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Sammanfattning
Denna avhandling behandlar analys och styrning av den modulära multinivå omvandlaren (M2C). M2C är en lovande omvandlarteknologi för högspända högeffekttillämpningar. Anledningen till detta är låg distorsion i utstorheterna kan uppnås med låg medelswitchfrekvens per switch och utan
utgångsfilter. Med M2C har utspänningen så lågt övertonsinnehåll att drift
av högeffektmotorer är möjlig utan reduktion av märkeffekten. Emellertid innebär det stora antalet styrda switchar att styrningen blir mer komplex än för
motsvarande tvånivåomvandlare. Styrningen av M2C måste måste konstrueras så att submodulernas kondensatorspänningar balanseras och är stabila
oberoende av driftfall.
En aktiv mekanism för val av submoduler, som är integrerad i modulatorn, har visat sig vara effektiv för att ombesörja den interna balanseringen av
omvandlararmarna. Utöver balanseringen av de individuella kondensatorerna
krävs en strategi för styrning av den totalt upplagrade energin i omvandlaren. Med utgångspunkt i en analytisk beskrivning av omvandlaren föreslås
styrlagar för både öppen styrning och sluten reglering, vilka genom både simuleringar och med hjälp av experiment har visat sig vara stabila i hela
arbetsområdet.
Den potentiella växelverkan mellan den inre omvandlarstyrningen och en
yttre strömreglering undersöks också. Både simuleringar och experiment bekräftar att eventuell interaktion inte innebär några avsevärda problem vare
sig för omvandlaren eller motorn.
En hårdvaruimplementering av en nedskalad trefasig 10kVA-omvandlare
har genomförts för att verifiera modellering och styrning. Implementeringen
av styrningen beskrivs i detalj. Styrningen är anmärkningsvärt snabb och kan
utökas till godtyckligt antal nivåer. Den kan därför användas för en fullskaleimplementering i MW-klassen.

v
Abstract
This thesis deals with the analysis and control of the modular multilevel
converter (M2C). The M2C is a promising converter technology for various
high-voltage high-power applications. The reason to this is that low-distortion
output quantities can be achieved with low average switching frequencies per
switch and without output filters. With the M2C the output voltage has such
a low harmonic content that high-power motors can be operated without
any derating. However, the apparent large number of devices, requires more
complex converter control techniques than a two-level counterpart.
The internal control of an M2C must be designed so that the submodule
capacitor voltages are equalized and stable independent of the loading conditions. An active submodule selection mechanism, included in the modulator,
has been shown able to provide voltage sharing inside the converter arm.
Apart from the individual capacitor voltage sharing, a strategy has to be designed to ensure that the total amount of energy stored inside the converter
will always be controlled. Based on an analytical description of the converter,
both feedback and open-loop control methods are suggested, simulated and
experimentally evaluated, which will ensure stable operation in the whole operation range. The potential interaction of the internal controllers with an
external motor current controller is also investigated. Both simulation and
experimental results show that any interaction will not result in any problems
neither for the converter nor for the motor control itself.
A hardware implementation of a down-scaled 10 kVA three-phase laboratory prototype converter is performed, in order to evaluate the modeling
and the controllers developed. The controller implementation is described in
detail, as it exhibits remarkably fast response, and can be expanded up to
an arbitrary number of levels. Therefore it can be used even by a full-scale
converter implementation in the MW range.
Keywords: Modular Multilevel Converter, Modulation, Feedback Control,
Open-Loop Control, Implementation, Prototype, High-Performance Motor Drives.
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Chapter 1

Introduction
1.1

Background

The development of silicon based power semiconductor devices during the 20th
century, ignited the interest in electric power conversion for various applications.
Static power electronic converters are widely admitted as a very effective way to
transfer, distribute, and efficiently control, in general, electrical energy. As modern
civilization is based on an increasing demand for (electrical) energy, studies on
electric power conversion devices become of significant importance.
Electric power conversion can be met in various modern applications. Starting
from household appliances, for example computers, mobile phone chargers, and
white appliances, up to industrial applications, such as traction motors, steel mills,
and even up to the electrical network level, when transferring vast amounts of power.
As a consequence of such a wide application range, power conversion is required
to be as efficient as possible, in order not to overuse valuable resources, and to
reduce the environmental impact of human activities. A lot of progress has been
made during recent years towards higher efficiency of power electronic conversion
systems, such as new topologies, control methods, and even new materials are
investigated.
Recent advances in the high-power conversion area (traction systems, highpower industrial motor drives, and power electronics in transmission systems) show
a focus trend in the voltage source converter area. Voltage source converters for
high-power applications with ratings exceeding some tens of MVA are usually designed to meet demands concerning harmonic injection into the surrounding electrical system or into a connected electric motor. Using the well-investigated two-level
conversion technology, even by implementing complex and modern modulation techniques, leads to solutions with either high switching frequencies or excessive har1
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monic filters. High switching frequencies give rise to high switching losses, which
in high-power applications are difficult to deal with, requiring expensive cooling
designs, and also increase both the environmental footprint and the running costs,
as power losses reflect directly financial losses. Excessive harmonic filters, on the
other hand, significantly increase the system complexity, which increases the cost
and may influence the reliability.
In the search for alternatives, different multilevel topologies have been suggested,
where an outstanding voltage waveform can be combined with very high efficiencies.
In such a case, when the available number of levels is high enough, a waveform which
is almost a sinusoid can be realized. This fact can also be combined with a very
low switching frequency per valve, making this converter family very attractive
also from the efficiency point of view. There are, however, several reasons why
multilevel technologies have not dominated the power conversion market, despite
their advantageous features. Having a closer look into the existing topologies,
it becomes obvious that design complexity would significantly affect reliability of
such converters. Apart from reliability, controlling such circuits becomes a clear
challenge, as there are several matters that are needed to be taken care of (such as
capacitor voltage balancing, losses distribution etc).
An important breakthrough when trying to overcome these difficulties was the
suggestion of the Modular Multilevel Converter (M2C) family, in 2002 [1], by Marquardt, Lesnicar, and Glinka. This was the realization of a more abstract multilevel
topology, shown in Fig. 1.1a, suggested by Alesina and Venturini [2] in 1981. Unlike other multilevel topologies [3, 4], modularity offers design and manufacturing
simplification, as well as better reliability, as the converter operation is not dependent on each individual module. This is due to the possibility to implement easily
fault handling strategies, as the converter can operate even if a number of modules are faulty. Apart from realizing the voltage sources as capacitors, as shown
in Fig. 1.1b, a modulation method using a capacitor selection strategy was also
described [5], in order to achieve both accurate and fast balancing of each module
voltage.
The M2C family started a new field of research in the area of high-power converters. It is considered to be one of the most competitive topologies for high-voltage
high-power applications; however, a lot of questions remain still unanswered concerning the properties and performance of this converter. It is the objective of this
suggested project to shed light on these items.

1.2. PROJECT OBJECTIVES

(a)

3

(b)

Figure 1.1: Basic structure of the multilevel topology. (a) Series connection of
voltage sources [2]. (b) Series connection of capacitors [1].

1.2

Project Objectives

• In the first place, the topology had to be studied, along with the basic modulation strategies, as very few publications existed in the literature at the time
this project started.
• A study of the converter dynamics and some kind of modeling is essential, in
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order to understand the fundamentals of the converter operation.
• An efficient internal control method has to be suggested, in order to ensure
stable operation of the converter.
• A down-scaled laboratory prototype has to be designed and built, in order to
verify all the theoretical results mentioned above.
• An investigation of a high-performance induction motor drive application is
important, as there are major concerns and objections regarding the suitability of the M2C family for motor drives.

1.3

Main Contributions of this Thesis

At the time this project began, there were only few publications on the M2C family
converters, describing mainly the capacitor selection process and potential applications, thus, leaving a lot of questions concerning the converter operation unanswered. In the publications appended in this thesis, there is a first attempt to
describe the M2C operation analytically, and to develop controllers that ensure
stable operation. Concerning modulation methods, a comparative study has also
been performed, in order to evaluate the carrier-based techniques and the active
selection process, which gives a non-deterministic switching pattern. In the area
of the M2C applications, the most severe objections existed concerning high-power
motor drives, as the energy transformation is based on capacitive energy storage.
A first effort to deal with this problem has been also described in the frame of this
thesis. Last but not least, the laboratory prototype implementation suggests an
effective way to develop the controller of such a converter in a scalable way, even if
there is a very large number of submodules that need to be handled.

1.4

Outline of the Thesis

Chapter 2 describes the main principles of multilevel modulation, and the Modular Multilevel Converter (M2C) operation.
Chapter 3 briefly describes the dynamics of the M2C system, and gives an overview
of some control methods applied on this converter.
Chapter 4 gives an overview of the down-scaled laboratory prototype implementation, along with some representative experimental results.
Chapter 5 summarizes the work done inside this project and gives ideas and suggestions for future research in this field.

1.5. LIST OF APPENDED PUBLICATIONS

1.5
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List of Appended Publications

I. A. Antonopoulos, L. Ängquist, and H.-P. Nee, “On dynamics and voltage
control of the modular multilevel converter,” in Proc. 13th European Conf.
Power Electronics and Applications EPE ’09, 2009, pp. 1-10.
The first publication discusses the impact of modulation on stability issues
of the M2C. The main idea is to model this converter system, and suggest a
control method that offers stable operation in the whole operation range. The
approach used is to assume a continuous model, where all the submodules
in each arm are represented by a variable voltage source, and as a result, all
pulse width modulation effects are disregarded. After assuring functionality of
this model, the goal of this paper is to conclude into a self-stabilizing voltage
controller. A controller is proposed, which eliminates circulating currents between the phase legs and balances the arm voltages regardless of the imposed
alternating current.
II. L. Ängquist, A. Antonopoulos, D. Siemaszko, K. Ilves, M. Vasiladiotis, and
H.-P. Nee, “Inner control of modular multilevel converters - an approach using
open-loop estimation of stored energy,” in Proc. Int. Power Electronics Conf.
(IPEC), 2010, pp. 1579-1585.
Submitted to IEEE Transactions on Industry Applications.
Publication II describes a novel method for internal control of an M2C, based
on estimation of the energy stored in each arm, from measured alternating
output current and direct input voltage. No feedback controllers are used. Experimental verification on a 3-phase 10 kVA prototype is presented along with
the description of the new procedure. The proposed method allows the balancing of stored energy in each arm of an M2C based on output current measurements, and experimental results show very good dynamic performance, in
agreement with simulation results.
III. D. Siemaszko, A. Antonopoulos, K. Ilves, M. Vasiladiotis, L. Ängquist, and
H.-P. Nee, “Evaluation of control and modulation methods for modular multilevel converters,” in Proc. Int. Power Electronics Conf. (IPEC), 2010, pp.
746-753.
Publication III presents an overview of several energy controllers, and different
modulation approaches for Modular Multilevel Converters. An experimental
comparison is shown, based on the steady-state waveforms, and also the transient response of each system. The different transients examined were a severe
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step in the load current, and a step in the reference for the energy stored inside
the arms.

IV. A. Antonopoulos, K. Ilves, L. Ängquist, and H.-P. Nee, “On interaction between internal converter dynamics and current control of high-performance
high-power ac motor drives with modular multilevel converters,” in Proc.
IEEE Energy Conversion Congress and Exposition (ECCE), 2010, pp. 42934298.
Publication IV deals with the problem of using the M2C as a converter for
an induction motor drive. The focus is to investigate the interaction of internal converter controllers with an external motor high-performance current
controller. The investigation is made for a motor speed close to the nominal
value. It is shown in the paper that the anticipated interaction will not result
in any problems neither for the converter nor for the motor control itself.

1.6

Related Publications

These publications include related work that was carried out along with this project,
and the author of this thesis has been involved as a co-author.
• D. Peftitsis, G. Tolstoy, A. Antonopoulos, J. Rabkowski, J.-K. Lim, M.
Bakowski, L. Ängquist, and H.-P. Nee,“High-power modular multilevel converters with SiC JFETs,” in Proc. IEEE Energy Conversion Congress and
Exposition (ECCE), 2010, pp. 2148-2155. To appear in IEEE Transactions
on Power Electronics.
• K. Ilves, A. Antonopoulos, S. Norrga, and H.-P. Nee, “A new modulation
method for the modular multilevel converter allowing fundamental switching
frequency,” to appear in Proc. 8th Int. Conf. on Power Electronics (ICPE),
2011.
• K. Ilves, A. Antonopoulos, S. Norrga, L. Ängquist, and H.-P. Nee, “Controlling the ac-voltage waveform in a modular multilevel converter with low
energy-storage capability,” to appear in Proc. 14th European Conf. Power
Electronics and Applications EPE ’11, 2011.
• K. Ilves, A. Antonopoulos, S. Norrga, and H.-P. Nee, “Steady-state analysis
of interaction between harmonic components of arm and line quantities of
modular multilevel converters,” submitted to IEEE Transactions on Power
Electronics.

Chapter 2

Modulation of Modular Multilevel
Converters
2.1

Description of an M2C

The main circuit a three-phase M2C is outlined in Fig. 2.1. Each of the three
parallel-connected phase legs comprises two phase arms. Each arm, in turn, consists
of a string of series-connected submodules, and a series inductor. Each submodule
contains a switch-mode half-bridge and a capacitor. A specific submodule can be inserted or bypassed in this series-connection by control of the associated half-bridge.
The desired instantaneous voltage across the arm is controlled by series-connecting
a suitable number of charged submodule capacitors in the arm as commanded by
the modulator.
When modeling a converter arm, there is some resistive voltage drop that appears across conducting switches, cables, connections, and the inductor, which is
often disregarded. This is reasonable, as in a large-scale converter resistive voltage
drops need to be as small as possible, because they cause losses; however, in an
M2C the arm resistance has some effect on stability that is analyzed in more detail
in Chapter 3, and as a result, may also be included in the modeling.
Dimensioning an M2C is not an obvious procedure. It depends very much on
each specific application; however, general suggestions can be given. The first step
is to decide the number of submodules per arm, depending on the voltage level the
converter will be connected to, and the ratings of the semiconductors that are more
cost efficient. The number of levels determines also the nominal capacitor voltage
in each submodule. The arm inductor values are determined based on external fault
criteria, and should be high enough to limit the current from an ac short-circuit. On
the other hand, from a control perspective, large inductors will slow down the effect
7
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Figure 2.1: Schematic of a three-phase M2C

of the controllers, which is undesirable. The fault currents also contribute to the
capacitor dimensioning, where the output power level, as well as the level of active
control applied are also important factors. A detailed study of the dimensioning of
passive components is fairly complicated and is not in the scope of the project, thus,
only indications and general suggestions on dimensioning criteria were identified.

2.2

General Principles

Modulation of a power converter is the process of determining the exact time instants for changing the state of each individual switch [6]. The aim of this process
is to manipulate all these switching orders in such a way to create a signal at the
output of the power electronic converter that matches a predetermined reference.
This matching is done by averaging the switched waveform between two continuous
switchings. As a result, if the frequency of the switchings is high, the averaging
time becomes small, such as the reference can be assumed to be equal at every
instant to the switched waveform. The implementation of a modulation is usually
made using a high-frequency carrier signal, which is compared to the reference in
order to determine the exact switching instant.

2.3. CARRIER-BASED MODULATION TECHNIQUES FOR M2C

2.3

9

Carrier-Based Modulation Techniques for M2C

Usually in power converters, the number of carrier signals is equal to the number
of switching pairs. The number of switching pairs in an M2C is proportional to
the number of levels the output waveform is desired to have. One illustration of a
modulation pattern for an M2C family converter is given in Fig. 2.2.

Figure 2.2: A simple modulation pattern example for an arm of an M2C
In the beginning, the sampling frequency of the reference is decided. That sets
the time difference between two consequent vertical lines in Fig. 2.2. Assuming
that the sampling is frequent enough, the reference can be assumed to be constant
inside each interval, as the dashed horizontal lines indicate. The reference is then
compared to the slope of a carrier (triangular wave in this case) and creates a
switching order at the time instant they cross each other (dotted vertical lines).
When the reference is above the carrier, the order is to connect one more submodule into the circuit, and when the reference is below the carrier, the order is to
exclude one submodule from the circuit. The number of carriers that are below the
reference also indicates the least number of submodules that always are required to
be connected.
The apparent simplicity of this topology hides interesting challenges when it
comes to implementation. Unlike a 2-level counterpart, the ac-side load current
passes through the inserted submodule capacitors, causing a significant ripple in
the capacitor voltage. Therefore, an accurate method for equalizing the capacitor
voltages in the submodules within each arm is of paramount importance. Several methods have been presented for other converter topologies using distributed
capacitive energy storage, e.g. [7–12].
Such a balancing strategy can either be included in the modulator, or not. In
order to make the modulator implementation simple, each carrier signal can be dedicated to one submodule. Then the balancing strategy has to be implemented on a
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higher-level controller, which will add the appropriate (relatively small) contributions to the reference in order to ensure the capacitor voltage balancing. Carrierbased pulse-width-modulation (CB-PWM) techniques are not limited to the one
described in Fig. 2.2, but are expanded in many different carrier combinations,
as described in [6], when dealing with multilevel converters. An overview and an
evaluation of various such techniques for the M2C topology is given in [13].
One way to overcome the capacitor balancing problem using a static assignment
of carriers to the submodules is described in a series of publications [14–16], for one
carrier-based modulation, namely the carrier phase shifted. Studying further this
type of modulation was not an aim of this project; however, for completion purpose,
the controller is briefly described in Section 3.5, and a comparative experimental
study was performed, including the carrier phase shifted PWM method in Publication III.

2.4

Modulation using an Active Selection Process

On the other hand, a dynamic assignment of the switching order to the submodules can be implemented. In that case, the comparison between the carriers and
the reference will again indicate the switching instants and the amount of submodules inserted or bypassed, but will not indicate which specific submodule has to
be connected. This is going to be done by an active selection process, running
together with the modulator, which will decide the insert or bypass candidate for
every individual switching action. This method was suggested and described by
Marquardt, Lesnicar, and Glinka [5, 17, 18].
This active selection process method runs continuously on data received from
the submodules, as well as the direction of the corresponding arm current. In
case this current flows to the direction that charges the capacitors of the arm, the
submodule that has the capacitor with the lowest charge will be selected to be
inserted, or the submodule with the capacitor having the highest charge will be
selected to be bypassed, depending on the requested action. The opposite strategy
is followed in case the current flows to the direction that discharges the capacitors
of the arm. In that case, if the requested action is to insert a submodule, the one
with the highest charge will be selected, otherwise, if it is requested to bypass a
submodule, then the selected will be the one with the lowest charge. Using large
enough capacitors, this strategy will share the total energy stored in each converter
arm, equally among all individual submodules inside the arm, ensuring that no
submodule capacitor will be overcharged or totally discharged.
An important question that can be raised at this point, concerns the capacitor
dimensioning. It will be experimentally verified in Chapter 4, however, that this
method is accurate enough when using a reasonable capacitor size, even for very low

2.5. OTHER TYPES OF MODULATION
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individual switching frequencies, providing sufficient enough balancing to assume
equal spread of the charge which is carried by the arm current.
The implementation is subdivided into 4 different and independent processes,
which are: measuring, sorting, selecting, and switching. Comparative voltage measurements are needed from the submodule capacitors, in order to identify the submodules with the highest and the lowest voltages. Availability of the submodules is
decided based on the inserted/bypassed state and the current direction by the selection process. Finally, after the submodule which will act is decided, the switching
instant is determined according to the reference. Different hardware implementations can be suggested for this selection process, depending on the controller
architecture and the application demands; an efficient one used for a laboratory
prototype is described in Section 4.2. The suggested algorithm can be implemented
as a logic function, and, therefore, can be placed on a Field Programmable Gate
Array (FPGA), which ensures extremely high running speed.
The fact that the whole selection process can be represented by a logic function is
very important, because it can separate the submodule voltage sharing procedure
from any other controllers that may be applied to the converter. This can be
implemented as a “low-level” process, where a dedicated controller exists for each
arm, whose operation does not interact with any higher-level procedures. Such an
independent mechanism is crucial for the development of external controllers, as it
provides fast and accurate sharing of the charge among the submodule capacitors
in one arm. Using this method, it becomes possible to disregard the effects of pulse
width modulation, and as a result, a whole arm can be represented by a voltage
source, a fact which will be very helpful in the modeling the dynamics of the system.

2.5

Other Types of Modulation

Apart from the methods mentioned above, there are other modulation methods for
power converters described in literature, which could be applied also in the M2C
case. Space vector modulation for power converters is one possibility. In a large
scale converter though, where a large number of levels shall be handled, the switching states increase dramatically. Of course, many of these states are redundant,
and some strategy may be suggested including constraints that will prevent unnecessary switchings and provide sufficient capacitor balancing. A potential problem
with this solution is that adding one more level in an N −level converter, doubles
the number of available switching states, and therefore the controller looses the
advantage of scalability.
Approaches with fixed pulse patterns are in general avoidable, as they inherently
create an unbalance, which needs to be treated by a higher-level control strategy.
Accepting, though, some capacitor voltage variation and instantaneous imbalance,
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switching angles can be estimated in such a way that balancing will occur slowly
(in the range of several fundamental periods), and also a number of harmonics can
be eliminated from the output signal. This modulation can result in extremely low
switching frequencies, reducing very much the switching losses. Such an approach
is presented in more detail in [19], where the individual switching frequency is equal
to the fundamental output frequency.
Model predictive control (MPC) has lately also attracted a lot of attention in
the power converter area, offering quite promising results [20, 21]. Applying MPC
for controlling a modular multilevel converter could become a very complicated
problem, as the topology has a lot of variables with different requirements. It would,
therefore, be difficult to set up a cost function taking into account i.e. capacitor
voltage variation, output voltage, switching frequency etc. for a large number of
levels, and also solve it under certain constraints in every time step. An explicit
solution would require a large amount of resources, and even though it would offer
the optimal solution for each step, it requires much more computational effort than
the method suggested in Section 2.4. An alternative that is worth investigating is
the simplification of the problem to the fulfillment of the constraints, without the
optimality requirement. This results in an active tolerance band controller, which
has not been investigated in this project, but is left for future work.

Chapter 3

Dynamics and Control of an M2C
3.1

Converter Dynamics

Assuming that the submodule selection process discussed in Section 2.4 is effective,
the submodule capacitors within a converter arm can always be assumed equally
charged. This is possible to realize with a switching frequency high enough to allow
the modulator to act even on very small disturbances in this balance. Furthermore,
let each arm consist of a large number of submodules, making the resolution of the
inserted voltage by each arm high enough to consider it a continuous, rather than
a switched waveform. It will be experimentally proven in Section 4.3 that these
assumptions can very well apply for a relatively small number of submodules, as
well as for a considerably low switching frequency. These two basic assumptions
reduce significantly the complexity of this study, as all the converter voltages can
be regarded to have a continuous variation, and not any discrete step changes.
As a result, the converter dynamics will be derived from this continuous model of
an M2C. The continuous model, as well as the direct modulation and the feedback
controller are described in Publication I, but are analyzed here also for completion
purposes. A similar way of modeling modular multilevel converters as continuous
sources is presented in [22].
Let the converter consist of N submodules per arm. In general, each arm is
controlled by an insertion index n, which is defined such that n = 0 means that all
N submodules in the arm are bypassed, while n = 1 means that all N submodules
in the arm are inserted. In the former case, the current flowing through the arm
will not pass through any capacitor, so the equivalent capacitive arm impedance is
zero. In the latter case, the arm current will meet N capacitors connected in series,
making the equivalent capacitance of the arm C/N . Independently of the existence
of a voltage equalizing mechanism, the charge transferred in and out of the arm is
13
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dependent on the arm current.
Let the subscript m denote the positioning of the arm in respect to the dclink terminal to which it is connected. Accordingly, m is replaced by the value U ,
denoting the arm as “upper”, when the arm is connected between the ac-side and
the positive dc-side terminal, while the value L denotes the arm as a “lower” one,
meaning that it is connected between the ac-side and the negative dc-side terminal.
If the sum of all capacitor voltages in the arm (or available voltage of the arm) is
denoted as uΣ
Cm , then the variation of this voltage due to the arm current im is
given by
duΣ
im
Cm
=
(3.1)
dt
Cm
where Cm is the effective capacitance of the series-connection of the inserted submodule capacitances C in one arm. Swapping two capacitors in order to improve
the voltage sharing, does not impact the capacitance value that the arm current
meets. Therefore, and as described previously, the effective capacitance of one arm,
as seen from the arm current is inversely proportional to the insertion index and
given by
C
.
(3.2)
N nm
In accordance with the continuous model, it is possible to represent the arms as
variable voltage sources, in series with the arm inductance and the arm resistance.
The inserted voltage from an arm depends on the respective insertion index nm ,
which is assumed to be a continuous variable. Then, the voltage inserted by the
arm m is given by
Cm =

uCm = nm uΣ
Cm .

(3.3)

So far, each arm m is faced as an independent entity, and can be modulated
separately from the others. However, the two arms in a phase leg have to be
modulated such as both create the desired output voltage at the midpoint, and the
sum of the inserted voltages matches the input direct voltage on average. As a
result, converter dynamics need to be studied within one converter phase leg.
Let the upper arm current, iU , be defined in the capacitor “charging” direction, and the lower arm current, iL , in the capacitor “discharging” direction, as in
Fig. 3.1. The output current iV then, will consist of the sum of the arm currents,
while the half of their difference constitutes the circulating current, idiff , as in
iU =
iL =

iV
2
iV
2

+ idiff
− idiff

)

iV = iU + iL
idiff =

iU −iL
.
2

(3.4)
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Figure 3.1: Equivalent circuit for one phase leg, showing internal emf and arm
impedance.

If nU , nL are the insertion indices corresponding to the upper and the lower arm,
then substituting (3.2) in (3.1) yields
duΣ
N nU iU
CU
=
dt
C
Σ
N nL iL
duCL
=−
.
dt
C

(3.5a)
(3.5b)

Let R and L be the arm resistance and inductance respectively, then from Fig. 3.1,
the output voltage is found to be
uD
diU
− RiU − L
− nU uΣ
CU = uV
2
dt
uD
diL
−
− RiL − L
+ nL uΣ
CL = uV .
2
dt

(3.6a)
(3.6b)
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Subtracting (3.6b) from (3.6a), and using the current definitions in (3.4), the dynamics of a converter phase leg are represented by the first-order differential equation system as in



idiff





d  Σ  
 uCU  = 
dt
uΣ
CL

−R
L

U
− n2L

− n2LL

N
C nU
N
C nL

0

0

0

0



idiff





uD
L



 Σ  1  N

  uCU  +  C iV nU  .
2
uΣ
−N
CL
C i V nL

(3.7)

Equation (3.7) represents the continuous state model of the converter system,
where the insertion indices, nU and nL can be identified as the input signals, as
they are supplied by the modulator. Considering the inputs as time-variant signals,
that cannot be decoupled from the system states, it is hard to draw any general
conclusions about the stability of such a system. However, the insertion indices
are not arbitrary time functions, but are defined by some control function, so the
system can be studied under certain operating conditions.

3.2

Direct Modulation

Description
A first approach of modulation can be an open-loop modulation, where a sinusoidal
reference is applied to each arm. The converter internal emf reference, namely eref
V ,
which is the voltage created by the leg voltage sources, behind the arm impedance,
is given by
eref
V = êV cos(ωn t),

(3.8)

where êV is the peak value, and ωn represents the angular frequency. A stiff alternating current source iV (t) is assumed to be the output load, as in
iV = îV cos(ωn t + φ).

(3.9)

In order to model different kinds of loads (inductive - capacitive), the phase angle
φ of the load current can be chosen arbitrarily. Using an average value of 0.5
for the insertion index of each arm, results in an average of N series connected
submodules connected in the whole leg. Disregarding any voltage drop across the
arm resistors, the average capacitor voltage will be uD /N and the total voltage
across one arm’s capacitors will be equal to uD (on average). Using (3.8), the
modulator translates then the reference signal into insertion indices for the upper
and lower arms, according to
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1 − m̂a cos(ωn t)
2
1 + m̂a cos(ωn t)
nL =
,
2

nU =

(3.10a)
(3.10b)

assuming that
m̂a =

2êV
.
uD

With such a simplified modulation approach, the insertion indices are given by a
sinusoidally varying time function, independent of any inner states or the output
signal. The output voltage will eventually correspond to the internal phase leg emf,
eV , as the amplitude of the voltage across the arm resistance is sufficiently small
to be disregarded.

Circulating Current
Concerning the arm currents, iU and iL , an acceptable start can be to assume
that they are consisting only of a dc (from the input current) and a fundamental
frequency component (from the output current). These arm currents are flowing
through the inserted submodule capacitors, causing their voltage to vary accordingly. Even if this variation is relatively small in amplitude (∼0.1 pu), if it is of
comparable magnitude as the arm impedance (∼0.15 pu), it can cause significant
variations in the circulating current. An illustration of this problem is given using
the following simulation results. The simulated converter parameters are given in
Table 3.1.
The simulation results in Fig. 3.2a, and 3.2b show that the total capacitor voltage in both arm is clearly varying. Applying, therefore, a purely sinusoidal reference
for the inserted voltage will result in the circulating current shown in Fig. 3.3, where
significant oscillations around its average value can be observed. More details about
the direct modulation are given in Publication I, along with a verification of the
continuous model, based on numerical solutions and simulations.

3.3

Feedback Control

Proven the validity of the continuous model, it can be further utilized in order to
try different strategies to control the converter states. The great advantage of this
model is that, disregarding the switching state of the submodules, the analysis of
the system dynamics becomes significantly simpler.
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Table 3.1: Simulation parameters
3-phase rated power

S = 30 M VA

Input voltage

uD = 25 kV

Rated RMS phase current

iV = 1.13 kA

Fundamental frequency

fN = 50 Hz

Amplitude modulation index

m̂a = 0.85

Carrier frequency

fs = 1.0 kHz

Number of submodules per arm

N =5

Average switching frequency per device

fsw,dev = 250 Hz

Submodule capacitor nominal voltage

uC = 5 kV

Submodule capacitance

C = 3.333 mF

Arm inductance

L = 3.7 mH or 0.15 pu

Arm resistance

R = 0.1 Ω

Load angle

ϕ = 12 degrees

Upper arm total and inserted voltage
30
25

15

10

5

5
1.34

1.36

uref
CL

15

10

0
1.32

uCL

20

V [kV]

uref
CU

uΣCL

25

uCU

20

V [kV]

Lower arm total and inserted voltage
30

uΣCU

0
1.32

time [s]
(a)

1.34

1.36

time [s]
(b)

Figure 3.2: Total capacitor voltage (blue), reference for inserted voltage (red), and
actual inserted voltage (green) for the (a) Upper, and the (b) Lower arms, during
simulation of a direct modulator.

Modulation using Voltage References
The basic idea is to provide some kind of compensation for the total arm voltage
variation. In this case the insertion indices, nU and nL , can be derived based on
voltage references, so they can then be expressed as in
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Circulating current

1
I [kA]

idiff
0.5

iavg
diff

0
−0.5
1.32

1.34

1.36
time [s]

Figure 3.3: Simulated circulating current for a direct modulation (blue), and its
average value (red).

nU =

uref
CU
uΣ
CU

(3.11a)

nL =

uref
CL
.
uΣ
CL

(3.11b)

Using the continuous model described above, the circulating current idiff can be
described by the first-order differential equation
didiff
uref
uref
uD
= −Ridiff − CU − CL +
,
dt
2
2
2
and the output alternating voltage, uV , is given by
L

(3.12)

ref
uref
R
L diV
CL − uCU
− iV −
.
(3.13)
2
2
2 dt
As can be concluded from (3.12) and (3.13), and is represented in Fig. 3.1:

uV =

• The alternating voltage depends only on the alternating current iV and the
difference between the arm voltages uCL and uCU .
• The arm voltage difference acts as an internal alternating voltage (namely
eV ) in the converter and the inductance L along with the resistance R, form
a fix, passive internal impedance for the alternating current.
• The difference (or circulating) current, idiff , only depends on the dc-link voltage and the sum of the arm voltages. Therefore, subtracting the same voltage
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contributions from both arms will not affect the ac-side quantities, but will
impact the circulating current instead.

It is reasonable then to define the voltage references for the arms, including the
voltage drop across the arm impedance, as shown in Fig. 3.1. The expressions for
ref
uref
CU and uCL are given by
uD
− eref
V − udif f U
2
uD
+ eref
=
V + udif f L .
2

uref
CU =

(3.14a)

uref
CL

(3.14b)

The two arms are supposed to be symmetrical, so the voltage drops across the two
impedances are expected to be equal in magnitude, but opposite in sign, due to the
arm current definition from Fig. 3.1. It is reasonable then to use one variable to
represent this impedance, substituting as
udif f = udif f U = −udif f L .

(3.15)

Controller Description
Substituting the voltage references from (3.14a),(3.14b) into (3.12) results in
didiff
+ Ridiff = udiff ,
(3.16)
dt
showing that the voltage drop across the arm impedance can be used to drive the
circulating current. As this voltage drop is included in the voltage references for
the arms, it is necessary to keep its value small in order not to limit the available
output voltage. The reference for the voltage that will be imposed across the arm
impedance can be estimated by a controller, as is described below.
The dc component of idiff is proportional to the input power from the dc-side,
which in steady state is equal to the losses within the converter phase leg, added
to the output ac-side power. Temporary disturbances on the circulating current
will affect the total energy stored or the energy balance within the converter arms.
Starting from (3.5a), and (3.5b), and substituting the insertion indices as defined
in (3.11a) and (3.11b), the expressions for the total energy variation in each arm
are found to be as
L

Σ
uD
iV
dWCU
= uref
− eref
+ idiff )
CU iU = (
V − udiff )(
dt
2
2
Σ
dWCL
uD
iV
= −uref
+ eref
− idiff ).
CL iL = −(
V − udiff )(
dt
2
2

(3.17a)
(3.17b)
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Therefore, the variation of the total energy stored inside a phase leg, as well as the
variation of the energy unbalance between the two arms can be expressed as
dWCΣ
= (uD − 2udiff )idiff − eref
V iV
dt

(3.18)

uD
dWC∆
= 2eref
− udiff )iV .
(3.19)
V idiff − (
dt
2
In (3.18), the term expressing the input power is uD idiff . Adding temporarily
a dc component in the circulating current, using the controller contribution udiff ,
will result in a higher input power that is stored as charge into the submodule
capacitors. On the other hand, the energy unbalance between the two arms can
be controlled by the product of eref
V idiff , as shown in (3.19). Creating a component
in the circulating current with frequency ωN and appropriate phase shift from the
internal emf reference eref
V , will result in an average product in the energy unbalance,
transferring energy from one arm to the other, depending on the sign of the product.

Controller Implementation
From the measured values for the capacitor voltages which indicate the energy
stored in the upper and lower arms, the total and unbalance energy values, WCΣ
and WC∆ , are derived and brought to a total energy controller and an energy balance
controller respectively. The total energy controller is used to regulate the sum of
the energy stored in the submodules of one converter leg to a desired reference
level, WCΣ,ref . This level typically corresponds to the energy in the two arms in
the converter leg when they are both charged to the dc-link voltage level uD . This
can be implemented as a PI controller to determine an additional dc component,
which is added to udiff . The integral part of the controller is necessary, in order to
eliminate static errors in the average energy level for various active output power
demands from the ac-side circuit. Without the integral part, the average value of
the capacitor voltage drops when active power is supplied form the dc-side to the
ac-side, and increases when power is transferred from the ac-side to the dc-side.
Note that the reference for the total capacitor energy can be freely selected in
run-time with this control method.
The energy balance controller determines the amplitude for an ac component
that is added to the circulating current, idiff , which aims to cancel the energy
difference between the upper and lower arms. Two problems are related to this
circulating current component. The first is that it must be provided in phase with
the generated internal emf, eV , in the converter. The second problem is that the
circulating current is not directly controlled, but it must be manipulated through
the difference voltage, udiff . According to (3.16) the phase of udiff must lead that of
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idiff by π/2 radians. It shall further be noted that the measured unbalance energy
WC∆ in the steady-state contains a considerable fundamental frequency component,
specifically if the submodule capacitors have low capacitance. For the control,
however, only the average of the unbalance energy is relevant. Therefore, a filter
that extracts the average components of WC∆ is necessary. In its simplest form this
filter may be just a low-pass filter with a low cutoff frequency.
A block diagram of the feedback controller is shown in Figure 3.4. A reference
for the unbalance energy controller that is indicated, in normal operating conditions
is set to zero. Simulation results supporting the suggested controller, along with a
more detailed presentation can be found in Publication I. Experimental results
are also included in Publication III.

Figure 3.4: Block diagram of the feedback controller.

3.4

Open-Loop Control

Controller Description
Instead of using only the conclusions driven from the equations in Section 3.3,
solutions for equations (3.16) through (3.17b) can be calculated, assuming that the
converter is operating in the steady state. One possibility is to assume a constant
circulating current, which minimizes the resistive losses in the converter phase leg.
If then the voltage udiff is kept constant, then the steady-state solution for (3.16)
is found to be

udiff ≡ Ridiff0

(3.20a)

idiff = idiff0 .

(3.20b)
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The steady-state internal emf and alternating current are also given by

eV = êV cos ωt

(3.21a)

iV = îV cos (ωt + φ)

(3.21b)

Assuming then also that the active power entering the converter from the dc link
is equal to the ac-side output power added to the resistive converter losses, the
solution for the steady-state circulating current is given by
êV îV cos φ

idiff0 =
uD +

q

.

(3.22)

u2D − 4RêV îV cos φ

The arm energy fluctuation is governed by the power delivered to the arms,
given by (3.17a), (3.17b). Assuming that the converter operates in the steady state
with a constant circulating current, it is possible to integrate these equations, and
result in the ideal total energy content in each arm. The total energy content is
given then by
êV idiff0 sin ωt
ω
( u2D − Ridiff0 )îV sin (ωt + φ)
+
2ω
êV îV sin (2ωt + φ)
−
8ω
êV idiff0 sin ωt
Σ
=WCL0 +
ω
( u2D − Ridiff0 )îV sin (ωt + φ)
−
2ω
êV îV sin (2ωt + φ)
,
−
8ω

Σ
Σ
WCU
=WCU
0−

Σ
WCL

(3.23a)

(3.23b)

Σ
Σ
where the terms WCU
0 and WCL0 are two integration constants, which can be freely
selected and used as references for the total arm average energy. Finally, the ideal
total capacitor voltages in the arms can be estimated as in

r

uΣ
CU
uΣ
CL

Σ
2N WCU
C
r
Σ
2N WCL
=
,
C

=

(3.24a)
(3.24b)
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where all individual submodule capacitor voltages are expected to be approximately
equal in the steady state.
In order to use these solutions of the steady-state equations for controlling an
ref
Σ
Σ
M2C, the values uref
CU , uCL and uCU , uCL need to be calculated, in order to create
the insertion indices nU and nL , according to (3.3). The arm voltage references
contain contributions from the dc-side voltage, from the modulator and from the
control system, which creates the driving voltage for the circulating current. Given
that the circulating current is a pure dc, the voltage across the arm impedance will
be as in (3.20a), and then the arm voltage references are given by
uD
− eref
V − Ridiff0
2
uD
+ eref
=
V − Ridiff0 .
2

uref
CU =

(3.25a)

uref
CL

(3.25b)

In order to calculate the insertion indices nU and nL , a value for the total arm
voltage needs to be provided. The two voltages can be estimated in real time, from
the equations (3.24a),(3.24b). In these equations, the values of êV , ω, and uD are
represented by their reference values, already defined inside the controller. The
R and C values are parameters, based on the arm characteristics, and the only
unknown values are the peak output current, îV , and the power angle, φ. In such a
way, direct feedback control is avoided and the values required can be extracted from
phasor estimators. The whole controller is not using any feedback loop, and the
solution of the steady-state equations is provided by a system observer, estimating
the state variables of the converter as given in (3.7), namely the circulating current,
and the upper and lower arm total available voltages. The insertion indices used
OL
by the open-loop controller, nOL
U and nL are finally calculated according to

nOL
U =
nOL
L =

uref
CU

(3.26a)

uΣ,est
CU
uref
CL
uΣ,est
CL

.

(3.26b)

A block diagram of the open-loop controller is shown in Figure 3.5. The implementation process is described in detail in Publication II, along with simulation
and experimental results, evaluating this control concept. The proposed method allows the balancing of stored energy in each arm, and experimental results show very
good dynamic performance. The described principle, due to its low requirements
for data communication resources, can be utilized in converters having a very large
number of submodules. It may be extended to include also generation of emfs with
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several frequency components, as well as certain harmonic current components in
the circulating current, when adequate, without affecting its stability.

i est
V

R C
 , est
W CU


W CU0

W CL0

arm energy
estimator

x

 , est
W CL

x

est

phasor
estimator



 , est
u CU

 , est
u CL

u diff0
e

ref
V

t

×

-

-

u ref
CU

+

a
b

dc+

a
b

nU

cos

iV
ac
+

uD

+
½

-

u ref
CL

a
b

a
b

nL
dc-

Figure 3.5: Block diagram of the open-loop controller.

Stability of the Open-Loop Control Method
The basic idea of the open-loop controller is to define a desired operating point (i.e.
constant circulating current), and estimate the insertion indices that correspond to
it. In the first place two main assumptions are made: The dc side is assumed to be a
constant voltage source, while at the ac side there is an alternating, single-frequency
current source. In a realistic case, there will be controllers acting on these two
values, keeping them at their reference values. Then, the desired operating point
is assumed, and all the state variables are calculated accordingly, showing that the
system will be operate at an equilibrium. The experimental results provided in
Publication II come to strengthen the validity of the control concept, showing
that the operation is not disturbed by ac-side load steps. However, the following
questions remain unanswered: Can the state variables be driven to the desired
operating point, if the converter is not operating at another area? And then, are
there any limitations on how far can the starting point be from the desired one, in
order to ensure that the state variables will finally converge to the desired values?
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It will be shown that for every possible starting (operating) point, the converter
state variables will converge to the desired ones, soon after the open-loop insertion
indices are applied. If two main assumptions about the dc-link voltage and the
ac-side current are kept, the system states will converge to the values estimated by
the observer.
Assume that the converter is loaded by a single-frequency, current source load,
as in (3.21b) and also that the exact output and phase (îV , φ) are known to the
control system. In reality, these two values will be provided to the controller by a
phasor estimator in real time. The open-loop control algorithm uses these data to
calculate the insertion indices that verify an estimated (and desired) representation
of the states in (3.7), such as in



˙
iest
diff





−R
L

−

 Σ,est   N nOL
u̇
  U
 CU  =  C
N nOL
L
u̇Σ,est
CL
C

nOL
U
2L

−

nOL
L
2L

0

0

0

0



iest
diff

uD
2L
 N nOL
U

 2C iV
N nOL
− 2CL iV





  Σ,est 
 u
 CU  +
uΣ,est
CL



.


(3.27)

The insertion indices are then applied to converter system described by (3.7), and
the deviation of the state variables between the actual system and the observer
used by the open-loop controller is given by



˙
∆idiff





˙
˙ − iest
idiff
diff





−R
L

  N nOL
 Σ  
Σ,est 
Σ
 U
∆u̇CU  = 
u̇CU − u̇CU  =  C
∆u̇Σ
CL

u̇Σ
CL −

u̇Σ,est
CL

N nOL
L
C

−

nOL
U
2L

−

nOL
L
2L

0

0

0

0




∆idiff

 ∆uΣ 
CU  .

∆uΣ
CL

(3.28)

For this system, a candidate Lyapunov function can be defined as
C
C
L
2
2
(∆idiff )2 +
(∆uΣ
(∆uΣ
(3.29)
CU ) +
CL ) .
2
4N
4N
This is a positive, semi-definite function. It is zero only at the point where all
system states in (3.28) are zero. Multiplying now the first row in (3.28) with ∆idiff ,
and substituting from the second and third rows, shows that the time derivative of
the Lyapunov candidate function is
WLyap =

dWLyap
= −R(∆idiff )2 .
(3.30)
dt
This is a negative, semi-definite derivative, showing that the every operating point
with ∆idiff = 0 is globally attracting the system states. However, the first row of
the system in (3.28) guarantees that if there is one of the system states with a value
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other than zero, then ∆idiff 6= 0. Therefore, the only feasible operating point with
∆idiff = 0 is when

∆idiff

∆uΣ
CU

∆uΣ
CL

T


= 0

0

0

T

.

It is shown then that this single equilibrium point is globally attracting the system
state variables. Accordingly, after applying the insertion indices calculated from
the open-loop control algorithm to a system described by (3.7), the system state
variables will converge to the ones estimated by the algorithm, as the equilibrium
for the system describing the deviation between the actual and the estimated states
is globally attracting.

Simulation Results
In order to evaluate the analytical results produced above, time simulations were
conducted on an M2C model. The ratings of the simulated converter are again
given by Table 3.1. The main idea is to prove that this control method is very
efficient, even though it is not based on any internal state measurements. Apart
from ensuring stable operation under all loading conditions, another important
aspect is to ensure that the controller will really drive the system operation to the
estimated state values, even though it does not make use of measurements. This
second aspect has already been proven analytically, and in order to strengthen the
validity of the proof, a transition from one specific undesired operating point to the
open-loop controlled operation will be examined.
The converter starts operating using a direct modulation concept, similar to
Section 3.2, but using a different average value for the insertion index of the two
arms, as given by

nU = 0.6(1 − m̂cos(ωn t))

(3.31a)

nL = 0.4(1 + m̂cos(ωn t))

(3.31b)

This type of modulation creates a significant second order harmonic component in
the circulating current, as well as significant oscillations in the total arm voltages.
Furthermore, an unbalance between the upper and the lower arms are created intentionally, using different average values for the upper and lower arm insertion
indices respectively. It is to be seen that as soon as the open-loop control algorithm is applied, not only the system operation is not driven unstable, but also the
converter states converge to the desired operating point estimated by the controller.
The convergence is tested under certain load conditions; however, it is independent of the load, as long as it meets the basic assumptions for the dc-link voltage
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Figure 3.6: Output phase currents.

and the ac-side current. For the purpose of the simulation, the load is represented
by a current source, in accordance with the initial assumption, and therefore, no
disturbance will be observed in its value, as shown in Fig. 3.6.
From an output voltage point-of-view, as shown in Fig. 3.7, the severe disturbance which is observed in the output voltage waveform due to the unbalance, is
treated when switching to the open-loop controller. The suggested controller is
switched on at the 0.4 seconds time instant.
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Figure 3.7: Output phase voltages without and with the use of the open-loop control
method.
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Figure 3.8: Transition effect on the circulating current (one phase shown). Green
line represents the desired (estimated average) value.

However, the main aim of the stability analysis is to show that the converter
states will converge to the desired values. In Fig. 3.8, and 3.9, it is shown clearly
that the oscillating components in the circulating current are suppressed, and also
the total capacitor voltages will converge quickly to the desired values, even if the
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Figure 3.9: Transition effect on the total arm voltages (one phase shown). Green
lines represent the desired values, as estimated with the open-loop control method.
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Figure 3.10: Controller transition effect on the upper and low arm currents.

system started from a significant unbalance. The system will remain at the same
operating point, despite any disturbances that might occur.
Finally, the transition effect on the arm currents is depicted in Fig. 3.10. It is to
be noted that both the upper and the lower arm currents are defined in the charging
direction to the arm submodules. The open-loop controller results in arm currents
containing only a fundamental frequency component, along with a dc offset, as
expected, due to the constant circulating current.
To conclude, this simulation shows that the stability of the control algorithm
shown previously, is not only valid for the idealized continuous model that was
described in Section 3.1, but also appears in more realistic situations. Some more
experimental results of a similar situation are given in Section 4.3.

3.5

Control for Phase-Shifted Carriers PWM

A controller based on carrier phase shifted modulation was not developed inside
this project, but is a modulation worth mentioning, as it is also applied on the
M2C family. This controller is described in a series of publications [14–16, 23], by
Hagiwara and Akagi.
The modulator in that case is only used to estimate the switching instants of each
submodule, while a centralized control method is aiming to control both the total
energy stored inside a phase leg (averaging controller), and the charge distribution
among all the submodule capacitors (balancing controller). The controller provides
a unique reference signal for each submodule, without considering the state of the
other submodules in the arm or the leg. The averaging controller is a series of two
cascaded PI controllers, while the balancing controller has only a proportional part
and is based on the arm current direction [23]. Stability problems with capacitive
loads were treated in a later stage [16]. This control method has shown good
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performance when applied as a motor drive controller [14], even for frequencies
around 0.6 pu [24]. Performance in lower frequencies, close to stand-still is yet to
be investigated.
The major disadvantage of this control method is based on the fact that it uses
a centralized controller for the voltage balancing. This fact reduces significantly the
response time of a balancing action. Even if the problem might not be observable
for considerably high switching frequencies, where the modulation itself can be
designed to provide adequate balancing, it is amplified when trying to lower the
switching frequency, at a comparable level to the fundamental frequency, where the
control action will not be very often.
An experimental comparison of this control method and the methods based on
a modulator making use of a selection process is carried out in Publication III.

Chapter 4

Description of the Physical
Implementation and Experimental
Results
4.1

Hardware Overview

A detailed description of the hardware is given in [25], along with technical details
and testing procedures. In this thesis only an overview will be presented, required
for the description of the controller, given in later sections of this chapter.

Interfacing the Converter to the Control Unit
The implementation of one arm of an M2C phase leg, with its individual control
and communication modules, is illustrated in Fig. 4.1. Each submodule is digitally
interfaced to the converter control system, which consists of a main processor and a
Field Programmable Gate Array (FPGA). The submodules communicate directly
with the FPGA, where they send information about the capacitor voltages, and get
the switching (insert/bypass) orders.
This information exchange is performed via optical fibres, for isolation purposes.
Isolation in communication with submodules is required anyway in such a cascaded
topology, as all the control signals share a single reference inside the FPGA, but
at the hardware side, the submodules are connected at different potentials every
time, resulting in floating local references for each submodule. Circuit boards were
designed to realize the digital communication interface, as shown in Fig. 4.2a.
Each converter arm provides also a local arm current measurement, as well as
a measurement of the voltage appearing across the arm terminals. These measurements are obtained by means of isolating transducers, filtered from noise, and then
33

OPTICAL
CABLE

CABLE

CHAPTER 4. DESCRIPTION OF THE PHYSICAL IMPLEMENTATION
AND EXPERIMENTAL RESULTS
ETHERNET

34

ARM

Figure 4.1: Structure of the converter arm, including interfaces and communication.
Parts providing isolation are noted in blue color.

(a) Digital interface

(b) Analog interface

Figure 4.2: Printed circuit boards for interfacing the converter to the controller.

transmitted to the main processing unit via an analog-to-digital interface, which
has its own printed circuit board (PCB), as shown in Fig. 4.2b. The isolating
transducers used in this application are shown in Fig. 4.3a, and 4.3b.

Description of the Submodules
Each submodule typically consists of a half-bridge with self-commutated switches
and anti-parallel diodes. Whereas for high-power applications IGBTs will normally
be used, this down-scaled low-power prototype is implemented with MOSFETs as
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(a) Voltage transducer
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(b) Current transducer

Figure 4.3: Isolating transducers.

illustrated in Fig. 4.4.
All main circuit, auxiliary power, and communication elements except the main
dc capacitor are mounted on a PCB. As the reference potential of each submodule relative to ground varies depending on the switching status of the arm, auxiliary power for the control and communication circuits on-board each submodule
is provided by isolated dc-dc power supplies. The drivers are designed for halfbridges with one floating reference in order to control each switch with one control
signal only. The submodule is commanded by two digital input signals, one for
insert/bypass and the other to block/deblock both switches. These signals enter from the optical fibres. As there is one “enable” and one “control” signal for
each submodule the dead-time between switchings (blanking time) is controlled on
each board, by the hardware driver. The submodule capacitor voltage is measured
and converted into a pulse train with a frequency determined by a Voltage Con-

Figure 4.4: Structure of the submodules
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trolled Oscillator (VCO). Tuning the VCO to a sufficiently high frequency allows an
accurate voltage measurement by the FPGA in a short period of time. In this experimental set-up each VCO is tuned to produce a 500 kHz digital pulse train when
the respective submodule capacitor voltage is at its nominal value. The pulse-train
is transmitted via an optical fibre directly to the FPGA, where it is used in the
selection process. The main energy storage unit of the submodule is an electrolytic
capacitor mounted outside the PCB and connected through cables. In order to
reduce the influence of stray inductance, causing high voltage transients during
switching, a small film capacitor is placed on the PCB suppressing high-frequency
transients while switching the MOSFETs. A photograph of a completed PCB, with
all the components mounted is shown in Figure 4.5.

Figure 4.5: Layout of a submodule PCB. (1) Auxiliary power. (2) Optical communication. (3) VCO. (4) PCB mounted capacitor. (5) MOSFET driver. (6) Power
connections. (7) Main switches mounted on a heatsink.

Rating the Main Parameters of the Prototype
The aim was to build a 10 kVA prototype, whose ratings are summarized in Table 4.1.
An outlook of the whole converter, with all submodules, interfaces, and measurements mounted on a rack is shown in Figure 4.6. A closer look on the submodules
of one phase leg is shown in Figure 4.7.
Even higher switching frequencies than 6.25 kHz can be achieved, either reducing the accuracy of the capacitor voltage measurements, or when another modulator, not using the selection mechanism (Section 3.5), is implemented. However, the
typical application for the M2C is a high-voltage, high-power converter utilizing
IGBTs. In such cases the lowest possible switching frequency is desired in order
to minimize the switching losses in the converter. The switching frequency is then
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Table 4.1: Ratings of the prototype.
3-phase rated power

S = 10 kVA

Rated RMS phase current

iV = 18.8 A

Rated output frequency

f = 50 Hz

Input voltage

uD = 500 V

Carrier frequency (using the selection mechanism)

fs = up to 6.25 kHz

Number of submodules per arm

N =5

Submodule capacitor nominal voltage

uC = 100 V

Submodule capacitance

C = 3.3 mF

Arm inductance

L = up to 20 mH

determined regarding other requirements, such as voltage distortion and controller
response.

4.2

Main Control Unit

The control system of the converter is implemented on a commercial control and
measurement platform containing a dual-core main processor and an FPGA with a
sufficient number of I/O terminals for controlling the full three-phase converter. The
individual submodule control is handled by a localized controller, placed inside the
FPGA, which creates switching decisions for each submodule. These decisions are
based on a submodule sorting and selection algorithm described in Section 2.4, and
are orchestrated by a triangular wave generated inside the FPGA. Each converter
arm needs its individual, dedicated submodule controller.

Main Processing Unit Operation
The controller consists of two processor cores, one of which (Core 1) is dedicated to
collect and process the analog measurements, while the other (Core 0) is running
the main control code (reference generator), the communication with the FPGA,
as well as a low priority and low speed loop, in order to communicate with the
user interface. The structure of the controller architecture is outlined in Figure 4.8.
Communication of values between the two cores is made via first-in-first-out data
structures (queues), which increase delay times, but avoid more severe problems
that might arise in case both cores were allowed to access the same addresses in
the memory.
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Figure 4.6: The rack containing the 3-phase prototype converter, the interfaces and
the control unit on top.

Core 1 is collecting the samples from the analog interface, and processes them,
if necessary. As the same system is also used as a measurement system, a large
amount of samples is collected only for storage and post-processing purposes. The
thread running in core 1 separates the data collected for controlling purposes, from
the ones that will finally be stored in measurement files, and from the data sent to
the user interface in order to have a live overview of the system operation. In case
needed, the data used for controlling purposes, can be digitally filtered, averaged,
or pre-processed in any other way, before used by the main control code. Last but
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Figure 4.7: Submodules consisting one phase-leg. The main capacitor bank of each
submodule can also be observed, mounted on the orange backplane.

not least, core 1 is responsible for tripping the converter, in case measurements
show values outside the limits set beforehand.
Core 0 is running the main reference generator for each converter arm. It can
also include a higher-level controller, such as a motor torque, an output current, or a
dc-link voltage controller, by making use of the analog measurements, coming from
core 1. The internal control of the converter also runs inside core 0. As a result,
feedback control loops can be implemented there, as well as estimators (in case
of the open-loop control method - see Section 3.4). This is the core handling the
interrupt driven communication with the FPGA, and also the permanent storage
of measurements in files for post-experiment processing. Finally, the data sent to
the user interface (which runs on a remote workstation) via the ethernet-based
communication is also managed by core 0.
The organization described above requires data communication between the
different controller units. As illustrated in Fig. 4.1, the main processor receives
the measured arm currents and arm voltages from the analog data acquisition
system. The processor executes the control functions of the different hierarchy levels
implemented, and calculates the modulation indices for the converter arms using
the measured analog values when necessary. The FPGA receives the modulation
indices for the converter arms and sends back measured values of the submodule
capacitor voltages, either for control or display purposes.
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Figure 4.8: Structure of the controller architecture.

Communication Between the Controller and the FPGA
The communication between the FPGA and the processor is performed through
reading and writing dedicated data structures, first-in-first-out (FIFO) queues. Interrupt signals are sent from the FPGA, indicating to the processor that either the
queue is ready to be read (containing capacitor voltage data) or that the queue
should be filled (with instantaneous modulation indices). In return, when the processor has fulfilled its task, an acknowledgment signal is sent and the process can
start over again. The execution time for the process is experimentally measured to
be 75 µs, and is almost independent on the amount of data communicated. The
overhead time cost to establish communication is the main share of its execution
time.
The main processor communicates the values for the modulation indices for
each arm to the FPGA. Moreover, it can send further information, under special
occasions, such as a case of a detected failure, to activate other switching processes
for protection purposes. The FPGA sends the measured values of the submodule
capacitor voltages to the main processor so they can be processed for display and
storage purposes or for a feedback control strategy.
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Individual Voltage Balancing and Modulation in the FPGA
Figure 4.9 outlines the structure of the implemented controller inside the FPGA.
Counters receive the VCO-controlled pulse trains from the submodules and assess
their cycle times, which depend on the voltages of the capacitors in the submodules. A sorting and selection process determines the candidate submodules to be
inserted or bypassed respectively at the upcoming switching event commanded by
the modulator, based on the direction of the arm current.

Figure 4.9: Structure of the FPGA organization
The communication with the main processor is running independently, not synchronized with the rest of the processes. It is responsible for reading and writing the
common FIFO queues between the FPGA and the processor, and sending interrupts
to the main processor every time it is ready to repeat the operation.
Orchestration
Each converter arm has a dedicated control system, which is orchestrated by a
triangular wave (carrier), as outlined in Fig. 4.10.
The maximum frequency of the carrier is 6.25 kHz in case the selection mechanism is desired, as the switching frequency is constrained by the counting accuracy.
Typically, the carriers for the arms within one phase-leg are synchronized and operating in-phase or in phase opposition. The carriers for the three phases in the
converter are (typically) also synchronized.
Each half-period of the triangular carrier defines one sampling interval. In the
present implementation only one switching is executed in each sampling interval.
The submodule candidate to be inserted or bypassed must be defined at the beginning of each sampling interval and, therefore, the counters are reset and enabled at
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Figure 4.10: Orchestration in the controller

an appropriate time instant before the start of the upcoming sampling interval. It
is desirable that the final submodule selection is based on as fresh measured values
as possible and, therefore, the counting and sorting activity is initiated as late as
possible, considering that it must be finished when the new sampling interval starts.
The communication between the FPGA and the main processor unit is not
synchronized with the triangular wave, and runs independent of this orchestration.
In order to provide the main processing unit with as fresh as possible submodule
capacitor voltage values, the counters are allowed to run more frequently than once
in each sampling interval, in case the carrier frequency is low enough to allow this.
As a result, they can fill the FIFO structure several times in each sampling interval,
so that the values to the controller are updated often, and are not dependent on
the carrier frequency. However, in order to serve their main purpose, which is
the selection mechanism, they are always reset well in advance of a new sampling
interval, in order to provide fresh measurements before a new sorting begins.
The modulation indices are calculated by the main processor in a time-scheduled
task which has a repetition rate of a 5 kHz, and is not synchronized with the FPGA
orchestration. When a new triangle side starts inside the FPGA, the last calculated
modulation indices that have arrived in the FPGA are sampled and used in the
submodule selection block to define the switching event that will be performed in
the upcoming sampling interval.
Modulation
One modulator is implemented for each arm of the three-phase converter. A triangular carrier is implemented as an up/down counter with a maximum value that
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determines the switching frequency and, thereby, the sampling time. The triangular
carrier also synchronizes all the required blocks related to that arm (illustrated in
Fig. 4.9) in the FPGA. Figure 4.11 shows the principle of the modulation sequence.

Figure 4.11: Modulation principle
The main controller sends modulation indices, as floating point numbers, within
a range between zero and the number of submodules, N . Those values are sent
in two parts, namely the integral part, corresponding to the minimum number of
inserted submodules, and the fractional part, which is properly scaled and compared
with the carrier. When the triangle carrier exceeds the scaled remainder of the
modulation index, the number of inserted submodules in the arm equals the integer
part of the index. When the triangle carrier is below, then the number of inserted
submodules is the integral part incremented by one. This means that during each
triangle-wave half-cycle with descending slope one submodule will be inserted, and
during the half-cycle with ascending slope one submodule will be bypassed. Thus,
the average switching frequency per submodule will become ftri /N .
Additional switchings are possible at the beginning of a sampling interval when
the modulation index indicates a change of levels. The selection process discussed
later, is designed to indicate always two candidate submodules; one as an “insert”
candidate, and one as a “bypass” candidate. As a result, it is possible to realize
two switching actions in one carrier interval (one should always be at the very
beginning), only in case these two switching actions are in the opposite direction.
For example, it is possible to realize an increase of one level, if the upcoming carrier
is ascending, as the next action the modulator indicates is a “bypass”. On the other
hand, in case the upcoming carrier is descending, the initial switching (level change)
will be performed, but there is no other candidate submodule to “insert”, when the
modulator will indicate, so one switching action will be missed. The loss of one
switching action results also in the loss of the opposite action during the next carrier
interval. This is due to a confusion of the modulator as the expected final number
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of levels after the action it is planning, equals the levels already connected, so the
switching action is regarded as “unnecessary” and is skipped. This disturbance is
illustrated in Fig. 4.12

Figure 4.12: Disturbance existing in the implementation of the modulator, which
results in even lower switching frequency than expected. The red-lined part is the
missing pulse, as the modulator cannot handle two continuous actions towards the
same direction inside one carrier interval.
The bug described above exists in this implementation of the modulator, but
the only disturbance it creates is one missing pulse in 50% of the level changes,
which does not have a severe impact at the output, as will be shown later in
Section 4.3. The theoretical individual submodule switching frequency including
the level changes is ftri /N + ffund , but due to this bug it is slightly reduced to
ftri /N + ffund /2.
Sorting Algorithm
The sorting algorithm is designed to work and be efficient for any number of submodules. Its principle is based on comparison of the content in the counters. The
counter indices are sent to the submodule selection process in an ordered sequence
with the one corresponding to the highest capacitor voltage as the leading one.
The counters are designed to detect the time spent for receiving sixteen pulses
with frequencies ranging between 312.5 kHz and 610 kHz corresponding to 50 V and
140 V, respectively. The counting is performed in 51.2 µs for the lowest switching
frequency. The counting is initiated on a rising edge of the pulse-train from the
submodule and terminated at the 17th rising edge. Any further counting is disabled after 2048 tics in the FPGA 40 MHz clock, corresponding to 51.2 µs. Any
submodule capacitor voltage below 50 V will be treated as if its voltage were 50 V,
irrespective of the real capacitor voltage. The counting will anyway be completed
after 2200 tics, time enough to complete 17 cycles at the lowest allowed pulse-train
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frequency, in order to allow counting for all submodules to finish, even in case the
initiating rising pulses have one cycle difference among all the submodules. When
the counting task is completed, a signal from the orchestrator is sent to execute the
sorting algorithm.
The sorter creates an ordered list of the submodules with the one having the
highest capacitor voltage first, followed by the other ones with the capacitor voltages
in descending order. In case two counters have identical content, when the ordered
list is created, their relative order will be determined by an arbitration process.
This process changes submodule priorities in a cyclic way in order to prevent that
any submodule will be preferred repeatedly. The final values of the counters are
also stored to be communicated to the main controller.
Selection Process
The submodule selection process aims to determine the index of the submodule
that will become the candidate to be inserted and the one to be bypassed in each
converter arm. For this purpose it receives the indices of the submodules, in a
descending order, based on their capacitor voltage, from the sorting algorithm. The
selection process, apart from the sorting algorithm, also depends on the polarity
of the arm current, and the states of the submodules. At the end of the selection
process there always will be one “bypass” and one “insert” candidate.
The selection process is described by the flow chart in Fig. 4.13. Accordingly,
first the index for the sub-module having the highest capacitor voltage is handled,
and then the indices for the submodules having lower capacitor voltages in descending order.
In this process, the inserted submodule index having the highest capacitor voltage shall be selected to be bypassed if the arm current is not discharging (charging).
The first index fulfilling all criteria will be written to the bypass candidate register
and this register will then be locked and not updated any more. Similarly, the
submodule having the highest capacitor voltage, among the bypassed ones, will be
selected as the insertion candidate, if the arm current is not charging (discharging).
The first index fulfilling all the conditions will be written to the insert candidate
register, which will then lock to prevent any further updates. When the arm current
is charging the bypassed submodule with lowest capacitor voltage will be selected
as the candidate to be inserted and its index will be written to the insert candidate
register. As the register is not locked in this case it may be overwritten by other
indices to submodules having even lower capacitor voltage. Finally, when the arm
current is discharging, the inserted submodule with the lowest capacitor voltage
will be selected to be the bypass candidate. All indices fulfilling the respective criteria will be written to the bypass candidate register, possibly overwriting earlier
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Figure 4.13: Submodule selection process

selections. Along with the beginning of the sorting algorithm, all the candidate
registers are initiated to zero.
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Comment about the Execution Time
The time needed by the selection process is primarily determined by the time used
by the counters. If the FPGA clock operates at 40 MHz cycle, the counting of 16
pulses coming from a 500 kHz pulse generator produces an average inaccuracy of
approximately 0.1% of the measured voltage and has a duration of approximately
32 µs. The upper margin of the measuring time is set software-wise to be 51.2 µs, or
2048 processor clock cycles. The sorting algorithm, including the arbitration process
for equal submodule voltage values, after compilation, is implemented as a look-up
table, so after all counters have finished, the order is immediately determined. The
selection process takes only a few clock cycles to perform. The time spent by
the selection process is slightly more than the number of submodules in the arm
multiplied with the time of one 40 MHz clock cycle, as they are sent from the sorter
and processed by the selector in a consecutive manner. This means that even if
the number of submodules is very high, for instance 200 submodules, the selection
process does not take more than 5 µs to fulfil its task. This also means that by
reducing the voltage measurement inaccuracy to 1%, a theoretical carrier frequency
of 20 kHz can still be achieved with an accurate submodule selection during each
half-period of the triangular carrier.
Alternative methods are also tested in order to reduce the execution time of
the counting. A method having good potential is based on a race idea between all
the counters, comparing measurements continuously (not after the end of a number
of FPGA clock cycles), and forcing disqualification of the lower frequencies along
with the measurements. The one disqualified first represents the lowest capacitor
voltage, while the last one staying in the race is indicating the submodule with the
highest voltage in the arm. However, assuming that a sufficient balance is kept,
the capacitor voltages will not diverge very much, and a number of pulses very
close to 16 (suggested by the mechanism above) will be needed, in order to finally
make the voltage differences noticeable. The value of this concept is that it makes
use of only comparative capacitor voltage measurements, and does not determine
the absolute submodule capacitor voltage values. In the present implementation,
however, the absolute voltage values may be needed, not only by some higher level
control strategy, but also as measurements sent to the user interface and stored in
measurement files, so the absolute voltage measurement method has been used.

4.3

Representative Experimental Results

A number of selected experimental results from the down-scaled prototype will be
presented here. The aim of this section is to focus on the performance of the different controller hierarchy levels. For that purpose, the following examples will
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verify the efficiency of the individual submodule voltage sharing based on the selection mechanism, the efficiency of the internal control on the internal converter
variables, and finally, the efficiency of a motor control, using an M2C as the driving converter. More specific cases of controllers are experimentally tested in the
collection of publications following the end of this thesis.

Selection Process with Low Switching Frequency
The purpose of this section is to show that the implementation of the submodule
selection mechanism, as described in Sections 2.4 and 4.2, operates as expected,
even at low switching frequencies, where the switching actions occur comparably
seldom, and therefore, uncontrolled situations are more likely to occur. The individual device switching frequency is theoretically 250 Hz on average, as the triangular
carrier frequency in the FPGA is 1 kHz. The rest of the experimental parameters
are shown in Table 4.2.
Table 4.2: Low switching frequency experimental parameters.
Input voltage

uD = 500 V

Output ac peak voltage reference

êref
V = 225 V

Output frequency

f = 50 Hz

Output peak phase current

îV = 18.8 A

Submodule capacitor nominal voltage

uC = 100 V

Submodule capacitance

C = 3.3 mF

Arm inductance

L = 3.1 mH

Carrier frequency

fcar = 1.0 kHz

Average switching frequency per device

fsw,dev = 250 Hz

The individual submodule voltages for the upper and lower arms of one phase
are shown in Fig. 4.14a. It can be seen that the individual voltages do not diverge
more that 1% from the instantaneous average voltage in any instant during the
steady-state, so the selection mechanism is assumed to be effective.
A transient condition was also tested experimentally. One submodule was intentionally excepted from the selection process, and was permanently bypassed,
while the individual modulation index of the other 4 submodules in that arm was
increased by 25%, in order to match the dc-link voltage to the available voltage in
the arm. The response to this immediate 25% increase in the individual capacitor voltages is illustrated in Fig. 4.14b. It can be seen that even during the fast
transient condition, all submodule voltages increase with the same rate, supporting
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Figure 4.14: (a) Steady-state submodule capacitor voltages. (b) Capacitor voltages
during a transient.

the fact that such a selection mechanism, implemented also according to the way
described previously, is very effective. It can also be observed that the individual
balancing in the other arm of the same phase-leg remains unaffected.

Internal Control of the Converter States
The “middle” level of converter control is experimentally examined in this section.
The internal converter control, using the open-loop control method, described in
Section 3.4, is tested. In such a case, the circulating current inside a phase-leg is
controlled to contain only a direct contribution. Steady-state values of the output
voltage and current, as well as the circulating current, using the suggested control
method are shown in Fig. 4.15a. The converter shows very good performance even
during a significant change in the ac-side current, i.e. a load step, as shown in
Fig. 4.15b. The new steady state is reached within one fundamental period.
The transient behaviour of the internal states is also tested, where a 10% step
in the reference for the total energy stored in the arms is examined. The expected
behaviour is observed in Fig. 4.16a, and 4.16b; that is to add temporarily a dc contribution in the circulating current, and to drive the individual capacitor voltages
to the new reference value, without affecting the individual voltage sharing.

Stability of the Open-Loop Control - Convergence of Actual and
Estimated States
In order to test the stability proof of the control algorithm, shown in Section 3.4
in an even more realistic situation, an experiment has been run on the 3-phase 10
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Figure 4.15: Output voltage, output and circulating current under (a) steady-state,
(b) a load step.
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Figure 4.16: (a) Output voltage, output and circulating current during a step
change in the arm energy reference. (b) Energy reference (yellow) step submodule
capacitor voltages.

kVA, downscaled M2C prototype. The parameters for the converter prototype for
this experiment are summarized in Table 4.3. As it is hard to represent a current
source load in the lab, a passive load was used, along with a smoothing inductance.
In this experiment, a similar, but milder than the simulated transition shown
in Section 3.4 is examined, in order to verify that the internal states will be driven
to their estimated values. The difference from the simulation is that there is no
intentional energy unbalance created in the experiment, but there is still observable
difference between the initial system states and the estimated ones. The results
suggest that it is possible to generalize the stability conclusions in situations much
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Table 4.3: Transition to Open-Loop - Experimental Parameters
Input voltage

uD = 500 V

Internal emf peak phase voltage

êV = 212.5 V

Amplitude modulation index

m̂a = 0.85

Carrier frequency

fs = 1.0 kHz

Average switching frequency per device

fsw,dev = 250 Hz

Arm inductance

L = 4.5 mH or 0.15 pu

Load resistance

Rload = 14 Ω or 1.5 pu

Load inductance

Lload = 10 mH or 0.33 pu

Load angle

φ = 12 degrees

closer to reality than the situation suggested by an idealized continuous model.
The starting modulation pattern is the same as described in Section 3.2, so
modulation indices will be as in (3.10a) and (3.10b). The behaviour of the system
states is shown in Fig. 4.17 and Fig. 4.18. The second harmonic component is
quickly removed from the circulating current, while the total arm voltages converge
also to their estimated values. Convergence is independent of the initial state, so
the system will converge to the estimated values after the open-loop controller is
turned on, independently of the initial modulation pattern.
To conclude, as discussed also in Publication III, the open-loop control method
is the most promising one for the control of the internal states of an M2C due to
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Figure 4.17: Experimental transition effect on the circulating current (one phase).
Estimated current is shown in green.
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Figure 4.18: Experimental transition effect on the system total arm voltages (phase
a). Estimated states are shown in green.

the very good dynamic performance it has shown both in simulations and experiments. The described principle, due to its low requirements for data communication
resources, can be utilized in converters having a very large number of submodules.

Control for a High-Performance Induction Motor Drive
Last but not least, an example of a fast acting high-level controller is examined,
in order to investigate if any severe interaction with the controllers lower in the
hierarchy will appear. A high-performance torque controller for an induction motor
drive is implemented, over the open-loop control method for the internal converter
control. The use of two fast acting controllers may result in an unexpected behavior
of the converter, as they may express different demands for the same converter
variables. The parameters for this experiment are shown in Table 4.4.
The motor is running at 0.8 pu of the rated speed, while a step in the q-current
component, isq , is requested, from 0.45 pu up to 0.65 pu of the rated torque, as
shown in Fig. 4.19.
The current responds in less than 2 ms and the behaviour seems stable. Further
discussion on the last experiment is included in Publication IV.
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Table 4.4: Motor drive experimental parameters.
Motor characteristics
Rated Power

S = 1.8 kVA

Line-to-line Voltage

Vll = 380 V

Rated Output Frequency

f = 50 Hz

Converter characteristics

as in Table 4.1

Carrier frequency

fs = 5.0 kHz

Arm inductance

Larm = 3.1 mH
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Figure 4.19: Motor experimental step in isq

Chapter 5

Conclusions and Future Work
5.1

Conclusions

The scope of this project has been to study the modular multilevel converter topology. Investigating the topology that has been supposed to be the most promising
one in the high power converter area during the last decade, has revealed a lot of
strengths which were unknown at the date this project started. It is now verified
experimentally that the capacitor voltage sharing algorithm based on a selection
process is very effective, even at comparably low switching frequencies. Along with
this fact, very low switching frequency can be utilized, even with a low number of
levels, resulting in very low switching power losses. The study of the converter dynamics and the analytical modeling suggested in this thesis provide an insight of the
converter operation and can be used as instructions about how the control should
be designed. Various control methods of the internal states have also been tested
during that time, with the most promising one being the so called “Open-Loop”
approach, providing good control of the total capacitor voltage and the circulating
current, and showing very good performance both in simulations and experiments.
This controller has also been investigated analytically and is proven to create a
stable system, under certain conditions. Typical applications for such converters
include HVDC, traction, and medium voltage motor drives. A study was therefore
performed using the converter as an induction motor drive and testing its behavior.
The study results were quite promising and were also published during the latest
stages of this project.
All the studies and investigations have been supported by experimental results,
taken from a prototype converter that was built during the time of this project. As
the topology has been proposed fairly recently, there was no other way to obtain
experimental results, than to build a down-scaled prototype converter in the lab.
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A lot of challenges arose during that process; however, a successful implementation
was accomplished. A description of the whole procedure is presented in detail in this
thesis. The hardware implementation may not be considered in the construction
of a large scale converter, as it was done mainly to match the lab power level
and equipment. However, suggestions made for measurements and for the control
software implementation are of greater importance, as these may be applicable in
a commercial converter implementation.
Finally, the experimental results shown in this thesis and in the related publications are further supporting the initial expectations of investigating a very promising converter topology. To summarize, the modular multilevel converter concept has
a great commercial potential, outperforming conventional two-level voltage source
converters. Its potential is also indicated by the fact that all manufacturers in the
high-power conversion area are working towards this area [26–28].

5.2

Future Work

The study presented in this thesis was aiming to provide some understanding of
the operation principles of a modular multilevel converter. Clearly, this can be the
base for many interesting investigations in this area. A lot of interest has been
put recently into new modulation and control techniques, application ofsome of
these is both challenging and, possibly, advantageous when it is designed for such a
converter. Several similar topologies exist, which are also of high interest in several
applications, such as railway supplies with full H-bridges, that may be investigated
using similar modeling. Another interesting challenge would be to study the needs
and the design of such a converter in the MW range, which it is really targeting
for.
Dealing with transmission grid applications, it is interesting to investigate the
potential of such converters in high-voltage dc links, but also in the development
of future dc grids. Multiterminal grid connections are also another field of great
importance lately. In that respect, it is of great importance to study also the
transient behaviour of the whole converter family during faults either on the ac, or
the dc side.
Apart from the above, studies on specific applications are also of great importance. A first attempt was made in this thesis to make a high-performance control
for an electric motor, and the results show that there is great space for improvements. Investigations for low speed operation are also of significant importance,
as there are indications that the converter has some weaknesses when operating at
low frequencies. Finally, a more detailed study on the overall efficiency of such a
motor drive is interesting, as modular multilevel converters are expected to provide
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superior operating conditions for machines, combined with very low power losses
in the converter.
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