number of considered arms per converter;

• Ndev: number of semiconductor devices per SM of the considered arms (for
FB-SM this number is 4);

• V pk
arms: peak voltage for each of the considered arms;

• Ipk
arms: peak current for each of the considered arms;

• Nthyr: number of thyristor switches per converter;

• Ntbb: this number is equal to 2 and represents the two anti-parallel thyristor
branches per thyristor switch;

• V pk
thyr; peak voltage for each of the thyristor switches;

• Ipk
thyr; peak current for each of the thyristor switches.

As the structure of the hybrid converters and the FB-MMC is quite different, it is
important to clarify the values of Narms and Nthyr that were used for the estimation
of the semiconductor requirements. These values are summarized in Table 4.1.
Moreover, the equations used for calculating the active-power ratio of the HACC
and the HSPC, the peak currents and voltages of the arms and the thyristors of
each converter, as well as the combined power of the semiconductors of the arms
and the thyristors of each converter are summarized in Table 4.2.

Finally, the parameters and the equations listed in Table 4.1 and Table 4.2 were
utilized for estimating the total combined power of semiconductors for the FB-
MMC, the HACC, and the HSPC. The same calculations were performed for two
modulation indices, namely M=1 and M=1.41, while the dc-link voltage and the
power angle were Vd = 55 kV and ϕ= 0◦, respectively. The calculation results for
M=1 and M=1.41 are summarized in Table 4.3 and Table 4.4, respectively. Both
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Table 4.1: Values of Narms and Nthyr used for the estimation of the semiconductor
requirements of the different converters. Note that Ndev =4 for all converters, while
Ntbb =2 for the HACC and the HSPC.

FB-MMC HACC HSPC

Number of main arms/sub-arms [Narms] 6 6 18

Number of common arms [Narms] 0 3 0

Number of thyristor switches [Nthyr] 0 6 12

Table 4.2: List of equations used for calculating active-power ratio, peak volt-
ages/currents V pk

arms, Ipk
arms, V

pk
thyr, I

pk
thyr, as well as combined power of semiconductors

for each converter. Note that the abbreviation N/R stands for Not Relevant.

FB-MMC HACC HSPC

Power ratio 1 (4.48) (4.66)

Main arms/sub-arms: Peak voltage [V pk
arms] (4.15) (4.26) (4.55)

Main arms/sub-arms: Peak current [Ipk
arms] (4.16) (4.44) (4.63)

Common arms: Peak voltage [V pk
arms] N/R (4.31) N/R

Common arms: Peak current [Ipk
arms] N/R (4.41)(∗) N/R

Thyristor switches: Peak voltage [V pk
thyr] N/R (4.45) (4.64)

Thyristor switches: Peak current [Ipk
thyr] N/R (4.41)(∗) (4.65)

Main arms/sub-arms: Combined power of
semiconductors [Ssem

arms]
(4.67) (4.67) (4.67)

Common arms: Combined power of semi-
conductors [Ssem

arms]
N/R (4.67) N/R

Thyristor switches: Combined power of
semiconductors [Ssem

thyr]
N/R (4.68) (4.68)

(∗): For the considered modulation indices the result of (4.41) is equal or lower than
that of (4.44).

of these tables reveal that the HSPC requires more semiconductors per unit power
among all the compared converters for both M =1 and M =1.41. Therefore, even
though at M = 1 the HSPC can transfer three times the power of the FB-MMC
with the same peak arm currents, it requires 16% more semiconductors per unit
power. Moreover, if the modulation index is changed to M = 1.41, the HSPC can
transfer 2.4 times the power of the FB-MMC, but at the expense of 20% more
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Table 4.3: Comparison of semiconductor requirements of the FB-MMC, the HACC,
and the HSPC for M=1, Vd =55 kV, and ϕ=0◦.

FB-MMC HACC HSPC

Power ratio 1 1.7(∗) 3

Active power [P] 99 MW 168.3 MW 297 MW

DC-link current [Id] 1800 A 3060 A 5400 A

Output current [Îo] 2400 A 4080 A 7200 A

Main arms/sub-arms: Peak voltage [V pk
arms] 55 kV 55 kV 55 kV

Main arms/sub-arms: Peak current [Ipk
arms] 1800 A 1787 A 1800 A

Common arms: Peak voltage [V pk
arms] 0 kV 27.5 kV 0 kV

Common arms: Peak current [Ipk
arms] 0 A 1273 A(†) 0 A

Thyristor switches: Peak voltage [V pk
thyr] 0 kV 55 kV 55 kV

Thyristor switches: Peak current [Ipk
thyr] 0 A 1273 A(†) 3600 A

Main arms/sub-arms: Combined power of
semiconductors [Ssem

arms]
24 p.u. 14 p.u. 12 p.u.

Common arms: Combined power of semi-
conductors [Ssem

arms]
0 p.u. 2.5 p.u. 0 p.u.

Thyristor switches: Combined power of
semiconductors [Ssem

thyr]
0 p.u. 5 p.u. 16 p.u.

Total combined power of semiconductors 24 p.u. 21.5 p.u. 28 p.u.

(∗): The current-sharing factor of the HACC is set to p=0.
(†): For M=1 the result of (4.41) is lower than that of (4.44); thus, the common arms
and the thyristors of the HACC can be rated for lower current than the main arms.

semiconductors per unit power. Nevertheless, the HACC can transfer higher power
than the FB-MMC with less semiconductors per unit power for both M = 1 and
M = 1.41. Note that even though the HACC cannot achieve its maximum active-
power ratio at modulation index M = 1 and current-sharing factor p = 0, this is
possible for M = 1.16 for the same current-sharing factor, as shown in Figure 4.7.
The reason for performing the calculations for M=1 was to compare all converters
in a fair manner. Nevertheless, even if the HACC can transfer only 1.7 times the
power of the FB-MMC for M = 1, it requires 10% less semiconductors per unit
power. More importantly, for M = 1.41 the HACC can transfer twice the power
of the FB-MMC with 18% less semiconductors per unit power. Therefore, from
Table 4.3 and Table 4.4 it can be concluded that the HACC is the most interesting
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Table 4.4: Comparison of semiconductor requirements of the FB-MMC, the HACC,
and the HSPC for M=1.41, Vd =55 kV, and ϕ=0◦.

FB-MMC HACC HSPC

Power ratio 1 2(∗) 2.42

Active power [P] 99 MW 198 MW 239.6 MW

DC-link current [Id] 1800 A 3600 A 4320 A

Output current [Îo] 1702 A 3404 A 4085 A

Main arms/sub-arms: Peak voltage [V pk
arms] 66.3 kV 66.3 kV 27.5 kV

Main arms/sub-arms: Peak current [Ipk
arms] 1451 A 1483 A 1440 A

Common arms: Peak voltage [V pk
arms] 0 kV 27.5 kV 0 kV

Common arms: Peak current [Ipk
arms] 0 A 1483 A(†) 0 A

Thyristor switches: Peak voltage [V pk
thyr] 0 kV 55 kV 55 kV

Thyristor switches: Peak current [Ipk
thyr] 0 A 1483 A(†) 2880 A

Main arms/sub-arms: Combined power of
semiconductors [Ssem

arms]
23.3 p.u. 11.9 p.u. 12 p.u.

Common arms: Combined power of semi-
conductors [Ssem

arms]
0 p.u. 2.5 p.u. 0 p.u.

Thyristor switches: Combined power of
semiconductors [Ssem

thyr]
0 p.u. 4.9 p.u. 16 p.u.

Total combined power of semiconductors 23.3 p.u. 19.3 p.u. 28 p.u.

(∗): The current-sharing factor of the HACC is set to p=0.5.
(†): For M=1 the result of (4.41) is lower than that of (4.44); thus, the common arms
and the thyristors of the HACC can be rated for lower current than the main arms.

topology, as it can transfer higher power than the FB-MMC with the same peak
arm current and with less semiconductors per unit power.

In conclusion, a qualitative comparison of the HACC and the HSPC is provided
in Table 4.5. This table shows that both converters have the common characteristics
they can transfer higher power than the FB-MMC, require complex control, and can
operate as STATCOMs with high current capability during dc faults by the parallel
connection of the FB arms/sub-arms. However, the common arms of the HACC
and all sub-arms of the HSPC must have adequate voltage rating for counteracting
the ac-side voltage. For modulation indices M > 1, this voltage rating is higher
than that defined by (4.31) and (4.55). Moreover, this increased voltage rating
impacts more significantly the semiconductor requirements of the HSPC, as the
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Table 4.5: Qualitative comparison of the HACC and the HSPC.

HACC HSPC

Can transfer up to twice the active power
of the FB-MMC with the same peak arm
currents.

Can transfer up to three times the active
power of the FB-MMC with the same peak
arm currents.

Features a degree of freedom (i.e., current-
sharing factor) that allows achieving maxi-
mum power for various modulation indices.

Does not feature degrees of freedom in terms
of current sharing; thus, maximum power is
achieved only for M=1.

Requires less semiconductors per unit power
compared to the FB-MMC.

Requires more semiconductors per unit
power compared to the FB-MMC.

Requires complex control for current sharing
and thyristor turn-off.

Requires complex control for current sharing
and thyristor turn-off.

Can operate as STATCOM during dc faults. Can operate as STATCOM during dc faults.

Achieves higher current capability during dc
faults by parallel connection of the FB arms.

Achieves higher current capability during dc
faults by parallel connection of the FB sub-
arms.

For dc-fault blocking atM>1, only the volt-
age rating of the common arms needs to be
increased.

For dc-fault blocking at M > 1, the volt-
age rating of all sub-arms and all thyristors
needs to be increased.

voltage rating of all sub-arms and all thyristors must be increased.
The characteristics that differentiate the HACC from the HSPC are that the

former features a degree of freedom that allows for achieving the maximum active-
power capability for various modulation indices and requires less semiconductors
per unit power than the FB-MMC. These characteristics render the HACC more
interesting than the HSPC; thus, the former is selected for more in-depth study
that is presented in Chapter 5.

4.6 Summary

In this chapter, two voltage-source hybrid converters with high active-power capa-
bility, namely the HACC and the HSPC, were introduced and studied based on
analytical calculations. The operating principles were described and the required
voltages and currents for ensuring the arm-energy balancing were derived for both
converters. Thereafter, the voltage and current ratings of the FB arms/sub-arms
and the thyristors were derived. Moreover, a method was developed for evaluating
the active-power capability of the hybrid converters with respect to that of the
FB-MMC. Based on this method, it was shown that the HACC and the HSPC
can transfer up to twice and three times the power of the FB-MMC, respectively,
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while the peak arm currents are equal for all converters. However, after calcu-
lating the combined power of semiconductors per unit power for all converters, it
was concluded that the HACC is superior to the HSPC due its lower semiconduc-
tor requirements per unit power compared to the FB-MMC. In addition to that,
the HACC is superior to the HSPC as it features one degree of freedom, i.e., the
current-sharing factor, that allows it to achieve its maximum active-power capa-
bility for various modulation indices. Therefore, it was concluded that the HACC
is the most interesting of the studied hybrid converters of this chapter. For this
reason, this converter was selected for a more in-depth study, which is presented in
Chapter 5.

At this point, the author would like to point out that the comparison results
were obtained by assuming the specific operating principles of the HACC and the
HSPC that were defined in this chapter. However, it might be possible to operate
the HACC and the HSPC in different ways, e.g., by injecting circulating harmonic
currents. Therefore, it might be interesting to explore alternative operation meth-
ods for both the HACC and the HSPC and repeat the comparison by using or
adapting the methods presented in this chapter. Finally, the dimensioning of all
converters has been performed only for steady-state operation and not for fault
cases, which could be a topic for future studies.



Chapter 5

Hybrid Alternate-Common-Arm
Converter

The information presented in this chapter is based on Papers II, VI.

5.1 Background and Methods

In Chapter 4, it was shown that the hybrid alternate-common-arm converter (HACC)
is an interesting hybrid voltage-source converter that can transfer twice the power
of the FB-MMC with less semiconductors per unit power. For this purpose, the
operating principles of the HACC were derived by assuming that the thyristor
switches turn-off instantaneously. However, the thyristor turn-off process requires
a finite time to be completed, termed as the commutation time. Thus, the purpose
of this chapter is to redefine the operating principles of the HACC by considering
a non-zero commutation time. This redefinition forms the basis of the in-depth
theoretical investigation of the operation, the energy balancing, and the ratings
of the HACC, which is presented in this chapter. The theoretical analysis is per-
formed by analytical derivations that are used to identify the optimal conditions
for maximizing the power capability, as well as the limitations of this converter.
It is shown that the current distribution among the parallel-connected arms and
the thyristor commutation time (or turn-off time) are the most important factors
that impact the power capability of the converter. The analysis reveals that the
thyristor commutation time imposes limitations on the range of modulation indices
for which the power capability of the converter is maximized. Finally, simulation
and experimental results are provided to demonstrate that the power capability of
the converter is indeed maximum when the latter is operated under the optimal
conditions identified by the theoretical analysis.
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Figure 5.1: Steps required for the thyristor commutation (turn-off) process for the
HACC.

5.2 Operating Principles With Consideration of Thyristor
Commutation

In this section, the operating principles of the HACC are redefined by considering
a finite turn-off time for the thyristors, which is termed commutation time and is
represented by ∆tcom. This finite commutation time is required for reverse-biasing
the thyristors in order to turn them off reliably. Moreover, the thyristors are not
self-commutated devices and thus cannot be turned off via their gate. Therefore, the
forced turn-off of the thyristors of the HACC is performed by the common arm. This
process is termed the commutation process and lasts for the commutation interval
∆tcom. The commutation process is illustrated in Figure 5.1 and, as elaborated in
[Paper VI], consists of the following three steps:

1. the common arm applies the commutation voltage Vr for reducing the thyris-
tor current to zero, which lasts for the interval ∆tdi;

2. with the thyristor current equal to zero, the common arm continues to ap-
ply the commutation voltage Vr for the reverse-biasing interval ∆trev, which
should be longer than the thyristor extinction time tq; and

3. after the interval ∆trev, the common can apply a suitable voltage for forward-
biasing the next thyristor in the switching sequence.

Therefore, the commutation time is the sum of the interval required for the thyristor
current to become zero ∆tdi and the reverse-biasing interval ∆trev, that is

∆tcom = ∆tdi + ∆trev. (5.1)

From the description of the commutation process, it becomes evident that no
current flows through the common arm during the reverse-biasing interval ∆trev.
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(csu) (csl) (trn)

   

Figure 5.2: Switching states of the HACC: (csu) common arm in parallel with
the main-upper arm; (csl) common arm in parallel with the main-lower arm; (trn)
common arm in transition between the two other states.

Hence, the HACC comprises an additional switching state, except for those shown
in Figure 4.3. The three states of the HACC are depicted in Figure 5.2, where (trn)
is the new state that represents the transition of the HACC between the other two
states, i.e., (csu), (csl), that are the same as those in Figure 4.3.

In order to describe the transition of the HACC between the different states,
the timing diagram presented in [Paper II] is shown in Figure 5.3. The intervals
shown in Figure 5.3 are described in [Paper II], but are repeated here for clarity.

• Interval 1: the HACC is in the (trn) state and transits towards the (csu) state
under a limited dv/dt rate.

• Interval 2: the common arm enters the (csu) state by forward biasing one of
the upper thyristors and increasing the current under a limited di/dt rate.

• Interval 3 (∆tcsu): the common arm is in the (csu) state and shares the upper
terminal current with the upper arm.

• Interval 4: the common arm starts exiting the (csu) state by applying a certain
reverse voltage for turning off the conducting thyristor at a limited di/dt rate.
This process lasts for ∆tdi.
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Figure 5.3: Timing diagram depicting the state intervals (1-10) of the HACC in
relation to the voltage and current waveforms of the main (υum-ium, υlm-ilm) and
common arms (υmo-imo) over one fundamental cycle. Note the definition of the
discontinuity current Ids that should be considered for the dimensioning of the
converter.

• Interval 5: the common arm is in the (trn) state but continues to apply
the reverse voltage on the turned-off thyristor for the reverse-biasing time
∆trev>tq.

• Interval 6: the common arm transits towards the (csl) state under a limited
dv/dt rate.

• Interval 7: the common arm enters the (csl) state by forward biasing one of
the lower thyristors and increasing the current under a limited di/dt rate,
similarly as for interval 2.

• Interval 8 (∆tcsl): the common arm is in the (csl) state and shares the lower
terminal current with the lower arm.

• Interval 9: the common arm starts exiting the (csl) state by applying a certain
reverse voltage for turning off the conducting thyristor at a limited di/dt rate,
similarly as for interval 4. This process lasts for ∆tdi.
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• Interval 10: the common arm is in the (trn) state but continues to apply
the reverse voltage on the turned-off thyristor for the reverse-biasing time
∆trev>tq, similarly as for interval 5.

From Figure 5.3 it becomes evident that the commutation interval ∆tcom that
characterizes the thyristor turn-off process is equal to the sum of the interval 4
(or 9), represented by ∆tdi, and the interval 5 (or 10), represented by the reverse-
biasing time ∆trev. Note that in Figure 5.3 a certain current peak is highlighted
in red circle and denoted by the superscript “ds”; this is the discontinuity current
that was defined also in Figure 4.6 and is important for deriving the dimensioning
limitations of the HACC.

At this point, it is important to highlight the assumptions that have been made
for performing the theoretical analysis. These assumptions are listed as follows.

• It was assumed that the intervals of transition between states (i.e., 6,7 and
1,2) last also for ∆tcom, which leads to symmetrical waveforms that simplify
the analytical derivations. This assumption is not unrealistic, as the ∆tcom
can be leveraged for allowing slow dv/dt rates during the intervals 1 and 6.

• It was assumed that the current through the thyristors becomes zero instan-
taneously, which means that the interval ∆tdi is equal to zero. This simplifies
the analytical derivations but must be kept in mind during the implemen-
tation of the simulation model and the experimental setup of the HACC. In
both of these cases ∆tdi 6=0, as the di/dt rate during thyristor turn-off must
be finite and below a certain limit, e.g., 10-20 A/µs.

Many of the equations defined in Section 4.3 hold regardless of the commutation
time ∆tcom and are briefly mentioned. Firstly, the output voltage and current of
the HACC are given by (4.1) and (4.2), respectively, while the terminal voltages and
currents are given by (4.11), (4.12) and (4.13), (4.14), respectively. The voltages
generated by the main arms are given by (4.17) and (4.18).

The currents through the main and common arms are impacted by the com-
mutation time ∆tcom and thus, are redefined here. By assuming that ∆tdi = 0
and considering the current-sharing intervals illustrated in Figure 5.3, the currents
through the main arms are given by

ium(t) =


iu(t), 0 ≤ ω1t < ∆θcom

piu(t) + Idx, ∆θcom ≤ ω1t < π −∆θcom

iu(t), π −∆θcom ≤ ω1t < 2π
(5.2)

ilm(t) =


il(t), 0 ≤ ω1t < π + ∆θcom

pil(t) + Idx, π + ∆θcom ≤ ω1t < 2π −∆θcom

il(t), 2π −∆θcom ≤ ω1t < 2π
(5.3)

where ∆θcom is the commutation angle that is related to the commutation time
by ∆θcom = ω1∆tcom, p is the current-sharing factor that defines the portion of
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the terminal current that flows through the main arms, while Idx is the balancing
current, as defined in Section 4.3. Note that the current-sharing factor can take
values in the interval p = [0, 1]. The value p = 1 means that there is no current
sharing and the terminal currents flow exclusively through the main arms. However,
the value p = 0 means that only the balancing current flows through the main
arms, while the terminal currents flow only through the common arm during the
respective current-sharing interval. As shown in Section 4.3, the votage and current
waveforms of the upper and lower arms are symmetrical; thus, only the waveforms
of the upper arm are considered from now on. In [Paper II] and [Paper VI], the
current through the common arm was derived by considering the timing diagram
of Figure 5.3, (5.2), and (5.3). Hence, the current through the commutation arm is
given by

imo(t) =



0, 0 ≤ ω1t < ∆θcom

(1− p)iu(t)− Idx, ∆θcom ≤ ω1t < π −∆θcom

0, π −∆θcom ≤ ω1t < π + ∆θcom

Idx − (1− p)il(t), π + ∆θcom ≤ ω1t < 2π −∆θcom

0, 2π −∆θcom ≤ ω1t < 2π

(5.4)

Moreover, if the transitions of the common-arm voltage are considered instanta-
neous, the latter is still given by (4.19). It should be highlighted that this as-
sumption does not impact the energy balancing of the common arm, as during
the voltage transition intervals (i.e., intervals 1 and 6 in Figure 5.3), the current
through the common arm is zero, as defined in (5.4). Nevertheless, for the matter
of completeness, by considering the same assumptions as for (5.4) and disregarding
the voltages for the reverse-biasing of the thyristors, the voltage of the common
arm is given by

υmo(t) =



dv

dt
t, 0 ≤ ω1t < ∆θcom

υum(t), ∆θcom ≤ ω1t < π
dv

dt
t, π ≤ ω1t < π + ∆θcom

−υlm(t), π + ∆θcom ≤ ω1t < 2π

(5.5)

where the slope dv/dt is defined by the initial and final values of the voltage of the
common arm and the commutation time ∆tcom.

After redefining the relations for the voltages and currents of the main and
common arms by considering the commutation time ∆tcom, the balancing current
is derived as a function of the latter. The derivation process is the same as in
Section 4.3; that is, (4.23) is solved for Idx after substituting (4.17) and (5.2). This
yields the balancing current

Idx = 1− p
4 CdxÎo. (5.6)
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Figure 5.4: Voltage (top) and current (bottom) waveforms of upper (solid blue),
lower (solid yellow), and common (dashed red) arm, along with upper (dotted
purple) and lower (dotted cyan) terminal of the HACC for M = 1.4, ϕ= 0◦, and
∆tcom = 350 µs. Note that voltages and currents are normalized to Vd and Id,
respectively.

where the parameter Cdx is a function of the commutation angle ∆θcom, the power
angle ϕ, and the modulation index M and is given by

Cdx = 2(2−M2) cos ∆θcom cosϕ−M sin(2∆θcom) cosϕ
π − 2∆θcom − 2M cos ∆θcom

. (5.7)

Note that for the commutation angle ∆θcom =0, (5.6) reduces to (4.24).

After deriving the balancing current Idx via (5.6), the voltage and current wave-
forms of all arms have been calculated for the modulation indexM=1.4, the power
angle ϕ=0◦, and the commutation time ∆tcom =350 µs. The resulting waveforms
are illustrated in Figure 5.4, along with the voltage and current waveforms of the
upper and lower terminals. These corresponding power and energy waveforms are
plotted in Figure 5.5, which shows the derived balancing current Idx ensures that
the net energy flow during one fundamental period is zero through all the arms.
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Figure 5.5: Power (top) and energy (bottom) flows through the upper (solid blue),
the lower (solid yellow), and the common (dashed red) arm, as well as the upper
(dotted purple) and the lower (dotted cyan) terminal of the HACC for M = 1.4,
ϕ= 0◦, and ∆tcom = 350 µs. Note that the power is normalized to the apparent
power S = P = VdId, while the energy is normalized to the product 103VdId.

5.3 Power-Transfer Capability and Optimal-Current
Sharing Factor

The power-transfer capability of the HACC with the consideration of the commu-
tation time is defined in a similar manner as in Section 4.3. Yet, the method is
generalized for any power angle; thus, the term active-power ratio is replaced by the
term power ratio. Another difference with Section 4.3 is that, in [Paper II] and
[Paper VI], the reference case for evaluating the power capability of the HACC
is the case where the HACC is operated with current-sharing factor p=1. As this
case is equivalent to no current sharing, the main arms of the HACC would operate
as those of the FB-MMC; thus, the definition of the power ratio in [Paper II]
and [Paper VI] is equivalent to that of Section 4.3. In both [Paper II] and
[Paper VI], it was shown that the maximum power ratio of the HACC is equal
to 2 and is achieved when the peak currents through all the arms are equal. In
addition, it was shown that the maximum power ratio can be achieved for differ-
ent values of the commutation time ∆tcom [Paper VI] and for different modulation
indices [Paper II]. This becomes possible by leveraging the degree of freedom
featured in the HACC, which is the current-sharing factor, as highlighted in Sec-
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tion 4.3. Therefore, in [Paper II] it was derived that, the power ratio can be
maximized if the HACC is operated at the optimal current-sharing factor, which is
given by

popt = 2− Cdx/Apk

4− Cdx/Apk
(5.8)

where popt is the optimal current-sharing factor, Cdx is given by (5.7), and Apk is
given by

Apk = 1
4M cosϕ+ 1

2 . (5.9)

However, it should be pointed out that (5.8) was derived by assuming that the rated
current of the main and common arms is defined by the positive-peak currents, i.e.,
that IHACC

rat =Ipp
um =Ipp

mo, where Ipp
um, Ipp

mo are defined in Figure 4.6.
The optimal current-sharing factor is plotted versus the modulation index and

for different commutation times in Figure 5.6, shown also in [Paper II]. Note
that this figure was generated for the power angle ϕ = 0◦, but as mentioned in
[Paper II], the impact of the power angle is not significant, provided that ϕ<10◦.
Figure 5.6 reveals that the maximum power ratio of the HACC can be achieved
for a limited range of modulation indices, which is termed as optimal range of
modulation indices in [Paper II] and is defined for a specific commutation time.
For example, the optimal range of modulation indices for the commutation time
∆tcom =0 µs is [1.16, 1.56), as shown in Figure 5.6. In addition, Figure 5.6 reveals
that the commutation time impacts the optimal range of modulation indices. More
specifically, increasing the commutation time leads to narrower optimal ranges of
modulation indices. For example, from Figure 5.6 it can be derived that the optimal
range of modulation indices for the commutation time ∆tcom =350 µs is [1.2, 1.46),
as opposed the optimal range of [1.16, 1.56) for ∆tcom =0 µs.

5.4 Power-Transfer Capability Limits

In Section 5.3, it was shown that the power ratio of the HACC can be maximized
if the current-sharing ratio is selected according to (5.8). However, this could be
achieved if the rated current of the HACC would be always defined by the positive-
peak currents, i.e., Ipp

um and Ipp
mo defined in Figure 4.6. In the same figure, it is shown

that the discontinuity currents might define the rated current of the arms of the
HACC. In other words, the discontinuity current is higher than the positive-peak
currents (Ipp

um =Ipp
mo) for certain commutation times, modulation indices, and power

angles. One example that illustrates this is shown in Figure 5.7. More specifically,
Figure 5.7a shows that for the power angle ϕ=3◦, the discontinuity current of the
upper arm is equal/lower than the positive-peak currents of the main and common
arms, while Figure 5.7b shows that for the power angle ϕ= 10◦, the discontinuity
current of the upper arm is higher than the positive-peak currents of the main
and common arms. Therefore, in the latter case, the rated current of the main
arms and thus the power capability of the HACC is defined by the discontinuity
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Figure 5.6: Optimal current-sharing factor p at which the maximum power ratio
of the HACC is achieved, versus M for different values of ∆tcom, and for ϕ= 0◦.
Increasing ∆tcom limits the range of modulation indices for which the maximum
power ratio can be achieved.

current. In addition, as shown in [Paper II], the discontinuity current is defined
by the terminal current at the instant of commutation; thus, it is not impacted by
the current-sharing factor. Therefore, in this section the limitations of the power
ratio due to the discontinuity current are summarized, based on the findings of
[Paper II]. It should be pointed out that the limitations due to the discontinuity
current were investigated only for capacitive power angles. This was performed
because the same results would be acquired if inductive power angles would be
considered, as the maximum value of the discontinuity current would be the same
as for the corresponding capacitive power angles but would simply occur at another
instant of the fundamental period.

Moreover, in [Paper II] it was shown that for certain modulation indices the
balancing current Idx becomes infinite, which is another constraint that limits the
optimal range of modulation indices shown in Figure 5.6. In summary, [Paper II]
outlines that the optimal range of modulation indices for which the power ratio of
the HACC is maximized is limited by the following constraints:

• the modulation index should be lower than that for which the balancing cur-
rent Idx becomes infinite;

• the modulation index should be lower than the one for which the discontinuity
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(a) Power angle ϕ=3◦ capacitive.
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Figure 5.7: Voltage (top) and current (bottom) waveforms of the HACC for
∆tcom =350 µs, M=1.35 and two different power angles. In graph (b), the discon-
tinuity current (Ids

um) of the upper arm is higher than the positive-peak currents of
the upper and common arms.

current Ids becomes higher than the positive-peak current of the main and
common arms;

• the modulation index should be lower than the one for which the optimal
current-sharing factor becomes higher than 0.8;

• the modulation index should be higher than the one for which the optimal
current-sharing factor approximates 0.

Note that the limit of 0.8 on the maximum current-sharing factor was set by the
author, as over that value the common arm is employed mainly for balancing the
energy of the main arms and not for conducting the output current.

By considering the aforementioned constraints on the minimum and maximum
values of the modulation index, the optimal range of modulation indices has been
calculated for the range of commutation times 0 − 800 µs in [Paper II]. These
calculations result in the identification of the region of modulation indices for which
the power ratio of the HACC is maximized. This area is defined with respect to
the commutation time and is plotted in Figure 5.8 and is termed as optimal region
of modulation indices. This figure clearly shows the range of modulation indices
for which the power-transfer capability of the HACC can be maximized for any
commutation time up to 800 µs. In Figure 5.8, the limits imposed by the minimum
and maximum values of the current-sharing factor are illustrated in dashed red and
dashed blue lines, respectively. Moreover, the limits defined by the discontinuity
current are represented by the different black lines.
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Figure 5.8: Optimal region of modulation indices at which the power ratio is
maximized versus the commutation time ∆tcom. The optimal region is shown for
different values of the power angle: (grey area bounded by black dotted line) ϕ=0◦;
(grey area bounded by black dashed-dotted line) ϕ = 3◦ capacitive; (grey area
bounded by black solid line) ϕ = 10◦ capacitive. The region bounds defined by
dotted, dashed-dotted, solid black lines are defined by the respective Ids.

In Figure 5.8, it is clearly shown that for commutation times higher than roughly
600 µs the HACC cannot achieve the maximum power ratio of 2, even for the power
angle ϕ=0◦. This limit is imposed by the discontinuity current, as illustrated by the
dotted black line, which means that this current becomes higher than the positive-
peak currents of the main and common arms when the commutation time is high.
This can be explained by inspecting (5.2), which reveals that the current-sharing
interval [∆θcom, π−∆θcom) is reduced for increasing commutation time. In turn, the
upper arm conducts the upper terminal current (iu) at the instant π−∆θcom, which
moves closer to the peak of the upper terminal current for increasing commutation
time (and for capacitive power angles). As the the upper terminal current at the
instant π−∆θcom defines the discontinuity current for capacitive power angles, it
becomes evident that the latter increases with increased commutation time. By
employing the same logic, if the commutation time is fixed, an increased power
angle will move the peak of the terminal current closer to the instant π−∆θcom,
which can be shown by inspecting (5.2) after substituting (4.13). Therefore, the
discontinuity current is the main limiting factor for the optimal range of modulation
indices when the power angle is changed. This is represented by the dashed-dotted
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and the solid black lines in Figure 5.8. More specifically, the dashed-dotted black
line bounds the optimal region of modulation indices for the power angle ϕ= 3◦,
while the solid line bounds the optimal region of modulation indices for ϕ= 10◦.
Therefore, it can be concluded that the discontinuity current significantly limits
the optimal region of modulation indices for different power angles. The impact is
so significant that for the power angle ϕ= 10◦, the power capability of the HACC
can be maximized for commutation times lower than 100 µs. This implies that very
fast thyristors with very low extinction times tq would be required.

In summary, Figure 5.8 shows that the power ratio of the HACC is dependent on
the commutation time and cannot be maximized for any power angle if the latter
exceeds roughly 600 µs. Note that this is the total commutation time, which is
given by (5.1), which means that the reverse-biasing time ∆trev for the thyristors is
lower than the commutation time. For example, for ∆tcom =600 µs and the interval
∆tdi =100 µs, then (5.1) yields that ∆trev =500 µs; thus, the extinction time of the
thyristors should be selected in the range of tq =0.5∆trev =250 µs. Moreover, if the
power angle is increased, even lower commutation times are required for achieving
the maximum power ratio; thus, thyristors with extinction times even lower than
250 µs must be employed. Unfortunately, so fast thyristors are not commercially
available for the current ratings required in HVDC applications. Therefore, it can be
concluded that for HVDC applications, either fast thyristors for the required current
ratings must be manufactured for operating the HACC at its maximum power
ratio, or the HACC should be operated at power ratios lower than the maximum,
depending on the power angle.

5.5 Control Structure and Commutation Logic

This section briefly describes the control structure and the commutation logic that
was implemented for the simulations of the HACC. However, it should be pointed
out that the commutation logic does not cover the case where the current through
the common arm of the HACC during a half period is bidirectional. The reason for
this is that the bidirectional current adds complexity to the commutation logic and
does not offer additional value to the validation of the theoretical analysis. The
added complexity can be explained by considering Figure 5.9 that illustrates the
case of bidirectional current through the common arm, while the latter is connected
in parallel to the upper arm; that is, when the HACC is in the state (csu) shown
in Figure 5.2. Figure 5.2 shows that initially (i.e., during conduction state 1) the
downwards facing thyristor (SU1) is conducting the positive current of the common
arm. During that time the on-state voltage of this thyristor υsu1 reverse-biases the
upwards facing thyristor (SU2), i.e., υsu2 = −υsu1. When the common-arm cur-
rent changes direction, the anti-parallel thyristors transit to the conduction state
2 of Figure 5.2. During this state, the thyristor SU2 conducts and its on-state
voltage reverse-biases the thyristor SU1, i.e., υsu1 =−υsu2. For inverter mode, the
common-arm current is typically, as shown by the example of Figure 4.6. However,
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Figure 5.9: Conduction states of the upper anti-parallel thyristors when the
common-arm current is bidirectional during the same half period, i.e., during the
(csu) state of the HACC.

for certain modulation indices the common-arm current becomes bidirectional and
most importantly becomes negative at time instants close to the state transitions
of the HACC. This means that the conduction state 2 would occur close to the
transition of the HACC from the (csu) to the (trn) state. Even though the com-
mon arm can apply a suitable voltage for reverse-biasing the thyristor SU2, when
the voltage of the common arm starts to transit to the (csl) state, i.e., interval
6 of Figure 5.3, the thyristor SU1 becomes forward biased as υsu1 = υum − υmo.
Therefore, the thyristor SU1 will be turned on if the duration of the conduction
state 2 is not longer than the extinction time tq of the former. This requirement is
not fulfilled by the current waveforms that are required for the energy balancing;
thus, modification of the current waveforms is needed in order to fulfill this require-
ment. This implies that the calculations of the balancing current might need to
be modified accordingly, which complicates the theoretical analysis and the control
implementation. Moreover, as the conduction state 2 of Figure 5.9 occurs for low
modulation indices, the operation of the HACC with bidirectional current during
one half period was not studied further.

The control structure of the main arms of the HACC is performed on a per-
phase basis and is based on the per-phase control structure of an MMC, which
is described in detail in [4, Ch. 3]. That is, the voltage references of the upper
(υ∗

um) and lower (υ∗
lm) arms are generated by a circulating- and an output-current

controller, as shown in Figure 5.10. The proportional (kpc, kpo) and integral (kpc,
kpo) gains are selected as described in [4, Ch. 3], by considering the following:

• bandwidth of the closed-loop circulating-current control αc =1000 rad/s; and

• bandwidth of the closed-loop output-current control αo =1200 rad/s.

Since for both simulations and experiments a resistive load was employed, the
circulating-current reference i∗c per phase is calculated so that the net power through



5.5. Control Structure and Commutation Logic 95

the converter is zero; that is

i∗c = Po

Vd
= (Î∗

o )2Ro

2Vd
. (5.10)

where Î∗
o is the amplitude of the output-current reference i∗o, and Ro is the resistance

of the per-phase output load. The insertion indices are then calculated by

num = υ∗
um

V Σ∗
C + BPF{V Σ

Cu}
nlm = υ∗

lm

V Σ∗
C + BPF{V Σ

Cl}
(5.11)

where υ∗
um and υ∗

lm are the reference voltages of the upper and lower arm, V Σ
Cu and

V Σ
Cl are the measured sum-capacitor voltages of the upper and lower arms. The

sum-capacitor voltage ripples BPF{V Σ
Cl} and BPF{V Σ

Cl} are acquired by applying
two band-pass filters (BPFs) on each of V Σ

Cu and V Σ
Cl, namely one BPF at ω1 and

one BPF at 2ω1. The transfer function of the BPFs is based on the generalized
integrators described in [4, Ch. 3] and their bandwidth was selected as 50 rad/s.
Finally, V Σ∗

C is the reference for the average value of the sum-capacitor voltages,
which is calculated by

V Σ∗
C = (1 +Mmax)Vd

2 ,Mmax ≥ 1 (5.12)

where Mmax is the maximum modulation index at which the HACC is operated.
For both the simulations and the experiments, the value ofMmax =1.5 was selected
so that the HACC is operated away from overmodulation.

Moreover, the per-phase control of the common arms is illustrated in Figure 5.11
and is described in [Paper II]. As shown in Figure 5.11, the controller of the
common arms comprises the following blocks.

• PHM: calculates the modulation index M and the phase θ of the output-
voltage reference υ∗

o , which is generated by the output-current controller of the
main arms. This calculation is performed by considering the dq components
of the output-voltage references, which are generated by feeding the output-
voltage references for all phases in a dq-transformation function, which is
implemented according to [51].

• DXP: calculates the optimal-current sharing factor according to (5.8) and the
reference balancing current I∗

dx according to (5.6). Note that the balancing
current is adjusted by ∆I∗

dx, which is generated by a proportional controller
that keeps the sum-capacitor voltages constant. As the effect of this controller
is relatively weak during steady state, it is not presented here.

• RGN: generates the reference current of the common arm i∗mo, by combining
popt, I∗

dx, i∗c , and i∗o based on (5.4).
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Figure 5.11: Control diagram for generation of common-arm reference current,
current-sharing control and thyristor commutation. Note that the variables de-
noted with the superscript ∗ represent reference values, while variables without this
superscript represent measured values.

• CPF: is a proportional controller with gain kpx = 3.5 that generates the ref-
erence voltage of the common arm υ∗

mo,c, based on the common-arm current
error (i∗mo−imo) and the feedforward terms υ∗

um, υ∗
lm. Note that the latter are

the voltage references of the main arms that are generated by the circulating-
and output-current controllers depicted in Figure 5.10.
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• State-control block (STC): utilizes the phase θ of the output-voltage reference
to define the switching state of the HACC, as described for Figure 5.3. Based
on the phase θ the STC block decides the final voltage reference υ∗

mo of the
common arm and generates the pulses for turning on the suitable thyristor.

Note that the final voltage reference υ∗
mo of the common arm that is generated by

the STC block can be described by

υ∗
mo =



dv

dt
t, 0 ≤ θ < ∆θcom

υ∗
mo,c = υ∗

um − kpx(i∗mo − imo), ∆θcom ≤ θ < π −∆θcom

υ∗
um + Vr, π −∆θcom ≤ θ < π

−dv
dt
t, π ≤ θ < π + ∆θcom

υ∗
mo,c = −υ∗

lm − kpx(i∗mo − imo), π + ∆θcom ≤ θ < 2π −∆θcom

−υ∗
lm − Vr, 2π −∆θcom ≤ θ < 2π

(5.13)

where dv/dt is the rate of change of voltage during the transition from the (csu)
to the (csl) state and vice versa, while Vr is the reverse voltage applied for turning
off the corresponding thyristor. Note that the signs of Vr in (5.13) are defined for
turning off only the downward-facing thyristors, since the case where the upward-
facing thyristors are conducting was not studied. Moreover, the negative sign of
the proportional-controller terms (i.e., the terms multiplied by the gain kpx) is due
to the voltage polarities and current directions that were defined in [Paper II]
and [Paper VI], but are presented also in Figure 5.12a for clarity. Notably, by
considering that the common arm is connected in parallel to the upper arm and
applying the Kirchhoff’s voltage law (KVL) in the formed circuit loop, the following
relation is obtained

υmo(t) + imo(t)Zuo − υum(t) = 0⇒ imo(t) = υum(t)− υmo(t)
Zuo

. (5.14)

Note that Zuo represents the total impedance of the current-sharing loop formed
by the parallel connection of the upper and common arms. By assuming a very
small interval, during which υum can be considered constant, (5.14) shows that
the variation of the common-arm voltage υmo results in the opposite variation of
the common-arm current imo. Thus, if υmo is increased, imo is decreased and vice
versa. Alternatively, if imo needs to be decreased, υmo must be increased and vice
versa. This is exactly what the negative sign of the proportional-controller terms
of (5.13) represents; for example, if the measured current imo at a sampling instant
is lower than the reference current i∗mo, then the reference voltage υ∗

mo,c must be
decreased by kpx(i∗mo− imo) so that imo gets closer to the reference i∗mo at the next
sampling instant. The same principle applies when the common arm is connected
in parallel to the lower arm, which can be shown by repeating the analysis for the
current-sharing loop formed by the common and lower arms.
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feedforward terms for the common-arm controller (CPF).

Figure 5.12: Definition of voltage polarities, current directions, and circuit variables
for the derivation of the common-arm control equations.

Moreover, additional feedforward terms that account for the impedances of the
current-sharing loop impedances can be derived by considering the equivalent cir-
cuits of Figure 5.12b. By applying the KVL for the current-sharing loops of the
(csu) and (csl) switching states of Figure 5.12b, the common-arm voltage for the
(csu) and (csl) states is respectively given by

υmo(t) = υum(t) + Lum
dium(t)
dt

+Rumium(t)− Lmo
dimo(t)
dt

−Rmoimo(t) (5.15)

υmo(t) = −υlm(t)− Llm
dilm(t)
dt

−Rlmilm(t)− Lmo
dimo(t)
dt

−Rmoimo(t). (5.16)

The variables Lum and Rum, Llm and Rlm, Lmo and Rmo represent the inductance
and resistance of the upper, lower, common arm, respectively. The inductances
Lum, Llm and Lmo are design parameters and have been selected as equal for both
the simulations and the experiments of the HACC. The resistances Rum, Rlm,
and Rmo depend on the resistances of the various converter components, such as
semiconductor devices, capacitors, inductors, cables, and busbars. Moreover, these
resistances might be different for the different arms. However, if the differences are
small, the arm resistances could be assumed to be equal for all the arms. Thus,
based on the assumptions that Lum =Llm =Lmo =Ls, Rum =Rlm =Rmo =Rs, (5.15)
and (5.16) simplify to

υmo(t) = υum(t)− Ls
d[imo(t)− ium(t)]

dt
−Rs[imo(t)− ium(t)] (5.17)

υmo(t) = −υlm(t)− Ls
d[ilm(t) + imo(t)]

dt
−Rs[ilm(t) + imo(t)]. (5.18)
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By considering (4.6), (4.7), along with (5.2) and (5.4) for the (csu) state, (5.3) and
(5.4) for the (csl) state, the following relations are obtained

imo(t)− ium(t) = (1− 2p) io(t)
2 + (1− 2p)Id3 − 2Idx (5.19)

imo(t) + ilm(t) = (1− 2p) io(t)
2 − (1− 2p)Id3 + 2Idx. (5.20)

By considering (5.19)–(5.20) and that Id, Idx are direct currents, the voltage drops
related to the arm resistances and inductances are given by

υR,csu = Rs[imo(t)− ium(t)] = Rs

[
(1− 2p) io(t)

2 + (1− 2p)Id3 − 2Idx

]
(5.21)

υL,csu = Ls
d[imo(t)− ium(t)]

dt
= ω1Ls

(1− 2p)
2

dio(t)
dt

(5.22)

υR,csl = Rs[ilm(t) + imo(t)] = Rs

[
(1− 2p) io(t)

2 − (1− 2p)Id3 + 2Idx

]
(5.23)

υL,csl = Ls
d[ilm(t) + imo(t)]

dt
= ω1Ls

(1− 2p)
2

dio(t)
dt

. (5.24)

By considering that Id/3 is the circulating current per phase, it can be observed
that the current components of (5.21)–(5.24) are all given as references to the
controllers of the main and common arms. Therefore, (5.21)–(5.24) can be modified
to express the voltage drops of the arm resistances and inductances as functions of
the references currents i∗o, i∗c =Id/3, I∗

dx, as follows

υ∗
R,csu = Rs

[
(1− 2p) i

∗
o
2 + (1− 2p)i∗c − 2I∗

dx

]
(5.25)

υ∗
L,csu = ω1Ls

(1− 2p)
2

di∗o
dt

(5.26)

υ∗
R,csl = Rs

[
(1− 2p) i

∗
o
2 − (1− 2p)i∗c + 2I∗

dx

]
(5.27)

υ∗
L,csl = ω1Ls

(1− 2p)
2

di∗o
dt
. (5.28)

Therefore, the feedforward terms for the common-arm controller can be derived by
expressing (5.17) (5.18) with the reference voltages of the main arms (υ∗

um, υ∗
lm)

and the voltage drops given by (5.25)–(5.28). This yields

υ∗
mo,csu = υ∗

um − υ∗
L,csu − υ∗

R,csu (5.29)
υ∗

mo,csl = −υ∗
lm − υ∗

L,csl − υ∗
R,csl. (5.30)

Finally, by employing the feedforward terms given by (5.29) and (5.30), (5.13) can
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be modified to

υ∗
mo =



dv

dt
t, 0 ≤ θ < ∆θcom

υ∗
mo,c = υ∗

mo,csu − kpx(i∗mo − imo), ∆θcom ≤ θ < π −∆θcom

υ∗
um + Vr, π −∆θcom ≤ θ < π

−dv
dt
t, π ≤ θ < π + ∆θcom

υ∗
mo,c = υ∗

mo,csu − kpx(i∗mo − imo), π + ∆θcom ≤ θ < 2π −∆θcom

−υ∗
lm − Vr, 2π −∆θcom ≤ θ < 2π

(5.31)

At this point it should be stressed the feedforward terms (5.26), (5.28), which
employ the differentiation of the output-current reference i∗o, can be utilized because
the output-current references are supplied directly to the current controllers. This
means that there is no higher-level controller (such as a dc-link voltage or a power
controller) that generate the output-current references. Therefore, the feedforward
terms (5.26), (5.28) can be simply calculated by generating a signal that is phase
shifted by 90◦ with respect to the output-current reference i∗o. However, if the
output-current references are generated by a higher-level controller, the feedforward
terms (5.26), (5.28) must be obtained by other means. Moreover, the calculation
of the feedforward terms (5.25)–(5.28) rely on the assumption that the inductances
and resistances are approximately equal for all arms and on the assumption that
these inductances and resistances are known. If these assumptions are not accurate,
the estimation of the feedforward terms will not be accurate either. In such case, it
might be desirable to disregard the feedforward terms and implement the common-
arm controller based on (5.13) instead of (5.31).

The insertion index of the common arm is calculated in a similar manner as
that of the main arms, i.e.,

nmo = υ∗
mo

V Σ∗
Co + BPF{V Σ

Co}
(5.32)

where υ∗
mo is the final reference voltages of the common arm as given by (5.31) (or

(5.13) in case the feedforward terms due to the voltage drops are disregarded), V Σ
Co

is the measured sum-capacitor voltage of the common arms. The sum-capacitor
voltage ripple BPF{V Σ

Co} is acquired by applying the same BPFs as for the main
arms. Finally, V Σ∗

Co is the reference for the average value of the sum-capacitor
voltages of the common arm, which is calculated by

V Σ∗
Co = Nsm,o

Nsm
V Σ∗

C = Nsm,o

Nsm
(1 +Mmax)Vd

2 ,Mmax ≥ 1 (5.33)

where V Σ∗
C is the reference for the average value of the sum-capacitor voltages of

the main arms, while Nsm,o and Nsm is the number of SMs of the common and
main arms, respectively. Note that the capacitance and the nominal voltage of the
SMs of the common and main arms must be the same, in order to use (5.33).
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Table 5.1: Parameters of closed-loop controllers and filters of the control scheme
of the HACC.

Parameter Symbol Value

Bandwidth of the closed-loop circulating-current control
of the main arms αc 1000 rad/s

Bandwidth of the closed-loop output-current control of the
main arms αo 1200 rad/s

Bandwidth of the band-pass filters for the sum-capacitor
voltages αf 50 rad/s

Proportional gain of the current control of the common
arm kpx 3.5 Ω

The insertion indices of the main and common arms are ultimately utilized to
generate the switching signals of the FB-SMs of the HACC. Notably, each arm
features a dedicated phase-shifted carrier PWM scheme that receives the insertion
index as an input. For each arm, the phase shifts among the carriers are selected
based on the number of submodules per arm, as described in [4, Ch. 5]. Moreover,
the PWM scheme of the main arms is implemented without a sorting algorithm.
Regarding the PWM scheme of the common arm, it was found by simulations and
experiments that if the number of SMs of the common arm is equal to that of
the main arms, sorting is not required. However, if this is not the case, a sorting
algorithm is required.

In summary, this section provides a brief description of the rudimental control
scheme that was devised for the study of the HACC. It should be highlighted that
this control scheme is not optimal and can be improved, but it was sufficient for the
purposes of the conducted studies. Finally, the main parameters of the closed-loop
controllers and the filters are summarized in Table 5.1.

5.6 Simulation Results

In order to verify the theoretical analysis of Sections 5.2–5.4, a three-phase simula-
tion model of the HACC was implemented by employing the control structure and
the commutation logic described in Section 5.5. However the current-sharing factor
in the DXP block of Figure 5.11 was set to the value specified in [Paper VI] in-
stead of being calculated online. In addition, the desired modulation index was set
indirectly by supplying the appropriate reference current to the output-current con-
troller. Moreover, the HACC was simulated for two different commutation times,
namely ∆tcom = 250 µs and ∆tcom = 350 µs, and for each commutation time the
optimal current-sharing factor was selected according to (5.8). Moreover, the ex-
tinction times of the thyristors were selected differently for the two different com-
mutation times. These selections were based on the fact that the commutation
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voltage applied for the turn-off of the thyristors was selected so that a maximum
current of 1250 A could be reduced to zero within 100 µs. This leads to a worst-case
∆tmax

di =100 µs, which yields the worst-case reverse-biasing times of ∆tmin
rev =150 µs

and ∆tmin
rev = 250 µs for ∆tcom = 250 µs and ∆tcom = 350 µs, respectively. There-

fore, the thyristor extinction times were selected as half of the worst-case reverse-
biasing times, namely, tmin

q = 0.5∆tmin
rev = 75 µs and tmin

q = 0.5∆tmin
rev = 125 µs for

∆tcom =250 µs and ∆tcom =350 µs, respectively. Finally, for comparison purposes,
an FB-MMC with the same dc-link voltage, power angle, total energy storage (i.e.,
40 kJ/MVA), but half the power of the HACC was simulated.

In [Paper VI], the simulations were performed by connecting the output ter-
minals of the HACC to a passive load that yields a power angle of ϕ = 3◦ when
combined with the arm inductors of the HACC. It should be reminded that the
power angle is defined at the arm level; thus, the power angle is defined as the phase
shift between the alternating components of the arm voltages and currents. The
impedance of the passive load was calculated by considering the complex equivalent
output impedance of the converter Zeq = |Zeq|ejθZeq . This impedance accounts for
both the output and arm impedances and is estimated by disregarding the impact
of the parallel connection of the common arm to the main arms. This assump-
tion was made because the parallel connection of the common arm with each main
arm would impact the equivalent arm resistance and current-sharing inductance of
the parallel-connected arms. Both of these quantities are much smaller than the
main arm inductors and the output resistance. Therefore, the equivalent output
impedance of the HACC was calculated as for the MMC, i.e., by

Zeq = Zo + 0.5Zarm. (5.34)

Note that Zo the complex impedance of the passive load and Zarm is the complex
impedance of each main arm, which are respectively given by

Zo = Ro + jω1Lo. (5.35)
Zarm = Rarm + jω1(Lul + Ls) (5.36)

where Ro and Lo the resistance and inductance of the passive load, respectively,
Rarm is the arm resistance, Lul =Lu =Ll the inductance of the main arm inductors,
and Ls the inductance of the current-sharing inductors (equal to Lum = Llm =
Lmo). The passive components of the arms are known, while the complex equivalent
output impedance can be calculated by

Zeq = ῡo

īo
(5.37)

where ῡo is the phasor of the alternate voltage generated by the main arms and
īo is the phasor of the output current. The latter can be calculated by the rated
apparent power of the converter and the rated dc-link voltage as follows

īo =
(

2S̄
3ῡo

)∗

=
(

2|S|ejϕ

3V̂oej0

)∗

= 4|S|
3MnomVd

e−jϕ (5.38)
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where Mnom =1.35 is the nominal modulation index considered for the simulations
of both the HACC and the FB-MMC. Substituting (5.38) into (5.37) yields

Zeq = ῡo
3MnomVd

4|S| ejϕ = V̂oe
j0 3MnomVd

8|S| ejϕ = 3(MnomVd)2

8|S| ejϕ. (5.39)

Finally, the complex impedance of the passive load can be calculated by substituting
(5.39) in (5.34) and solving for Zo; this yields

Zo = Zeq − 0.5Zarm

= 3(MnomVd)2

8|S| (cosϕ+ j sinϕ)− 0.5[Rarm + jω1(Lul + Ls)].
(5.40)

Thus, the resistance Ro and inductance Lo of the passive load are extracted by
the real and imaginary component of (5.40), respectively. The values used for the
simulation results of [Paper VI] are the following:

• for the HACC, Ro =10.3 Ω and Lo =29.4 µH; and

• for the FB-MMC, Ro =20.7 Ω and Lo =58.9 µH.

In order to verify the calculation method of the resistance Ro and inductance Lo
of the passive load, the phase shift between the alternate voltage component of
the arm voltages and the output current, i.e., the power angle ϕ, was derived from
the simulation results by means of a fast fourier transform (FFT) algorithm. It
was found that the power angle for the HACC was ϕ= 2.9◦ instead of the desired
3◦. Therefore, the assumption of disregarding the parallel connection of arms when
calculating the equivalent arm impedance Zarm introduces a deviation of 3.3% from
the desired power angle. However, this deviation was considered acceptable for the
purposes of [Paper VI].

The most important dc- and ac-side quantities of the simulations of [Paper VI]
are shown in Figure 5.13. Note that only the simulation results of the HACC for
∆tcom = 350 µs are shown in Figure 5.13, as those for ∆tcom = 250 µs are very
similar. The main conclusion out of Figure 5.13 is that the output currents of the
HACC are double that of the FB-MMC, while the peak arm currents are equal for
both converters. Therefore, it can be concluded that the power-transfer capability
of the HACC is twice that of the FB-MMC and is achieved for the optimal current-
sharing factor defined by (5.8). However, as highlighted in [Paper VI], the voltage
ripple of the SMs of the main arms of the HACC is higher than that of the FB-MMC.
Yet, the voltage ripple of the SMs of the main arms of the HACC is less than 10%,
while the voltage ripple of the SMs of the common arms is roughly equal to that of
the SMs of the FB-MMC. At this point, it should be mentioned that Figure 5.13a
reveals that the average voltage of the SMs of the HACC is not exactly equal to
the nominal value of 2.75 kV. More specifically, the average voltage of the SMs of
the upper arm is slightly higher than 2.75 kV, while the opposite applies for the
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Figure 5.13: Simulation results for phase a of the HACC and the FB-MMC for
M = 1.35, and ϕ = 3◦ capacitive. Counting from the top, results include: 1) ac-
and dc-side currents; 2) arm currents of phase a; 3) arm voltages of phase a; 4)
submodule voltages of upper arm of phase a; 5) submodule voltages of common
arm (for the HACC) or lower arm (for the MMC) of phase a.

SMs of the common arm. Even though the author presumes that this could be
attributed to the small steady-state error of the common-arm energy controller,
more investigation is required to verify this presumption.

Moreover, the simulated turn-off process of the upper thyristor of phase a is illus-
trated in Figure 5.14 for both commutation times. In Figure 5.14, the commutation
time ∆tcom and the reverse-biasing time ∆trev are marked by the double arrows
and denoted by their respective symbols. In both Figure 5.14a and Figure 5.14b,
the reverse-biasing time ∆trev is shorter than the commutation time ∆tcom by ap-
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Figure 5.14: Thyristor current (top plot) and voltage (bottom plot) during the
turn-off process for the two different commutation times. The turn-off process
starts from the left dotted line and ends at the right dotted line. Note that both
the commutation times ∆tcom and the reverse-biasing interval ∆trev are illustrated.

proximately 40 µs. This time is required for the thyristor current to be reduced to
zero and represents the interval ∆tdi in (5.1). As a result, the reverse-biasing time
is ∆trev =210 µs and ∆trev =310 µs for ∆tcom =250 µs and ∆tcom =350 µs, respec-
tively. Therefore, the reverse biasing time is sufficiently higher than the extinction
time of the thyristors in the simulation model, which were assumed to be tq =75 µs
and tq =125 µs for ∆tcom =250 µs and ∆tcom =350 µs, respectively.

The results of [Paper VI] verify the theoretical analysis of Sections 5.2–5.4
for two different commutation times, but for a single modulation index. There-
fore, in order to verify the theoretical analysis for a range of modulation indices, in
[Paper II] a ramp change in the modulation index was applied in the simulation
model of the HACC with ∆tcom =350 µs. The simulation model used for [Paper II]
is almost the same as that used for [Paper VI]. However, in the simulation model
of [Paper II], the current-sharing factor was calculated online (i.e., while the sim-
ulation was running) by the DXP block of Figure 5.11, instead of being set to a
fixed value, as in the simulation model of [Paper VI]. The online calculation was
required in order to adapt the current-sharing factor according to the instantaneous
value of the modulation index during the ramp change. The range of modulation
indices that were used for this ramp change was derived by Figure 5.8. The optimal
range of modulation indices that can be derived from Figure 5.8 for the commu-
tation time ∆tcom = 350 µs and the power angle ϕ= 3◦ is 1.2–1.35. However, for
modulation indices M < 1.25 the current through the common arm becomes bidi-
rectional. As highlighted in Section 5.5, the control structure was not implemented
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(a) HACC for ∆tcom = 350 µs.
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Figure 5.15: Simulation results for a ramp change M = 1.25 − 1.35 in the modu-
lation index and for ϕ = 3◦ capacitive.

for dealing with this situation. Therefore, the final range of modulation indices for
the ramp change was set to 1.25–1.35. The thyristor extinction time was set to
tmin
q =125 µs, as for [Paper VI]. Moreover, similarly as for [Paper VI], the ramp
change was applied to the simulation model of the FB-MMC with the same dc-link
voltage, power angle, total energy storage (i.e., 40 kJ/MVA), but half the power of
the HACC.

The simulation results of Figure 5.15 illustrate that the output currents of the
HACC are equal to twice these of the FB-MMC, while the peak arm currents are
equal for both converters. This is valid for the whole range of modulation indices
defined by the ramp change, i.e., M = 1.25 − 1.35. This verifies that the power
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ratio of the HACC is maximized and equal to 2 within the range of modulation
indices defined by Figure 5.8 and by operating the HACC at the optimal current-
sharing factor, as defined by (5.8). Regarding the voltage ripple of the SMs of the
main arms of the HACC, the same conclusions as for [Paper VI] apply also for
[Paper II]. That is, the voltage ripple of the SMs of the main arms of the HACC
is higher than that of the SMs of the FB-MMC, but still lower than 10%. Again
it should be outlined that when the HACC reached its steady state after the ramp
change, the author observed that the average voltage of the SMs of the HACC is not
exactly equal to the nominal value of 2.75 kV. Even though the author presumes
that this could be attributed to the small steady-state error of the common-arm
energy controller, more investigation is required to verify this presumption.

5.7 Experimental Results

In order to verify the theoretical analysis of Sections 5.2–5.4 experimentally, a
single-phase prototype of the HACC was constructed. This prototype is shown
in Figure 5.16a, while the setup used for the experimental tests is illustrated in
Figure 5.16b. The design specifications of the single-phase HACC prototype are
outlined in [Paper II]. As mentioned in [Paper II], the control structure and
the commutation logic of the HACC prototype are similar to those implemented
in simulation, but the modulation index is supplied in an open-loop fashion. The
transfer functions of the generalized integrators used for the circularing-current
control and the band-pass filters have been discretized according to the prewarped
Tustin method that is described in [4, Ch. 3] and the parameters of the closed-loop
controllers and filters are the same as those in Table 5.1. At this point two important
characteristics of the HACC setup should be pointed out, namely: (a) the sampling
period of the prototype is Ts = 87.38 µs, which means that the commutation time
is defined as an integer multiple of Ts; and (b) the dc-link capacitors, i.e., Cdu and
Cdl in Figure 5.16b, were selected so that they counteract the voltage drop of the
main inductors, i.e., Lu and Ll in Figure 5.16b. The latter selection was performed
so that the arms of the HACC operate at a power angle close to zero.

In both [Paper II] and [Paper VI], it was shown that the maximum power
ratio of the HACC is achieved when the peak currents of all arms are equal. This
is ensured if the HACC is operated at the optimal current-sharing factor, given
by (5.8). Therefore, the performed experiments aimed at verifying that the peak
arm currents become equal when the current-sharing factor is selected according
to (5.8). The verification process consisted of two different tests that are briefly
described as follows.

1. The current-sharing factor was changed from p= 1 (i.e., no current sharing)
to the optimal value popt, defined by (5.8), for a fixed modulation index. The
results of this test for the commutation time ∆tcom =4Ts = 349.52 µs and for
M=1.352 are illustrated in Figure 5.17.
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(a) Single-phase HACC prototype.
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(b) Test setup of the single-phase HACC
prototype.

Figure 5.16: Photo of the single-phase HACC prototype and circuit of the test
setup used for the experimental validation of the theoretical analysis of the HACC.

2. The modulation index and the corresponding optimal current-sharing factor,
defined by (5.8), were changed simultaneously from M = 1.25-popt = 0.14 to
M = 1.352-popt = 0.47. Note that these values of the modulation index are
the same as the minimum and maximum values of the ramp change of the
simulation results shown in Figure 5.15a. The results of this test for the
commutation time ∆tcom =4Ts = 349.52 µs are illustrated in Figure 5.18.

Note that the value of M = 1.352 was used because the modulation index in the
HACC prototype was defined by an 8-bit number with the value 128 corresponding
to M = 1. The closest 8-bit value that corresponded to M = 1.35 was the value
of 173, which divided by 128 leads to the actual value of M = 1.352. In turn, if
this value is substituted in (5.8) it yields a value of popt = 0.47, which is different
than the value of 0.46 used in [Paper VI]. The author believes that the value of
popt =0.46 would yield the same result as during other lab tests it was observed that
an error of 0.01 in the current-sharing factor did not impact the current waveforms
for a specific commutation time and modulation index. However, the author did not
have the time to rerun the tests for popt =0.46; thus, for the matter of accuracy it is
highlighted that the results of Figure 5.18–Figure 5.17 were acquired for popt =0.47.

Both Figure 5.17 and Figure 5.18 demonstrate that the selection of the optimal
current-sharing factor according to (5.8) leads to equal peak currents for all arms of
the HACC. Moreover, Figure 5.17 reveals that the peak arm currents are roughly
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Figure 5.17: Experimental results of the single-phase HACC prototype for ∆tcom =
349.52 µs and for a step change of the current-sharing factor from 1 to popt =0.47
for M = 1.352. The graph shows the currents through the upper (green), lower
(purple), common (yellow) arms and the output current (magenta) of the HACC

halved when the current-sharing factor is changed from p=1 to the optimal value
popt, defined by (5.8), while the output current remains unchanged. As the value
of p = 1 represents the case without current sharing, the terminal currents flow
exclusively through the upper and lower arms; thus, the HACC is operated as
an FB-MMC before the step change of the current-sharing factor in Figure 5.17.
Therefore, the HACC operated with the optimal current-sharing factor can transfer
the same output power as the FB-MMC (i.e., the HACC operated with p=1, but
with half peak currents through all arms. This implies that if the peak arm currents
of the HACC operated with the optimal current-sharing factor (i.e., after the step
change in Figure 5.17) could be increased to the value of the peak arm currents of
the HACC operated with p = 1 (i.e., before the step change in Figure 5.17), the
output current could be increased accordingly.

The waveforms of the HACC for the two modulation indices of Figure 5.18 were
recorded in steady state. These steady-state waveforms for M = 1.25-popt = 0.14
and M = 1.352-popt = 0.47 are illustrated in Figure 5.19 and Figure 5.20, respec-
tively. Each of these figure comprises two sub-figures, namely: (a) shows the cur-
rents through the common (yellow), upper (green), lower (purple) arms and the
current through the resistive load (magenta); and (b) shows the current through
the common (yellow) and upper (green) arms, as well as the voltage generated by
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Figure 5.18: Experimental results of the single-phase HACC prototype for ∆tcom =
349.52 µs and for a step change from M=1.25-popt =0.14 to M=1.352-popt =0.47.
The graphs show the currents through the upper (green), lower (purple), common
(yellow) arms and the output current (magenta) of the HACC.

the common (purple) and upper (magenta) arms. Figure 5.19a and Figure 5.20a
show clearly that the peak currents are equal for all arms. Figure 5.19b and Fig-
ure 5.20b illustrate that the common-arm and upper-arm voltages are similar to
those presented in Figure 5.3; that is, the common-arm voltage is following the
upper-arm voltage during the current-sharing intervals, while the common-arm
voltage is higher than the upper-arm voltage during the commutation intervals
for turning off the upper thyristor of the HACC prototype. After the commutation
time has elapsed, the common-arm voltage changes with a finite dv/dt rate, before
the common arm starts sharing the current with the lower arm, the waveforms or
which are not shown and thus not discussed further.

In Figure 5.20a, it can be observed that current spikes of small duration appear
in the currents of the upper (green) and lower (purple) arms. These current spikes
are caused by the reverse recovery current of the thyristors. However, the reverse
recovery spikes are much smaller, almost indistinguishable, in Figure 5.19a. The
reason is that for M = 1.25-popt = 0.14 the common-arm current is approximately
zero at the beginning of the commutation intervals, as depicted by the yellow wave-
form of Figure 5.19a. This means that the thyristor current has been reduced to
zero with the relatively low di/dt defined by the 50 Hz sinusoidal waveform of the
common-arm current. Based on limited his limited knowledge on semiconductor
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(a) Currents of upper (green), lower (pur-
ple), common (yellow) arms and output load
(magenta).

(b) Currents of upper (green) and common
(yellow) arms and voltages of upper (ma-
genta) and common (purple) arms.

Figure 5.19: Experimental current and voltage waveforms of the single-phase
HACC prototype for ∆tcom =4Ts =349.52 µs, M=1.25, and popt =0.14.

(a) Currents of upper (green), lower (pur-
ple), common (yellow) arms and output load
(magenta).

(b) Currents of upper (green) and common
(yellow) arms and voltages of upper (ma-
genta) and common (purple) arms.

Figure 5.20: Experimental current and voltage waveforms of the single-phase
HACC prototype for ∆tcom =4Ts =349.52 µs, M=1.352, and popt =0.47.

physics, the author presumes that the low initial current at the beginning of the
turn-off process and the low di/dt leads to small reverse recovery charge and hence
reverse recovery current.

The reverse recovery current of the thyristor for M = 1.35-popt = 0.47 is fairly
high and in the range of 4 A. This is clearly shown in Figure 5.21, which depicts the
turn-off process of the upper thyristor of the HACC prototype. The beginning of
the turn-off process is clearly shown in Figure 5.21 by the steep drop of the thyristor
current. After the thyristor current has dropped to zero, the reverse voltage starts
to build up over the snubber circuit and reaches an average value of 100 V, which
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Figure 5.21: Voltage (magenta) and current (green) of the upper thyristor of the
single-phase HACC prototype during the turn-off process for ∆tcom = 349.52 µs,
M =1.352, and popt =0.47. Note that ∆tcom was roughly measured by the oscillo-
scope cursors and denoted by ∆X at the bottom-left corner.

corresponds to the two SMs that were employed for the turn-off process. The
thyristor is kept reverse-biased approximately for the interval ∆X=348 µs that is
measured by the oscilloscope cursors and shown at the bottom-left of Figure 5.21.

In order provide further proof that the selection of the optimal current-sharing
factor according to (5.8) leads to equal peak currents, similar tests have been per-
formed for a commutation time equal to three sampling periods of the HACC
prototype, i.e., for ∆tcom = 3Ts = 262.14 µs. The steady-state current and volt-
age waveforms, as well as the thyristor commutation waveforms are presented in
the same format as for ∆tcom = 4Ts = 349.52 µs. The steady-state waveforms for
M = 1.25-popt = 0.14 and M = 1.352-popt = 0.43 are illustrated in Figure 5.22
and Figure 5.23, respectively. Both of these figures verify that the selection of
the optimal current-sharing factor according to (5.8) leads to equal peak currents
also for ∆tcom = 262.14 µs. The observations for the reverse recovery current are
the same as for ∆tcom = 349.52 µs. However, the reverse recovery current for
∆tcom =262.14 µs-M=1.35-popt =0.43 is slightly lower than for ∆tcom =349.52 µs-
M = 1.35-popt = 0.47; that is 3.5 A instead of 4 A, respectively. This is clearly
shown in Figure 5.24, which depicts the turn-off process of the upper thyristor of
the HACC prototype for ∆tcom = 262.14 µs-M = 1.35-popt = 0.43. It can be also
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(a) Currents of upper (green), lower (pur-
ple), common (yellow) arms and output load
(magenta).

(b) Currents of upper (green) and common
(yellow) arms and voltages of upper (ma-
genta) and common (purple) arms.

Figure 5.22: Experimental current and voltage waveforms of the single-phase
HACC prototype for ∆tcom =3Ts =262.14 µs, M=1.25, and popt =0.14.

(a) Currents of upper (green), lower (pur-
ple), common (yellow) arms and output load
(magenta).

(b) Currents of upper (green) and common
(yellow) arms and voltages of upper (ma-
genta) and common (purple) arms.

Figure 5.23: Experimental current and voltage waveforms of the single-phase
HACC prototype for ∆tcom =3Ts =262.14 µs, M=1.352, and popt =0.43.

seen that the turn-off voltage applied by the common arm is 100 V and is employed
for keeping the thyristor reverse biased for the interval ∆X=262 µs. The latter is
measured by the oscilloscope cursors and shown at the bottom-left of Figure 5.24.
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Figure 5.24: Voltage (magenta) and current (green) of the upper thyristor of the
single-phase HACC prototype during the turn-off process for ∆tcom = 262.14 µs,
M =1.352, and popt =0.43. Note that ∆tcom was roughly measured by the oscillo-
scope cursors and denoted by ∆X at the bottom-left corner.
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5.8 Summary

In this chapter, the operating principles of the HACC were redefined by considering
of a non-zero commutation time. The equations for the arm currents and the
balancing current were derived as a function of the commutation time. These
equations were used to perform an in-depth theoretical analysis of the HACC, which
revealed that for a specific commutation time, the power capability of the HACC is
maximized only for a specific range of modulation indices, termed the optimal range
of modulation indices. Another important condition for achieving the maximum
power capability is that the current-sharing factor must be selected according to
the modulation index. Furthermore, it was shown that if the commutation time is
increased, the modulation index range for which the maximum power capability is
achieved becomes narrower. It was also shown that this range is limited also by the
power angle. Thus, if the commutation time and/or the power angle are increased
to a certain extent, the HACC cannot achieve its maximum power capability for
any modulation index.

In order to verify the theoretical analysis, a three-phase simulation model and
a single-phase prototype of the HACC were implemented. The control structure
and the commutation logic was briefly described. Afterwards, the simulation and
experimental results that verify the theoretical analysis were highlighted. More
specifically, it was shown by simulations and experiments that if the current-sharing
factor is selected according to the modulation index, the peak currents through all
the arms become equal; thus, the power capability of the HACC is maximized.
The simulation results of the HACC were also compared with that of an FB-MMC,
which revealed that the former can transfer twice the output current of the latter
with equal peak-arm currents. Moreover, the theoretical analysis suggests that if
the HACC is operated within the optimal range of modulation indices defined by
the commutation time and the power angle, its power can be maximized. This
was verified in simulation, by performing a ramp change for the optimal range of
modulation indices derived by the theoretical analysis. The simulation results were
compared with that of the FB-MMC and it was shown that, for the whole range
of modulation indices, the HACC can transfer twice the power of the FB-MMC
with the same peak-arm currents. The operation of the HACC at the minimum
and maximum of the optimal range of modulation indices was also investigated
experimentally. This investigation showed that, if the current-sharing factor is
selected according to the theoretical analysis, the peak currents through all arms
of the HACC are equal and thus the active-power capability of the HACC can be
maximized.

Moreover, the theoretical analysis and the simulation studies showed that the
optimal range of modulation indices, in which the power capability of the HACC is
maximum, is significantly impacted by the power angle. In the simulation studies,
it was shown that a reasonable optimal range can be achieved for ϕ=3◦, which is
rather low for HVDC applications. Typical values for HVDC applications would
be in the range of ϕ = 10 − 15◦, which means that the HACC might not be an
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interesting option. This is because the commutation time of the thyristors must
be very small, i.e., close to zero, in order to achieve a reasonable optimal range of
modulation indices for power angles in the range of ϕ=10− 15◦.

At this point, the author would like to stress the limitations of the analysis
presented in this chapter. The first limitation is that the analytical derivations that
stems from the assumption that the thyristors turn off instantaneously. This would
be possible only if the rate of change of current during the thyristor turn off would
be infinite, which is not the case. In both the simulations and the experiments, the
time required for the thyristor current to become zero was in the range of 50 µs.
Values in this range did not seem to lead to significant errors in the calculation
of the balancing current. However, more investigation is required in order to fully
understand the impact of this assumption.

Another limitation is that the analysis was performed by considering the operat-
ing principles defined in this chapter. However, it might be possible to operate the
HACC in different ways, e.g., by injecting circulating harmonic currents, that might
lead to different results. In addition, the operation of the HACC with bidirectional
currents through the common arm within a half period has not been considered
either. The reason was that such operation would increase the control complexity
without adding any obvious benefits. However, it might be interesting to investi-
gate if the bidirectional currents can be exploited to achieve benefits that would
offset the increased control complexity.

Furthermore, for both the simulation and the experimental studies, simple
resistive-capacitive (RC) snubber circuits were employed for ensuring that the maxi-
mum dv/dt of the thyristors is not exceeded. Yet, these RC snubbers generate losses
both during the thyristor turn-on and turn-off processes and during the time pe-
riods that the associated thyristors are off. One reason for the latter is that the
switching ripple of the dc-link voltage appears across the turned-off thyristors and
creates ripple currents through the corresponding RC snubbers. Therefore, it would
be interesting to estimate the losses incurred by the RC snubbers, study the design
(e.g,. power rating, cooling, footprint) of the RC snubbers, as well as investigate
the possibility of using alternative snubber circuits for the thyristors of the HACC.
Moreover, the HACC operation was studied only during steady state and not under
fault conditions. Therefore, the strategies for handling different system faults and
the impact of various faults on the HACC dimensioning are interesting topics for
future studies. Finally, the stability of the closed-loop system has not been investi-
gated, as the dynamic model of the HACC was not derived. Such derivation proved
to be challenging due to the discontinuous operation of the HACC at fundamental
frequency, which does not allow to apply the averaging principle that can be applied
for the MMC [4, Ch. 3]. Therefore, the development of the dynamic model of the
HACC for stability studies could be a possible future research direction.



Chapter 6

Experimental Setup

The information presented in this chapter is based on the related Paper R-I.

6.1 Background

The purpose of this chapter is to briefly describe the downscaled HACC proto-
type, which borrowed many parts from the general-purpose MMC prototype that
is described in [Paper R-I]. As mentioned in both [Paper R-I] and in [54], this
downscaled MMC prototype was designed with focus on safety, compactness, and
flexibility, so that it could be used by several projects. The HACC project is one
example that borrowed both hardware, software parts and the knowledge devel-
oped during the implementation of the general-purpose MMC prototype. The core
control component of the MMC and the HACC prototypes is a Xilinx Zynq System-
on-Chip (SoC) that combines a microprocessor, termed as processing system (PS),
and a field-programmable gate array (FPGA), termed as programmable logic (PL).
The SoC features vast computational power, high number of input/output (I/O)
pins, a configured bus for communication between the PS and the PL, and the flex-
ibility to allocate computational tasks either to the PS or to the PL, according to
their complexity and computational intensity. For example, algorithms that require
more complex flows and computations can be implemented on the PS, while algo-
rithms that require simple but intensive computations can be implemented on the
PL that allows for parallel processing. All these features led to the selection of the
Zynq SoC as the core control components of the MMC and the HACC prototypes.

6.2 Prototype Hardware Structure

The circuit of the single-phase HACC prototype, along with the test setup used
for the experiments has already been presented in Figure 5.16b. The detailed view
of the lab rack of the downscaled single-phase HACC prototype is depicted in
Figure 6.1a, in which the numbers represent the following parts.

117
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1. Cabinet containing the main arm inductors (Lu, Ll), which are depicted more
clearly at the bottom of Figure 6.1c.

2. Current-sharing inductors (Ls), which are depicted more clearly on top of the
main inductors in Figure 6.1c.

3. DC-link capacitors (Cdu, Cdl).

4. 19-inch sub-rack with FB-SMs of the upper arm.

5. 19-inch sub-rack with FB-SMs of the lower arm.

6. 19-inch sub-racks with FB-SMs of the common arm.

7. Thyristor printed-circuit boards (PCBs).

8. Current-measurement and interface PCB of lower arm.

9. Current-measurement and interface PCBs of common arm and thyristor PCBs.

10. Current-measurement and interface PCB of upper arm.

11. Main control board and auxiliary PCBs.

A FB-SM PCB and a thyristor PCB are depicted in Figure 6.1b. The FB-
SM PCBs are identical to those of the general-purpose MMC prototype, described
in [Paper R-I] and in [54]. The SM PCBs comprise the SM capacitors, MOS-
FET switches and the related gate-drive units, a 10-bit analog-to-digital converter
(ADC) for measuring the SM capacitor voltage, a physical layer for RS-485 com-
munication, a control board, power supplies, and a digital isolator that electrically
separates the power circuit from the RS-485 circuit. The control board is respon-
sible for driving the RS-485 communication bus to communicate with the main
controller, for switching the MOSFETs, and triggering the ADC for sampling of
the SM capacitor voltage. This control board is equipped with a Zynq SoC and
is termed as distributed controller from now on. The thyristor PCB is based on
the structure of the FB SM PCB; thus, it comprises the same RS-485 physical
layer, digital isolator, and the distributed controller. However, it comprises a single
thyristor (IXYS CS45-16io1R with an extinction time tq = 150 µs) along with the
related gate-drive circuit, and an RC snubber circuit for limiting the rate of change
of forward voltage (dv/dt) across the thyristor, when the latter is turned off. Note
that both the FB-SM PCBs and the thyristor PCBs feature a 96-pin connector that
allows the connection to a suitable backplane.

The FB-SM PCBs and the thyristor PCBs are placed in 19-inch subracks that
are equipped with backplanes. The backplanes enable the simple insertion/removal
of the FB-SM PCBs and the thyristor PCBs, as outlined in [Paper R-I] and in [54].
More importantly, the backplanes transfer both power and RS-485 communication
signals to the FB-SM PCBs and the thyristor PCBs. The routing of the power
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(a) HACC prototype rack.

(b) FB-SM PCB (bottom) and thyristor
PCB (top).

(c) Main arm inductors (bottom) and
current-sharing inductors (top).

Figure 6.1: Lab rack of the HACC and close-up view of the FB-SM PCB, the
thyristor PCB, the main arm inductors, and the current-sharing inductors.

and RS-485 communication signals to the backplanes is performed by the current-
measurement and interface PCBs of each arm. As these PCBs are used for both
RS-485 communication and sampling of the current of the associated arm, they are
equipped with the same RS-485 physical layer, the same 10-bit ADC, and the same
distributed controller as the FB-SM PCBs and the thyristor PCBs.

Furthermore, the current-measurement and interface PCBs are connected to
the main controller via two auxiliary PCBs. Each of the auxiliary PCBs comprises
several power supplies and RS-485 physical layers, which are used for routing power
and communication signals to the current-measurement and interface PCBs. The
communication signals transmit the commands of the main controller to the FB-
SM PCBs and the thyristor PCBs. The implemented communication protocol is
half-duplex universal asynchronous receiver/transmitter (UART) and is based on
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Table 6.1: Circuit parameters of the single-phase HACC prototype. Nominal power
calculated for modulation index M =1.35 and the output load Ro = 7 Ω that was
used for all experiments.

Parameter Symbol Value
Nominal power Pnom 1.26 kVA
DC-link voltage Vd 200 V
Output load Ro 7 Ω
DC-link capacitance (per arm) Cdu, Cdl 2.2 mF

Arm inductance Lu, Ll 5.0 mH
Arm resistance (estimated) Rarm = Rs 0.4 Ω
Current-sharing inductance (per arm) Ls 0.2 mH
Num.of SMs per main arm Nsm 5
Num.of SMs per common arm Nsm,o 5
SM nominal voltage Vsm 50 V
SM capacitance Csm 2.7 mF (40 kJ/MVA)
Thyristor snubber capacitance Csnub 0.1 µF
Thyristor snubber resistance Rsnub 40 Ω

the one described in [55, 56]. Yet, several modifications have been implemented in
order to fulfill the particular requirements of the MMC and HACC prototypes.

The main circuit parameters of the single-phase HACC prototype are summa-
rized in Table 6.1, which includes an estimated value of the arm resistance, i.e.,
Rarm = Rs. As this resistance was employed for calculating the feedforward terms
given by (5.25) and (5.27), it is important to describe the estimation method of this
resistance. The resistance of the main arms was estimated by taking into account
the on-state resistance of the SM MOSFETs, the equivalent-series resistance (ESR)
of the SM capacitors, as given in the respective datasheets. Based on these values,
the resistance of the main arms was estimated to approximately 0.4 Ω. Since the
common arm comprises the same number of SMs as the main arms it was assumed
that all arms have the same resistance that is equal to Rarm =Rcs = 0.4 Ω. This
assumption was made because the on-state resistance of the thyristors is in the tens
of mΩ range; hence, it is much smaller than 0.4 Ω.

For the control of the HACC, the equivalent output complex impedance of the
converter Zeq was required. This impedance accounts for both the output and
arm impedances and is estimated by (5.34), which requires the complex output
impedance Zo and the complex impedance of each arm Zarm. The former is known
because the passive load is adjusted manually to Ro =7 Ω and Lo =0, while the lat-
ter is calculated by considering all the components through which the fundamental
component of the arm current flows, i.e., the main inductor, the current-sharing
inductor, and the dc-link capacitor. Based on this, the complex impedance of each
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arm is given by
Zarm = Rarm + jω1(Lul + Ls)−

j

ω1Cdul
(6.1)

where Rarm, Ls, Lul = Lu = Ll, and Cdul = Cdu = Cdl are given in Table 6.1.
Thus, the equivalent complex output impedance of the HACC can be estimated by
substituting Zo =Ro (since Lo =0) and (6.1) in (5.34), which yields

Zeq = (Ro + 0.5Rarm) + j0.5
[
ω1(Lul + Ls)−

1
ω1Cdul

]
(6.2)

Based on the values of Ro, Rarm, Ls, Lul =Lu =Ll, and Cdul =Cdu =Cdl that are
summarized in Table 6.1, the complex output impedance of the HACC prototype
is equal to

Zeq = (7.2 + j0.0934) Ω. (6.3)

Thus, the amplitude and phase of Zeq are |Zeq|=7.2 and θZeq =0.7◦, respectively.
Note that the phase of the complex output impedance is very close to 0, which
means that the fundamental component of the arm voltage and current is almost
in phase; therefore, the arms of the HACC are operated very close to power angle
ϕ=0◦.

6.3 Prototype Control Structure

The control of the HACC prototype comprises two main parts, namely: (a) the main
controller; and (b) the distributed controllers. The main controller is equipped with
a powerful Zynq XC7Z020 SoC, while the distributed controllers are equipped with
a less powerful Zynq XC7Z2010 SoC. The SoC architecture of the main controller
and the communication with the distributed controllers is illustrated in a simpli-
fied manner in Figure 6.2. The main controller, which is enclosed in the grey box
of Figure 6.2, executes the control and modulation (PWM) of the main and com-
mon arms and schedules the sampling of SM-capacitor voltages and arm currents.
Thus, the main controller generates PWM switching and sampling commands that
are sent to the distributed controllers via a UART communication scheme, i.e., the
blue COM-UART blocks shown in Figure 6.2. In turn, the distributed controllers
receive the main-controller commands by the same UART communication scheme,
i.e., the purple COM-UART blocks shown in Figure 6.2, and perform the switching
of the semiconductor switches and/or the sampling of SM-capacitor voltages or the
sampling of arm currents. The sampled values are sent back to the main controller
via the same UART communication scheme and are used by the control and pro-
tection algorithms. Note that all UART communication signals are transmitted by
the RS-485 physical layer that is present on all the PCBs of the HACC prototype,
as described in Section 6.2.

Figure 6.2 shows that the SoC architecture of the main controller is split in the
PL and PS parts that are briefly described as follows.
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1. The PL part that comprises the more simple processes, i.e., the modulation
(PWM) scheme, the scheduling of the sampling processes, and the overcur-
rent protection. It also includes multiple UART communication blocks that
operate in parallel.

2. The PS part that executes the more complex processes of control, digital
filtering, and ethernet communication with an external PC.

As shown in Figure 6.2, the PS and PL parts communicate via the AXI communi-
cation bus that is represented by the vertical light-grey stripe interposed between
the PS and the PL of the SoC. The AXI communication can be realized by using
libraries of PL blocks that are provided by the Zynq SoC manufacturer. For the
purposes of the HACC protototype, the AXI communication between the PS and
the PL is realized by the general-purpose input/output (GPIO) blocks, which are
implemented in the PL part of the SoC.

The PL part of the main controller executes the more simple processes of the
PWM scheme, the scheduling of the sampling, and the overcurrent protection. The
PWM scheme comprises the carrier generation blocks and the PWM comparators.
The former are essentially 16-bit up/down counters that update their output at
each rising edge of the carrier clock, which operates at 50 MHz, in order to create
the triangular carrier signals. These carrier signals have a period of T sm

sw =873.8 µs1

and are utilized by the PWM comparators, which compare the carrier values with
the arm-voltage reference values supplied by the PS, in order to create the PWM
switching signals for each of the FB-SMs of the HACC. Moreover, the carrier signals
are employed by the sampling clock generation block that generates a sampling
pulse every time each carrier reaches its high- or low-peak value. Thus, the period
of the sampling clock is 1/10th that of each carrier, i.e., Ts =87.38 µs. The pulses of
the sampling clock are used to generate the sampling commands for measuring the
of SM-capacitor voltages and arm currents. Finally, the PWM and the sampling
commands are encoded in a UART request that is transmitted to the distributed
controllers by the UART communication blocks that are shown in Figure 6.2. The
same blocks receive the measured voltages and currents, which are encoded in a
UART response by each of the distributed controllers. As there is one UART
communication block dedicated to each distributed controller, the number of the
UART blocks and of the related I/O pins is fairly high. This is why the UART
communication is implemented in the PL part, that features high number of I/O
pins and parallel-processing capability. The latter is important because each UART
communication block is operating in parallel to the others; thus, the time required

1This value was calculated as follows: (a) the value of the up/down counter is incremented by 3
every period of the carrier clock, i.e., 20 ns; (b) with the initial value of 0, the number of increments
to reach the max 16-bit value of 216 − 1 = 65535 is equal to 65535/3 = 21845, which corresponds
to a half period of the carrier; (c) the other half period of the carrier comprises 65535/3 = 21845
decrement steps to reach 0, with the initial value of 65535; (d) the full period of the carrier is
given by the product of the number of increment/decrement steps and the carrier-clock period,
i.e., T sm

sw =2 · 21845 · 20 ns=873.8µs.



124 Chapter 6. Experimental Setup

for the UART communication (i.e., transmitting a request and receiving a response)
with all the distributed controllers is equal to the time required for the UART
communication with a single distributed controller, i.e., approximately Tcom =3 µs.

Apart from the sampling, PWM, and communication processes, the PL is as-
signed the task of overcurrent protection of the main and common arms. The
overcurrent protection (OCP) blocks, which are represented by the red boxes in
Figure 6.2, receive the sampled arm currents as inputs at every sampling period.
If the arm currents are higher than a certain positive or negative threshold value,
the overcurrent protection blocks are sending signals that block the switching of
all FB-SMs and the thyristors. Moreover, the overcurrent protection blocks raise
an OCP flag for indicating that an overcurrent event occured. This overcurrent
protection was implemented to avoid damaging the FB SMs in the case of a failed
commutation of the thyristor switches. In such case, both thyristor switches would
be turned on and would create a short circuit of the dc-side of the main arms.
Thus, if FB SMs would keep switching, the SM-capacitors would discharge through
the very low impedance of the thyristors. Such discharge might create excessively
high current that cannot be sustained by the MOSFETs of the FB SMs and hence
leading to the damage of the latter. It should be noted that the current-sharing
inductors that are connected in series to the main arms are very important for the
overcurrent protection, as they limit the di/dt in case of a thyristor short circuit.
Notably, as the main arms generate a dc-link voltage of 200 V, in the case of a
short circuit of their dc-side the di/dt would be equal to

di

dt
= Vd

2Ls
= 200 V

2 · 200µH = 0.5 A/µs. (6.4)

In the worst case where the thyristor short circuit occurs right after the sampling
process has finished, the overcurrent protection blocks will detect the short circuit
event at the next sampling instant, i.e., after Ts = 87.38 µs. Based on this and
the di/dt calculated by (6.4), the current of the main arms would increase by
∆i= di/dt · Ts = 44 A. As the HACC prototype is operated so that the peak arm
current is lower than 20 A, the short circuit would result in a worst-case peak arm
current of 64 A, which is lower than the continuous current of 93 A of the employed
MOSFET switches (see [Paper R-I] and [54]).

The PS of the Zynq SoC comprises two cores, i.e., PS Core1 and PS Core0,
as shown in Figure 6.2. The PS Core1 is dedicated to the control of the HACC
prototype, while the PS Core0 is only used when measured data or data calculated
by PS Core1 should be transmitted to an external PC. The capability to send
calculated data is important for debugging purposes.

PS Core1 executes the arm-current control, the current-sharing and state con-
trol of the common arm, the generation of the thyristor triggering pulses, the digital
filtering of the sum-capacitor voltages, and the calculation of the insertion indices
that are supplied as references to the PWM scheme of the PL. All these processes
are executed by an interrupt service routine (ISR) that is triggered by the sampling
clock generated by the PL. Therefore, the ISR of the PS Core1 is executed at every
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Carrier Clock
50 MHz

Carriers
1144 kHz

Sampling
11.44 kHz

State/Current
Control

Update PWM
References

TISR

Tcom

Figure 6.3: Simplified illustration of the scheduling of the sampling and control
processes of the HACC. Note that the symbol TISR represents the execution time
of the ISR that executes on the PS of the main controller.

sampling period Ts = 87.38 µs, i.e., at the sampling frequency of fs = 11.44 kHz.
A simplified illustration of the scheduling of the main processes executed by the
main controller is shown in Figure 6.3. Figure 6.3 shows that the sampling pro-
cess is triggered at the high- or low-peak value of each carrier and lasts for one
UART communication cycle, i.e., Tcom≈3µs. At the same instants, the ISR of the
PS Core1 is triggered; however, since the sampled values have not been retrieved
yet, the ISR needs to wait for at least Tcom before reading the new sampled values
from the corresponding GPIOs of the PL. After this waiting time, the sampled
values are used by the control algorithms in order to generate the insertion indices
that are sent as reference signals to the PWM scheme of the PL. This step marks
the end of the ISR execution time, which is shown in Figure 6.3 and is in the
range of TISR≈ 20 µs. Finally, the timing parameters of the HACC prototype are
summarized in Table 6.2.

Furthermore, the control algorithms require several inputs that should be sup-
plied by the user, as denoted by the magenta box of Figure 6.2. The main user
inputs are the modulation index M , the dc-link voltage Vd, the output resistance
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Table 6.2: Timing parameters of the control and communication of the downscaled
single-phase HACC prototype.

Parameter Symbol Value
Carrier period for all arms T sm

sw 873.8 µs
Carrier frequency for all arms f sm

sw 1144 Hz
Sampling period/time Ts 87.4 µs
Sampling frequency fs 11.44 kHz
ISR execution period TISR ≈ 20 µs
UART communication period Tcom ≈ 3 µs

Ro, the amplitude |Zeq| and phase angle θZeq of the equivalent complex output
impedance Zeq as given by (6.3), the sum-capacitor voltage reference V Σ∗

C (which is
the same for all arms), the current-sharing factor, and the total commutation time
∆tcom. The user inputs related to the equivalent output impedance are required
because the control structure of the prototype is slightly different than that used
for the simulation models and illustrated in Figure 5.10 and Figure 5.11. The differ-
ences are related to the fact that the modulation index is supplied in an open-loop
fashion for the prototype, and are listed as follows.

• The output-current controller shown in Figure 5.10 is not utilized; thus, the
output-voltage reference is calculated by the user-defined modulation index
M and the dc-link voltage by

υ∗
o = M

Vd

2 sin θ (6.5)

where the phase is calculated at every sampling period by θ=ω1Ts.

• The PHM block of Figure 5.11 as the modulation index is defined by the user
and the output-voltage phase is calculated as shown in the previous point.

• The output-current reference required by the control diagram of Figure 5.11
is calculated by dividing the phasor of the output-voltage reference with the
complex output impedance Zeq; this yields

i∗o = 1
|Zeq|

M
Vd

2 sin (θ − θZeq) . (6.6)

The estimation method of the output-reference current based on the equivalent
output impedance Zeq was verified during operation the HACC, by sending both
the estimated and the measured output-current to the external PC via the Ether-
net communication realized by PS Core0. Note that the measured currents were
corrected for the offsets of the current sensors before the verification process. The
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estimated and the measured current were plotted against each other and they were
almost equal. Thus, the estimation method of the output-current reference based
on Zeq was deemed sufficiently accurate for the purposes of the experiments.

As shown in Figure 6.2, the PS Core0 is communicating with an external PC
via Ethernet. The Ethernet communication is realized by a real-time operating
system and is employed for acquisition of measured (or calculated) variables to
the external PC for further processing. The Ethernet communication for initiating
the data-acquisition (DAQ) process and retrieving the data sent by PS Core0 is
controlled by a Matlab GUI, similar to the one described in [Paper R-I] and [54].
As PS Core1 must be dedicated to executing the control algorithms, it must not be
interrupted by the DAQ process. For this reason, PS Core1 simply stores measured
(or calculated) data in block RAMs (BRAMs) at every sampling period. The storing
process increases the execution time of the ISR of PS Core1 by only a few µs and
thus does not significantly impact the execution of the control algorithms. The
BRAMs are implemented on the PL part, as shown in Figure 6.2, so that PS Core0
can read them independently of PS Core1. In this way, when PS Core0 detects that
a certain number of values have been stored in the BRAMs, it retrieves the values
and transmits them to the external PC via the Ethernet communication. The DAQ
process is terminated when all the values in the BRAMs have been transmitted and
PS Core0 simply waits for the next DAQ trigger by the Matlab GUI.

6.4 Summary

This chapter provided a brief description of the hardware and control structure
of the HACC prototype. The description of the hardware structure covered the
enumeration of the main circuit and control components and the explanation of their
interconnection. The description of the control structure covered the architecture
of the Zynq SoC of the main controller, as well as the main functions of the PL
and the PS parts of this SoC. Moreover, the scheduling of the sampling and control
processes was briefly described. Finally, some important implementation details
were outlined.





Chapter 7

Concluding Remarks

7.1 Conclusions

This thesis reviewed, analyzed, and compared different types of hybrid converters
that combine LCC and VSC technologies in order to leverage the favorable charac-
teristics of the two technologies. The hybrid converters were divided in two main
categories, namely: (a) current-source hybrid converters; and (b) voltage-source
hybrid converters. This thesis focused on the analysis of current-source hybrid con-
verters that have been proposed in the literature, as well as on the derivation and
analysis of new voltage-source hybrid converters.

The current-source hybrid converters consist of an LCC complemented with a
VSC, which can offer several improvements, e.g., compensation of the reactive power
of the LCC, enabling independent control of active and reactive power, and filtering
of the voltage and/or current harmonics of the LCC. Initially, four different current-
source hybrid converters were analyzed and compared in terms of their capability
to independently control active and reactive power. The studied hybrid converters
utilized their VSC part to regulate the reactive power by two different techniques,
i.e., two of the studied converters employ the voltage-injection technique, while the
other two employ the current-injection technique. Note that for both techniques,
the injected quantities were assumed to be sinusoidal with fundamental frequency.
It was shown that the hybrid converters that employ the voltage-injection technique
can control their reactive power, but not independently from the active power. On
the other hand, the hybrid converters that employ the current-injection technique
are capable of independent control of active and reactive power. Thus, the latter
were selected for an additional study, which focused on utilizing the VSC part of
these converters for actively filtering the characteristic current harmonics of the
LCC, in addition to compensating for the reactive power of the latter. Notably,
this study focused on the impact of the active filtering functionality on the design,
semiconductor requirements, and energy storage requirements of the VSC parts of
these hybrid converters. For this purpose, a dimensioning method of the hybrid
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converters was developed and applied to a particular case study. The results of
this study case indicate that active filtering does not impact significantly the en-
ergy storage requirements. However, active filtering for reducing the THD to zero
results in a significant increase of the conduction losses and the semiconductor re-
quirements for both hybrid converters. Therefore, a trade-off between the THD
achieved by active filtering and the additional conduction losses and semiconduc-
tor requirements must be made. A final remark is that the conclusions about the
hybrid converters with active filtering are based on a single case study; thus, they
should be interpreted as indicative rather than general.

Furthermore, two voltage-source hybrid converters that employ current sharing
between modular FB arms for achieving high active-power capability have been
derived, namely the HACC and the HSPC. The operating and dimensioning prin-
ciples were presented in detail and were utilized for quantifying the active-power
capability of both converters. The comparison of these hybrid converters with the
FB-MMC revealed that the HACC is superior to the HSPC due its lower semi-
conductor requirements per unit power compared to the FB-MMC. Moreover, the
HACC is capable of achieving its maximum active-power capability for various
modulation indices, unlike the HSPC.

Due to its favorable characterstics, the HACC was selected for further studies
that focused on the impact of the current sharing, the total thyristor commuta-
tion time and the power angle on its active-power capability. The sharing of the
converter currents among the modular FB arms of the HACC is defined by the
current-sharing factor, which is treated as an independent variable. The initial
studies yielded a rule for selecting the current-sharing factor in order to maximize
the active-power capability of the HACC within a certain range of modulation in-
dices. This range is termed the optimal range of modulation indices and is bounded
by the minimum and maximum values of the current-sharing factor. Moreover,
it was shown that by using this selection rule for the current-sharing factor, the
active-power capability of the HACC can be maximized for different total thyris-
tor commutation times and power angles. This selection rule was verified by both
simulations and experiments, where it was shown that, the active-power capability
of the HACC can be maximized for different commutation times and modulation
indices within the optimal range. This implies that the current-sharing factor is
an important degree of freedom that, to a certain extent, decouples the active-
power capability from the thyristor commutation time and the power angle. Yet, it
was eventually shown that for increased commutation times and/or power angles,
the maximum active-power capability cannot be achieved for any current-sharing
factor.

Moreover, it was shown that the HACC might not be an interesting options for
applications that require operation at power angles beyond ϕ=10◦. This is because,
for such power angles, the commutation time of the thyristors must be very short,
i.e., close to zero, in order to achieve the maximum active-power capability within a
reasonable optimal range of modulation indices. This implies that the HACC might
not be an interesting option for HVDC applications, in which the converter must
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be able to supply a certain amount of reactive power that leads to power angles in
the range of ϕ= 10–15◦. Under such conditions, in order to achieve a reasonable
optimal range of modulation indices with reasonable commutation times, i.e., longer
than 400–500 µs, part or all of the reactive power must be supplied by other means
and not the HACC itself.

7.2 Suggestions for Future Work

The case study related to the impact of active filtering on the design and dimen-
sioning of current-source hybrid converters considered in Section 3.3 revealed that
active filtering for reducing the THD to zero might lead to very high conduction
losses and semiconductor requirements. Thus, a trade-off must be made between the
THD achieved by active filtering and the additional conduction losses and semicon-
ductor requirements incurred by the active filtering functionality. Yet, if the THD
achieved by active filtering does not fulfill the grid requirements, passive filtering
must be employed. Therefore, the combination of passive and active filtering is an
interesting research topic for future studies of the current-source hybrid converters
considered in Section 3.3. Another interesting study for the same converters would
be to explore the benefits of utilizing parallel VSCs, as well as combinations of
parallel and series VSCs, instead of the single VSC units that were considered in
Section 3.3.

The study and comparison of the HACC and the HSPC were performed by
assuming the specific operating principles that were defined by the author of this
thesis. However, it might be possible to operate the HACC and the HSPC in
different ways, e.g., by injecting circulating harmonic currents. Therefore, exploring
alternative operation methods for both the HACC and the HSPC and repeating the
analysis and comparison could be an interesting topic for future studies. Moreover,
the dimensioning of the converters for fault cases is another suggestion for future
investigations.

Regarding the in-depth analysis of the HACC, the assumption that the thyris-
tors turn off instantaneously was made, which is not the case in reality, as the
current through the thyristors is reduced at a finite di/dt rate. Even though this
assumption did not seem to cause significant errors in the calculation of the balanc-
ing current of the HACC, more investigation is required in order to fully understand
its impact on the accuracy of the related mathematical expressions. Moreover, the
analysis of the HACC was performed by considering a particular operation defined
by the author of this thesis. However, it might be possible to operate the HACC
in different ways, e.g., by injecting circulating harmonic currents, that might be
used to optimize the HACC in different ways. Therefore, it might be interesting
to explore other possible ways of operating the HACC and evaluate the potential
advantages and limitations. It might also be interesting to study the losses and
the design of the RC snubbers required for complying with the dv/dt limitations of
the thyristors, as well as to investigate the possibility of using alternative snubber
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circuits. Moreover, the HACC operation was studied only during steady state and
not under fault conditions. Therefore, strategies for handling different system faults
and the impact of such faults on the HACC dimensioning are interesting topics to
investigate in the future. Finally, other topics that can be studied in the future
are the derivation of the dynamic model of the HACC and the investigation of the
closed-loop system stability.
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Appendix A

Balancing Current of the HACC
With 3rd Harmonic Injection

The purpose of this appendix is to provide the expression of the balancing current
in the case that 3rd harmonic injection is employed. The reason for adding this
expression in the appendix is that the author of this thesis did not manage to verify
the calculations neither by simulations nor by experiments, due to time constraints.
However, it is the author’s opinion that this appendix might be useful to researchers
that would like to continue the investigations of the HACC.

If 3rd harmonic injection is employed, the arm voltages comprise a 3rd harmonic
component with amplitude equal to 1/6th of the fundamental component. Based
on this, the voltage and current of the upper arm are respectively given by

υum(t) = Vd

2 − V̂o sin(ω1t)−
V̂o

6 sin(3ω1t) (A.1)

ium(t) =


iu(t), 0 ≤ ω1t < ∆θcom

piu(t) + Idx, ∆θcom ≤ ω1t < π −∆θcom

iu(t), π −∆θcom ≤ ω1t < 2π
(A.2)

Note that (A.2) is identical to (5.2), but is repeated here for clarity. The balancing
current Idx can be derived by substituting υum, given by (A.1), and ium, given by
(A.2), in (4.23), which is repeated for clarity as follows

Eum = 1
ω1

∫ 2π

0
υum(t)ium(t)dω1t = 0. (A.3)

By solving (A.3) for Idx, the following expression for the balancing current is derived

Idx = −(1− p) Cei

Cex
Îo cosϕ (A.4)

139



140 Appendix A. Balancing Current of the HACC With 3rd Harmonic Injection

-0.5

0

0.5

1

1.5

V
ol

ta
ge

 (
p.

u.
)

um
(t)

lm
(t)

mo
(t)

0 5 10 15 20 25 30 35 40
Time (ms)

-0.5

0

0.5

1

C
ur

re
nt

 (
p.

u.
)

i
u
(t)

i
l
(t)

i
um

(t)

i
lm

(t)

i
mo

(t)

Figure A.1: HACC with 3rd harmonic injection–Voltage (top) and current (bottom)
waveforms of upper (solid blue), lower (solid yellow), and common (dashed red) arm,
along with upper (dotted purple) and lower (dotted cyan) terminal of the HACC
for M=1.35, ϕ=0◦, ∆tcom =350 µs, and p=0.65. Note that voltages and currents
are normalized to Vd and Id, respectively.

where the parameters Cex and Cei are functions of the commutation angle ∆θcom,
the power angle ϕ, and the modulation index M and are given by

Cex = 9π − 18∆θcom − 18M cos(∆θcom)−M cos(3∆θcom)
18 (A.5)

Cei =
(

1
4M

2 − 1
2

)
cos(∆θcom) + 5

48M sin(2∆θcom)

+ 1
72M

2 cos(3∆θcom) + 1
96M sin(4∆θcom).

(A.6)

After deriving the balancing current Idx by (A.4), and adding the 3rd harmonic
component to the relations of the voltages of the lower and common arm, the voltage
and current waveforms of all arms were calculated for the modulation index M =
1.35, the power angle ϕ=0◦, the commutation time ∆tcom =350 µs, and the current-
sharing factor p = 0.65. The resulting waveforms are illustrated in Figure A.1,
along with the voltage and current waveforms of the upper and lower terminals.
These corresponding power and energy waveforms are plotted in Figure A.2, which
shows the derived balancing current Idx ensures that the net energy flow during
one fundamental period is zero through all the arms.
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Figure A.2: HACC with 3rd harmonic injection–Power (top) and energy (bottom)
flows through the upper (solid blue), the lower (solid yellow), and the common
(dashed red) arm, as well as the upper (dotted purple) and the lower (dotted cyan)
terminal of the HACC forM=1.35, ϕ=0◦, ∆tcom =350 µs, and p=0.65. Note that
the power is normalized to the apparent power S = P = VdId, while the energy is
normalized to the product 103VdId.





Appendix B

Glossary of Abbreviations

HVDC high-voltage direct current

HVAC high-voltage alternate current

STATCOM static compensator

IGBT insulated-gate bipolar transistor

THD total harmonic distortion

PWM pulse-width modulation

PCC point of common coupling

LCC line-commutated converter

CSC current-source converter

VSC voltage-source converter

NPC neutral-point clamped converter

FCC flying-capacitor converter

MMC modular multilevel converter

HB half-bridge

FB full-bridge

SM submodule

CCC capacitor-commutated converter

CTB controlled-transition bridge converter
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ECTB enhanced controlled-transition bridge converter

AMMC augmented modular multilevel converter

PG power-group

AAC alternate-arm converter

AFCB active-forced-commutated bridge

MEMC modular embedded multilevel converter

SAC series full-bridges at the ac side

SDC series-connected FB arms at the dc side

PAC parallel full-bridges at the ac side

SPM series- and parallel-connected FB MMC at the dc and ac sides

HSPC hybrid series-parallel sub-arm converter

HACC hybrid alternate-common-arm converter

KVL Kirchhoff’s voltage law

KCL Kirchhoff’s current law

SoC System-on-Chip
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