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Summary

Multilevel voltage source inverters where first introduced in the early
1980s. Since then, they have been continuously developed, offering a wide
new research area in power electronics. The popularity of multilevel solu-
tions come from the advantages that they offer: improved output quality,
voltage sharing in high voltage applications, increased power density or
reduction of filtering costs.

Two completely new and innovative cross-connected topological families
for advanced multilevel voltage source inverters are introduced in this thesis.
The motivation for this work stems out from the need to generate multiple
output levels while keeping the reliability as high as possible. The offered
solutions are able to address the problematic, but of course they do not
come without a price: A higher control complexity and more semiconductor
blocking voltage capability are necessary in the design of such advanced
converters.

The Cross Connected Intermediate Level (CCIL) Voltage Source Inverter
is the first of the two new topologies presented here. It is built as a cascade
of stages using capacitors which are connected to each other by means of
cross connected cell structures. The CCIL can be used in several configu-
rations, like redundant or non-redundant switching state configurations for
instance. A graphical model based on the physical properties of the inverter
is proposed and an original fuzzy logic controller is designed for the balanc-
ing of the capacitor voltages and modulation of the inverter. The control
algorithm is implemented and verified in simulations. The results are used
to benchmark the topology against standard solutions and the conclusions
are used to define what applications could benefit from such a converter
structure.

The Common Cross Connected Stage (CCCS) Voltage Source Inverter
is the second original contribution of this work in terms of topology. It
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is built using the cross connected stage and its capacitor in a common
configuration for the three phases of the inverter. Such a design allows to
use only one stage per three phases. Because of the intrinsic three phased
properties of this topology, a model based on space phasor representation is
introduced. With the help of this model, a novel space phasor modulation
strategy is derived and proposed. It allows to generate the three phased
output voltages while using the available redundancies for balancing of the
capacitor voltages. The resulting algorithm is first implemented and tested
in simulation, and in a second step a test setup is built and the modulator is
coded in VHDL. The simulation and experimental results obtained validate
the topology and control concepts. A benchmarking of the CCCS solution
is also done to understand what are the benefits and drawbacks of this
solution.

Analysis and comparison of the new topologies allow to evaluate in an
objective way the contributions brought by this work. It is found that the
newly proposed solutions cover an area of multilevel inverters where not
so many solutions were available prior to this work: Generation of multi-
ple output levels with reduced number of passive and active components
(thus increasing the reliability). The drawback is a higher blocking volt-
age requirement. Conclusions and case study are proposed to help assess
the expected performances and choose the most suitable solutions for given
applications.

Keywords: DC-AC voltage source inverter, Multilevel converter, cross

connected, phase capacitors, medium voltage, harmonic distortion, power
density, topology.
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Résumé

Les convertisseurs multiniveaux furent introduit au début des années
1980. Depuis ils ont connu de multiples évolutions, offrant un large domaine
de recherche en électronique de puissance. La popularité de ces topologies
tient au fait des multiples avantages qu’elles offrent : amélioration de la
qualité du signal de sortie, partage des tensions de blockage dans les appli-
cations haute tension, augmentation de la densité de puissance ou encore
réduction des cotits liés au filtrage.

Deux familles de topologie complétement nouvelles et innoventes pour
convertisseurs multiniveaux avancés sont présentées dans cette these. La
motivation de ce travail vient de la nécessité de générer toujours plus de
niveaux tout en gardant une fiabilité aussi élevée que possible. Les solu-
tions qui sont proposées sont capables de répondre au cahier des charges,
mais elles ne viennent pas sans un prix a payer : Ces convertisseurs avan-
cés nécessitent une logique de commande plus élaborée et de plus grandes
tensions de blocage sur les semiconducteurs.

Le convertisseur de tension “Cross Connected Intermediate Level” (CCIL
- niveau intermédiaire connecté en croix) est la permiere des deux topolo-
gies présentées ici. Il est constitué en cascadant des étages utilisant des
capacités connectées entre-elles par une structure topologique en croix. Le
convertisseur CCIL peut étre utilisé dans différentes configurations, par
exemple avec des états de commutation redondants ou non-redondants. Un
modele graphique basé sur les propriétés physiques de 'onduleur est pré-
senté, et une stratégie de commande originale, basée sur la logique floue, est
proposée pour ’équilibrage des tensions capacités et la modulation. L’al-
gorithm de réglage et de modulation est implanté et validé en simulation.
Les résultats sont utilisés afin de comparer la topologie a d’autres struc-
tures plus traditionnelles, et les conclusions sont utilisées afin de définir plus



précisément quelles applications pourraient bénéficier de cette structure de
convertisseur.

Le convertisseur de tension “Common Cross Connected Stage” (CCCS -
étage commun connecté en croix) est la seconde contribution originale de
ce travail en terme de topologie. Il est constitué d’un étage connecté en
croix avec sa capacité, et qui est connecté en commun avec les trois phases
de Tonduleur. Cette conception permet de n’avoir qu’'un étage par trois
phases. A cause des propriétés triphasées intrinseques de la topologie, un
modele basé sur le phaseur spatial est introduit. Avec 'aide de ce modéle,
une stratégie de modulation par phaseurs spatiaux novatrice est déduite
et proposée. Elle permet de générer les tensions de sortie triphasées tout
en utilisant les redondances a disposition pour I’équilibrage des tensions
des capacités. L’algorithme résultant est tout d’abords implanté et testé
en simulation, puis dans un second temps, un prototype est construit et
le modulateur codé en VHDL. Les résultats de simulations et les résultats
expérimentaux obtenus permettent de valider la topologie et le concept
de réglage. Une évaluation de la topologie CCCS est aussi faite, afin de
comprendre quels en sont les avantages et les inconvéniants.

L’analyse et la comparaison de ces nouvelles topologies permettent une
évaluation objective de la contribution apportée par ce travail. Il est trouvé
que les solutions novatrices proposées permettent de couvrir un domaine
de D'électronique de puissance ou il existait encore peu de solution : La
génération de niveaux multiples avec un nombre restreint de composants
passifs et actifs (d’ou une augmentation de la fiabilité). La contrepartie est
une augmentation des tensions de blocage des semiconducteurs utilisés. Les
conclusions ainsi qu’'une étude de cas sont présentés afin d’aider a 1’éva-
luation des performances attendues, et afin de choisir la solution la plus
adaptée a chaque application.

Mots-clés :  Convertisseur de tension DC-AC, onduleur multiniveaux,
cross connected, capacités de phase, moyenne tension, distortion harmo-
nique, densité de puissance, topologie.
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CHAPTER 1

Introduction

1.1. A general picture

Since the first introduction of multilevel topologies in the early 1980’s,
[1], many different solutions and applications have been developed for ad-
vanced industrial applications, for instance [2]. The advantages offered by
multilevel structures are numerous, notably in terms of harmonic contents
and signal quality, costs, modularity, blocking voltage repartition.

This research work was started when the A BB Corporate Research Center
was working on a hybrid medium voltage prototype for a large windpower
energy conversion system, in the range of 5-10MW. The grid interfaced
multilevel inverter, based on the ANPC topology, [3], generates 5 level at
the output but still requires a filter to be compliant with the most stringent
standards. At these power ratings, the output filter is quite massive, and
thus a reduction in it’s size, or even a complete removal of the filter, offers
interesting perspectives in terms of cost reduction and increase in power
density. A project was initiated to propose some solutions for improving
the signal quality. This means increasing the number of levels generated
by the converter, since increasing the switching frequency does not sound
reasonable in the MW range.

When this work was initiated there were already a wide variety of mul-
tilevel inverter topologies available on the market. It was questionable
whether investigating new topologies was justifiable or not. Some elements
of answer to this fundamental question can be found with a closer look at
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the existing topologies. But before doing so, it should still be mentioned
that from a purely academical and technical point of view, it is always inter-
esting to develop new structures and study their properties. On the other
hand, from the industrial perspective, it requires more than just novelty
to justify a research and development effort on new topologies (although a
research center can claim a more academical point of view).

Among the wide variety of existing multilevel inverter topologies, which
are listed below, no specific solution seems to really stand out from the oth-
ers. It does not mean that all the solutions offer the same performances.
The reasons for choosing a specific topology are various, starting from intel-
lectual property questions and going to costs, and more generally speaking,
considering how given solutions perform depending on the application and
the context. Because of their different intrinsic characteristics, some topolo-
gies can be very well adapted in some cases and totally unsuitable in some
others. Therefore the optimal solution is often strongly dependent on a
case to case analysis.

Another aspect that can be considered is the individual assessment of
the topologies, and more specifically regarding their characteristics. The
important criteria are not the same for everyone, for instance having a min-
imal stored energy or having the lowest number of semiconductor devices
possible (with their influence on reliability, on conduction losses or on the
costs tied to blocking capabilities). This can lead to fundamentally different
approaches in design, conception and rating of multilevel solutions.

1.2. Structure of the work

In the following sections of this introductory chapter, a small overview of
the state of the art in multilevel conversion is presented. A non exhaustive,
but containing the main candidates for MV applications, list of existing
topologies for 5L inverters is briefly reviewed. Electrical characteristics and
control strategies are discussed to situate the background technical context
to the reader.

Since the topologies are evaluated, the mains characteristics, advantages
and disadvantages, are discussed. Lot of work has been done to propose
specific solutions and workarounds for these topologies, but they are not
discussed or considered in here. The comparison can seem rough, but it
must be kept in mind that only the general behavior and trend of these
topologies are of interest. As it was previously mentioned, the rating de-
pends on more criteria than just factual analysis of the characteristics.

Chapter 2 then introduces the Cross Connected Intermediate Level
(CCIL) Voltage Source Inverter. This is the first of the two new and orig-
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inal multilevel topologies proposed in this work. It is studied in details
theoretically and in simulation. The topology is then benchmarked such as
to assess its main characteristics compared to the existing solutions.

Chapter 3 introduces the Common Cross Connected Stage (CCCS). This
second topological proposal certainly presents a high interest from the nov-
elty and the technical point of view. This topology is also validated exper-
imentally in a test setup.

For each of the aforementioned topologies, the structure of the study is
the same. The main topological and electrical characteristics are analyzed,
a model is proposed, and a modulation and control algorithm is defined
based on the model. The concepts and topologies are then simulated to
verify if the proposed solutions are valid, and then they are benchmarked
against some traditional multilevel topologies to assess the difference in
performances.

1.3. State of the art

1.3.1. NPC

Electrical characteristics

The NPC (Neutral Point Clamped) inverter, Figure 1.1, introduced in
the early 80’s by Baker, [4], and by Nabae et al., [1], [5], is composed
of 2 DC-link capacitors (common for the three phases), 2 active switches
(IGBTs) and 2 diodes per level and per phase. Increasing the number of
generated levels is problematic from two point of views. The number of
required diodes can quickly become prohibitive and the balancing the the
DC-link middle points is not possible at high modulation indexes.

Modulation and Control

The DC-link balancing problem is well known and a certain number of
solutions are already proposed, like [6], [7]. The modulation index limit
is situated in the range of m = 0.5 — 0.6 depending on the modulation
strategies, at active power generation. With higher modulation indexes it
is not possible to balance the middle points anymore unless an active front
end is used to balance the DC-links in a back to back configuration, or
a specific external circuit is used. For those reasons, this topology is not
really adapted for generation of many levels.

For reactive power however, the topology can be interesting since the
balancing problems can be addressed, [8], and the maximum modulation
index can be reached.
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Figure 1.1.: 3 phase 5L NPC inverter

1.3.2. Cascaded H-Bridge
Electrical characteristics

The 5L Cascaded H-Bridge inverter, [9], shown on Figure 1.2, is composed
of series connection of H-Bridges. It requires 4 active switches and one
capacitor per phase and per level. The major drawback of this topology is
the necessity to supply the capacitors or store a lot of energy into them,
as they cannot be balanced easily during operation (at active power). For
the generation of many output levels, this can results in a large transformer
with multiple secondaries and/or really large capacitive energy.

Modulation and Control

Common mode regulation strategies can be used for balancing of the ca-
pacitors during operation. The advantage is that the energy can be reduced
since it is not necessary to wait one whole period, but the modulation index
is then limited. Various strategies are already proposed, but they are not
discussed here (see for instance [10]).
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Figure 1.2.: 8 phase 5L cascaded H-Bridge inverter

1.3.3. Imbricated cells (flying capacitor)

Figure 1.3.: Single phase 5L flying capacitor inverter

Electrical characteristics

The flying capacitor topology, introduced in 1992 by T.Meynard and
H.Foch, [11], [12], [13], and shown on Figure 1.3, is a very interesting struc-
ture which minimizes the sum of the blocking voltage of every switches of
the circuit (i.e. the total amount of silicon installed). It requires 2 switches



1.3. STATE OF THE ART

and 1 capacitor per phase and per level. The capacitor voltages are frac-
tions from % to % There is no need to supply them since they can be
balanced during operation for any power factor and modulation index. Ev-
ery switch needs to block only the basic voltage step. The drawbacks of
this topology are that total stored energy can become quite large, especially
when the switching frequency cannot be increased (typically for MV or HV

applications), and that there is a high number of components.

Modulation and Control

The control of the flying capacitor topology is not an issue with modern
control hardware. Many papers treat about voltage balancing strategies,
like [14] for instance.

1.3.4. SMC

G _
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Figure 1.4.: Single phase 5L SMC inverter

Electrical characteristics

The SMC (Stacked Multi Cell) inverter, [15], Figure 1.4, is a generaliza-
tion of the flying capacitor topology. It requires per phase for each extra
level 2 capacitors and 4 active switches (2 at each end and 2 in anti-series
in the middle). Similarly to the flying capacitor topology, the SMC also
allows balancing of the capacitors within the topology and additionally also
allows to control the neutral points of the DC-link. The advantage with
the SMC is that the DC-link can be split over several capacitors. But the
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number of switching elements is no longer optimum compared to the flying
capacitor solution.

Modulation and Control

The modulation strategy to balance the capacitors is not extremely com-
plicated and can be handled by modern DSP control systems, like the flying
capacitor topology. Natural balancing schemes are also available, [16].

1.3.5. Other topologies

Aside the topologies presented previously, there is also a couple of other
multilevel topologies which exist. The ANPC topology is a modification
of the NPC structure offering an improvement from the point of view of
the loss balancing within the semiconductor devices, [17]. It is discussed in
greater details in §1.3.7.

The generalized ANPC topology (Figure 1.5-top), [3], is an extension of
the ANPC structure, which allows a good control of the neutral point cur-
rent, but is not optimal from the point of view of the number of components
needed and also regarding the stored energy.

The generalized multilevel inverter topology by F.Z.Peng, [18], shown on
Figure 1.5-bottom, is another kind of multilevel topology. What strikes with
this topology is the very large number of active and passive components.
It is quite likely not suitable for MV and HV applications. The topology
was initially designed for LV applications.

The M2LC is a modular multilevel topology, [19], Figure 1.6. This topol-
ogy uses 2 unipolar strings per phase to generate a multilevel output. It is
possible, with this topology, to balance the capacitors more often then just
once in a grid period which helps reducing the stored energy. The large
number of components and the unipolar string approach are well suited for
HYV applications. The advantages are not so clear regarding application of
the topology to MV converters.

1.3.6. Hybrid topologies

Hybrid topologies, [20], [21] or [22], represent a very large family. They
are resulting from the combination of several type of topologies. Theoret-
ically speaking, the number of possible combinations, thus the number of
different topologies, is extremely large. The combinations can be on a phase
level, or on a converter level, with different phase configurations resulting
in composite multilevel topologies.
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Figure 1.6.: Single phase 5L M2LC inverter topology

It is hard to assess the hybrid topologies in general, because of their
diversity. It would be required to draw general characteristics resulting
from all the possible different combinations of basic cells, and then extract
the main characteristics for a comparison.

The 5L ANPC topology, which is the main topology of concern in this
work, and which is introduced in §1.3.7, is in fact a hybrid topology. It is
the combination of an ANPC and one flying capacitor stage.
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1.3.7. The 5L ANPC topology

P

S1

il
v
¢

™

M
Snp2

1 ()f:::: —O
K]
Cy 20
Snp1
S2 EJ;; I

8§22

Figure 1.7.: The single phase 5 level ANPC voltage source inverter

The base topology considered in this work is the 5 level ANPC voltage
source inverter, [17], [23], shown on Figure 1.7. This multilevel topology is
suitable for many LV and MV applications. In the initial project from which
this work was initiated, the topology was studied for a large windpower sys-
tem. Investigation were being done about the hybrid IGCT/IGBT nature
of the solution, [24], which is the reason why it is drawn here with both,
IGBTs and IGCTs.

The topology is used in a back to back configuration for a 5-10MVA
windpower generator and offers low enough harmonic distortion to comply
with the IEEE standards (IEE 519) in filterless grid connection.

However complying with the very strict German energy standards defined
by VDEW, [25], requires an output filter. In this power range, the LC
filter is considerable in terms of size, weight and cost. The main target
is therefore to upgrade the topology so as to generate a sufficient output
quality to comply with VDEW standards, without needing an output filter.

The main characteristics of the 5. ANPC are a reduced number of com-
ponents, especially passive, which result in a higher power density and a
higher reliability. The balancing of the capacitors can be done by means
of redundant switching states, and for that reason, the modulation of the
inverter is simplified.

10
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1.4. Motivation of the work orientation

From the characteristics of the topologies presented previously, some gen-
eral trends can be drawn. The main topological criteria are:

1. the number of components (DC-link, capacitors, switches)

2. the total blocking voltage of the converter (which depends on how
many switches and what voltage levels are found within the topology)

3. the controllability of the topology (from the point of view of the sta-
bilization of the capacitor voltages of the topology)

These parameters influence the reliability (1.), the efficiency (1. and 2.),
the power density (1.), the costs (1., 2. and 3.), the application and the
performances (3.), the control complexity (3.) and some other aspects like
protection strategy (1. because of stored energy), for instance.

Intuitively, it can already be understood that designing a converter topol-
ogy which optimizes the 3 aspects is not trivial, and that most likely there
will be a trade off between the different aspects. Optimizing one point can
result in making another point less good.

A global and detailed analysis has to consider many aspects (for instance,
[26]). But since the objective of this work is to provide a solution for the 5L
ANPC topology only, the analysis must focus on the main characteristics
of that topology first.

The interesting features of the 5. ANPC topology are the high reliability
and the high power density. To upgrade this topology means that the main
characteristics should be kept. Thus the proposed solution should focus on
the point 1., since this characteristic is the key to the main features of the
ANPC. And of course, the proposed solution should be compatible with
the ANPC topology.

Several approaches can be considered to find solutions for the so far de-
fined problem. For instance working on improvements of existing topologies
or orienting the investigations in the direction of new topological develop-
ments. To answer this question, and finally give an orientation to the work,
a comparison of the various topologies is done. Figure 1.8 roughly positions
the topologies against each other with respect to the point 1. It shows how
the topologies compare to each other regarding the number of components
required versus the number of levels typically produced.

This is of course only one of several aspects characterizing multilevel
topologies. But from that comparison, it can be seen that topologies of-
fering a large number of levels with a reduced number of components are
lacking. Since this is exactly where the research should focus, none of the

11
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Figure 1.8.: General trend observed in multilevel topologies regarding the
number of components versus the number of generated levels

existing topologies seem to offer adequate characteristics. Thus, this shows
that investigation on new topologies can help to provide solutions for the
lacking criteria. The definition of the work is therefore oriented on new
multilevel converter topologies, and more specifically on topologies offering
a high output resolution with a reduced number of components.

Orienting the research to an area where no solutions currently exist is of
course of high technical interest. But the constraints and the limitations
that will be found might result in solutions that are not adapted to indus-
trial applications. Finding this out and comparing the solutions is exactly
what this work proposes to do.

12



CHAPTER 2

Introducing the Cross Connected
Intermediate Level VSI (CCIL)

2.1. General topology of the CCIL

2.1.1. Cascadable general topology

The Cross Connected Intermediate Level (CCIL) Voltage Source Inverter,
[27], is a novel topology presented in Figure 2.1. It is the first original
contribution of this thesis. It is based on the ANPC structure and has 2
extra switches in a crossed configuration. It is modular and based on three
different stages, referred to as A,B and C. The first stage, A, is an active
clamped 3 level inverter. It uses two DC-link capacitors and four switches
similarly to the 5 level ANPC.

The second stage, B, is the so-called cross connected intermediate level
stage consisting of one phase capacitor Cy1, two longitudinal switches, Sl
and Si4, and two cross connecting switches, Si2 and Si3. This stage can
be cascaded or stacked in a theoretically unrestricted way. On Figure 2.1,
B’ is cascaded to B.

Finally the output stage consists of two unidirectional switches connected
to the phase output. Similar stage can be identified in the 5 level design.

Upgrading from the 5. ANPC topology is quite straight forward and it
is seen later that the 5L, ANPC is, in some way, a particular case of the
CCIL general topological family.

13
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Figure 2.1.: General view of the Cross Connected Intermediate Level Volt-
age Source Inverter

The specificity of the CCIL topology is that it allows to add or to sub-
tract, in each possible way, the voltages found on either of its input termi-
nals, with the voltage of its capacitor. This allows to theoretically obtain
up to four different levels on each of the two output terminals: Figure 2.2,
3 and 4 can generate:

Vi \%1
Vi —Ucy, Wi+ Ucy,

Vi € V and V4 € v
Vo —Ucy,y Va+Ucy,

The capacitor voltage level determines how many of the possible output
levels are redundant and if the output steps are uniform or not. In a general
case, the total amount of paths through the inverter is given by (2.1). n is
the number of stages, on Figure 2.1, n = 2.

P(n) =16-3"*" (2.1)

Among all the possible paths, the zero and the upper and lower DC
voltages are redundant multiple times. When these redundancies are elim-
inated, the resulting possible paths are called the switching states:

S(n) =3"t! (2.2)

Generally speaking any voltage level can be admitted on the capacitors.
However for uniform output voltage steps only fractions of 2 and 3 of the

14
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Figure 2.2.: Dipole representation of the Cross Connected Intermediate
Level stage

DC-link should be considered, [21], such as : Vo, = %, Ve, = Yeq

etc, or Vo, = %, Vegp, = %, etc.

When the phase capacitor voltages are chosen as fractions of 2 of the DC-
link voltage, a so called redundant (switching) state voltage source inverter
is obtained. When fractions of 3 are used, a non-redundant (switching) state
inverter results. It is also possible to mix fractions of 2 and of 3: the result
is an uniform output step, semi-redundant state, voltage source inverter.
These differences are discussed in a more detailed manner in the following
§2.1.2.

Table 2.1 summarizes all the different output states that can be generated
with the topology of Figure 2.1. There are 27 possibilities :

Table 2.1.: All the different output combinations which can be generated by
the inverter of Figure 2.1

Vo, +Ve +Vey,) Vo, tVeo,, —Voy,) i(Vcd*chlJrVéfQ)
Ve, +Veo,,) Vo, +Vo,,) +(Vey)
Vo, —Vey,) Vo, —Vey,) Vo, —Voy —Vey,)

=(Veyy) Vo, —Vey,) =(Vey,)
j:(VCfl +ch2) 0

The topology always offers the possibility to boost the output voltage.
The cross switches allow to add up the phase capacitors and DC-link volt-

15
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ages. This characteristic has various influences on blocking voltages and
controllability that are discussed in details later on.

2.1.2. Redundant and non-redundant states

sl T T satl sl sl
Cy Cq
snp2! s T 1 snp2!
cF
Cq n Co I
S"DWT Si3 S"W
s2 1 T s22 1 s2 1 s2 T

Case A

Figure 2.3.: Redundant and non-redundant states depend on the voltage ra-
tios between the capacitors of the DC-link and of the phase

As mentioned this characteristic depends on the chosen phase capacitor
voltage ratios. Only the cases where voltage ratios are either 2 or 3 are
considered (uniform voltage steps).

The general CCIL topology contains one to several phase capacitors de-
pending on how many stages are cascaded. These capacitors are not sup-
plied by any external power sources (to avoid the problem of the cascaded
H-Bridge topologies, see §1.3.2). Therefore the balancing of the capacitor
voltages has to be handled by the modulator. The redundant or non-
redundant characteristic has a major influence on the balancing strategy.

A single stage CCIL, Figure 2.3, illustrates the concept of redundant
and non-redundant switching states: The two states, A and B, make use
of the phase capacitor to generate a given output voltage. Considering an
initial condition with the phase capacitor charged to its nominal voltage,
the following properties are derived:

Ratio 2

e If the capacitor voltage is a fraction of 2 of the DC-link voltage (i.e.
Vey, = %), the output voltage level for the two switching states is
Cq

v,
equal to —2.

e The current flows in a different direction through the capacitor de-
pending on the switching state.

16
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Ratio 3

e If the capacitor voltage is a fraction of 3 of the DC-link voltage (i.e.

v,
Ve, = %)7 the output voltage level is different for the two switching

2-Vo Vo
states. Case A = —~¢ and case B = —<.

e The current flows in a different direction through the capacitor de-
pending on the switching state.

A switching state is said to be redundant if it allows to control the di-
rection of the current flowing across one or several capacitors without in-
fluencing the output level, for instance in the case of the 5. ANPC, which
is a simplified cross connected topology, with voltage ratios equal to 2.

When fractions of 3 are chosen, non-redundant states result. The output
level is different for every switching state. This lack of redundancy means
that it is not possible to reverse the current direction in a phase capacitor
without influencing the output voltage. Thus it is not possible to balance
the capacitor without influencing the output.

A tree representation, [28], can be helpful to get different view of the
repartition of the levels and the redundancies. The 9L redundant and non
redundant topologies are considered and the switching states are repre-
sented on Figure 2.4.

4U

+-4U +/-2U0 +/-U

Figure 2.4.: 9L switching states representation, in red are the redundant
states. Left: 9L CCIL with redundant switching states. Right:
9L CCIL with non redundant switching states.

In a topology with a mixed configuration of fractions of two and of three,
a mixed behavior results. Figure 2.5 illustrates such a topology. It gen-
erates 15 levels without the voltage elevation characteristic. It is a semi-

17
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redundant uniform output step configuration. Some output levels are re-
dundant whereas others are not.

S21

— U3 ¢—0

)

Figure 2.5.: Topology using a mized configuration of rations of 2 and 3 - 15
levels without voltage boosting

The boosting levels are never redundant, whatever the chosen voltage
ratio. So a CCIL boosting inverter with voltage levels in fractions of 2 is a
semi-redundant topology.

Finally, it must be mentioned that although the term redundancy is
used when fractions of 2 in a non-boosting topology are considered, it does
not mean that all the capacitors can be controlled independently one from
another. This means that it is possible to balance the capacitors, but that
not all the possibilities exist. Figure 2.6 shows the redundant states for
the level +3U. The modulator must therefore be able to prioritize the
capacitors for the corrective action to have a positive effect.

The most deviated capacitor is given a higher priority so that even if the
chosen switching state is not optimal for another capacitor, the corrective
action is still applied.

2.1.3. 9 level voltage source inverter topologies
Introductory word

The CCIL topology introduced in the previous section can be used to
build multiple output level voltage source inverters. In the present section
3 different ways of building a 9 level inverter are presented.

9L are sufficient to ensure compliant operation with the standards in
filterless operation.

18
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Figure 2.6.: The redundant states of the 9L double capacitor CCIL configu-
ration

Two capacitors 9 level voltage source inverter

Figure 2.7.: Double capacitor 9 level CCIL voltage source inverter

Figure 2.7 shows the proposed topology for a non-boosting 9 level inverter
with 2 phase capacitors. The voltage values are respectively 2U and U.
This is a redundant switching state topology (see §2.1.2). The modulation
algorithm is simplified and is summarized to choosing the proper switching
state among the possible redundant states.
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2.1. GENERAL TOPOLOGY OF THE CCIL

The topology uses one CCIL stage B’ and one “standard” stage B (“stan-
dard” meaning similar to the 5L ANPC stage). The simplification of the
cross switches in the first stage B is possible with non-boosting topologies.
Because of the two phase capacitors, the stored energy in the converter is
higher than in the single capacitor version.

Table 2.2 summarizes the mains characteristics of the double capacitor 9
level inverter topology.

Table 2.2.: Characteristics of the 2 capacitor 9 level voltage source inverter

Output voltage levels 4U,3U,2U,U,0,—-U, —2U, —3U, —4U
- 4 switches 4U (S1, Snp2, Snpl1, S2)
Characteristics of switches - 4 switches 2U (S11, Sil, Si4, S12)

- 2 switches 3U (Si2, Si3)

- 6 switches U (Si1, S21, Si4, S22)
Stored energy 2nd capacitor 25% of energy stored in
15t

Control of capacitor voltage | Appropriate choice of switching state.

Single capacitor 9 level voltage source inverter

Figure 2.8.: Single capacitor 9 level CCIL voltage source inverter

Figure 2.8 shows the topology of a single capacitor 9. CCIL boosting
voltage source inverter. The topology contains one CCIL stage B. This

20
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Table 2.3.: Characteristics of the single capacitor 9 level voltage source in-
verter

Output voltage levels 4U,3U0,2U0,U,0, -U, —2U, =3U, —4U
(voltage elevation)
- 6 switches 3U (S1, Snp2, Snpl, S2,
Characteristics of switches Sil, Si4)
- 2 switches 4U (52, Si3)
- 4 switches U (521, 522, Sil, Sij)
Stored energy 20% (5 times less) of the total energy

stored in the 2 capacitors of the previous
9 level configuration.

Control of capacitor voltage | Using a common mode control strategy.

topology is more compact then the previous one, but stabilizing the capac-
itor voltage (without use of an external circuit) is more difficult because of
non-redundant switching states. A strategy using common mode is devel-
oped and presented in §2.3.2.

This topology is optimal in the sense of the number of capacitors used
versus the number of levels generated.

The boosting characteristic can appear as a drawback for several reasons.
First in terms of required blocking voltage and secondly from the point
of view of capacitor voltage regulation. On the other hand, the voltage
boosting can result in a lower DC-link voltage, which in turn leads to lower
blocking voltage requirements. It does not mean that the total blocking
voltage is at the same level as, for instance, the double capacitor 9L CCIL.
Assessment of these aspects is done in §2.6.

From the point of view of control, it is shown that on non redundant
topologies, the boosting characteristic is actually helping in stabilizing the
system. This aspect is explained in §2.5.3.

Overall this topology offers an interesting study subject and it is the first
retained topology. It analyzed in detail in the next sections of this chapter.

Two capacitors 9 level stacked CCIL

Figure 2.9 shows another proposed topology for a 9 level VSI using a
stacked structure. The benefit of this topology is not obvious at first sight.
The reason it is presented here is to illustrate how the CCIL basic building
block can be stacked up to construct a different type of cross connected
inverter topology. Notice that in this case the input stage A is no longer a
NPC structure.
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Figure 2.9.: Double capacitor stacked 9L CCIL voltage source inverter

This is a boosting semi-redundant topology, so the behavior, from an
electrical point of view, is a mixture of the two previous topologies. Some
states can be stabilized using redundant states, while others probably re-
quire an appropriate control and modulation algorithm.

The bidirectional switch Si/ is not mandatory for the system to work, but
offers however a supplementary redundancy in the states used to generate
the output levels +U and —U. This topology is not studied further in this
work.

2.1.4. Pure CCIL topology

Besides being used in a hybrid configuration associated to an existing
multilevel topology, the CCIL PEBB can also be used by itself. It can be
cascaded in series or in parallel, Figure 2.10. The properties are not dis-
cussed or studied here, since the interest is to use the CCIL with the ANPC
topology. But for the sake of completeness, the possibility is mentioned.
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In this configuration, the topology offers the possibility to boost the volt-
age, and there are some redundancies for the stabilization of the capacitor
voltages. The detailed characteristics depends on what voltage ratios are
retained. It is also not clear if this solution has any advantages over existing
solutions such as the flying capacitor or the SMC.

2.2. Characterization of the CCIL VSI

2.2.1. From boosting to non boosting

The CCIL topology can have multiple forms. The redundant or non re-
dundant nature is coming from the choice of the voltage ratios, as explained
in §2.1.2.

On the other hand, the boosting and non-boosting behavior is only de-
fined by what are the allowable switching states for the converter. If all
the switching states leading to an output voltage higher than the DC-link
voltage are forbidden, then logically a non-boosting topology results.

From the electrical point of view, the boosting requires from the switches
to be able to block larger voltages, and voltage variations in both direc-
tions. This means that boosting topologies require, generally speaking,
extra blocking capability compared to non-boosting topologies.

From the topological point of view, designed a non-boosting CCIL in-
verter allows to get ride of the first cross connection. When this connection
is removed, it is never possible for the voltage to add up to a higher value
than the DC-link voltage. So from this point of view as well, the total
blocking voltage is reduced. Additionally, the number of switches is also a
little bit reduced.

2.2.2. General equations

Boosting capability and voltage ratios are the 2 parameters that deter-
mine how many levels can be generated by a given topology. The present
section gives some analytical equations relating the main characteristics of
the inverter to the number of stages, n, and the voltage ratios (for definition
of redundant, non-redundant and semi-redundant, see §2.1.2).

Table 2.4 gives the relationship between the number of levels produced,
L(n), and the cascade of n stages of the CCIL basic building block.

The total number individual switches, T'(n), needed par phase, in func-
tion of the number of cascaded stages, n, is given by the set of equations of
Table 2.5. This value T'(n) says how many individual switching positions
are necessary, independently from their blocking voltage (and if the switch
should have a 4 quadrant operation characteristic or not). Of course, in
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Figure 2.10.: Stand alone CCIL topology
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Table 2.4.: Number of output levels as function of stages n and inverter

parameters
Non Redundant boosting L(n) = S(n) = 3n+!
Non Redundant non- boosting Lin)=2-3"+1
Semi Redundant boosting L(n)=2"t2_-1
Redundant non-boosting L(n) =2"T1 +1

reality depending on the required blocking voltage, the equivalent switch
might require a serial connection of two or more switches. But this is not
considered here.

Table 2.5.: Number of individual switches as function of stages n and in-
verter parameters
Boosting T(n)=6+4-k
Non-boosting T(n)=8+4+4-(k—1)

Intuitively, it is already possible to predict that boosting requires more
blocking capability compared to non-boosting. This implies larger switches
(or series connection of smaller ones if larger switches are not available).
The normalized (to half DC-link voltage) total blocking voltage, B(n), for
n cascaded CCIL stages is given by the equations of Table 2.6.

Table 2.6.: Normalized (to DC-link) total blocking voltage required for cas-
cade of n stages

n
2 2 4
Non Redundant boosting B(n) =4+ I + E 1 + o
k=1

4
3n 3k

n
. 2 2
Non Redundant non-boosting B(n)=5+ — + E Pr= + —
k=2
n

2 2 4
Semi Redundant boosting B(n)=4+ — + Z i T +

2 2 4
Redundant non-boosting B(n)=5+ — + Z 4+ —
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2.2.3. Blocking voltage optimization

It is possible to optimize the total blocking voltage of the CCIL converter
topologies by sharing some switches across 2 switching positions. Analyzing
the different topologies drawn with series connection of elementary block-
ing voltage devices is helpful to point out a certain number of redundant
switches.

The single capacitor 9 level topology (Figure 2.8) is represented on Figure
2.11-top, using only elementary blocking voltage switches. By elementary
blockage voltage, it is meant the voltage of the smallest step U.

Figure 2.11.: Top: Single capacitor 9 level CCIL designed with elementary
switching devices. Bottom: Optimal design of the 9 CCIL

It is found that there is a redundancy of switches within the switching
position Si! and Si2, respectively between Si3 and Si4. A redesign of
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the circuit taking into account these redundancies leads to the topology of
Figure 2.11-bottom.
This means that the total blocking voltage of the CCIL converter can be

reduced by ), % and )", Qk—?il for the non-redundant, respectively

redundant design. This optimization is already taken into account in the
equations of Table 2.6.

2.2.4. 5 level ANPC as a part of the CCIL family

The 5 level ANPC inverter can be seen as a topology belonging to the
general CCIL topological family. The particularities of the 5L are redun-
dant and non-boosting behavior. From the previously defined design rules,
the topology can be drawn as a one stage non boosting redundant CCIL.
The equivalence is shown on Figure 2.12.

In non-boosting topologies, the first set of cross switches can be omitted,
as explained in §2.2.1. The simplification of the cross switches leads to the
simplification of the anti-series switches. Thus, the 5. ANPC topology is
then found.

T
Cq l 2U

Snp2

a . s T at sz2 T

Figure 2.12.: The 5L ANPC inverter is a one stage mon-boosting and re-
dundant CCIL inverter

2.3. 7 or 9 level CCIL

2.3.1. Retained topology

Figure 2.13 shows the retained topology which was already introduced
in the previous sections. The circuit is a 9L single stage boosting (or a
7L non-boosting) non redundant CCIL VSI. Stabilization of the capacitor
voltage cannot be done through redundant switching states. A stabilization
strategy, based on [29], using common mode is proposed and introduced.
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Figure 2.13.: The retained 9L CCIL voltage source inverter

The major drawbacks of this method are analyzed and a new stabilization
strategy is then proposed.

Because of the blocking voltage characteristics, the 9L inverter can be
restrained to a 7L, by renouncing to the boosting behavior. As it has
however no incidence on the general analysis of the topology, no restrain to
7 level is done at this point. Moreover, as far as the controllability of the
capacitor voltage is concerned, it is shown later that the behavior of the
system is performing less well with 7L compared to 9L.

The inverter topology contains one flying capacitor and one DC-link (plus
and minus) allowing 9 different output levels to be generated. To each of
these output levels is associated only one switching state VO to V9. V1’,
V3’, V4’ V5’ V6’ and V8, are redundant switching states in the sense
that they allow to generate the same levels but not from the point of view
of capacitor balancing. These states could be used for loss power balancing
and thus optimize the dissipation and cooling of the inverter.

Figure 2.14 shows all the possible switching states and the associated
output level for the 9L inverter. To each output level there is a defined
action on the capacitor, charge (@), discharge (&) or do noting to it (0).
Table 2.7 summarizes this behavior.

2.3.2. Common mode balancing strategy

Definition of voltages The following voltages are defined, Figure 2.15:
Viz, Vag and Vs; are line to line voltages. Vi, V2 and Vi are line voltages.
Vio, Vao and V3g are pole voltages.
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Table 2.7.: Switching states of the 9L CCIL voltage source inverter

Phase switching state Effect on Cy switching
Voltage SI [ Snp2 [ Snpl [ S2 [ Sil [ Si2 [ Si3 [ Sid [ S21 [ S22 [ ¢ >0 [ ¢ <0 | vector
—4U 0 1 0 1 0 0 1 0 0 1 S) S VO
—3U 0 1 0 1 0 0 0 1 0 1 0 0 V1
—3U 0 1 0 1 0 0 1 0 1 0 0 0 25
—2U 0 1 0 1 0 0 0 1 1 0 b S) V2
U 0 1 0 1 1 0 0 0 0 1 S 52 V3
U 1 0 1 0 0 0 1 0 0 1 = 52 V3’

0 0 1 0 1 1 0 0 0 1 0 0 0 V4
0 0 1 0 1 0 1 0 0 0 1 0 0 V4
0 1 0 1 0 0 0 0 1 0 1 0 0 V5
0 1 0 1 0 0 0 1 0 1 0 0 0 V5’
U 1 0 1 0 1 0 0 0 1 0 S 5 V6
U 0 1 0 1 0 1 0 0 1 0 S 5 V6’
2U 1 0 1 0 1 0 0 0 0 1 @ S) V7
3U 1 0 1 0 1 0 0 0 1 0 0 0 V8
3U 1 0 1 0 0 1 0 0 0 1 0 0 Ve’
4U 1 0 1 0 0 1 0 0 1 0 E ) V9
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DC
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Figure 2.15.: Definition of voltages for a 8 phased inverter with non con-
nected neutral point

Basic principle A direct conclusion drawn from Table 2.7 is that when
a given sequence is applied, say a PWM sinusoidal reference signal, no
control of the phase capacitor voltage is possible. It cannot be said that
there is a natural balancing of the capacitor’s voltage over a certain period,
although this can happen for some modulation indexes and some power
factors (cos ).

The only available action is influencing the output voltage (i.e. the ref-
erence signal) such that the required level has a corrective action over the
voltage of the capacitor. This means distorted pole voltages. This is the
idea behind the common mode control strategy. If the output voltages can
be modified in such a way that the capacitors are balanced and that the line
to line voltage remains undistorted, then the common mode component is
acting as a stabilizing factor.

The principle of operation with common mode is illustrated in Figure
2.13. It can already be seen that there is a certain number of limiting
factors:

e If one (or several) phase voltages are too close to the upper or lower
bounds (high modulation index), the common mode voltage margin
is too small to balance the capacitors. In order words, the degree of
freedom for the corrective action becomes smaller as the modulation
index rises.

e Correction of one phase capacitor can have the opposite action on
another phase capacitor. It might therefore be necessary to assess
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Figure 2.16.: Principle of the common mode action on the capacitor charge

if correcting one capacitor does not lead to the opposite action on
another capacitor such that the system becomes unstable.

The common mode control of the phase capacitor voltages is straight
forward to understand, but to define an appropriate control scheme is not
immediate or trivial. The main focus of this section, and the next ones, is
to provide some methods to help understanding the system dynamics and
define a control algorithm.

Regulation diagram Figure 2.17 shows the proposed common mode reg-
ulation diagram. The common mode component is calculated by the com-
mon mode regulator, based on the three phase capacitor voltage deviation
values, and added to the three reference signals.

Since the reference signals represent the pole voltage of the converter, the
common mode value can be seen on that voltage. But because the neutral
point of the converter is not connected, the line to line and line voltages
will remain undistorted.

Stabilization through common mode harmonic components

Common mode harmonic The strategy is inspired by the PhD work of
Martin Veenstra ([29], [30]). The idea is to modify the shape of the pole
voltage (by modifying the shape of the reference signal) with the help of

32



2.3. 7 OR 9 LEVEL CCIL

\Y
= o)
A
\Y

\
o ® ~[Pw] !
1 y

AC

t

Vv Phase Capacitor AV
2l Common Mode |- N
Regulator - o3

Figure 2.17.: Structural diagram of the common mode regulation strategy

a harmonic component common on the three phases so as to stabilize the
phase capacitor voltages. The harmonic component is a sinusoidal wave
with a frequency set as a multiple of the fundamental frequency.

The reference signal has a non sinusoidal shape in the following exam-
ples, because the third harmonic modulation strategy is used to be able to
increase the maximum modulation index by 15%. Also, the harmonics of
rank 3 and multiple are not directly considered here, since they already have
been the object of the previous study by M.Veenstra in [29]. Instead a con-
struction based on other harmonic ranks is used, to verify if this apporach
allows to get some different understanding of the control problem.

Figure 2.18 shows the result, Refpnn + CMharmonic of the application
of a 5'"® harmonic component, CMparmonic, on the three reference signals,
Refpnn. It is noticeable that the resulting signals are non-symmetrical.

The problem with non-symmetrical waveforms is that the influence of
the common mode on the capacitors will be different on the three phases.
Thus, it becomes more complicated to control the system because this dis-
symmetry.

Only 3" order common mode harmonic components, and multiples, pro-
vide a symmetrical signal on the 3 phases after addition with the reference
signals, [29]. To overcome this limit, an artificial common mode harmonic
signal is built. The idea is to use portions of 3 phases shifted harmonic
common mode signals.
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Figure 2.18.: Left: standard reference signals. Center: 5™ order harmonic
common mode signal. Right: resulting reference signal

Depending on the phase of the common mode harmonic signal, one of
the resulting reference signals, Refpnn + CMharmonic, is symmetrical, for
instance the phase 1 of Figure 2.18. Thus, by changing the phase of the
harmonic signal several times per period, it is possible to symmetries the
three resulting reference signals.

The common mode signal, which is the sum of a short sequence of the
given phase shifted harmonic signal is constructed, Figure 2.19. Symmetric
signals are obtained on the 3 reference signals, as illustrated on Figure 2.20.

Having a symmetrical signal on the 3 phases allows to simplify the con-
trol algorithm. When one phase is balanced then the 2 others are as well
balanced, if the 3 phased system is perfectly symmetrical.

Using this method, it is possible to add up several common mode har-
monic components of different frequencies, different phases and different
amplitudes. Each combination of common mode harmonics has a different
effect on the balancing of the phase capacitors. But to define which is the
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Figure 2.19.: Construction of common mode harmonic for symmetrical ref-
erence signals

optimal sequence is not trivial, as there is theoretically an infinite number
of combinations possible.
The mathematical representation of the resulting signal is given as:

— -,

Ut,8,k,A) = Aysin(2-7-fr-ki+014¢)+...

+An Sin(2 s T f'r' . kn + en + ¢) (23)

with

@

Starting angular position (phase) of the n common mode
harmonic signals

Amplitudes of the n common mode harmonic signals
Frequency factor of the n common mode harmonic signals

2r Am
h. hift € [0; —; —
pase51€[,3,3}

< ??‘libl

Third harmonic modulation It is common, in three phased inverters, to use
third harmonic modulation signals (see Figure 2.18 or 2.20). This method
provides a similar modulation pattern as given by vector modulation, and
thus allows to reach modulation indexes up to 1.15.
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Figure 2.20.: Left: standard reference signals. Center: 5™ order symmetri-
cally constructed harmonic common mode signal. Right: re-
sulting reference signal

Third harmonic modulation is in fact a common mode pattern. Looking
at the way the signal is constructed (equation (2.4)), it is seen that the
same given time dependent value is added to the three references. This
time varying signal is therefore, by definition, a common mode signal.

lui] if |ui| < |uz2| and |u1| < |us|

Ugra = lug| if |ue| < |ui] and |uz| < |us| (2.4)
lus| if |us| < |ui] and |us| < |uz]

ui’rd = u+ u‘gd (2.5)

ugm = uz+ %Trd (2.6)

ugrd = wus+ u:)’zrd (2.7)
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Phase of the current The phase of the current has in important influ-
ence on the phase capacitor voltage control. As shown on Figure 2.21,
the instantaneous value of the current (which depends on its phase and
amplitude) has a significant influence on the charge and discharge of the
capacitor. This means that one given pattern will only work for one given
power factor.

Charging ygiate

of capacitor t1 t2
V6 ¢ ¢ current
0 V5 voltage
+ —V3

I

\

Figure 2.21.: Influence of the phase of the current on the flying capacitor
ripple - the amplitude of the current varies with the time, so
a given voltage pattern will not influence the capacitor voltage
the same way with different cos ¢

Effects of the common mode harmonic parameters variation Before de-
signing a “common mode harmonic” controller adjusted in frequency, phase
and amplitude, it is necessary to verify the controllability of the system with
a common mode regulator. The analytical expression of the system being
non-linear and rather complex, a variation of the parameters (amplitude,
phase, frequency) in simulation is used to determine if the system can or
not be controlled in such a way.

Each parameter is varied in turn, while the 2 others are kept constant,
and the controlled variables are observed. These simulations are done with
Matlab, using the PLECS Toolbox. The results are presented on the graphs
(amplitude - Figure 2.22, frequency and phase - Figure 2.23) and show
the evolution of the capacitor voltage during 2 grid periods. The initial
condition is the capacitor voltage loaded at its nominal value.

As it can be noticed from the simulation results, some set of parameters
charge while others discharge the capacitor (regions in red or in blue re-
spectively, other colors are intermediate states). From these results, it can
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be concluded that, by varying the parameters adequately, it is possible to
control the phase capacitor voltage.

Since, in a symmetrical 3 phased system, all three capacitors are sta-
bilized by the same common mode scheme, finding the correct sequence
can ensure proper stabilization. Optimally determining these parameters
(frequency, amplitude and phase) is the object of the next section.

—

Ucommon mode = f(Aiy Ea 9) (28)

vic

Figure 2.22.: Amplitude variation of a 5th order harmonic common mode
value - red means over-charged, blue discharged

2.3.3. Mathematical model
Electrical equations

A model for the 9L inverter is derived from the system equations. It is
necessary for the controller to have the most accurate possible representa-
tion of the reality while still maintain the complexity level in a reasonable
range as it should be solved on-line.
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o0, VEF

Figure 2.23.:

400
Time °

Top: Frequency variation of common mode value with a phase
angle of w. The order k varies from 2 to 40. Bottom: Phase
variation of a 5th order common mode signal. The phase ©
varies from 0 — 2w - red means over-charged, blue discharged
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One straight forward way to model the system is to start with the elec-
trical equations of the system. Considering as hypothesis a perfectly sinu-
soidal current at the output, no parasitic elements and an infinite switching
frequency, the electrical equation of the capacitor can be derived:

Upelt) = cif / i re(£)dt + Useo (2.9)

The current flowing through the capacitor depends on the output current
magnitude (considered as an ideal sine source) and the switching function,
which describes how the capacitor is connected from the DC-link to the
output. The switching function fs, is:

fow(z) = ric1-Sica+ (1 —ri—1) - Ss (2.10)
with
U; 1<2<U;
z — UZ
U Ui,

Si=sign(if.)|U;

The eq.(2.10) describes the relationship between the input reference and
the resulting PWM signal. The PWM is defined by the ratio of the two
adjacent levels composing the output signal. For each output level U;, a
current direction S; is applied with the rate ;. The S;’s are defined by the
structure of the topology (see Table 2.7). The result of the switching func-
tion is a value € [—1;1] which gives an approximation over one switching

period of the direction of the current across the phase capacitor.
If (2.10) is replaced in (2.9) and with a few steps, the following state
equation representing the model of the system is obtained:

1 G
f
with
z(t) : flying cap voltage
zo = V5(0) : flying cap at t=0
Wi(t, @) = tout -sin(2-m- fr-t+ ) : output current
Wa(t)= m-sin(2-7- fr-t) + H3(t) : modulation signal
Hs: 3% harmonic
U(t, 6, k, )= Aisin(2-7- fr k1 +01+A¢)+... U:common mode

+Ansin(2 -7 fr - kn + On + A¢) é, E, A are vectors with
several common mode
harmonic components
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The state equation (2.11) is a non linear function of the common mode
harmonic components and the flying capacitor voltage, considering grid
current and the modulation signal as disturbances.

Flying capacitor voltage using a 5th rank common mode harmonic

Model result of the flying capacitor voltage using a 5th rank common mode harmonic

875t |

dvic

8601

8551

8501

Figure 2.24.: Flying capacitor voltage using a 5th order stabilization com-

mon mode signal. Left, simulation, and right, mathematical
model results.

Comparison between the model and simulation results show that the
correlation is not very good although the allure is similar. Divergence
over the time can be typically corrected closed loop correction of the state
variables.

Conclusions

It can firstly be noted that the model presented here, even though it is a
much simplified representation of the reality, is already quite complex and
non-linear. The discrete characteristic of the switching events is made con-
tinuous by a mean value approximation in order to avoid having a discrete
time hybrid system (which would lead to a mixed logical dynamical model
and therefore complex algebraic calculations) but still the equations remain
highly non-linear. The results of the model show a correlation with reality
(in this case simulations) but the performance is not so good.

But more importantly, this modeling does not allow a direct understand-
ing of the influence of the parameters on the system dynamics. For this
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reason mainly, a different approach to the modeling of the system was
undertaken. The aim is to try to reveal the influence of adding some har-
monics, or changing the power factor, on the stabilization of the capacitors
of the CCIL topology.

2.3.4. A graphical model
Background motivation

The idea is to find a new model which allows a general understanding of
the system’s dynamics, for any power factor or modulation index. In his
PhD work, Martin Veenstra presents a set of graphs showing the charging
and discharging regions in function of the modulation index and the power
factor. The target here is to obtain one single representation valid for all
modulation indexes and power factor.

The expected representation is obtained inspired by the work done by
Christoph Haederli, on the representation of the neutral point current, for
his PhD work.

Common mode representation

Methodology The representation is built in two phases. First the current
is considered. Since the capacitor voltage is exclusively controlled by the
current, it is necessary to find the graphical adequate representation for the
current flowing through the capacitor.

The second phase concerns the output voltage. Since the modulation
must ensure that the output remain undistorted, the maximum allowable
common mode regions have to be drawn such that they are never exceeded.
The control variable is the common mode voltage, so it must be drawn in
a proper way as well.

First step - the current The current is considered as perfectly sinusoidal
and of constant amplitude. The influence of these hypothesizes are dis-
cussed later. Thus, in space phasor representation, the current moves
around a circle of constant amplitude and with a constant speed, Figure
2.25B.

Instantaneously, the sign of the current flowing across the the capacitor
depends on the converter’s switching state and is described by the switching
function, eq.(2.11). The amplitude of the current is given by the instanta-
neous current magnitude.

Because the current amplitude varies like a sinus with a fixed frequency,
the current across the capacitor, for one switching state, behaves like a
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sinus as well. A maximum current will become a minimum current after
half a period. At each levels, the current amplitude is plotted, and between
the levels, a linear extrapolation is done, Figure 2.25A.

The global picture coming out of Figure 2.25 is that, as the red phasor
moves to the blue one, the red pattern turns into the blue one.

I (p.u)

fe

Levels in phase 1

A B

Figure 2.25.: Common mode general representation - step 1

The output voltage is now also considered. Assuming that the current
and voltage are in phase, the voltage is also represented by the points (1)
and (2), Figure 2.25B. The voltage is generated by the choice of the appro-
priate level at the output. Assuming that the voltage of point (1) corre-
sponds to a positive amplitude between 3 and 4, the point (1) is represented
on the red current pattern, Figure 2.25A.

Since the voltage is also sinusoidal, the point (1) moves to the point (2).
At the same time, the current pattern moves from the red to the blue. This
gives an image of the current amplitudes the phase capacitor sees, and is
precisely what is looked for.

Second step - the common mode The dashed red area on Figure 2.26
represents the maximum allowed common mode amplitude on the upper
and lower side in function of time. The size of the common mode area is a
function of m and of time. The common mode which can be applied is not
the same everywhere during one period. There is also a anti-symmetry on
the common mode area between the positive and negative side.

Final step The two representations of Figure 2.25 and 2.26 are combined
into a single Figure 2.27.

The background pattern of the figure is the capacitor current amplitude
pattern defined by the current amplitude and the switching states. The
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Figure 2.26.: Common mode general representation - step 2

Y

pink regions are positive current densities regions and the blue negative
current density regions.

The levels are indicated on the Y-axis. For a given level, i.e. on a horizon-
tal line, the current density follows a sinusoidal variation which amplitude
depends on the switching state.

The influence of a different power factor cosp (i.e. a phase shifting of
the current with respect to the voltage) is translated by a shift of the back-
ground pattern toward the left or the right, with no change in the structure.
In fact, the structure depends only on the topology of the converter (see
Table 2.7).

The black sine curve is the reference signal. The common mode region
is represented here by the darker area around the voltage reference. If the
reference plus the common mode stabilization value remain in this area,
the phase to phase voltages are never distorted.

Capacitor voltage ripple analysis

With the new graphical model, it is possible to analyze the common
mode harmonic strategy of §2.3.2, and explain and reproduce the resulting
waveform of the flying capacitor voltage observed in simulation. The volt-
age trajectory is plotted in the model, and the capacitor ripple is analyzed,
Figure 2.28. The trajectory crosses two main areas denoted as 1 and 2.

1. In this region, the voltage trajectory crosses regions where the capac-
itor is loaded with high charging and discharging current densities in
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Figure 2.27.: New general common mode representation

A

Figure 2.28.: Flying capacitor ripple analysis
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a short period of time. The natural consequence is a high frequency
and high amplitude ripple on the flying capacitor.

2. In this region the trajectory crosses a much “flatter” region. This
results in the low frequency ripple that is observed from simulation
results.

Graphical model

Fiying ca Graphical Model result of the flying capacitor voltage using a 5th rank common mode harmonic

Flying cap voltage[V]
dvef

o uZmD:Es] B oo T\mgo[ms]
Figure 2.29.: Flying capacitor voltage using a 5th order stabilization com-
mon mode signal. Left, simulation, and right, graphical model
results.

Not only can the representation be used to analyze the capacitor ripple,
it can also be used as a model. Integration of the background on the
trajectory described by the curve on Figure 2.28 gives the waveform of the
flying capacitor voltage (Figure 2.29). When compared with the simulation
results (Figure 2.24) it is seen that the curves are pretty similar, even though
the discontinuous behavior is not modeled in the graphical representation.

Limitations and use

The developed model is very convenient for implementation. It is ba-
sically a 2 dimensional lookup table giving the relative amplitude of the
current in the phase capacitor as a function of the relative output voltage
amplitude and the time. Very low calculation power is required, and the
model is valid for any operating points and power factor.

There are two main limitations that must be taken into account regarding
the graphical model of the CCIL phase capacitor. It should not be forgotten
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that the representation results from a simplification of the real life behavior
of the system.

First, the currents are always considered sinusoidal. If this should not
be the case, the representation can be modified adequately. But in the
case the representation is used like a model of the system, and stored in a
lookup table, it cannot be modified on-line. In that case, the model would
no longer be valid.

Secondly, the switched behavior is not modeled. Linear extrapolation is
done between the levels to get a piecewise linear switching function. If the
switching frequency is too low compared to the capacitor voltage inertia,
then the model is also not longer valid.

Conclusions

With the new representation method developed in this section, several
interesting results are obtained. Physical understanding of the influence of
the common mode on the flying capacitor voltage ripple is achieved. This
representation, helps to explain and even reproduce the capacitor ripple
waveform as well, if not better, then the previously developed mathematical
model, §2.3.2.

It is a powerful tool to qualitatively predict what is the influence of given
control signals, and can therefore be used as a simple model of the system
(in the form of a lookup table for instance) for implementation of a capacitor
voltage regulation algorithm.

2.3.5. Blocking voltage requirements
Hybrid topology

Until here, the topologies were always drawn with full IGBT configu-
ration. It is however reminded that the initial topology is the 5L hybrid
ANPC configuration. Hybrid in the sense that the switches are of mixed
type, IGBT and IGCT, according to their respective voltage stress in the
circuit.

In this section a small analysis of the blocking voltages is done, in order
to give an idea about the requirements in terms of components for the CCIL
and the influence of the voltage boosting over this aspect.

The IGCT stage of the 5L requires 3.2kV DC blocking voltage capability.
It is a low switching frequency stage (fundamental switching frequency)
which makes use of IGCTs interesting in terms of conduction losses.

The 4 IGBTs require 1.6kV of DC blocking voltage capability. One crite-
ria for measuring the characteristics of the inverters, and which is used later
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Figure 2.30.: 5L ANPC - blocking voltage requirements

on for the comparison of the topologies, is the total installed blocking volt-
age. It is the sum of the blocking voltage of every individual switch within
the circuit. This figure gives an image of the amount of silicon installed
and reflects to some extent the costs and the losses induced by the circuit.
For the ANPC converter, the overall total blocking voltage requirement is
19.2kV.

9 level and 7 level CCIL single capacitor

Until now, nothing has been discussed about the switching frequency of
the high voltage stage in the boosting CCIL configurations. Because of the
common mode control algorithm, it is possible that the high voltage stage
must switch with a higher switching frequency than the fundamental.

For that reason, the switches are drawn using all IGBT configuration.

The total blocking voltage for the 9L single capacitor CCIL is 19.2kV
as well. The boosting capability implies that the DC-link voltage can be
reduced.

The 7L CCIL single capacitor topology is in fact the 5. ANPC with a
different voltage ratio on the capacitor. The total blocking voltage of the
converter is in this case also 19.2kV.

It should be kept in mind that the 7L and 9L CCIL topologies cannot
achieve maximum modulation index at active power. In other words this
means that a higher DC-link voltage would be required on the 7L and 9L
inverters in order to get the same output power, thus a higher total blocking
voltage with respect to the output power.

48



2.3. 7 OR 9 LEVEL CCIL

2.4kV ov -2.4kV
800V

/TN

@ ON
B OFF
Current

-3.2kV

o}
Phoenix 9L

@® ON
B OFF
Current

-3.2kV

C/=|1066V

Phoenix 7L
c,——
aokv | e
ol P | ™h [/Ph
RZ T ORNL
Tsy

_|_Snp2 l

/e
T s2 T

2 822

Figure 2.31.: 9L (top) and 7L (bottom) - blocking voltage requirements

As the maximum modulation index with the proposed strategy is known,
it is possible to define how much more blocking voltage is necessary. This
amount is not an absolute value, since optimizing the control can allow
to reach higher modulation indexes and thus, reduce the total blocking
voltage.

The modulation index limit observed in simulations for the 9L CCIL
around m = 0.9. This means that to reach the same output power then
an inverter with a modulation index of m = 1.15, the DC-link must be
increased by approximately 20%. Thus the total blocking voltage rises
from 19.2kV to 24kV.
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9L double capacitor CCIL

Just as an additional information, the blocking voltage of the 9L double
capacitor is also given here. Since the topology has redundant states, it can
be drawn using IGCTs. Fundamental switching of the high voltage stage
can be ensured. The total blocking voltage is 24kV.
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Figure 2.32.: 9L double capacitor CCIL - blocking voltage requirements

2.4. Modulation algorithm

2.4.1. Model predictive control
Principle

Model predictive control becoming more and more common in industry,
[31]. It is quite commonly used since the 1980s in complex but slow systems,
like petrochemical plants, but can be traced back to the 1960s, Kalman
et al., [32], [33]. With the increasing computational power, this control
strategy is becoming applicable in a larger variety of systems. The concept
is relatively simple in theory, but applying it to a non-linear system with
n-degrees of freedom is however not so trivial.

MPC is discussed here because the graphical model offers interesting
perspectives regarding the prediction of the capacitor voltage variations,
and that thus, it might be possible to optimize the ripple with the help of
this powerful control theory.

As demonstrated by the open loop multi-parametric simulation results
(§2.3.2), the control of the flying capacitor voltages by common mode har-
monics is possible. However the influence of the control parameters on the
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Figure 2.33.: Model predictive control strategy - minimize the trajectory er-
ror on a given horizon

capacitor voltage is highly non-linear. One possible way to control this sys-
tem is to use model predictive control. The outputs can be predicted for
various input parameter combinations and the best solution retained.

MPC schemes, Figure 2.33, [34], [35], are based on measurement (and/or
estimation) of the converter state (currents, voltages) at current time and a
model of the system. The evolution of the controlled variables is predicted
for various inputs and tuned until the predicted output error is minimized
over a so called prediction horizon.

In the present case, finding the optimal control sequence requires min-
imizing a linear or quadratic optimization problem, subject to non-linear
constraints (the model of the system), with n-degrees of freedom. The
number of variables in the optimization problem, n, is the control horizon
size multiplied by the number of parameters to optimize. This means that
the control equation to be solved is rather complex, and stability issues are
non-trivial to answer.

Formulation of the control problem

This section reminds the basic principles of model predictive control. Be-
cause of computational constraints, the cost functions are most of the time
chosen as quadratic, unless the problem explicitly would require a linear
cost function. In the case of the CCIL topology, and for minimizing capac-
itor voltage deviations, quadratic cost functions ought to be well suited.

In general, for linear systems, the state equations can be written as:

£ = Ai+ Bi (2.12)
= OZ+Diu (2.13)

<y
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The optimization problem reads :

min J (2.14)
u(t,t+T)
with
1 [T 1
J= 3 / z(7)TQa(r) + u(r)T Ru(r)dr + §I(t + )T Px(t+T) (2.15)
t

quadratic cost terminal set

Assuming it is possible to solve the optimization problem J, under
the constraints given by the system’s state equations, a control sequence
u*([t,t + T)]) is obtained. This sequence is the optimal solution of the con-
trol problem. If the system is ideal (no disturbances, perfect model), the
sequence can be applied and the output will perfectly match the reference,
with a minimum cost, after time T (prediction horizon).

In reality, the sequence cannot be applied from the beginning till the end,
since an ideal system does not exist. A closed loop version of the MPC is
then used. It is called receding horizon MPC and it introduces a feedback
in the controller, [36]. Only the first sample of the calculated sequence is
applied to the output. At the next step, a new optimal control sequence
u* ([t +1,t + 1 4 7)) is calculated, of which only the first step is applied,
etc.

The quadratic cost function J is the Lyapunov candidate function for
assessing the stability of the system. It can be demonstrated that with
infinity time prediction horizon, and convex constraints, the quadratic cost
function is a strictly decreasing energy function. Thus, there exists one and
only one solution to the optimization problem. The problem is then always
feasible and the controller is stable.

For non infinity time prediction horizon, which is the case in real life, an
additional term is necessary to ensure stability. This term covers the time
from the end of the prediction horizon up to the infinity, and is called the
terminal set.

To summarize, the terminal set is required because receding horizon MPC
is only a suboptimal solution to the optimization problem. Stability can
only be demonstrated for infinity time prediction horizon, so the terminal
set must cover the part of the cost function from time N + 1 to infinity.

Equation (2.15) contains 2 terms. The first expression (inside the inte-
gral) is the quadratic cost function to minimize (error on the states of the
predicted output). Matrices @ and R give relative weights to the states and
the inputs, and can be used, if necessary, to tune the optimization. The
other term of the cost function is the terminal set. There are several ways
to determine this terminal set, who lead to various MPC strategies.
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It is also fundamental to define how the problem should be solved. If it
is possible to decompose the system in piecewise affine subsystems, linear
MPC can be applied locally.

Explicit MPC strategies (off-line MPC) can also be interesting since they
implicitly define linear regions. The controller gains are then implemented
in a look-up table, in function of the region where the system is, defined by
states, the correct gains can be retrieved from the table.

Applying MPC to the CCIL inverter

The main difficulty in applying MPC to control the capacitors of a CCIL
inverter is to define the system’s equations. They must be defined math-
ematically. Preferably, they should be linear, and it is indispensable that
are convex. The problem can then be formulated, and ideally, the stability
can be assessed.

The optimization problem must then be solved. Here also, solving the
quadratic control problem is most likely non-trivial.

At this stage of the work, one of the main interest is to assess whether
the topology actually can be stabilized with the proposed model, and what
are the expected performances. For that reason, spending a lot of time on
developing a MPC scheme for this topology is not desirable.

Conclusions

MPC is a powerful control strategy, but has several drawbacks: the for-
mulation of the problem and the stability of the controller are important
and hard to solve, and would need some time.

It is important to remind that at this stage, the principle target of the
work is to demonstrate the feasibility of the stabilization concept, in order
to assess the performances provided by the CCIL topology. Future work
can include advanced control schemes to get higher performances out of
the system, but at this stage, functionality is the main aspect to be demon-
strated.

This is the reason which motivated a different approach of the control
problem. A more direct method was retained, which certainly gives less
good overall performances than a carefully defined MPC scheme but which
is, on the other hand, more straightforward to implement.
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2.4.2. Fuzzy logic control
Motivation

Use of fuzzy logic control in multilevel inverters is not new, [37]. It is
usually motivated by control of complex non linear systems for which a
good base of knowledge is available and can be exploited. The basic idea of
the control scheme is to use the graphical model to get information about
the system’s dynamics and evolution.

The graphical model of section §2.3.4 easily gives a qualitative informa-
tion about the behavior of the system (it is of course also possible to get
quantitative information out of the model if necessary). The common mode
harmonic approach is dropped and a strategy focusing on the correction of
the deviation of the capacitors one at a time is chosen. This results in
a high frequency common mode pattern which corrects the capacitors the
most deviate in priority.

Since a simple, yet robust, algorithm is desired to mainly demonstrate
the feasibility of the balancing on the CCIL topology, fuzzy logic controller
is well suited. The information given by the graphical model can be directly
used and systematical development of the regulator makes the implemen-
tation easy.

The development and implementation of a fuzzy logic controller for the
CCIL topology, which allows balancing of the phase capacitors of the circuit,
with the help of a graphical model, is one the the original contributions of
this thesis. The structural diagram of the regulator is already presented on
Figure 2.17.

Fuzzy logic - Basics

In this subsection a short reminder of the basics of the fuzzy logic control
is given.

Figure 2.34 shows the structure of a fuzzy logic controller. The first step
is the fuzzification of the input value. The result is a fuzzy vector which
contains as many fuzzy variables as there are of membership functions (the
input fuzzy sets characterize the input, for instance, moderately charged,
strongly discharged, etc). The fuzzy variable indicates the degree of belong
of the input value to the membership functions (or fuzzy sets). In the
example of Figure 2.34, a is the degree of belonging of = to the fuzzy set
A, and b of z to B.

Once the fuzzy input vector is known, the fuzzy output vector is con-
structed by means of the fuzzy inference and the fuzzy output sets. The
inference is a rule which describes how the degrees of belonging to the input
fuzzy sets apply to the output fuzzy sets (the output fuzzy set describe the
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controller
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Fuzzy input vector Fuzzy input vector Sum-Prod
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X0 y
a Y,0
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Fuzzy output vector
Fuzzification Fuzzy inference Defuzzification
A,....E : Fuzzy input ensembles V,....Z : Fuzzy output ensembles (here singletons)

Figure 2.34.: The 3 main steps of fuzzy logic control: fuzzification, fuzzy
inference and defuzzification.

set of actions to be taken, for instance moderately discharge, or strongly
charge). On Figure 2.34, the degree of belonging to A is directly related to
the output singleton V', B to W, etc. With this, the output fuzzy vector is
constructed.

The last step is transforming the output fuzzy vector into a numerical
value which is the output value of the controller. This can be done in sev-
eral manners among which the sum-prod, max-min, or max-prod methods.
For instance, the sum-prod method consists in multiplying the degree of
belonging to the set and summing all these products. For example:

y=V-a+W-b+X-0+Y -0+2Z-0

CCIL 9 level - Input fuzzy set

The first step is the fuzzification of the flying capacitor voltage. Five
input fuzzy sets are chosen, as shown on Figure 2.35. The values of =1 to
x5 are constants. The maximum instantaneous current amplitude, applied
during one switching period on the phase capacitor of known value, deter-
mines the largest voltage difference which can be corrected in one cycle.
Thus it determines what the boundaries of the fuzzy sets are (z1 and xs).
The other points are linearly extrapolated in between.
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Strong Medium Medium Strong
negative  negative positive positive

Flying capacitor voltage

Figure 2.35.: Fuzzy input set

For example, with a moderately over charged capacitor, the fuzzy input
vector could look like:

0
0
Vie = 0
4/5
1/5
CCIL 9 level - Output fuzzy set

The output fuzzy sets are dynamic in this application. A new output
fuzzy set is defined at every clock cycle, based on the pattern given by the
graphical model over a certain prediction horizon.

Output level Y

............ Y = Local min
- min .
coordinate

= Local max
max .
coordinate

t t +t

0 0 control

Figure 2.36.: Pattern over the control horizon teontrol -
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Figure 2.36 shows a point at a given time (yellow spot). It follows a sine
reference signal on which a common mode value will be applied to stabilize
the capacitor.

Onwards from the yellow point stretches the control horizon tcontror- This
is actually the time during which the calculated common mode sequence
is applied (i.e. it can be equal to the the switching period or longer).
An optimal solution as far as control is concerned is to choose tcontror =
tswitching~

A first analysis of the pattern in the region defined by the control horizon
is needed to find a local maximum and a minimum (red and blue areas).
In some cases, with very low modulation indexes, there could be several
maximums and minimums in which case adjacent maximum and minimum
should be chosen.

The coordinates! of the max and the min (Ymaz and Ymin) are used to
determine the fuzzy output set. It is important that the search for the
max and the min is done two dimensionally, over the area defined by the
control horizon without taking into account, at this point, the common
mode limits.

Pattern vector

\|/1 \{2 V3 Y4 Y5
I T 1 1
: >
min 1 max
Local Local
min max

Figure 2.37.: Position of the local mazximum and minimum compared with
the absolute ones

The output set contains the coordinates of the points with the strongest
charge respectively discharge available on the prediction horizon. The other
points are defined by liner extrapolation. Figure 2.37 illustrates this proce-
dure. The local minimum is always “smaller” or equal (in absolute values)
to the absolute minimum (the point over all the operation area where the
discharge is the strongest). In the given example, the strongest discharge
cannot be applied on the capacitor. Similarly for the maximum. The out-
put fuzzy set is defined as:

1The background pattern is built as a lookup table which is why the term coordinates
is used

57



2.4. MODULATION ALGORITHM

strong discharge region(—1) Ymin

medium discharge region(—0.5) Ymin
Vpattern (t) = zero influence region(0) = y3
medium charge region(0.5) Y4

strong charge region(1) Ymaz

The values y3 and y4 are found by linear interpolation between ¥y, and
Ymazx:

Ymin if local_min < n
n € {—1;—-0.5;0;0.5; 1}

Ymazx if local_mazxz > n
n € {—1;-0.5;0;0.5;1
Vpatterny (t) = {-1 ;0;0.5;1}
local_min — n
Ymin — ( else

(local_max—local_min) )

[Yymaz —Yminl
n € {—1;-0.5;0;0.5; 1}
The output fuzzy set indicates the coordinates (i.e. the common mode
value) for all the possible corrections of the capacitor voltage at a given
point in time. If the necessary correction is not available at the present
converter state (i.e. the available horizon) the best choice is going to the
least harmful operating point for the capacitor.

Defuzzification

Once the fuzzy output set and the fuzzy input vector are know, the fuzzy
output vector is obtained easily by a simple multiplication between the
fuzzy input and the inversed pattern vector (output fuzzy set). The inverse
is chosen because when the capacitor is charged, the control will try to
discharge it, and vice-versa.

In other words, the current status of the flying capacitor (mostly mod-
erately charged) is used to find the needed correction (go mostly to the
moderately discharging region). This means mathematically:

Ymazx 0
Y4 0
‘/p/attern : Vfc = Y3 . 0 (216)

The result of this operation is an output fuzzy vector containing the
coordinates of each type of region weighed by the desired correction fac-
tor (in fuzzy logic language, this is called the degree of belonging). The
defuzzification is done using a sum-prod algorithm:
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youtzoymaz+0y4+0y3+4/5ymzn+1/5ymzn

The result is an output coordinate which corresponds to a point in the
control horizon plan. This point is extrapolated to a trajectory (a line)
which is the optimized output signal. It needs to be restricted to the allowed
common mode region and then it can then be applied to all the phases
(Figure 2.38).

=y Common mode Common mode
out min limitation value

Y

Figure 2.38.: Once the optimal trajectory has been calculated it must be re-
strained to the common mode region.

On Figure 2.39, the result of the fuzzy logic control strategy using the
graphical model is shown. It can be seen that the ripple on the flying
capacitors is now a random function. The strategy consisting in correcting
the most deviated capacitor in absolute value gives good results.

Common mode regulator structure

Putting the various functions, described previously together, yields the fi-
nal common mode fuzzy regulator. Figure 2.40 shows to structural diagram
of the regulator.

Stability analysis

From a strictly theoretical point of view, the stability analysis of the
developed fuzzy regulator is not easy to prove. With non-linear systems,
asymptotic stability is demonstrated based on the eigenvalues of the system,
using the Lyapunovs’ methods, [38].
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Figure 2.39.: Waveform obtained with the fuzzy logic controller at a fre

quency of 2kHz, m = 0.9, Cy = 2mF.
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Figure 2.40.: Common mode fuzzy logic requlator structural diagram

In this case, the system’s equations are not available. Because of high
non-linearity, they cannot be derived easily from the graphical model (al-
though it would formally be possible to do so based on model construction
rules). So a different approach is proposed to get some idea about stability
of the regulator.

The idea is to demonstrate that as time goes to infinity, the system
will always tend toward the origin asymptotically. This means that the
stability analysis demonstrates that the system will never diverge because
of regulator uncertainties under certain operating conditions, and that it is
always able to bring the error back to zero as times goes to infinity. From
this point of view, some statements can be made.

The system to control is a bunch of capacitors. The dynamics tied to this
system are of integral type, unless a short happens between the capacitor
and the DC-link. Assuming that the modulation never shorts the capacitor,
which is a coherent assumption for demonstration of stability of the fuzzy
logic controller which does not look after the modulation, the system can
therefore be modeled by some energy function.

The graphical model is closely connected to the physical properties of
the system. Because the fuzzy controller rules are based on the inversion
of this model, and assuming that the inversion can happen properly (i.e.
in other words that the common mode margins are large enough), and
because, as demonstrated previously, the controlled variable functions are
energy functions, the closed loop equation is somehow a decaying energy
function.

So although there is no formal proof of the stability, it can be assumed
that the controller is asymptotically stable if the model of the system is
correct and the margins are sufficient.

As final word about stability, it can be added that extensive simulation
have never shown unstable behavior. It should also be mentioned that
formal demonstration of stability is, of course, of high interest on final
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solutions. But in this case, the idea is more demonstrating the topology
then offering the most efficient control algorithm.

2.4.3. Maximum theoretical modulation index

The maximum theoretical modulation index which can be achieved by
the CCIL converter is calculated based on the principles introduced by
S.Mariethoz in his PhD work, [21]. The idea is that the maximum power
transmitted by the converter is given by fundamental component. The
only cells to supply energy to the output are the fed cells, in this case the
DC-link.

Thus, the DC-link fundamental waveform is a square waveform of ampli-
tude 3U. The maximum modulation index is therefore mmaz:% = 0.955.

2.5. Simulations

2.5.1. Simulation setup
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Figure 2.41.: Simulation setup circuit.
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The fuzzy logic controller is implemented in Matlab Simulink with PLECS
for the power electronics part. The simulations show that the control al-
gorithm allows the flying capacitor voltage to be stabilized. The circuit
setup for the simulation is configured as a 3 phase symmetrical system,
connected to 3 phase shifted voltage sources, to simulate the grid, through
an RL load simulating the transformer (Figure 2.41). The phase capacitors
Cy = 2mF, the output transformer is modeled by an inductance with an
impedance X,y calculated as 15% of the base impedance, plus a grid short
circuit ratio of 20, and Roy: is 2% of the base impedance (base impedance

Zy =Vir/(V3-1)).

2.5.2. 9 level single capacitor CCIL

Line to line voltage
T

5000

Voltage [V]
o

-5000

Output current
T

Current [A]

Phase capacitors voltage

40
time [ms]

Figure 2.42.: Simulation waveforms for the 9L CCIL single capacitor, at
m=0.9, 2kHz

The 9 level inverter cannot be stabilized with modulation indexes greater
then 0.91 at full active power, while it is possible to stabilize for any mod-
ulation index under full reactive power.
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The presented simulation waveforms (Figures 2.42) are obtained at m =
0.9, o = 0, Vi, = 4160V, Lyms = 900, Cy = 2mF, fo, = 2kHz, Vpe =
5.675kV, Vey = 946V.

The voltage ripple amplitude on the phase capacitors is +150V. This
coincides well with the estimated ripple amplitude given by the graphical
model (Figure 2.39) which is also £150V.

The capacitor voltage contains some spikes of relatively high amplitude.
These can be due to over- or under-corrections of the regulator, or are the
result of the correction on another phase capacitor.

The line to line voltage has a good harmonic content (§2.6.3), but there
is a low frequency ripple on the output currents. Simulations have shown
that with a more stable phase capacitor voltage, these low frequencies are
reduced. This indication about the origin shows a correlation between the
harmonic content of the capacitors and the output current, while the voltage
seems not to be influenced so much by the capacitor ripple.

The control signals are close to expected by the graphical model simu-
lations. The pole voltage can jump more than a step at time, which can
lead to increased switching losses (depending on the type of commutation),
but is necessary for capacitor stabilization. This is one drawback of the
retained stabilization scheme.

2.5.3. 7 level single capacitor CCIL

The control algorithm remains identical for the 7L with only a small
change in the pattern structure. Simulation results show that the perfor-
mance of the 7L is inferior to the 9L, although the output voltage is not
boosted. An analysis based on the graphical model is sufficient to under-
stand what happens.

Simulating the 7L regulator with the graphical model gives the results
presented on Figure 2.43-top. At the places where the corrective actions
are the most efficient (maximum and minimum current amplitudes), the
only available actions are to charge or do nothing on the capacitors. At the
same positions, with the 9L CCIL topology, all the 3 actions are available
on the capacitor. This indicates that the 7L is less controllable then the 9L
structure. This explains why the 7L results are inferior to the 9L. This is
seen more generally in the benchmarking chapter (§2.6).

Overall, the 7L CCIL can be stabilized for modulation indexes starting
from 0.85. For modulation index m = 0.85 and a power factor cosy = 1,
at 2kHz, the waveforms of Figure 2.43-down are obtained.
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Figure 2.43.: Top: Graphical model simulation of the 7L inverter - m =
0.9, ¢ =0, fow = 2kHz, not stabilizable. Down: Simulation
waveforms for the 7L CCIL at 2kHz, m=0.85.
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2.5.4. 9 level double capacitor CCIL

The 9L double capacitor CCIL topology is a redundant state topology. It
therefore does not require any specific modulation strategy, from a general
point of view. Matlab simulations are also done for this topology, since it
is benchmarked later one.

The results shown here are at a modulation index m = 0.9, at 2kHz.
The capacitors are Cy1 = 2mF/1.6kV and Cyo = 4mF/800V . Overall, the
capacitor voltages are well stabilized. The ripples are £400V and 200V
on the phase capacitors 1 and 2 respectively. This value corresponds to
the 20% ripple for which the capacitor values are calculated for using the
capacitor equation formula : C = L2t

AV
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Figure 2.44.: Simulation results for the double capacitor 9L CCIL, at
m=0.9, 2kHz.
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2.5.5. Regulator performances

Regulator-less

Using the graphical model, if a pure sinusoidal waveform is applied, it is
observed that the capacitor is balanced after one grid period. This means
that theoretically, the 9L single stage CCIL topology does not require the
modulator to balance the capacitors (Figure 2.45-top). On the other hand,
simulation results show that in reality, at least under certain circumstances,
this automatic balancing characteristic is lost, Figure 2.45-down.
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100
Figure 2.45.: Top: Graphical model simulation, and down Matlab simula-

tion, of the phase capacitor voltage for an unregulated refer-
ence signal - fo =2kHz, m =0.9, p =0

The reason why the graphical model gives a different result from what is
observed in simulation is because one important assumption of the graphical
model is that the output current is sinusoidal. What typically happens,
when the output voltages get too distorted due to large capacitor voltage
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ripples, is that the output currents are no longer sinusoidal. Thus the model
is no longer valid.

If very large capacitors are used, or a very rigid grid, then it is likely that
the topology can be self balanced after one grid period.

Smallest theoretical ripple

The smallest ripple achievable, at given modulation index and power
factor, is interesting to assess the regulator’s performance. Since it is not
easy to define a theoretical limit for the modulation index, defining how
well the modulator does is not so easy.

For example, at m = 0.9 and Cy = 2mF, a pattern is tuned “by hand”
such as to get the smallest ripple on one phase capacitor (i.e. avoid the
strongly charging and discharging regions), regardless of the ripple on the
two other phases, Figure 2.46.

The output voltage is tuned for one phase only and it can be made almost
equal to 0. But then, on the two other phases, control of the capacitor volt-
ages is lost. This shows that the ripple is strongly depending on the overall
balancing of the 3 phases. This helps to give a reference about performances
when using the fuzzy logic regulator which ensures equal stabilization on
all the capacitors.

5
3 VaVaYaTAYAYAY
5

time [ms]

Figure 2.46.: Tuned pattern for minimum ripple amplitude.
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Hysteresis controller for the 9L CCIL
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Figure 2.47.: Common mode hysteresis regulator structural diagram

The fuzzy logic controller allows to balance the capacitor voltages with
a ripple amplitude of +£150V. A hysteresis controller is implemented to
compare performances, Figure 2.47. The strategy of the hysteresis control
is very similar to the fuzzy logic control. It is however constraint to only
two possible actions: strong or zero correction, depending on the error.
This means that the hysteresis controller is a sort of 2 input and output set
fuzzy controller, having only the extreme actions. Typically, the V', ..
vector will have only 2 values, 0 and 1, positioned at the extremes (charge
or discharge).

The results are similar in terms of waveform, Figure 2.48, but it happens
that the control is locally lost on the capacitors. One possible explanation is
that if the capacitor voltage is very close to the hysteresis band, the control
applies a strong, since it can’t do anything else, correction in the opposite
direction. This is likely to generate a deep which must then be corrected,
thus influencing also the other capacitors. A sort of self generated transient.

Optimization of the control is likely to solve this problem, but is not the
target here.

Overall signal quality is similar to the fuzzy logic control strategy, with
a slight advantage to the latter on, because of the spikes that appear with
the hysteresis control. Since the hysteresis is only used as a basis for com-
parison, it is not further developed. By default, the fuzzy control is used
for the benchmarking.

2.5.6. Conclusions

The fuzzy logic controller is proposed as one possible solution for stabi-
lization of the phase capacitor voltages. Based on the graphical model of
the system, the method is developed and tested in simulation. With the 9L
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Figure 2.48.: Simulation waveforms for the 9L CCIL using a hysteresis con-
troller at m=0.9, 2kHz

single capacitor CCIL topology, the capacitors are balanced up to a modu-
lation index of m = 0.91 at full active power. The amplitude of the phase
capacitor voltage ripple is close to what is calculated with the graphical
model, and also very close to the smallest ripple achieved by hand opti-
mization. This indicates that, with the proposed model, the fuzzy control
is well adapted.

The 7L CCIL cannot be balanced for modulation indexes above m = 0.85.
Analysis and prediction based on the model are able to explain why.

At reactive power, the non-redundant topologies can be stabilized for any
modulation indexes. This is not a surprise, and already known in general
for non-supplied phase capacitors without redundant states.

The implementation simplicity and low calculation power are extra as-
sets for the fuzzy solution. The question remains whether a MPC based
solution could allow to get better results. In fact, MPC will likely not
offer higher results regarding control of the phase capacitors, but on the
other hand, it allows to take into account other constraints like switching
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losses for instance. Thus, the development of an MPC scheme can provide
some advantages compared to the fuzzy solution. But the model must be
adapted, the problem formalized and the optimization calculated.

At this stage, the results offered by the fuzzy solution are sufficient for
moving to the benchmarking of the introduced solution. MPC methods
are therefore designated to become a future study subject in a future PhD
work.

2.6. Benchmarking

2.6.1. CCIL versus NPC, cascaded H-bridge and flying cap

The equations given in Tables 2.4 to 2.6 of §2.2 characterize the topology
in terms of power density and reliability.

The total number of passive components (capacitors) and their voltage
ratings define what is the total amount of stored energy, and therefore is
a representation of the bulk and the reliability of the inverter. Medium
voltage capacitors are space consuming and they account for a large cause
in failures.

On the other hand, the number of switches and their blocking capability
give an idea about the reliability and the conduction and switching losses in
the inverter. Some of these aspects are already discussed in §1.3. The NPC,
cascaded H-Bridge and flying capacitor topologies are used as a basis for the
comparison, since they are somehow standard in the multilevel topologies.

Number of levels per stage Plotting the number of levels generated versus
the number of stages cascaded, Figure 2.49, shows the clear advantage of
the CCIL topologies in terms of level generation. The graph shows that in
conventional topologies, the progression in the amount of levels generated
by the cascade of n stages is linear. Because of the voltage ratios used in the
CCIL topologies, the number of levels generated grows exponentially with
the stages, denoting that a simple structure offers higher output resolution
compared to standard solutions.

It is important to mention that using asymmetric voltage ratios, like for
the CCIL, on the other topologies is possible, and would result in similar
progressions (exponential) of the number of levels produced by the cas-
cade of stages. But this involves that the principle characteristics in terms
of controllability and blocking voltage changes from the usually presented
characteristics for these topologies. For this reason, those cases of figure
are not considered in the present comparison.
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Stored energy per level Plotting the amount of stored energy with respect
to the number of levels (without counting the DC-link energy with is con-
sidered as the same for all the topologies), Figure 2.50, is a representation
of the amount of passive components.For details about how the calculation
is done for this comparison, refer to Appendix A.1.

This comparison is difficult since the topologies are intrinsically different.
The H-bridge configuration likely requires individual power supplies for each
of the capacitors or a limited modulation index, which is not shown in the
comparison. Similarly, the DC-link of a flying capacitor converter can have
a much larger bulk, because it assumes the full voltage by itself, compared
to the DC-link of an NPC or CCIL configuration where the voltage is split
on several capacitors.

Because the NPC structure is purely DC-link, its energy is minimal. The
inherent problems to the topology cannot be seen on this representation,
but should be kept in mind (see §1.3.1).

The cascaded H-bridge topology could seem optimal from the point of
view of stored energy, however, once again it should be kept in mind that
inherently, this topology requires extra power supply or stored energy for
proper capacitor stabilization.

The flying capacitor topology requires one extra capacitor per generated
level, but with every increasing level, the capacitors see the current for a
shorter time (%) The topology can stabilize the capacitors at any operat-
ing point, which is not necessarily the case for any of the other topologies.
Only the redundant configurations are able to do so, and this is not either
shown on the graph.

Even though there are many points to be taken into consideration, the
comparison still reflects to some extent that the use of the capacitors is
more optimal in the case of the CCIL compared to the other topologies.

Individual switches per level The number of individual switches per levels
(independently from their blocking capability), Figure 2.51, gives an idea
about the reliability of the inverters. In here, an ideal case is considered,
where any blocking voltage would be available. This is of course not the
case in reality, but this still gives an indication about the reliability of the
converters.

Increasing the number of levels leads to linearly increasing number of
switches on standard topologies, which is a direct consequence of the fact
that the number of levels grows linearly with cascading of stages. Since
the CCIL structure demonstrates saturation behavior, this result is also
reflected on the number of individual switches required. Here also, it seems
that the CCIL offers some benefits compared to the other solutions.
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Figure 2.51.: Number of switches requires per output levels

Total blocking voltage per level Although the number of individual
switches remains low, the total blocking voltage, which is the sum of the
blocking voltage of every individual switches, is increased to quite some ex-
tent on the CCIL topologies. The ANPC topology already tends to trades
off passive components against active switches. The result is fewer switches
but of higher blocking capability. The general trend, coming from physics,
is that when the number of passive components is decreased, the total
blocking voltage is increased.

The most efficient topology in terms of total blocking voltage is the flying
capacitor topology (Figure 1.3). It requires a total blocking voltage equal
to twice the DC-link voltage value. This topology is situated exactly on the
other end of the optimization strategy done here to reduce the number of
passive switches. Thus, it offers as advantage a really low blocking voltage
requirement.

The NPC seems to compete with the flying capacitor. But it must not be
forgotten that the diodes are not considered in this comparison, and that
the NPC cannot balance it’s DC-link for modulation indexes over the range
0.5 to 0.6.

The CCIL topologies typically require a total blocking voltage equal to 6
to 11 times the DC-link voltage value. In addition to the already pretty high
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blocking requirements of the ANPC, the cross connection requires reverse
blocking switches and, in boosting mode, higher blocking capability (see
§2.3.5).

The comparison is however not so straight forward. It should be remem-
bered that the CCIL can offer boosting capabilities. In this case, even
though the total blocking voltage reported to the DC-link is high, since
the DC-link can be reduced, the absolute value of the blocking voltage is
slightly lower. For instance, with the fuzzy logic control scheme, the DC-
link can be reduced by 20%, so the total blocking voltage of an equivalent
9L CCIL is 8 times (see Figure 2.52 for a 9L non redundant boosting CCIL
topology) the value of a DC-link voltage reduced by 20%. This means 3
times more blocking voltage compared to the 9L flying capacitor, but 7-8
times less stored energy, and 63% of the number of switches.

2.6.2. CCIL versus hybrid ANPC-H-Bridge

Forematter

Close to the end of this work, it was found that the CCIL topology offers
the same functionalities as the hybrid ANPC-H-Bridge converter (Figure
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2.53). This is quite evident, but since the structures differ to some extent,
it did not appear that clearly during the study of the CCIL.

Going into more details reveals that in some cases, the hybrid topology is
better in terms of blocking voltage, while in other cases, the CCIL is more
favorable. But interestingly, besides the fact that the CCIL is a sub-optimal
solution regarding switch disposition in some cases, and as a consequence
to the fact that the functionalities of the two topologies are the same, the
control strategy and the graphical model developed for the CCIL are valid
for the hybrid ANPC-H-Bridge topology.

N TN R

st ss T st1l s21l

Cf _— —O

Aol Lyl

S2 S4 S12 S22

Figure 2.53.: Hybrid ANPC-H-Bridge converter

The study of the hybrid topology was already done by M.Veenstra, [29].
The main difference is that M.Veenstra used an MPC approach for the
control of the topology, and that in the present case a fuzzy algorithm is
used. One of the notable differences is that the proposed algorithm in here
does not require any specific startup strategy, contrarily to the MPC based
strategy.

Non redundant boosting CCIL

The total blocking voltage in the boosting case, Figure 2.54, of the 9L
CCIL topology is 24U and for the hybrid converter it is 22U. Also, the
number of individual components is 12 for the CCIL against 10 for the
hybrid solution.

In this case, the most interesting topology is the hybrid ANPC-H-Bridge,
since its total blocking voltage is a little lower compared to the equivalent
CCIL, and so is the number of components.
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Figure 2.54.: The 9L boosting CCIL (top) and the 9L boosting hybrid
ANPC-H-Bridge (bottom) topologies

In general, for boosting topologies, the hybrid solution offers lower block-
ing voltages. The only advantage that can be obtained from the CCIL is
that, with more switches, it is possible to share the losses better between
the switches, [39], [40]. The significance of this for a given application can
only be evaluated in a complex analysis and could be studied in a further
work.
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Figure 2.55.: The 9L redundant CCIL (top) and the 9L hybrid ANPC-H-
Bridge (bottom) non boosting topologies

In the redundant case, Figure 2.55, the total blocking voltage of the 9L
CCIL double capacitor topology is 30U, against 36U for the hybrid solution.
Both topologies require 14 individual switches.

In this case, the total blocking voltage of the CCIL converter is almost
20% lower than the equivalent hybrid solution. So in the case of redundant
configurations, the CCIL is more appropriate than the hybrid inverter.

Conclusion

Since the studied CCIL is based on the ANPC topology, there is a close
correlation with the hybrid ANPC-H-Bridge topology. This comparison
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shows that, in terms of electrical characteristics, for the boosting case the
hybrid solution is better, while in the non boosting case, the CCIL performs
better.

From the point of view of the control, both topologies behave exactly in
the same way. All the concepts developed for the CCIL apply to the hybrid
topology. It is then only the choice of the designer to choose the best suited
solution in function of the desired application.

2.6.3. Harmonic distortion
Overview

Demonstration of filterless grid connection requires compliance to the
standards. The standards considered in this work are on one hand the
German VDEW (Verband der Elektrizitatswirtschaft) standard and on the
other the IEEE standards, in terms of current and voltage harmonic con-
tents respectively.

The harmonic content results presented here are obtained from simula-
tion. All simulations are done under Matlab Simulink with the PLECS tool-
box for the power electronic circuit simulation. The switching frequency
is varied from 1.5 to bkHz and the power factor is either cos¢ = 1 or
cosp = 0.

The modulation index is set initially to 1.064 which is the nominal mod-
ulation index of the 5L, ANPC inverter. It is varied down to 0.95, 0.9 and
0.85. This allows the common mode regulator to demonstrate its perfor-
mances for various modulation indexes. Lower indexes are expected to give
better results (see §2.3.2).

Standards

Voltage The voltage standards are given by the IEC61000-2-12 standard,
[41] (reported in Table 2.8). They are defined for the 50 first harmonics.
The associated THD value is 8%, but this does not necessarily imply that
a lower THD wvalue is synonym of compliancy. The distribution of the
harmonics across the frequency spectrum is not shown from the THD value
alone.

Voltage harmonics beyond order 50 Harmonics beyond order 50 are not
taken into account. The reason is that the regulations concerning these
high frequency disturbances on the grid are not clearly defined at the mo-
ment. Some prescriptions (IEC61000-2-12-Appendix B) suggest that a limit
should be given to the harmonics (or interharmonics) between 50th order
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Table 2.8.: IEC61000-2-12 Standards: Compatibility levels for individual harmonic voltages in medium
networks (r.m.s. values as percent of r.m.s. value of the fundamental component)

voltage

Odd Harmonics Odd Harmonics Even Harmonics
Non-multiple of 3 Multiple of 3
Harmonic Harmonic Harmonic | Harmonic | Harmonic Harmonic
order voltage order voltage order voltage
h % h % h %
5 6 3 5 2 2
7 5 9 1,5 4 1
11 3,5 15 0,4 6 0,5
13 3 21 0,3 8 0,5
17T <h <49 | 2,27-(17/h) — 0,27 | 21 < h <45 0,2 10<h <50 | 0,25-(10/h) + 0,25
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and 9kHz at 0.2% of the fundemental. The motivations are acoustic distur-
bances, resonnance problems or power losses due to circulating currents, to
mention only these.

It is to be added that the 9kHz and the 0.2% limitations are highly
depending on external parameters which are not clearly defined. Moreover
the Matlab simulations with PLECS are not adapted for high frequency
analysis, since parasitc effects (like skin effects) are not modeled.

Point of Common Coupling (PCC) Since the inverters are intended to be
used in a filterless configuration, the voltage harmonics must be compatible
to the standards at the point of common coupling (PCC). In a medium
voltage grid configuration, the PCC is situated after the transformer. At
the PCC, the voltage and current harmonics should be compliant to the
standards. If there are several users on the grid, the sum of the injected
harmonics by each of the user should be compliant.

Other users

Ltrafo= 15% LS = 2%

Inverter ? Grid

Figure 2.56.: The converter’s output transformer is connected to the PCC,
where other users can also be connected

For that reason, it is not straightforward to establish whether the con-
verter will comply or not, when the actual configuration of the grid is not
known. In this case, the transformer has an admitted a short circuit ratio
of 15%. Figure 2.56 shows how an actual configuration could look like.

Since the compliance cannot be stated straightforwardly, the output volt-
age of the converter is compared directly with the standards (Table 2.8).
This gives an idea of the range of harmonic distortion which is produced
by the converter.

Current The current standards of VDEW(25] are considered in this case.
They figure among the most strict standards. They are reported in Table
2.9. As seen, they are valid throughout the spectrum.
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Table 2.9.: VDEW Standards for current harmonic injection in medium voltage networks referred to the short-

circuit power

Order Permissible harmonic current
v, v, pallowed 0 A/MVA
(v odd, u even) 10kV network 20kV network
5 0.115 0.058
7 0.082 0.041
11 0.052 0.026
13 0.038 0.019
17 0.022 0.011
19 0.018 0.009
23 0.012 0.006
25 0.010 0.005
> 25 or even 0.06/v 0.03/v
n <40 0.06/p 0.03/p
© > 40 0.18/p 0.09/p
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THD The THD values are calculated based on the IEC61000-2-12 stan-
dards definition:

THD = (2.17)
with
@ : current or voltage
Q1 : r.m.s. of fundamental
Qr : r.m.s. of harmonic of order h
h : harmonic order

Limits of the fuzzy logic common mode regulator

Because the fuzzy control cannot stabilize the topologies for modulation
indexes above m = 0.91, some operating points will not be achieved on the
common mode regulated topologies, depending on the power factor.

But to be systematic, all the considered operating points should be ana-
lyzed, even if some topologies give no results.

It must also be remembered that in the present case, the modulation
algorithm is designed to validate the control concept and not to offer the
highest performances possible, even if the fuzzy control seems to give good
results regarding capacitor voltage ripple, and so, indirectly, good results
regarding harmonic distortion.

Variations in harmonic content calculations

The harmonic calculation and spectral analysis are highly dependent on
the number of samples and the number of periods the signal is simulated
on. It is seen that variations in the sampling frequency and/or the number
of measured periods can have a significant impact on the spectrum, in the
sense that some harmonics start moving around in the spectrum. It can
mean that either these harmonics actually do not really exist and are the
result of simulation artifacts or that the methodology is important.

Since there is no guideline regarding the way the measurement should be
done, it is hard to decide what to do. For this benchmarking, the sampling
frequency is always set as 10 times the switching frequency and the the
measurements are done over 10 grid periods.

For that reason, the exact numerical values given here can be considered
valid for the comparison, since all topologies are benchmarked in the same
conditions, but not necessarily true in an absolute way.

83



2.6. BENCHMARKING

Voltage harmonic distortion

Figure 2.57 presents the summary of the findings. Considering each topol-
ogy separately, the following considerations can be done.

The 5L ANPC topology only starts to be compliant from 3kHz on re-
garding the THD value. From the spectral analysis, the voltage harmonic
contents does in fact comply mostly with a 3kHz switching frequency. At
2kHz, Figure 2.58-top, some harmonics above order 15 are quite largely
over the standards.

For 710 CCIL, THD value indicates that the topology is compliant at all
the tested switching frequencies. But from spectral analysis, at m=0.85 and
2kHz, Figure 2.58-bottom, the generated waveform is no fully compliant

The 9L CCIL is definitely compliant at all the considered switching fre-
quencies. Figure 2.59-top shows the situation at m=0.9, 2kHz. It is very
clearly seen that the voltage is compliant until the 39th harmonic. At
these frequencies it is already questionable whether the phenomenons are
modeled properly.

The double capacitor 9L CCIL converter offers good results as well, but
these are surprisingly not at the same level as the single capacitor 9L topol-
ogy. It can be caused by the influence of the double capacitor ripple on the
output waveforms. It is also noticeable that the results are worse at 2kHz,
maybe caused by some resonant problems. The spectrum of the voltage at
m=0.9, 2kHz, Figure 2.59-bottom, shows that the voltage is not compliant
from order 33 onwards.

Comparing harmonics at active and reactive power, Figures 2.60, shows
that the general trend, for the common mode stabilized CCIL topologies,
is a better harmonic content at active power. It can be understood by
analyzing the repartition of charging and discharging regions over one grid
period (§2.3.4). In the case of reactive power, the maximum, respectively
minimum, regions are situated where the ‘2—1’ of the pole voltage is high
(around the zero crossing). Theses regions are crossed rapidly, generating
high frequency and high amplitude ripple on the capacitor, which degrades
the harmonic content.

The 5L topology is a redundant state topology allowing the system to be
independent from the power factor. The double capacitor 9L is not 100%
redundant (see §2.1.2), which can explain the different results observed
between active and reactive power.

Current harmonic distortion

The current harmonic distortions of the 5. ANPC cannot comply with
the standards below 4kHz. At these frequencies, the waveforms are mostly
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Figure 2.60.: Voltage THD at one given operating point for each topology,
¢ =0 and 90

compatible, but not strictly. Since the non-compliant harmonics are at
higher frequencies, it is likely they are damped.

The 7L CCIL suffers from a large low frequency ripple, Figure 2.62-
bottom. It is not really clear where the ripple comes from but this severely
impacts the harmonic distortion value. But besides this low frequency, the
current is mostly compatible. A large amplitude 27th harmonic can be
seen.

The 9L CCIL suffers from the same problem as the 7L regarding the
low frequency ripple. It is less marked then in the 7L case, Figure 2.63-
top. Increasing of the switching frequency seems to solve the problem.
It is possible that a closed loop current control completely eliminates the
problem. Besides the low frequency ripple, the current is mostly compatible
at all the considered switching frequencies.

The double capacitor 9L CCIL also has a low frequency ripple, Figure
2.63-bottom. The current also presents a quite large quantity of other
low frequency harmonics which do not appear on the single capacitor 9L
CCIL topology. Increasing the stored energy in the capacitors does not
help reduce the harmonic distortion but increasing the switching frequency
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Figure 2.62.: Curent THD spectrum for the 5L ANPC (2kHz, m = 0.9),
top, and the 7L CCIL (2kHz, m = 0.85), bottom.
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Figure 2.64.: Current THD at one given operating point for each topology,
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does. The problem could be linked to delays introduced by the control
which result in phase errors.

Regarding variations of the harmonic content between active and reactive
power generation, Figure 2.64, the same trend as for the voltage can be seen.
In general, the harmonic content is better at active power.

Summary of the findings A summary of the previous findings is presented
in Table 2.10. It serves as a general overview of the performances offered
by the different topologies introduced in this chapter.

Filterless grid connection seems possible with the 9L topologies at switch-
ing frequencies around 2kHz, but some optimizations are necessary, espe-
cially regarding the current waveforms. Perhaps it is enough to introduce a
closed loop current control, but maybe it will also require some optimization
of the modulators.

Harmonic distortion conclusions

The results presented in this section are to be taken under the following
assumptions: first of all, it should be reminded that they are obtained by
means of simulation. It is clear that all the phenomenon are not modeled
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Table 2.10.: Summuray of the various topologies and their conformity to

standards
Topology Voltage Current
5L | Above 3kHz Around 4kHz

7L | Around 2kHz, modulation | Above 3kHz at m=0.85
index is limited to 0.85 at
active power

9L | Starting at 1.5kHz. Because of low frequency
ripple, starting at 3kHz.

9L 2 caps | Around 2kHz Because of low frequency
ripple, around 4kHz

and reality might differ to some extent. Experience showed that the har-
monics calculation is very sensitive to parameters (sampling rate, number
of samples) and the results can vary a lot on given harmonics, depending
on the parameters. The standards do not mention any specific method for
calculation of the harmonics besides the THD formula, so it could be in-
teresting to develop a simulation procedure based on real life measurement
methods.

Secondly, concerning the low frequency ripple observed on the currents,
it must be as well remembered that the implemented modulator focuses on
validating the control concept, rather then optimizing the performances. As
mentioned, MPC might offer an alternative to increase the performances,
but previous work shows that the design of the MPC can be delicate, [29].

It is hard to rate the topologies adequately, because of the low frequency
ripple which introduces lot of distortions in the lower range of the spectrum.
However, Table 2.10 summarizes under what conditions the topologies are
most likely to allow compliant operations with the standards.

Evidently, more work can be done on the optimization and analysis of
the harmonic contents of the CCIL topologies, notable to address the low
frequency ripples. Some research directions could focus on phase errors
between the output voltages and the grid voltages in open loop control
schemes. Small phase errors can result in the sort of phenomenon observed.

2.7. Conclusions

An innovative proposal for a novel multilevel converter topology is done
in this chapter. The newly introduced topology offers design solutions for
high power density converters. The specific design of the CCIL topology
is intended to make full use of voltage ratios which allow an exponential
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growth in the number levels produced by cascading the stages. This design
procedure is chosen because the target is to obtain a high number of levels
with a simple structure containing as few components as possible. Keeping
the number of components reduced (active and passive) helps to keep the
reliability and power densities high.

Producing many levels with a low number of passive components does
not come without a price however, and the main drawback of the CCIL
converter topologies is the total blocking voltage which increases by a factor
1.5 to almost 3 compared to more classical topologies. If large blocking
voltage components are available, the reliability can be really kept high, but
if the ratings are such that series connection of components is necessary,
then the solutions must be assessed on a case to case basis.

The conduction losses are, on the other hand, always higher, since the
total blocking voltage is higher. This problem is however counter-balanced
by boosting capabilities of some CCIL configurations. It is shown, for
instance, that the 9L single capacitor boosting CCIL topology only requires
20% extra blocking voltage compared to the 5L. ANPC topology to produce
the double of the levels.

A graphical model of the system is developed and allows a good under-
standing of the phenomenons happening in the converter. The capacitor
ripple can be estimated with a good precision and various analysis are pos-
sible, to explain for instance the origin of the degraded performances of the
7L single capacitor CCIL.

A suitable control algorithm based on fuzzy logic is presented. The con-
trol offers sufficient performances regarding the balancing of the capacitor
voltages and is suitable for DSP implementation. The maximum modula-
tion index reachable with the proposed control is m = 0.91. Theoretically,
m = 0.95 can be reached. The proposed modulation algorithm is therefore
not able to reach the maximum modulation index. Some open questions
remain, notably the low frequency ripple on the output currents and the
switching frequency of the high voltage stage, but these issues can be solved.

Harmonic analysis shows that the 5. ANPC requires a 4kHz switching
frequency to comply with the standards in a filterless grid connected con-
figuration. The 9L boosting CCIL topology can comply already at 1.5kHz
regarding voltage harmonic content, and provided the low frequency cur-
rent ripple can be solved efficiently, it should not require more then 2kHz
to be able to comply for currents as well. The principal limitation of the
topology concerns the maximum modulation index.

A parallel is found between the CCIL and the hybrid ANPC-H-Bridge
topology. In the non boosting cases, the CCIL topology is more efficient
then the hybrid topology in terms of components whereas the opposite hap-
pens in the voltage boosting case. The model and the control scheme devel-
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oped for the CCIL is also valid for the hybrid topology, since the structures
are very close and totally similar from the point of view of functionality.

The redundant state CCIL configuration offers the possibility to reach
a modulation index m = 1.15. The price to pay is a higher number of
active and passive components compared to the non-redundant boosting
topologies. In this case as well, the low frequency ripple on the current
appears, but once again, this issue can be solved and is therefore not a
critical aspect.

The efficiency is not addressed. The reason is that the proposed modula-
tor is not optimized regarding the switching frequency of the high voltage
stage. The results would then not be valid in the case of an optimized
solution. It can still be stated that the conduction losses will increase since
they are proportional to the total blocking voltage of the converter. A large
amount of silicon implies more resistance on the current paths.

All in all, it can be concluded that the proposed topology offers interest-
ing solutions for increasing the signal quality with a high power density and
reliability. There is less stored energy in the converter, fewer switches, no
need for an output filter. But the price to pay are higher blocking voltages,
thus more conduction losses and more installed silicon. An absolute con-
clusion cannot be given. The trade-off can clearly be seen between number
of components and blocking voltage, and in the end, the choice depends on
the wanted characteristics.
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CHAPTER 3

Introducing the Common Cross Connected
Stage (CCCS)

3.1. Introductory word

The previous chapter introduced as a first contribution of this thesis, a
new and original topology containing a cross connected stage. The main
characteristics of this topology were the high number of levels generated by
a relatively small number of components, increasing the reliability of the
converter and reducing the stored energy. But the major drawback is the
blocking voltage which leads to increased losses and can have a negative
impact on the costs and the reliability.

This chapter introduces as a second original contribution, a new topology
which is developed to try to solve the blocking voltage problem. As it is
shown, the proposed topology is not able to offer a better result to the total
blocking voltage issue, which is tied to physical limits. However, the CCCS
topology contains many interesting and unique properties which are of a
high technical interest.

It is a very modular solution and a new approach in the domain of mul-
tilevel conversion. A detailed analysis of the structure is proposed to show
all of its properties.
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3.2. General topology of the CCCS

3.2.1. Concept of the Common Cross Connected Stage

Figure 3.1.: The Common Cross Connected Stages is connected to the DC-
link on one side and to the 8 phases of the inverter on the
other.

The Common Cross Connected Stage (CCCS or C3S), [42], is composed
of 6 IGBTs and 1 capacitor, Figure 3.1. One of the main characteristic of
the CCCS PEBB is that it is unique to the three phases of the inverter
it is connected to, and allows to boost the number of levels produced. In
general, this PEBB can be used on any kind of 3 phased multilevel topology
based on a 3 level DC-link (2 capacitors in series).

One example of usage of the C3S Power Electronic Building Block
(PEBB) is connecting it to the 3L ANPC converter, Figure 3.2. The topol-
ogy then offers 5L at the output with the following possible advantages
compared to the 5L ANPC: The switching frequency of the PEBB and
the IGBTs might be lower than the 5. ANPC solution and the number of
individual components is reduced compared to the known solution, while
offering the same amount of output levels. The drawback is the limited
modulation index.

The example is not detailed further since the 3L ANPC is not the topol-
ogy of interest.
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Figure 3.2.: C3S PEBB used on a 3 level ANPC inverter

The CCCS’s structure reminds the cross connected structure of the CCIL
inverter §2, [27], with the differences that the CCCS is connected in the
opposite way (the capacitor being before the cross connection) and, most
notably, is common to all phases, and not a multiple of the number of
phases, like in the CCIL topology, or any other standard multilevel topolo-
gies.

Another difference of the CCCS PEBB, in comparison to the CCIL topol-
ogy, is that the blocking voltage of the switches of the PEBB are equal the
capacitor voltage U,. This voltage should not be larger then the phase
capacitor voltages, as it is shown later, in order to be able to balance the
capacitors at active power. Thus the blocking voltage requirements on the
PEBB are low.

These characteristics make of the CCCS a cost efficient, modular and re-
liable improvement for various kind of multilevel topologies, and especially
the ANPC topology, which is the topology of interest in this work.
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3.2.2. The CCCS on the 5L 3 phase ANPC

Connecting the CCCS to the 5L ANPC converter, [3], yields a 7 or 9 uni-
form levels multilevel voltage source inverter. It is also possible to generate
11L with almost uniform steps as shown later in §3.3.3.

Whatever the number of levels generated (7, 9 or 11 in this case), the
structure does not change, Figure 3.3. The criteria determining the number
of levels is the voltage ratio between the DC-link, phase and PEBB capaci-
tor voltages. Thus it is possible to generated various number of levels with
an identical topology by changing only the voltages, in the same way as it
can be done on standard topologies.

The capacitor balancing is one of the biggest challenge of the CCCS
topology. Because of the intrinsic unsymmetrical nature of the PEBB
connection-wise (is it connected only to the neutral point and not to the
DC-link voltages), fully redundant CCCS topologies do not exist.

Since the PEBB is common to the three phases of the inverter, there is a
cross influence between the balancing of the three phase capacitors and the
PEBB capacitor. A per phase control is therefore not longer possible. But
it is demonstrated that the balancing of all the capacitors of the topology
is achievable, under certain conditions, with an appropriate common mode
balancing scheme based on a phasor representation.

3.2.3. Cascading the CCCS

Similarly to the CCIL topology, the CCCS can be cascaded as many
times as wanted to generate even more output levels. This can have an
important influence on the blocking voltages of both, PEBB and phase
switching devices, and should be studied case to case depending on the
application.

The number of levels generated depends on the voltage ratios and many
combinations can be chosen for the PEBB capacitor voltages, and the phase
and DC-link voltages. These various combinations do not only lead to vari-
ous number of levels, the uniformity of the output, the controllability of the
converter’s capacitors and the blocking voltage requirements of the switches
change. For each set of voltage ratios, there is a particular repartition of
the space phasors which characterizes the resulting inverter.

Another important aspect is the influence of the cascade on the switch-
ing states. Compared to the switching combinations proposed in the next
chapters of this section, the cascaded structure has got more constraints,
notably on the extended switching states (see §3.3.2).
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Figure 3.3.: The CCCS PEBB connected to the 5L ANPC. The topology can
generate 7 or 9 uniform output levels

Figure 3.4 shows the topology of a 2 times cascaded structure. The
resulting PEBB remains unique for the 3 phases. The requirement in term
of components for the PEBB is 2 capacitors and 10 switches

3.2.4. The CCCS as a 2 level VSI

An alternate way to consider the CCCS topology is to consider it as a
2 level 3 phased voltage source inverter. One phase is connected to the
DC-link while the 2 other phases are connected to the middle points of the
3 phase legs of the multilevel ANPC structure.

As such, this perspective opens up another range of possible generaliza-
tion of the structure. Any kind of three phased 2 level inverter structure
could then be considered to replace the CCCS. Similarly, any multilevel 3
phased inverter could also be considered instead of the CCCS PEBB. This
would allow to increase further the number of levels generated by the struc-
ture, and as such, can be considered as another possible alternative (to the
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Figure 3.4.: Cascaded multilevel C*S topology. The PEBB can be cascaded
to generate increased number of output levels

cascading of the CCCS) to increase the number of levels produced by the
structure.

This could be considered as a hybrid common stage approach. It opens up
a new horizons to the Common Cross Connected Stage approach proposed
here, but is out of the scope of this work. It certainly deserves some further
study.

3.2.5. Electrical characteristics
Blocking requirements

Connecting the PEBB, which has got a low blocking voltage requirement
to the 5. ANPC converter allows to generate a large number of output
levels. But this does not come without a price: some switches within the
ANPC part of the topology need to block higher voltages than in the typical
5L case.
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Figure 3.5.: Generalization of the CCCS to a 2L VSI structure

All three phases need to be considered when analyzing the blocking char-
acteristics of the switches. The uniqueness of the PEBB implies that all
the three phases influence the PEBB simultaneously and in different ways.
The currents of the three phases are represented by different colors in a
single phase schematic to simplify the representation (Figure 3.6).

Because the PEBB capacitor voltage is connected to the neutral point,
the required blocking voltages on the devices Si...Se are equal to the C)
capacitor voltage. This can be understood as the connection to the neutral
point is always done via S or S2, and that therefore the voltage U, can be
added or subtracted to that point only.

On the other hand, the IGCT Ss; in the green phase has to block Upc +
Uy, because the voltage potential of the neutral point is brought down by
the PEBB capacitor voltage. The same happens in the red phase, on the
lower IGCT Ss34. In the blue phase, the PEBB is not used. However, the
voltage level on the negative pole of the phase capacitor equals Upc — Ucy
while the voltage of the neutral point is lower by U,. The IGCT Ss3 cannot
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Figure 3.6.: Blocking voltages requirements for various switching states.

be used to contribute in the blocking voltage because of it’s reverse diode,
so the IGBT S22 has to block the extra voltage U,. Of course the same
occurs for the other switches not considered in this example. Overall, the
blocking voltages of the switches S21, S22, S31, S32, S33 and S34 have to
be increased by Up,. Since the voltage U, is smaller than Upc and Uy,
the increase in the blocking voltages is not dramatic, but still needs to be
assessed.

Although the PEBB switches remain typically small, the total blocking
voltage of the inverter is still increased. The formal calculation of total
blocking voltage, as well as comparison to other topologies, are the object
of §3.6.1. As a formatter, it can already be said that the same trend as
seen previously with the CCIL occurs here: when passive components are
reduced and levels increased, extra blocking voltage is required compared
to equivalent topologies with more passives. This results from a physical
constraint.

The blocking voltage characteristic of the switches can also depend on

the PEBB capacitor supply strategy. This point is addressed separately
later in §3.3.5.
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Non-symmetrical stray inductances

From the point of view of the implementation, the CCCS PEBB is con-
nected in common to the three phases of the inverter. Therefore, and
because in general the three phases are built in parallel, it is likely that the
connection line/bus bar from the PEBB to the three phases will be of a
different mechanical length.

It results that the stray inductances are not the same from the PEBB to
the three phases, and that the rise and fall times are likely to be different
from one phase to another. To avoid any problems, it is necessary to make
sure that, either the rise times are the same on all the phases, by some sort
of mechanical design optimization, or that the rise time is forced to be at
least equal to the largest rise time induced by the largest stray inductance
(by tuning of gate resistor for instance).

3.3. Characterization of the CCCS VSI

3.3.1. Understanding the PEBB

This first part is intended to give a first physical approach to the func-
tionality of the PEBB and helps to understand the next sections. Then the
PEBB switching states section (§3.3.2) presents all the possible combina-
tions of PEBB and phase switching states, and the corresponding output
levels. A phasor graphical model (§3.3.3) is then developed, which is later
used for the design of the modulator. And finally some general character-
izing equations (§3.3.4) are derived and presented for some configurations
of the C3S inverter.

The CCCS capacitor modifies the neutral point voltage of the ANPC in
a certain way. This modification influences all the levels that are produced
using the neutral point, while the other levels (lower and upper DC-link
and their combination with the phase capacitors) are not influenced.

This means that whatever the CCCS switching state is, some levels are
never influenced. For all the other levels, the influence depends on the
considered phase switching state and how the C3S PEBB switching state
allows to use the capacitor (sign of the contribution).

In addition to this specific behavior of the PEBB, the balancing of all the
capacitors within the topology has do be addressed. This is done with the
help of the phasor model, but first, the switching states have to be defined.
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3.3.2. PEBB switching states
Normal PEBB switching states

There are 6 states the PEBB can take. Each of these states are referred
to as PEBB 1 to PEBB 6. They consist in turning on one of the switches
connected to the neutral point, and of one of the switches connecting to
the input of the ANPC topology. With this strategy only two switches in
the PEBB are turned on simultaneously. All possible states are presented
on Figure 3.7.

For each CCCS switching state, 6 levels can be produced in combination
with the 5L ANPC phase legs. 4 are common to all PEBB states, as the
generation of those levels does not require the CCCS (seen on the upper
part of the table, Figure 3.7). The other levels depend on the PEBB’s
switching state. All the levels produced are function of the chosen voltage
ratios for the DC-link, the phase and the PEBB capacitors.

The necessary condition for the PEBB capacitor to be balanced is that
it’s voltage has to be smaller than the voltage of the phase capacitor: U, <
Ucy. When this is verified, the direction of the current across the PEBB
is favorable for charging the capacitor, at the PEBB states 3 and 4, phase
state 5, while discharging it in the other states (with a cos ¢ = 1), as shown
in the table of Figure 3.7.

An example of all the switching states for one given PEBB state is illus-
trated on Figure 3.8.

In a general consideration, any voltage ratios can be chosen for the ca-
pacitor voltages. Because of the interdependence between each phase leg
switching state and the PEBB switching state, the uniformity region® of a
3 phased system cannot be defined arithmetically for the general case. The
phasor representation can however be used to define the uniformity discs
for specific cases (according to the definition given in [21]).

There is still a couple of possible choices of the capacitor voltage ratios
fulfilling the uniformity step condition. The criteria is that all space phasors
must be reachable by at least one combination of switching states. The
following Table 3.1 gives the relationship between the the voltage ratios
and the number of levels generated.

Notations The capacitor voltage ratios are written as [Upc; Uey; Up]. For
instance, [4;2;1] means that the voltage ratio of the DC-link is 4 times the
voltage of the PEBB capacitor, and that the phase capacitor is double the
PEBB capacitor voltage.

1The uniformity region, as defined in [21], corresponds to a specific region in the
complex area representing the phasors which can be used to generate an uniform
output voltage step
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Figure 3.7.: The 6 normal PEBB switching states and the output levels.

Effects on the capacitors (® charging and © discharging) are

given for cosp = 1.
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Figure 3.8.: All the phase switching states for the PEBB switching state 3.
Green circle means on, the red square means off.

Output levels Combinations of voltages -
[Upc; Uey; Up]
7L (uniform [3;1;1], [3;2;1]
output step)
9L (uniform [4;2;1], [4;3;1], [3;2;2]

output step)
11L (non-uniform | [5;3;1], [4;3;2]
output step)

Table 3.1.: Some wvoltage combinations and the corresponding number of
output levels.
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Each PEBB state offers nphasors space phasors, which result from all the
combinations of 3 different voltages on each phase plus all combinations of 2
identical voltages and a third one, and plus the combination of all identical
voltages on the three phases. Thus:

npn = AR +3-AZ+ A =216 (3.1)
Since there are 6 PEBB states, there is a total of 6 - n,, = 1296 space

phasors.

From this total number, there are n,.q redundant space phasors among
the PEBB states 1 and 2, 3 and 5, and 4 and 6, due each time to 5 identical
voltages in each, such that:

Nrea = AS+3-A24+ AL =125 (3.2)
Therefore, there are na different states for each PEBB states 1 to 6:
NA = MNph — Nrea =91 (3.3)

Thus overall, there are npp,,, total different space phasor which can be
generated by this configuration:

Nphior = 6 - nA + Nred =671 (3.4)

This amount is to be compared to the phasors usually generated by tra-
ditional inverters. They rank as n>, with n the number of output levels.
Table 3.2 gives the total phasors of classic inverters compared to the total
phasors of CCCS topology.

Output levels Total states
Classic 7L 75 =343
Classic 9L 93 =729
Classic 11L 11% = 1331
CCCS - 1 stage 671

Table 3.2.: Total number of states in classical topologies compared to the
C38 topology
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Extended PEBB switching states

A very interesting property of the C2S PEBB is the possibility to simul-
taneously turn on more than 2 switches at a time. This is because there are
3 commutation cells within the PEBB. This property allows more levels to
be generated with the same PEBB switching state.

An example is given on Figure 3.9, where the blue and red currents are
flowing through the CCCS PEBB and then branch out in different phases
of the cascaded part of the inverter, although they are drawn on a single
phase diagram for reasons of simplified representation. The switches S5
and Se can be turned on at the same time without leading to a short
circuit. Similarly the switches S3 and S4, S3 and S5, and Ss and Se can
also be turned on simultaneously, considering that the output phases are
not creating short-circuits.
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Figure 3.9.: Simultaneous turn on of several switches of the PEBB. The
blue and red paths are flowing across the PEBB and then in
different phases.

There are 8 extended PEBB states referred to as PEBB a to g. The state
a can be generated by two different PEBB switching states (which can be
used for loss balancing for instance). The different extended PEBB states
are shown on the table on Figure 3.10.

The extended PEBB switching states a to e allow more phasors to be
generated because the combination of phase states and PEBB states of-
fer now 7 to 8 different levels, instead of the 6 previously obtained. The
calculation is done as following:
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Figure 3.10.: Extended PEBB switching states and the output levels. Effects

on the capacitors (@ charging and © discharging) are given for

cosp = 1.
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The total amount of phasors generated by the state a is npn,:

Npn, = A34+3-A2+ AL =343 (3.5)
All PEBB states b to g can generated np;, space phasors, with:

npn = A3 +3-A3+ A =512 (3.6)

State b can generate npp, phasors, which results from n,;, total phasors
among which n,.q, have already been counted in state a. And the same
applies for the state ¢. Thus:

Nred, = A§+3-Af+ A5 =216 (3.7)
Nph, = Nph — Nred, = 296 (38)
Nphe = Nph — Nred, =296 (3.9)

For states d and e can generate respectively n,n, and npp,, which results
from np, total phasors among which n,cq,,, have already been counted in
the PEBB states a,b and c:

Nred,,, = AS+3-A2+ A1 =343 (3.10)
Nphy = Nph = Nredgp. =169 (3.11)
Nphe = Nph — nrsdabc =169 (312)

Finally states f and g, there are 6 possible combinations with each 5
permutations not previously counted, so:

npn, = 5.6 =30 (3.13)
Nph, = 5-6 =30 (3.14)

So finally, the total amount of phasors that can be generated, nps,,,, is:
Nphior = Mphg T Nphy, + oo +Npn, = 1333 (3.15)

The total phasors generated by the normal and extended PEBB states,
and compared to “standard” multilevel topologies, is presented in the fol-
lowing Table 3.3.

The very high number of phasors generated by the PEBB shows how the
C38 configuration is able to generate so many output levels, even though
its structure is relatively simple. Being able to generate many different
levels with the same PEBB switching state is the key point to be able to
cover the whole space phasor plan, and thus obtain uniform output step
inverters.

As it is shown with the phasor model, the extended C®S switching states
allow to generate an uniform 9L output whereas with non extended switch-
ing states, only 7L uniform output steps are obtained.
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Output levels Total states
Classic 7L 73 =343
Classic 9L 9% =729
Classic 11L 11° = 1331
CCCS - 1 stage 671
CCCS - 1 stage with extended 1333
switching states

Table 3.3.: Total number of states in classical topologies compared to the
C38 topology

3.3.3. Phasor model
General considerations

Throughout this section, a single stage C*S is studied (Figure 3.3). As
shown in the previous section, in a single phase circuit there exist combi-
nations of PEBB and phase switching states which result in various com-
binations of positive, negative or null currents within the PEBB capacitor
Cp and the phase capacitor Cy (Figures 3.7 and 3.10).

In a three phased system, the total combinations of positive, negative and
null current in the PEBB and in the three phase capacitors is even higher,
as all the possible space phasors potentially lead to a different combination.
Being able to model and understand what is the repartition of the charging
and discharging phasors for a complete inverter is crucial for modulation
and balancing strategies.

Additionally, it is necessary to know what voltage ratios lead to full or
partial uniformity regions.

To answer these questions, a graphical phasor model is proposed. It is
based on a representation of all the generated phasors and their contribu-
tions to the charge of the PEBB and phase capacitors. Different voltage
ratios and PEBB switching states (standard or extended) are represented
to illustrate the different results that can be obtained.

7, 9 and 11 output levels are studied with only a part of the possible
voltage ratios which can be used to generate these levels (Table 3.1). In
the case of an application, the choice of a specific voltage ratio and number
of output level must consider these 3 main constraints: blocking voltages,
ability to balance the capacitors and uniformity region.

In the figures, the circles of different colors and sizes represent the dif-
ferent PEBB switching states. The contribution to the load of the phase
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capacitors can be either positive, negative or null and is represented by
three colors..

The contribution to the PEBB is more complicated, since 1, 2 or the 3
phases can impose a current through the PEBB, and of these currents, some
will or not flow through the PEBB capacitor (in extended PEBB switching
state mode). Therefore, the contribution on the PEBB capacitor is marked
as a 1,2 or 3 phases, positive or negative contribution. However, it is
important to understand that the amplitude of each individual currents will
play a role on the final sign of the current through the PEBB (i.e. 1 positive
and 1 negative current flowing through the PEBB capacitor does not mean
that the contribution is null, it depends on the respective amplitudes).
This aspect is treated separately, during the development of the modulation
algorithm. For this part, it is assumed that 1 positive and 1 negative current
leads to a 0 contribution.

Similarly to the CCIL and any other phase capacitor based multilevel
inverter, it is clear that the power factor also has an influence on the charg-
ing and discharging states. In this case, the figures are plotted for a power
factor cosp = 1.

7 level

Standard PEBB switching strategy - Voltage ratio [3;2;1] The 7L [3;2;1]
CCCS VSI can generated all the space phasors, thus producing uniform
output steps, Figure 3.11-top.

It can be seen that there is redundancy on the outer phasors, which is
unusual. For the C3S topologies however, this is typical. The redundancies
are actually coming from the multiple PEBB switching states which do not
influence the levels generated by combinations of voltages using the upper
and lower DC-link voltages. So those redundancies do not concern capacitor
balancing and in fact they have no influence on the current path.

But they are meaningful in the sense that depending on what levels are
needed on the other phases, one or the other PEBB state is necessary and
thus, the choice is already imposed by the other phases.

The 3 phase capacitors can be controlled more or less independently one
from another, Figure 3.11-bottom. The regions were the phase capacitors
are the best controllable are shifted by 1207, in particular the charging and
zero action phasors. This implies that when controlling one capacitor some
decoupling is likely to happen on the other capacitors, thus not disturbing
them too much.

Extended PEBB switching strategy - Voltage ratio [3;2;1] With the ex-
tended PEBB switching states, Figure 3.12-top, the phasors also cover the
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Figure 3.11.: Top: Repartition of all phasors. Bottom: phase and PEBB ca-
pacitors charging and discharging phasors, for the 7L [3;2;1].
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Figure 3.12.: Top: Repartition of all phasors. Bottom: phase and PEBB
capacitors charging and discharging phasors, for the 7L [3;2;1]
and extended PEBB switching states.
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full space phasor plan. The main difference is a higher redundancy level
on each phasor. The repartition of the charging and discharging phasors is
strictly identical between normal and extended strategy. It is understand-
able because the extended switching strategy does not modify the path of
the current. It only helps to generate more levels simultaneously with the
same PEBB state.

9 level

Standard PEBB switching strategy - Voltage ratio [4;2;1] For the 9L
C3S inverter with non-extended switching states, Figure 3.13-top, there
are 12 missing positions in the space phasors plan. These result from the
impossibility to impose simultaneously the levels 3 and 0, and the levels
43 and +1 in sign opposition, when using the standard PEBB switching
states.

There is less redundancy at certain points compared to the 7L, which is a
natural consequence of the fact that with more levels to be generated, more
phasors are required, while the C3S offers only a fixed number of phasors
whatever the number of levels generated (i.e. the chosen voltage ratios).

However controlling the phase and PEBB capacitors still is possible in
this case, Figure 3.13-bottom. Decoupling property in the control of the 3
phase capacitors is still present and a ripple of about 6 times the funda-
mental on the PEBB capacitor is likely to appear, from how the charging
and discharging positions are spread out on the space phasor plan. This
ripple is by the way observed later on in simulation.

Standard PEBB switching strategy - Voltage ratio [3;2;2] With this volt-
age ratio for the 9L, all the phasors can be generated, Figure 3.14-top. But,
as suggested by the model, at full active power stabilizing the PEBB ca-
pacitor is only possible for low modulation indexes, Figure 3.14-bottom.

Additionally, from the analysis of the repartition of the phases, it is shown
that only the PEBB states 5 and 6 allow reaching the outermost phasors.
When these are used, the PEBB capacitor is only discharged. This further
indicates that the topology cannot be stabilized under full active power for
large modulation indexes.

From a physical point of view, the indication regarding the stabilization
comes from the voltage levels. The subtraction of the PEBB voltage to the
phase capacitor voltage, which corresponds to a PEBB capacitor recharging
state, equals to 0. This means that for active power, the current amplitude
at the PEBB charging state is very small, thus that the influence of the
charging state is very small.
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9L [4;2;1].
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Figure 3.14.: Top: Repartition of all phasors. Bottom: phase and PEBB ca-
pacitors charging and discharging phasors for the 9L [3;2;2].)
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Extended PEBB switching strategy - Voltage ratio [4;2;1] 9L [4;2;1] with
the extended PEBB switching states, Figure 3.15-top, can generate all the
phasors. The extra redundancies introduced by the extended states allow
to generate the previously missing phasors.

In this case as well, the balancing properties, Figure 3.15-bottom, remain
identical to the normal switching state case. Therefore, this indicates that
the capacitors are likely to be stabilized up to some extent at full active
power.

This example illustrates well how the extended PEBB switching states
are used to fill the previously missing gaps without requiring any hardware
modifications (besides adapting the blocking voltages of the switches).

11 level

Standard PEBB switching strategy - Voltage ratio [5;3;1] For an 11L
[5;3;1] C3S inverter with a standard PEBB switching strategy, Figure 3.16-
top, there are many missing positions. It can be understood easily why by
comparing the number of generated vectors to those required for an 11L
inverter (Table 3.3).

It is also interesting to notice that the repartition of the various capac-
itors charging and discharging positions remain approximately the same
whatever the voltage ratios, Figure 3.16-bottom.

Extended PEBB switching strategy - Voltage ratio [5;3;1] With extended
switching states, the 11L [5; 3; 1], Figure 3.17-top, still misses some phasors,
although the extended switching strategy allows to fill many gaps. The
missing phasors being on the one but last hexagon, they are in the region
where the modulation would typically take place, when considering a certain
margin, leading to a likely not usable solution.

This means that 11L can be generated at the output, but at some point
in time, there are missing steps. This results in a non-uniform output step
converter. This choice is interesting from the point of view of the blocking
voltages. Because the PEBB capacitor is only 20% of the DC-link voltage
and 33% of the phase capacitor voltage, the increase in the blocking voltage
of the ANPC part is small.

Extended PEBB switching strategy - Voltage ratio [4;3;2] In the case
of the 11L [4;3;2] with extended switching states, Figure 3.18-top, unless
maximum modulation index is necessary, all the phasors can be generated.
However, the balancing of the capacitors in this inverter is very difficult at
unitary power factor. The graphical model suggests, Figure 3.18-bottom,
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Figure 3.15.: Top: Repartition of all phasors. Bottom: phase and PEBB
capacitors charging and discharging phasors, for the 9L [4;2;1]
and extended PEBB switching states.
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Figure 3.17.: Top: Repartition of all phasors. Bottom: phase and PEBB ca-
pacitors charging and discharging phasors, for the 11L [5;3;1]
and extended PEBB switching states.

123



3.3. CHARACTERIZATION OF THE CCCS VSI

151 PEBB-state a red
PEBB-state a green
PEBB-state b
PEBB-state ¢
1k © PEBB-state d
® PEBB-state e
PEBB-state f
- PEBB-state g
0.5
o
051
1
15 . . . . . )
-15 -1 -0.5 0 0.5 1 15
C, phase 1 C, phase 2
15 15 @ charge
® zero
1 1 * discharge
0.5 0.5
0 0
-0.5 -0.5
-1 -1
-15, -15
-2 -1 0 1 2 -2 -1 0 1 2
@ 3phcharge
® 2ph charge
C, phase 3 cp ® 1phcharge
15 15 zero
¢ 1ph discharge
1 1 « 2ph discharge
- 3ph discharge
0.5 0.5
0 0
-0.5 -0.5
-1 -1
15 -1 0 1 2 15 -1 0 1 2

Figure 3.18.: Top: Repartition of all phasors. Bottom: phase and PEBB
capacitors charging and discharging phasors, for the 11L [4 :
3 : 2] and extended PEBB switching states.
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that there are many positions where only discharging is possible, for phase
and PEBB capacitors.

3.3.4. General equations

Because of the multiple combinations and possible voltage ratios (see
Table 3.3), it is not possible to give a general equation to predict how
many levels are generated per CCCS stage. Additionally, even if there
exists many kind of combinations, it should not be forgotten that the main
challenge is to balance the capacitors.

However, a general number of levels per stage can be given depending
on the main characteristics drawn from Table 3.3. The 2 most interesting
voltage ratio series are presented here and the general equations derived.

The first voltage ratio relationship:

[k 425k + 15k;5...54;3; 2; 1] (3.16)
where
Vepr = 1
Vep2 = 2
VCpn = k
ch = k+1
Veae = k+2

in which case the number of levels produced by a cascade of n CCCS stages
is given by:

Lin) = 542-n (3.17)

The number of individual switches (in average per phase) for n stages is
given by:

T(n) = 8+2-n (3.18)

The normalized (to half DC-link voltage) total blocking voltage for n stages
is:

— 1
B(n) = 6+8-Z% (3.19)
k=3
The second voltage ratio relationship:

[2k+1; Qk; ...;16; 8545 2; 1] (3.20)
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where
Vepr = 1
Vops = 2
Vepn = gk—1
Vo = 2F
Voge = 2FT

in which case the number of levels produced by a cascade of n CCCS stages
is given by:

L(n) = 542" (3.21)

The number of individual switches (in average per phase) for n stages is
given by:

Tn) = 8+42-n (3.22)

The normalized (to half DC-link voltage) total blocking voltage for n stages
is:

B(n) = 6+8-) 2% (3.23)
k=3

For the 2 voltage ratio series presented here, uniformity can be achieved
for any modulation index. But, as it is shown later, because the maximum
modulation index at full active power is limited because of capacitor sta-
bilization constraints, it could be interesting to consider topologies with
restricted uniformity discs. These are however not discussed here.

It must also be noted that there is no guarantee that the capacitors can
be stabilized for n cascaded stages of the CCCS. A case to case study is
necessary and the appropriate choice of voltages for the capacitors has to
be found, if possible.

3.3.5. Supply of the PEBB capacitor
The problem of the energy in the PEBB capacitor

Analyzing the previous phasor diagrams shows that for many voltage
ratios it is difficult to balance the CCCS and/or the phase capacitors.

The tables in Figures 3.7 and 3.10 indicate what is the influence of given
levels to the charge of the capacitors. Graphical representation of the same
information in temporal form, Figure 3.19, helps to clearly noticed how the
power factor influences the charging and discharging states (amplitude and

sign).
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Figure 3.19.: Influence of the phase of the current on the charge of the ca-
pacitor.

Figure 3.19-left: The capacitor is charged roughly during the time A with
the corresponding amplitude shown by the blue curve (where the blue curve
is the voltage, but the current is supposed in phase). It is then discharged
approximately during the time B and with the corresponding amplitude of
the blue curve. On average the energy supplied by the PEBB capacitor to
the system is therefore not equal to zero.

Figure 3.19-right: The current and voltage are phase shifted. During
time A, the capacitor is discharged with a 0.5 current amplitude (red curve).
During B, the capacitor is first charged with a low current, then discharged
with a medium amplitude current. During B’, the capacitor is discharged
with a strong amplitude and finally during A’, the capacitor is charged with
a strong amplitude.

Therefore, limited modulation index (for common mode stabilization)
and/or a partly reactive load help to stabilize the PEBB capacitor voltage.
This result is therefore completely similar to the CCIL non redundant phase
capacitor multilevel inverter topologies.

Investigating whether it is possible to find a voltage ratio combination,
such that the PEBB charging and discharging levels be similar thus allowing
to balance the PEBB, is of notable interest. Another idea would be, since
the PEBB voltage is relatively low, to supply it by some external circuit.

These off-line optimization issues are addressed in the following subsec-
tions.

Adequate choice of the capacitor voltages

Preliminary considerations Several voltage combinations can be used to
produce different number of levels (Table 3.1). The possible phasors for
some of the proposed combinations are illustrated in the §3.3.3, and show
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that the repartition of the charging and discharging phasors for the phase
and the PEBB capacitors is somehow similar whatever the ratios.

But besides uniform output steps, different combinations might be con-
sidered. For instance a non-uniform output step converter with more steps
at the maximums and minimums can be a good choice regarding harmonic
distortions.

The choice of the voltage ratios can be motivated also by stabilization
considerations. In this subsection the voltage ratios necessary for complete
stabilization of the PEBB capacitor are calculated mathematically.

Tune the charging and discharging levels A strategy can be defined graph-
ically based on Figure 3.19: if the discharging level is close to the charging
one, then it can be expected that something similar to redundant states is
obtained, and that therefore balancing is made easier.

Translated into mathematical terms and with the circuit constraints, the
previous condition becomes, referring to the voltage combinations found in
the table of Figure 3.10:

—Up—|—Ucf—|—AU = Up—|—UCf
AU = 2U, (3.24)

The equation (3.24) gives the distance between the levels charging (—U,+
U.s) and discharging (U, + U.y¢) the PEBB capacitor.

From that equation ((3.24)), and in order to make the distance minimal,
the basic step is defined as 2U,. This leads to the following:

Upc—Usy = 2U,
Uy —-U, = 20U, (3.25)
and so:
Uy = 30,
Upc = 55U, (3.26)

The result of the equation (3.26) is precisely what is set for the 11L
[5;3; 1] inverter, but with the steps size equal to 2U, (i.e. skip one level out
of 2). Imposing condition ((3.24)) leads to a 6L converter. It implies loss
in resolution and an non-optimal use of the capacitors. The minimum step
being AU = 2U,, the distance is relatively large and thus, the balancing is
not made much easier.
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Skip the strongly discharging level Another solution can be to skip the
level which contributes to the strong discharge of the PEBB capacitor. This
solution is based on the statement that: the number of levels offered by the
topology is high enough to allow skipping some of them.

Skipping the strongly discharging levels means skipping the level situated
on the upper side (in absolute value) of the signal (states f and g, Figure
3.10), precisely where it would be nice to have a higher resolution. This
level should therefore be replaced by another level, before being suppressed.

UDC_Ucf - Up+Ucf
Uy = w (3.27)
From §3.3.2 the two following relationships are determined:
Uy > Up (3.28)
Upc > U (3.29)
By replacing (3.28) in (3.27) the flowing relationship is written:
Upc — U,
Uy > ZDC T Yef
2
Ug > % (3.30)

Using the equation (3.29) a constraint can be given on the phase capacitor
voltage:

%< Uy < Upc (3.31)

Finally, using (3.28) in (3.31) the result is:

U
%<Up < U <Upc

1<U, < Ugp<3 (3.32)
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For instance, if U, = 1.5 and U,y = 2.5 the fraction [6;5; 3] is obtained.

This results in a non-uniform output step inverter. The levels are:
Upc = 6

Upc — Uy =

Ucf

“Up+Uy =

Up + Uy

U, =

I
© W 0 v ol

The level 8 is the skipped level. The levels 2 and 3, respectively —Up+U.y
and U,, which charge and discharge the PEBB capacitor are subsequent,
which has a positive effect on the PEBB capacitor balancing. On the other
hand, the levels 5 and 1, respectively Upc — Uy and Uy are really far from
each other. These levels are used to balance the phase capacitors.

While the PEBB capacitor charging and discharging levels are tuned,
control over the phase capacitors is lost. The non-uniform levels [6; 5; 3;
2; 1; 0] is realistic for an inverter as the missing level 4 is not much used
when the modulation index is relatively high. Unfortunately this solution
cannot be retained as control of the phase capacitors is lost.

A - discharge Cp

charge Cp

Figure 3.20.: Using the 3 phase properties to try to compensate strong dis-
charge of the PEBB capacitor.

Using three phase properties The PEBB capacitor is connected to the
three phases of the inverter, which are connected in a Wye configuration. In
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this particular configuration, the neutral point is not connected. Therefore,
Zizl in, = 0. This implies that while a strong positive current is flowing
through one phase of the inverter, the sum of the currents in the two other
phases is it’s complement to 0, Figure 3.20.

This property can be used to try to tune the different levels by choosing
the adequate ratios for the different capacitors, such that in the region where
one phase would be strongly discharged the PEBB, the two other phases
would contribute in a positive and complementary way. In mathematical
terms, the statement that the most discharging level is situated on the end
level is:

Up+ U =N ; N is the amount of levels (3.33)

The region where it is possible to charge the PEBB capacitor has to be
situated at half the full output voltage:

—Up+Ucf UPEUCf

Uys > 30, (3.34)

Y

Combining the equations (3.33) and(3.34) gives:

3
Uy > ZN (3.35)
The phase capacitor relationship linking the charging and discharging states
is:

Upc — Uey + AU = Uey
_Upc+ AU

U,
! 2

(3.36)
From (3.36), if AU is too large, the levels are too far away from each other
and the phase capacitors cannot be controlled. This is the pendant problem
to the previous optimization.

An extra condition is given as:

Upc <N (3.37)
Replacing (3.37) in (3.36) results in:

N+ AU

Ucf S 2

(3.38)
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Equation (3.38) combined with (3.35) gives:

8. NtAU
4 — 2
%N < AU (3.39)

The final relationship (3.39) indicates that the difference between the levels
charging and discharging the phase capacitor is maximum half of the full
amount of levels. In other words, the discharging region is at much lower
levels than the charging region, and once again, the balancing problem is
shifted from the PEBB capacitor to the phase capacitors.

Conclusions No matter how the problem is formulated, the conclusion is
always the same. It is not possible to find a voltage ratio such as to balance
both, the PEBB and phase capacitors. This is due to physical limitation of
the circuit where the contribution of the PEBB cannot be null under full
active power with high modulation indexes, simply because the PEBB is
connected only to the neutral point, and therefore cannot have any energy
inflow from the upper or lower DC-rail.

This problem is similar to the multilevel NPC structures, where a reactive
current or a reduced modulation index are necessary to keep the multiple
“neutral points” balanced.

Solving the problem of the power supply for the PEBB capacitor has
therefore to be done by some other means than simply choosing adequate
voltage ratios.

Recharging PEBB commutation

About this strategy The energy needed for the PEBB capacitor can be
found either in the DC-link or in the phase capacitors. Because the phase
capacitors are far away from the PEBB, and because they are floating, it
is not realistic to try to exchange energy between these two capacitors.

Connecting the PEBB capacitor to the DC-link is possible. The resulting
switching state is called “recharging PEBB commutation”. Commutation to
and from this PEBB state is possible, but involves multiple commutations
and has high conduction losses. However, this state can still be considered
if the application time is short. The most penalizing aspect of this strategy
concerns the blocking voltage of the devices.

Switching state The recharging switching state, Figure 3.21, connects the
PEBB capacitor to one of the DC-rails and the current flows through the
IGCTs, backwards into the PEBB and again forward to the output. During
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Figure 3.21.: The recharging PEBB state connects the PEBB capacitor in
series with the upper (or lower) DC-link capacitor such as to
transfer energy into it.

this particular PEBB state, it is still possible to generate a certain number
of different output levels. They are resumed in the table on Figure 3.22.

4 new levels are introduced with this new PEBB state: +(Upc — Up)
and +(Upc — Up + Ucy). They could be used to refine the output levels,
by producing non uniform levels with more resolution at the maximum and
minimum of the sinusoidal output waveform, but it must be remembered
that this PEBB state involves high conduction and commutation losses and
should therefore be used as little as possible.

Blocking voltages The recharging PEBB state requires a high blocking
voltages on the inner IGCTs S32 and Ss3, on the IGBTs S2; and S22, as
well as on the PEBB IGBTs S; and S> (Figure 3.23). In the recharging
PEBB state, the PEBB capacitor is connected to the upper (or lower) DC-
rail. Therefore the PEBB IGBTs S; and S2 have to block the DC-link
voltage bidirectionally.

This severe limitation makes this solution unrealistic for application at
the considered voltage levels.

External power supply

Since the PEBB capacitor voltage is relatively low and because the PEBB
is always connected on one side to the neutral point, the voltage insulation
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Figure 3.22.: The 2 PEBB states and the corresponding levels for the
recharging PEBB state (cosp =1).
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Figure 3.23.: Blocking characteristic for all the PEBB states and the output
level Upc
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of an external power supply can be relatively small. Intuitively, one would
say that with an external power supply, the C3S topology could work at
all power factors and with all modulation indexes.

In reality, the problem of the balancing of the phase capacitors must also
be addressed. Not only does the PEBB capacitor require balancing, but
also the phase capacitors. There are not always redundant states available
to balance the phase capacitors.

Tt is shown later that in some cases of figure, §3.5.1, the PEBB capacitor
can be stabilized better than the phase capacitors, due to the 3 phase
interactions on the PEBB. In that case, the limiting factor is given by the
phase capacitors and not the PEBB capacitor.

The calculation of the required external power supply for the case where
the PEBB capacitor would be the limiting factor must then be calculated
on the case to case basis. With an efficient balancing strategy and a low
capacitor voltage, the external power supply requires an energy equal to a
small fraction of the total converter power.

As an indication, the value of the required power supply, for the 9L
CCCS of §3.5.1, is a 288kW power supply delivering 360A at 800V. This
represents 6% of the total converter power. But in this case, it does not
mean that with such a power supply the converter can run at full active
power with a modulation index of m = 1.15, since the phase capacitors
cannot be stabilized either at m = 1.15.

Supply|
C SIH
c,—— } Uge
FDH 1 53 32
4
T T
s
5
1 T
g P _I Up
5
Cd __J T S, TS,
u
o de 534

Figure 3.24.: External supply of the PEBB capacitor
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Reduced number of output levels

The limit imposed on the modulation index concerns the PEBB capac-
itor voltage balancing. This means that if the modulation index limit is
exceeded, the PEBB capacitor cannot be balanced anymore. However,
there is a PEBB switching state for which the PEBB capacitor can be
disconnected from the current path (state a, see Figure 3.10).

With this switching state, and assuming the correct voltage reference
is given for the phase capacitors, the converter can run in the 5L ANPC
mode. This means that the capacitors can be stabilized by means of redun-
dant switching states and all modulation indexes are reachable at all power
factors.

For instance for disturbance rejection, working for a short time at reduced
signal quality might be acceptable, depending on the situation. This allows
the C3S converter to have some extra margin on modulation index for
emergency situations, and so, it can be run in normal operation close to the
maximum modulation index allowable for the PEBB capacitor balancing.

Topology modification

Instead of adding an external circuit, a direct modification of the topology
can be considered. The topology of Figure 3.25 is an alternate solution.
On that topology, the PEBB capacitor is directly included in the DC-link.
The cross-connection can have interesting properties for stabilization of the
capacitor middle points, or, a 4L rectifier could be used. Of course in this
solution, the PEBB is also unique, and similar properties as in the CCCS
can be found.

But the study of this solution is not considered here as it would require
a whole chapter in itself.

Conclusions

The CCCS topology is very interesting regarding certain aspects like
number of components, number of levels generated, simplicity of the circuit,
upgrade easiness from the 5L ANPC. One drawback is that the capacitors
cannot be stabilized for all modulation indexes at active power.

It is shown that the tuning of the levels cannot provide a way to stabilize
the capacitors. This means that the designer must choose the voltage ratios
based on the blocking voltage characteristics and the number of generated
levels. However, there is still no straightforward way to define which voltage
ratios lead to controllability on the capacitors and up to what modulation
index.
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Figure 3.25.: Proposed topological modification for the C®S inverter, inte-
grating the capacitor in the DC-link, and using a 4L rectifier
for the supply and balancing of the DC capacitors.

The simulation results show that for the 9L CCCS [4; 2; 1], the maximum
modulation index is m = 0.925 (see §3.5.2).

The next section focuses on control algorithm definition and simulations.
A prototype has been built and the measured results are presented in the
next chapter.

3.3.6. Neutral Point Balancing

Until now, nothing is mentioned regarding the neutral point control of
the three level DC-link supply. Because of evident analysis complexity of
the converter alone, the neutral point balancing is not considered as part of
this work. The assumption is therefore made that a balanced 3 level power
supply is available.

The unbalance introduced by the modulation might not be too large. In
a first approximation, it can be roughly estimated that since the modulator
tries to balance the PEBB capacitor voltage, which implies the neutral point
current flowing through the capacitor, the average current value should be
relatively close to zero. This is however not measured and is not assessed.

3.4. Modulation algorithm

3.4.1. Space vector modulation

The principal target of the modulator is to demonstrate that it is possible
to stabilize the 4 capacitors of a 3 phases CCCS multilevel inverter. Getting
the highest performances out of the topology is therefore not the main
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target. The modulator is developed in the most simple way which can
ensure stability of the voltages on the capacitors.

Since the phasor model is available and gives already a good understand-
ing of the system’s behavior and dynamics, it is quite straightforward to
assume that the most adapted modulation method to apply is the space
vector modulation technique, [43], [44]. Additionally, because of the intrin-
sic 3 phase properties of the C3S topology, it does not really make sense to
try to apply carrier based modulation techniques.

The balancing strategy for the modulation algorithm can be stated as
choosing the optimum switching state from the space phasor redundancies,
which offer the best stabilization overall, while ensuring a correct three
phase modulation of the output.

The redundancies of a phasor in the space phasor plan is equivalent to
a common mode shift in a carrier based modulation. Thus the balancing
strategy of the CCCS converter is also making use of common mode. It is
important to keep this in mind and therefore make sure the neutral point
of the Star connection of the load is not connected.

3.4.2. Capacitor stabilization algorithm
General structure

The general structure of the proposed modulation algorithm can be seen
on Figure 3.26. The different constitutive blocks are described in more
details throughout this subsection.

Implementation specificities are not discussed as they are platform depen-
dent. The first implementation was done in Matlab and then the modulator
was coded in VHDL. The two algorithms are therefore completely different
from the point of view of the coding, but the structure, presented here,
remains the same.

As already mentioned, the modulator is working with space phasors.
First, the edges of the triangle (i.e. the three nearest phasors enclosing
the reference phasor) are determined, like in standard vector modulation
schemes. It is then necessary to define which are the possible combina-
tions of phase and PEBB switching states to generate the 3 required space
phasors. In the most general case, there can be up to seven PEBB states
possible, and for each PEBB state, there can be several combination of
phase states. Each of these combinations can potentially have a different
action on the capacitor voltages. Thus there is a lot of combinations to
identify and to choose from.

By knowing which are the capacitors to be corrected with the highest
priority (usually the most deviated), a score is given to each possibilities.
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Figure 3.26.: General structure of the C*S modulator
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This score also includes other effects like switching losses or penalizing
unnecessary IGCT switchings, for instance.

Finally, comparing the best scores for each PEBB states gives a global
optimum which is then translated into gate signals to be applied to the
converter.

A model predictive control strategy can certainly be of benefit here. The
switching frequency of the PEBB and the phases, and the capacitor voltage
deviations can be minimized over several switching periods in the future,
and because the evolution of the system is known, a pretty accurate predic-
tion can be done. But as already said, the target of the present modulator
is to demonstrate the feasibility of the balancing scheme.

Determining the input phasor

The function of this block is to calculate the space phasor corresponding
to the voltage reference signals. It consists only of the reference frame
transformation. The usual function is used:

1 e
2 . /3
Uzg, ,%4,‘747 ro (3.40)
_l_j.g T3

Find triangle

This function is part of standard space vector modulation principle. The
reference space phasor is approximated by the three closest phasors that
create a triangle enclosing the given reference phasor, for instance, see [45].

A fast method to define this triangle using a transformation is described
in [46]. A transformation is defined from the space phasor plan (which is
orthogonal) to a non-orthogonal reference frame called ‘ab’.

The edges of the triangle in the space phasor plan are non-integers (x1, z2,
x3 on Figure 3.27). In the ‘ab’ reference frame the edges become integers,
and are easy to calculate since only rounding operations on the transformed
space phasor reference are necessary.

The transformation matrix is straightforward to define: The axis x re-
mains identical and is defined as the a axis and the y axis is rotated by
30° counter clockwise to become the b axis. The transformation matrix is

therefore defined as:
= 4 . .
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Figure 3.27.: Transformation from the space phasor plan to the 'ab’ plan

The diagonally opposed edges of the triangle are calculated by round-
ing the transformed space phasor reference coordinates to the top (ceiling
function [z]), respectively to the bottom (floor function |x|):

_ | [a] _ | la
t1 = |: ’—b-| and tz = LbJ
Finding the third edge of the triangle depends if the reference point is
situated below or above the diagonal. a — |a] is the relative height and
b — |b] is the relative length of the space phasor within the triangle. The
diagonal can be then defined simply as:

a—la] =b-[b]

If the difference (a — |a]) — (b — [b]) is negative, then the reference is
situated below the diagonal, and else vice versa. It follows that:

_ | la]
(a—la)) - (-1[b]) < 0:>t3—[ W}

(@ la))— (b (b)) > o:»tg—[ o }

Duty cycle calculation depends if the reference is above or below the
diagonal. They are defined as (see [46]):

tr = 1—([a] —a)
(a—la]) = (0= [b]) < Oé{tz = 1-(b-10))
t3 = 1—1t1 -1t
tr = 1—([b] =0)
(a—la]) =(0-b]) > 0=>{t2 = 1-(a—la])
t3 = 1—1t1—t2
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Once the edges of the triangle have been found, they are transformed
back to the space phasor plan.

Remark: If the inverter does not allow to generate all space phasors, then
a strategy has to be implemented in order to find the next closest phasor,
or to use two available phasors to generate a virtual phasor replacing the
missing one. These strategies are linked closely to the specific cases and
are not discussed here.

Possible PEBB states and effects on Cy and C,

Several methods can be imagined, but since an a priori knowledge is
available, the most straight forward way to implement these functions is
to use lookup tables. In these tables, all the possible space phasors are
defined. The number of space phasor depends on the number of cascaded
Common Cross Connected Stages within the topology. They can be found
by calculating all the combinations of levels of a given PEBB state. For
one given PEBB state:

ney = (C3+C5+Cr) (3.42)
where
nsp : Number of space phasors
k : Number of phase states

For each combination, there is one associated effect on each of the phase
capacitors and on the PEBB capacitor. These informations must also be
coded in the lookup tables.

The memory contains the essential information concerning the topology
to be controlled. All the phasors which can be generated, the corresponding
PEBB and phase states, and the actions on the PEBB and phase capacitors
are referenced. Getting the information about one phasor and it’s effects
on the system is then just a matter of finding the correct line to read, in
the table.

Figure 3.28 shows the proposed structure for the memory and score calcu-
lation. The reference phasor is compared to a list of phasors pre-calculated
and stored in a memory. When the reference phasors matches the phasor
stored in memory, the a score is calculated using the stored informations
about capacitor effects. When the lookup table is fully read, the maximum
calculated score is retained and the adequate phase switching state is found,
for optimum capacitor balancing.
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Figure 3.28.: Proposed memory structure and score calculation

Determine capacitor priority

This function’s role is to associate one priority for correction of the volt-
ages to each one of the 4 capacitors. This priority influences the score in
a critical way, and therefore directly modifies which is the best switching
state in a given situation.

Basically there are many ways to define the priorities. 2 solutions are
discussed here, the second giving better results than the first.

The simplest way to define the capacitor priorities is to give the high-
est priority to the capacitor with the largest voltage deviation, in absolute
value. In this case, the PEBB and the phase capacitors are treated equally.
In practice, it can be seen that this solution works, but does not give opti-
mal results. The main reason is because intrinsically, the PEBB capacitor
dynamics and controllability are different from the phase capacitors.

The graphical model, §3.3.3, (and the analysis of the switching states
§3.3.2) of the circuit shows that the PEBB can only be charged at some
give positions in time. This means that usually, the PEBB voltage is more
often discharged then charged. It is therefore not wrong to state that when
the PEBB can be charged, it should be charged, since it’s voltage will
always tend to be lower than its reference.

Therefore, the second priority strategy proposed is the following: When
the PEBB capacitor’s voltage deviation is negative, the PEBB must be
charged. But as it cannot be charged that often, the probability that the
PEBB capacitor can actually be charged is low. It must then be avoided
to discharge it further as the next charging position can potentially be far
away in time (up to % of the period).

Translated into priority language, it means when the capacitor’s voltage
is lower than the reference value, give it the highest priority. Else, treat it
like the other capacitors.
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Calculate score

This function is the heart of the modulator. It defines exactly which
PEBB and phase states must be used depending on priority levels and
the 3 phasor references. The general concept is based on the following
parameters (index ¢ € [1;3] are the 3 phases and ¢ = 4 is the PEBB):

® Pcup, Priority of the capacitor 4, 1=high priority
o Ci(t;1) Effect on the capacitor i of the phasor j with PEBB state PEBDBy,

o C; Required effect on the capacitor of the phase i

ref
e [; Current amplitude in phase i

e [, Sum of the currents through the PEBB capacitor
e sw; Number of switching required in phase i for new state

Each possible combination of phase and PEBB switching states are an-
alyzed. A score is given to each solution and only the highest score is
retained.

Ci(tjn) = iro; Means that the effect of the given switching state is

the same as the required effect (i.e. the switching state loads the phase
capacitor 3 and the phase capacitor 3 requires to be loaded). On contrary,
Ci(tjr) = —Ci,,., means the effect is exactly opposite and C;(t;1) = 0
means there is not effect on the concerned capacitor. The score S is then
defined as follows:

if Ci(tjk) = CiTef then S =S + - I;
cap;
elseif Ci(tjr) =0 then S =S5+0
1
elseif Ci(t]'k) = _Cir(:f then S =S — - I; (3.43)
’ cap;
and for the PEBB:
1
if C4(tjk) :C4ref then S =S + -1Ip
’ capy
elseif Cyu(tjr) =0 then S =540
1
elseif Cy(tjr) = —Cy,,, thenS=5-— -Ip (3.44)
: capy
For the switching losses:
4
S = S—K-sti (3.45)
i=1

K is a factor to parametrize the influence of the switching losses on the
score.
From the experience, it can be stated that the most important parameter

is the priority weights Pipv . Numerically, the capacitor with the highest
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priority has the highest value. This however does not necessarily mean that
the score will reflect this aspect properly, because the current amplitude also
influences the score. The two following situations are presented.

In the first case, a capacitor close to its nominal value is considered.
Since its deviation is small, the weight Pmllp. is low. If a large current is
flowing through the capacitor, the score migflt not reflect well enough that
the capacitor will be strongly influenced by the current. Thus it can happen
that a switching state where the current is flowing through the capacitor
is chosen, when another state could have been chose, avoiding that the
current flows through the capacitor.

In the second case, the capacitor with the highest priority is considered.
If it is in a phase where the current amplitude is low, it can happen that the
final switching state gives more importance to another capacitor because
the current is larger in there, and thus the score more influenced by the
other capacitor. The is not the required effect, since the score should make
sure the best choice is done for the capacitor with the largest deviation. In
this case, a capacitor with a lower score is contributing to a larger extent
to the score because of it’s current amplitude.

From these two examples, the role of the weights in the score appears
more clearly. All in all, the priority has the highest importance. It is
better to correct properly a capacitor strongly deviated, even if this involves
disturbing a capacitor close to its nominal value, then doing the opposite.
The trade-off is then clear, the priority must contribute more than the
current amplitude. So the score value must be tuned in such a way that even
with a lower current amplitude, the concerned capacitor will still contribute
significantly to the score.

In practice, the currents are not introduced with exact numerical values.
They are given with orders ranking from 1 to 3, the phase with order 3
having the highest current. The current score is then added to the priority
(and not multiplied, the reason being that in practice all values are integers
and not floats, which would result in wrong score calculations).

The priorities, on the other hand, typically range from 1 to 8, in steps
of 2™. So the capacitor with the highest priority is twice larger than the
second capacitor, which is in turn twice larger than the third, etc.

Determine pulses

With the three enclosing phasors calculated, the application time is also
defined. But the order of application is not imposed. It is possible here
to apply various optimization strategies in order to minimize the THD or
possibly eliminate some specific harmonics, [47] or [43].
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3.4. MODULATION ALGORITHM

The best solution from the point of view of global THD value is to re-
produce the naturally sampled PWM modulation scheme [48], [49]. The
reordering is thus done in the following manner: the longest applied phasor
is split into 2 parts. It is applied first for half of it’s duration, followed by
the second and third phasor in order of application duration. Then, in the
last step, the first phasor is once again applied for the second half of the
required duration, Figure 3.29.

Phasor 1 Phasor 2 - Phasor 1| Phasor 2 -Phasor 1

1 t2 t3 t1/2 t2 t3 t1/2

Figure 3.29.: Space phasor reordering, in function of their application time,
to simulate PWM natural sampling

This strategy is applied in the modulator, but no extensive comparison to
other methods is done regarding the optimization obtained by this method
regarding the THD.

3.4.3. Reference delay

The low frequency current ripple problem which already occurred on
the 9L CCIL topology (see §2.5) also appears with the CCCS topology. A
deeper analysis of the problem revealed that the ripple is caused by a wrong
estimation of the reference phasor.

It is shown by simulation that increasing the switching frequency reduces
the low frequency ripple. Increased switching frequency however does not
influence the amplitude of the capacitor voltage ripples and this is also
shown by simulation. This leads to conclude that the current ripple is not
caused by capacitor voltage ripples.

Increased switching frequency means that the reference phasor is approxi-
mated more often, and as a direct consequence, any output error is reduced.
In simulation, the calculation delay is 0, since the simulation tool makes
sure that all variables are calculated before moving to the next step. But
the implementation of the control algorithm is done using a time decoupling
block (sample and hold) and a triggered subsystem to simulate the discreet
behavior of the system. It is specifically the error introduced by the sample
and hold which introduces the delay and the error.

With higher output resolution, 9L in this case, the delay introduced
by the control scheme causes an error which is 3 times larger (since the
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triangles have a 3 times smaller surface) compared to a 5L output, with
a similar delay, Figure 3.30. This means a more precise output requires a
faster modulation.

By introducing a phase advance (in feedforward mode) on the reference
phasor, which is an open-loop correction of the delay problem, it is pos-
sible to reduce the ripple amplitude. Simulation results, with a switching
frequency of about 2kHz (50 samples per period for the modulation), show
that a phase advance of half the resolution angle already helps to reduce
the harmonic distortion of 25%. The improvement is quite noticeable in
the lower frequency ranges, Figure 3.31.

A closed loop tracking of the phase (PLL), and estimation and compen-
sation of the delay should solve this problem completely.

N

9L 5L

Figure 3.30.: The delay introduced by the control has more impact with 9L
than with 5L

3.4.4. Short pulse suppression

With high output resolution, it can be interesting to cancel some phasors,
when the duty cycles are too small, to avoid unnecessary switchings. In
some cases, the error introduced by the approximation of the reference
phasor by fewer discrete phasors is relatively small, while the influence on
the switching frequency can be interesting.

This solution is interesting with higher output resolution, since there is
a higher chance that the reference phasor be close to discrete phasors, as
there are more discrete phasors.

Graphically, short pulse suppression is equivalent to defining regions of
attraction, Figure 3.32. If the reference phasor falls into the region of
attraction defined by the red dashed area, it is approximated to one single
discreet phasor. If it falls in the region defined by the black dashed area, it
is approximated by two, instead of three, discreet phasors.
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SPECTRAL : THD = 0.75564% calculated to 50th harmonic - Fundamental = 50Hz
T T T T T T T T T T T T T T T T T

01 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
n

SPECTRAL : THD = 0.57656% calculated to 50th harmonic - Fundamental = 50Hz
T T T T T T T T T T T T T T T 1

0.01 |

0.008

0.006

0.004

0.002

01 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
n

Figure 3.31.: Top: Harmonic content without angle feedforward. Bottom:
Harmonic content with angle feedforward

PN

Figure 3.32.: Short pulse suppression: regions of attraction
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Of course, the larger the regions of attraction are, and the greater the
introduced error. The effect of errors on the phasor is discussed in the
previous §3.4.3.

Besides reducing the switching frequency, this strategy also influences
the harmonic content. The approximation by one or two, instead of three,
phasors is somehow similar to controlling turn on and off angles, in steady
state operation. Because in steady state, the trajectory is always almost
the same, the references are very similar. Thus, the regions of attraction
define sort of turn-off and -on angles.

But the impact is not assessed and this topic is not further discussed,
since it does not belong to the scope of investigations undertaken here.

3.4.5. Summary

With the generic approach to the modulation algorithm presented here,
it is possible to design a modulator for many different CCCS configurations.
Up to this point, no a priori conditions are considered regarding any specific
CCCS configuration. From the next section on, the implementation of one
specific 9L configuration is discussed. The tools developed in the previous
and present sections will be used and are therefore verified and validated
in simulation.

3.5. 9 level CCCS VSI

3.5.1. Retained topology
Choice of the voltage ratios

The main aspects to be considered for a specific topological choice have
already been discussed, and are namely blocking voltage, number of gen-
erated levels and controllability of the capacitors. Putting this work back
into it’s context, the principal target is to design an extension to the 5L
ANPC inverter for extra level generation.

From that point of view, keeping the same voltage ratios as on the existing
topology (i.e. Vey = VDTC) is an interesting choice because the mechanical
design of MV applications is largely (although of course not only) influenced
by the size of the passives. Another interesting feature with the PEBB
is that, at modulation indexes for which the PEBB capacitor cannot be
stabilized, it can be simply bypassed and the converter can operate like a
standard 5L, at the same power levels.

Moreover, it is seen with the CCIL converter study, §2.6.3, that 9L are
enough to comply with the VDEW and with the IEC61000-2-12 standards.
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3.5. 9 LEVEL CCCS VSI

So for the different reasons presented here, the 9L [4;2; 1] is retained.

Characteristics

Blocking voltages As discussed in the characterization chapter, §3.2.5,
the blocking voltage capabilities of the high voltage cell and those of the
first range of the medium voltage cell must be 25%, respectively 50% higher
than in the standard ANPC design. The reason is that those switches must
block the extra PEBB capacitor voltage.

This can sound as a lot, but it must be reminded that the number of
generated levels is doubled and that only one extra passive component is
necessary for the 3 phases together, while keeping full compatibility with
the 5L operation.

Maximum theoretical modulation index The maximum modulation index
achievable such that the PEBB capacitor remains controlled is difficult
to estimate. The principal reason is that there is a correlation between
the choice of the 3 phase capacitor voltages stabilization, and the PEBB
capacitors’s stabilization. The two problems cannot be treated separately.

In [21], S.Mariethoz proposes some methods for estimation of the maxi-
mum theoretical modulation indexes, but the considerations do not apply
here. The reason is that the PEBB capacitor and the phase capacitor con-
tribute to levels lower than the DC-link and that there is a coupling between
the 3 phases of the inverter.

An analysis is proposed, based on the graphical representation, in order
to understand better what is the behavior of the PEBB and phase capaci-
tor voltages regarding their specific action phasors, and deduce graphically
what the maximum modulation index is.

Plotting the average contribution of the phasors on the PEBB capacitor
shows what is the average actions available on the PEBB capacitor, Figure
3.33-top. This does not mean that the actions are necessarily spread out in
this way. It gives only a global preview. The problem is that the current
amplitude in each of the three phases, and the connection to the PEBB
cannot be represented in this view.

It is seen that a 6th harmonic ripple is likely to appear on the PEBB ca-
pacitor voltages. On the other hand, there are a lot of zero contributions,
and quite balanced repartition of the charging and discharging phasors.
From this representation, it does not seem that the PEBB capacitor bal-
ancing actually does limit the modulation index, and it seems that the
ripple amplitude can be quite small.

Doing the same thing for the phase capacitors reveals that, there are
much fewer zero contributions, Figure 3.33-bottom and Figure 3.34. Thus
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Figure 3.33.: Average phasors action on the capacitors Cp, and Cyi1. The
red dots indicate charging, the blue discharging and the black
dots indicate zero contribution. The size of the dot indicates
the amplitude
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Average action on Cf2
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Figure 3.34.: Average phasor action on the capacitors Cya and Cys. The
red dots indicate charging, the blue discharging and the black
dots indicate zero contribution. The size of the dot indicates
the amplitude
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the capacitor voltages will have a higher frequency ripple. It can also be seen
that the phase capacitors definitely cannot be stabilized for large modula-
tion indexes because of the dominant discharging states (blue dots, Figure
3.33-bottom). Therefore, it seems that the constraint is given more by the
phase capacitors than the PEBB capacitor, contrarily to what is expected
from the previous analysis.

The maximum theoretical modulation index for the phase capacitors is
situated somewhere close to the middle of the 7th and the 8th hexagons.
The corresponding modulation index can be calculated by a rule of three:

Mmaz = % = 0.958 (3.46)
Because it is possible to control the capacitors better every 4th of a period,
the ripple is likely to present a 4th harmonic component as well.

Additionally to this, it can be predicted that for modulation indexes
around the 6th hexagon, metn hezagon = 0.77, the controllability of the
phase capacitors is strongly reduced.

3.5.2. 9L CCCS Simulation results

Figure 3.35.: Simulation setup of the 9L CCCS multilevel inverter
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The previously defined modulation algorithm is applied, to the 9L [4; 2; 1]
CCCS inverter topology. The target is to demonstrate the modulator con-
cept and assess the obtainable performances for the retained inverter con-
figuration.

The setup, Figure 3.35, is simulated under Matlab Simulink using the
PLECS toolbox. The modulator is implemented in a Matlab M-function.
The load is composed of a three phase voltage source system in Star con-
figuration and an inductive output filter (with a small resistance) modeling
the transformer. The elements are calculated for a grid short circuit ratio of
20, and the voltages are shifted accordingly to the desired operating point
in steady state.

The total DC-link voltage 2 - Upc is 6.4kV. Simulations are run for
active power at a modulation index of m = 0.9. The corresponding line to
line voltage is 3.527kV. At reactive power, at m = 1.15, the line to line
voltage is equal to 4.507kV. The load is computed so that the current is
900A,m,s and the power factor cos p = 0 or cos ¢ = 1. The PEBB capacitor
is 6mF/800V and the phase capacitors are 2mF/1600V, according to Table
3.4. The stored energy is the same for the PEBB and the phase capacitors.

Table 3.4.: CCCS configuration and associated voltage levels
[Upc ;U i Upl

4 ;2 ;1
3.2kV  ;1.6kV  ;0.8kV

The vector modulation resolution is 50 reference phasors per period (ap-
proximated by 3 phasors each time, see §3.4). The measured switching
frequency at the output are reported in Table 3.5.

Table 3.5.: Measured switching frequencies in simulation

Switching frequency

S1, S2, S3, S4, S5, S6 | S31, S32, $33, S34 | S11, S12, S21, S22
Active 2kHz 50Hz 1.6-1.7kHz
power
Reactive 1.7kHz 50Hz 1.2kHz
power

1.6 —1.7kH z for the IGBTs, 50H z for the high voltage IGBTs (or IGCTs)
and 2kHz for the PEBB IGBTs at active power, and 1.2kHz, 50Hz and
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1.7k H z at reactive power respectively. Simulation waveforms are given on
Figure 3.36.

At active power the PEBB capacitor voltage contains a 6th harmonic
voltage ripple due to the physical repartition of the charging space phasor
positions (see §3.5.1). As analyzed, the control of the phase capacitor
voltages is what limits the maximum modulation index at full active power.
The simulations give a maximum modulation index of mMma, = 0.925. With
a higher modulation index, the PEBB capacitor voltage control is lost first,
followed by the phase capacitors. This probably due to the modulation
strategy which tries to gain back control on the phase capacitors and thus
losses the PEBB.

The PEBB capacitor ripple amplitude is around 50V, that is 6.25%,
and the phase capacitor ripple is 250V, which means 15.6%. These values
are acceptable, especially because the ripple amplitude does not directly
influence the harmonic distortion at the output.

At reactive power in general, the voltage ripple amplitudes are larger and
contain typically some second harmonic components. Since the modulation
index is really large, the capacitors can be balanced, on average, only every
half periods. This can be very clearly seen on the phase capacitor ripples.
On the PEBB capacitor the trend is less noticeable however.

The ripple amplitude on the PEBB capacitor is still somewhere around
+50, while the phase capacitor ripple is now almost [—250V; +500V]. A
large deep is also noticeable around 80ms. This is caused by the non-
predictive regulation scheme which discharges the phase capacitor at some
point, without knowing that in the next moments, the capacitor cannot be
controlled for some time. This causes a large deep that lasts for about half
a period.

THD The voltage THD is 2.6% (Figures 3.37 - up). The harmonic content
is completetly compliant with the standards up to the 23rd rank. Beyond
this point, there are some harmonics slightly larger than the standards, but
it cannot be stated if these really appear in a reality. The is also a large
49th harmonic, but once again, it is not so clear if it will really appear.
The current THD is 0.5% (Figures 3.37 - down). A low frequency ripple
is noticeable, but its amplitude is lower than without the reference feed-
forward strategy (see §3.4). This indicates that part of the problem (if
not all) comes from the phasor approximation error. There is also some
harmonic values higher than standards at relatively low frequencies (for
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Figure 3.36.: Simulation results of the line to line output voltage, line out-
put current, phase capacitor voltages, PEBB capacitor voltage.
Top: m = 0.9, cosep = 1. Bottom: m = 1.15, cosp =0
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instance n = 9,12, etc) but these tend to disapear depending on the mea-
surment parameters (number of samples, frequency). It cannot be said if
these harmonics are really existing or due to simulation parameters.

3.6. Benchmarking

3.6.1. CCCS versus CCIL, NPC, cascaded H-bridge and flying cap
Comparison

In the §3.3.4 the general equations characterizing the CCCS topology
are presented. They are used to benchmark the electrical characteristics
of the CCCS against the CCIL and the other standard topologies already
discussed previously.

The two CCCS configurations for which the equations were derived
in §3.3.4 are configurations with linearly growing voltage ratios, the
[k + 2;k + 1;k;...;3;2; 1] CCCS, and the quadratically growing configura-
tion, the [2k+1; 2k, 1 4;2; 1] CCCS.

Number of levels per stage In terms of level generation per stages, Figure
3.38 - top, the two CCCS configurations, for which the equations were
derived in §3.3.4 , exhibit a completely different behavior. The CCCS
[k + 2;k + 1; k; ...; 3; 2; 1] exhibits a linear progression of the levels per stage,
and this is directly linked to the chosen voltage ratios, while the CCCS
[2’“‘1; 2k . 4;2; 1} shows a quadratic progression. Compared to the CCIL
topology, the progression is in general less steep.

Stored energy per level The stored energy, Figure 3.38 - bottom, is on
the other hand very comparable to the CCIL topologies. If the CCCS is
able to compete with the CCIL even though the number of levels produced
is in general lower, it is because the CCCS only uses one capacitor per
stage and per converter against 3 for the CCIL configuration. The gain in
terms of energy, thus in terms of the amount of passive components, is non
negligible.

Individual switches per level In terms of number of switches per level,
Figure 3.39 - up, the linear progressing CCCS [k + 2;k + 1; k; ...; 3; 2; 1]
still exhibits slightly better performances then standard solutions, ought
to the fact that the PEBB is common to the three phases. The CCCS
[2k+1; ok, i 42 1} performances fairly, as expected from the previous com-
parisons, and the performances are in the same range as the CCIL topology.
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Total blocking voltage per level Finally in terms of total blocking voltage
normalized to the DC-link voltage, Figure 3.39 - down, the linear CCCS
[k + 2;k + 1; k;...;3;2; 1] is not at all optimal. The progression of the re-
quired blocking voltage compared to the produced levels grows drastically.
This is a consequence of the fact that there are many switches in the topol-
ogy influenced by the CCCS PEBB capacitor voltages.

On the other hand, the CCCS [2’““; ok 542 1] is still performing
slightly better, and is somewhere in the upper range of the CCIL topologies.
The total blocking voltage remains pretty high and this is the consequence
of the further reduction of the number of passive components. Because the
CCCS PEBB is unique for the three phases, it is still able to keep the total
blocking voltage somehow under control.

Findings

The CCCS topology positions itself, from the electrical point of view,
as solution offering the possibility to further reduce the number of passive
components, in the case of several stages cascaded, but at the price of a
further increase in total blocking voltage.

Among others, the CCCS [4;2;1] offers some performance increase from
the point of view of electrical characteristics, compared to the redundant
non boosting 9. double capacitor CCIL topology, but on the other hand,
is limited by the maximum modulation index at active power. Compared
to the 9L CCIL single capacitor topology (CCIL non redundant boosting),
the characteristics are slightly less good, especially because the boosting
topology allows a lower DC-link voltage.

On the other hand, it should be taken into account that the CCCS topol-
ogy allows to fall back to a 5L operation mode with the same power ratings
(but of course reduced output signal quality), which is not the case of the
9L CCIL boosting topology.

Finally, the question of stability of the capacitor should be considered as
well. With the CCIL configuration, it is possible to build redundant state
topologies, which is not the case for the CCCS topology.

3.6.2. Harmonic distortion

Harmonic calculations based on simulation results show that the CCCS
clearly offers better signal quality at the output compared to the CCIL
topologies with the proposed modulations schemes, Figure 3.40. This is
very noticeable on the currents: there is almost no low frequency ripple on
the output current compared to the CCIL topologies. At lower switching
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Figure 3.40.: Voltage and current THD for m=0.9 and cose = 0 (top),
cos = 90 (bottom).

frequencies the CCCS can achieve a similar current signal quality as the
CCIL at much higher switching frequencies.

It is questionable whether the influence comes from the control, which is
quite different for the two cases, or if the addition of one more capacitor
makes the system less sensitive to variations (in comparison with the 9L
single capacitor CCIL). Since the PEBB capacitor is used in common by
the three phases, it is possible that the coupling introduced by the PEBB
capacitor cancels out some harmonics on the line to line voltages.

The maximum modulation index at active power is 0.925 for the CCCS
against 0.91 for the CCIL. Another important characteristic of the CCCS
is the fundamental switching frequency of the high voltage stage which is
currently not guaranteed with the CCIL modulator.
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It appears here that the CCCS is able to offer much nicer output wave-
forms compared to the 9L single capacitor or the 9L double capacitor CCIL.
The previous comparison indicated a small advantage from the point of view
of electrical characteristics for the CCIL solution, but the present bench-
marking, there is a clear advantage for the CCCS.

3.6.3. Efficiency
9L CCCS

The loss calculation is split in three parts: conduction losses Poss,,, 4
switching losses Pjoss,,, and reverse recovery losses Pjoss,... These three
powers are defined by the following set of equations for each power semi-
conductor:

Plosscond = VonT . E + V] . E (347)
]Dlosssw = (Eon + Eoff) . fsw (348)
Z:)lossrec - Erec . fsw (349)

Ir and I, are respectively the average IGBT (or IGCT) and diode cur-
rents. They are determined by means of simulation and reported in Table
3.6.

IGCT stage [50Hz] | IGBT stage [1.7kHz] PEBB [2kHz]
Tr (Al | T (A) Tr Al | Tg0Al Tr (Al | Ty (A)
T 286 0 Ts 286 114 Ty 0 286
T> 115 0 Ts 288 117 Tho 0 115
T3 117 0 T 287 114 Th1 117 0
Ty 287 0 T3 289 117 Tho 287 0
Tha 287 115
Tha 288 117

Table 3.6.: Average IGBT, IGCT and diode currents for the 9L C3S in-
verter

Using the data available from the manufacturers datasheets ([50], [51],
[52]), it is then possible to determine the switching and conduction losses for
each stages of the inverter. The turn-on and turn-off energies are given as
functions of the current. It is reminded that the blocking voltages of some
switches in the ANPC part are higher, but since no specific components
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were retained, the characteristics of the existing components are used, and
should roughly offer similar characteristics as possible components.
The values are reported in Table 3.7.

Prosssw W] | Plosscona W] | Plossyee [W]
IGCT stage total losses 320 2774 0
IGBT stage total losses 1224 3638 2312
PEBB stage total losses 480 3351 280

Table 3.7.: Conduction, switching and reverse recovery losses for IGBT,
IGCT and diodes for the 9L C3S inverter

The total power of the converter is, at the considered operating point,
5.5[MV A]. Summing up the values of Table 3.7 for a complete inverter (3
phases and 1 PEBB), the total loss power Pjoss = 34'915[W]. The efficiency
is therefore 99.36% considering only the losses in the semiconductors.

5L ANPC

To give a comparison, the losses of the 5. ANPC topology at 4kHz are
calculated. From the benchmarking of the CCIL in the previous chapter,
§2.6, it is defined that the 5. ANPC waveform is close to complying to the
standards at 4kHz switching frequency.

IGCT stage [50Hz] | IGBT stage [4kHz|

Tr [A] | T414] Ir (Al | Tg1A]
T 288 0 Ts 288 119
Ty 119 0 Ts 285 119
T3 119 0 T; | 286 118
Ty 285 0 Ty 287 120

Table 3.8.: Average IGBT, IGCT and diode currents for the 5L ANPC in-
verter

The losses are reported in Table 3.9:

The details of the calculation are the same as previously. The total
dissipated power is Pjoss = 45'288[W], resulting in an efficiency of 99.18%.

The global value of the efficiency is not much different between the C*S
and the ANPC, but in reality there is a difference in dissipation of almost
23% or 10kW.
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Plosssw [W] Plossmmd [W] Plossrec [W}
IGCT stage total losses 320 2780 0
IGBT stage total losses 2880 3655 5440

Table 3.9.: Conduction, switching and reverse recovery losses for IGBT,
IGCT and diodes for the 5L ANPC inverter

3.6.4. 9L case study

From the previous comparisons, and taking into account the modulation
index limitation, it is interesting to see what sort of advantages the CCCS
topology really offers compared to existing solutions. In this subsection, a
case study is proposed, and a comparison is done between several 9L VSI.

All the main characteristics highlighted previously are taken into account.
The considered topologies are the following : a 9L flying capacitor converter,
a 9L CCIL double capacitor, a 9L hybrid ANPC-H-Bridge single capacitor
(see §2.6.2) and a 9L [4;2;1] C*S converter.

The comparison assumes identical complete 3 phase converters with the
same power ratings, switching frequencies and a 10% capacitor voltage rip-
ple on all the capacitors of the topology. The topologies are tuned to offer
the same maximum active output power. The comparison does not con-
sider any eventual increase of the capacitors energy to compensate common
mode stabilization issues.

9L flying capacitor The flying capacitor topology is a redundant state
topology allowing to balance all the capacitors within the structure. Is
allows to reach maximum modulation index whatever the power factor.
From the point of view of electrical characteristics, it is situated at the
other end of the optimization curve, with the lowest total blocking voltage
and the highest stored energy (in a general consideration).

9L SMC The stacked multi-cell topology is a variation of the flying capaci-
tor. By paralleling the stages, it is possible reduce the number of capacitors.
Because of increased redundancies, it is also possible to reduce the stored
energy, since the current flows during less time in the capacitors. On the
other hand, there is an increase in the blocking voltage requirements of the
converter.

9L double capacitor CCIL The double capacitor CCIL is a redundant state

topology. It also allows to balance all the capacitors at any modulation
index and power factor.
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9L hybrid ANPC-H-Bridge This topology was found to require a little
bit less total blocking voltage and individual components compared to the
9L single capacitor CCIL topology (§2.6.2). Since it is able to boost the
voltage, the DC-link can be reduced a little bit for the same output power
ratings.

9L [4;2;1] CCCS This is the topology studied in this chapter. Besides the
fact that the modulation index is limited for the 9L operation, the topol-
ogy can offer 51, operation with the same power ratings. For this reason,
the topology does not require extra voltage on the DC-link to withstand
disturbances.

The results of the comparison are presented in Table 3.10. The small-
est stored energy is offered by the hybrid 9L inverter and the SMC. It is
about 30% less then the 9L CCCS and as much as 4 times less than the 9L
flying capacitor. In general, the cross connected topologies require fewer
capacitors (in terms of components) compared to SMC and flying capaci-
tor. So even though the SMC has a similar stored energy then the hybrid
topology, it requires more components. The SMC solution actually offers a
interesting trade-off between number of components and controllability, in
the same way as the redundant and non redundant CCIL.

Regarding the number of individual switches, the 9L hybrid and the 9L
CCCS are equal and have basically 20 to 30% less components compared
to the other topolgies.

The smallest total blocking voltage is the 9L flying capacitor. It is less
then half of any other topologies except the SMC. The 9L CCCS is an
average solution offering lower stored energy compared to the other cross
connected solutions, reduced number of components, but a higher blocking
voltage requirement. The power delivered by the topology is slightly lower,
under nominal operating conditions, compared to the 4 other topologies,
but for reactive power or disturbance rejection (in 5L mode), the 9L CCCS
can deliver the same maximum output power.

The specific aspects of the different topologies do not appear here. For
instance, the switching losses of the CCIL and hybrid topologies might be
higher than the CCCS, because fundamental switching is not ensured, at
the moment, on the high voltage stage.

As well, the C3S harmonic distortion performances are higher then the
9L CCIL, with the proposed modulation and control algorithms.
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9L  Fly- 9L CCIL 9L hybrid 9L 9L SMC
ing cap 2 caps 1 cap CCCS
DC-link voltage 1x6400V 2x3200V 2x4000V 2x3200V 2x3200V
Output current 900A 900A 900A 900A 900A
Modulation in- 1 1 0.8 0.9 1
dex at nominal
operation
Nominal output 6. 1MW 6.1MW 6.1 MW 5.5MW 6. 1MW
power
Maximum mod- 1.15 1.15 0.91 1.15 (5L) 1.15
ulation index at
active power
Maximum  ac- T™MW TMW TMW TMW TMW
tive output (5L)
power
Maximum mod- 1.15 1.15 1.15 1.15 1.15
ulation index at
reactive power
Maximum  re- TMVA TMVA 8.8MVA TMVA TMVA
active output
power
Number of indi- 48 42 30 30 36
vidual switches
Total blocking 33.6kV 72kV 88kV 73.6kV 38.4kV
voltage
Number of ca- 24 6 3 4 12
pacitors
Total stored en- 35kJ 16.2kJ 9kJ 12.6kJ 9kJ
ergy in capaci-
tors

Table 3.10.: Comparison of the 9L flying cap, 9L double capacitor CCIL,
9L hybrid ANPC-H-Bridge 9L CCCS and 9L SMC' converter
topologies characteristics

3.7. Conclusions

The Common Cross Connected Stage PEBB is a completely new ap-
proach to the design of multilevel inverters. The stage is common to the
three phases of a multilevel inverter based on a 3 level DC-link. In general,
it can be connected to all kind of inverters, but it is studied together with
the ANPC topology, since the focus of this work is based on the 5. ANPC
topology.
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The C38 allows the converter to which it is associated to generate a
large number of output levels. The properties of the topology are studied
in details. The aspects covered by the work are the description of the
general topology, the electrical characteristics, the modeling, done based on
a graphical space phasor representation, and the development of a control
and modulation strategy.

A 9L realization of the CCCS topology is proposed, which is well suited
for the 5L initial topology. The theoretical limits are defined, based on
the model. Then a modulator is implemented in Matlab and tested. The
simulation results show that the maximum modulation index reachable at
active power in simulation, m = 0.925, is close to the theoretical limit of
m = 0.958 defined with the help of the graphical model.

The modulation index limitation can be overcome by switching the in-
verter back to a 5L operation. This allows the reach the maximum modu-
lation index and so, cover transients and disturbances when necessary.

Not only does the modulator stabilize the capacitors of the circuit, it
also gives higher output signal quality compared to the previously devel-
oped CCIL topology. The generated waveforms present excellent harmonic
contents, showing that the topology is likely to offer a filterless grid config-
uration, while complying with the VDEW standards.

Upgrading the 5. ANPC topology is very straightforward. Besides plug-
ging in the CCCS PEBB, it requires on increase in the blocking capability
of some switches within the topology. Besides this, the mechanical layout
is likely to be significantly simplified, as the 5. ANPC design can be kept
almost unmodified. The connection point of the PEBB being close to the
DC-link, the design of the converter is likely not to be disturbed by the
integration of the PEBB.

Benchmarking and comparison of the CCCS topology to the other exist-
ing topologies shows that every solution has its own advantages. It cannot
be said that the CCCS is a revolutionary topology overcoming all the prob-
lems of the other solutions. It does not either offer a solution for the large
blocking voltage requirement of the CCIL. But is does have its own ad-
vantages, it is a modular and reliable solution to extend the 5L. ANPC
topology.

In the specific case of the 9L topologies, the CCCS solution does have
some advantages compared to the other solutions, if the target is to obtain
a converter with low number of components.

For all the above mentioned reasons, and also because the CCCS PEBB
is, from the perspective of power electronics, a very interesting topology,
suited for industrial application. It is notably able to answer the initial
target of the work which is the development of an upgrade for the 5. ANPC
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allowing a filterless grid connection while keeping high reliability and high
power density.
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CHAPTER 4

CCCS Experimental Setup

4.1. From the PEBB concept to the realization

4.1.1. Existing system

One of the characteristics of the CCCS PEBB is that it is, as it’s name
tells, a Power Electronics Building Block. It is inherently built as a module
which can be plugged in an existing system with only minor modifications.
From the point of view of the electrical connections, the implementation
of the PEBB on an existing system is very straightforward. On the other
hand, actually adapting an existing system, not initially designed to be
used with the PEBB, can be tricky, especially when the system is based on
PCB design.

In this section it is discussed how the PEBB is adapted to the existing 5L
ANPC prototype that is used as a base for the prototyping. This 5L ANPC
prototype was built at the ETHZ for 2 PhD works (Leonardo Serpa, ETHZ
and Christoph Haederli, LEEI-INP Toulouse) and is actually intended to be
used with the ABB AC 800PEC DSP based control system (or any control
board able to issue optical gate signals). Because of the rather complex
control scheme and because the system was available, the AC 800PEC
controller was retained.

Before entering further details and to give a brief overview, the main
components to be found on the 5L prototype, represented on Figure 4.1,
are the neutral point and DC-link current sensors, the phase capacitors,
the IGBTs mounted on the heatsink and the optical interface for the gate
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Figure 4.1.: Overview of the existing 5L ANPC prototype before modifica-
tion to add the CCCS PEBB

signals (when controlled by the PEC800). The other components (gate
drivers, sensors, supplies) are not discussed here since they do not require
any modification.

The interesting aspect of this 5L. ANPC prototype is that the current
sensors measuring the neutral point currents are situated exactly at the
interconnection points where the C*S PEBB is normally connected (there
are 3 sensors measuring the total and per branch neutral point current of
each phase), Figure 4.2. As these measurements are not necessary for the
C38 setup, they are removed and the PEBB is connected instead.

The design of the C®*S PEBB PCB, the interconnection and the mechan-
ical layout from the board to the existing converter, the simulation of the
switched behavior with regards to the parasitic components due to the un-
symmetrical PEBB interconnection to the phases, and the commissioning
and testing are part of Frederic Mermod’s master thesis [53].

The IGBTs of the existing prototype are 1200V, 30A rated (Ixys) and
the phase capacitors are 1mF. Due to previous design specifications, the
gate resistors are 68 leading to an almost 1us rise time (0 — 800V). The
slow rise times imply high switching losses and limited switching frequency,
but are beneficial in limiting the overvoltages during commutation, due to
the stray inductances of the connection to the PEBB (see §3.2.5).
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Figure 4.2.: The neutral point current sensors can be removed to connect
the CCCS PEBB

4.1.2. 9L Common Cross Connected Stage prototype
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Figure 4.3.: Overview of the 5L ANPC prototype with the CCCS PEBB
connection
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The 9L C3S prototype is designed as a lateral PCB board which is elec-
trically connected by means of bus bars to the position where the neutral
point current sensors were situated, Figure 4.3. One of the design criteria
is to minimize the stray inductances of the interconnection of the PEBB
to each of the three phases while trying to keep them as symmetrical as
possible. Inherently, the PEBB is always closer to one phase than it is to
the 2 others.

Besides the layout and mechanical design, the circuit design of the PEBB
(choice of IGBTs, gate drivers, etc) is simplified as it is based on the existing
prototype schematics.

The PEBB capacitor is 2.4mF. The switching frequency of the overall
system is the same as for the simulations, namely between 1.5 and 2kH z.
The parasitic inductances are estimated with a simple rule of thumb: L, =
10nH/cm.

Simulation

The influence of the switching frequency, the IGBT rise and fall times,
and the overall design are assessed in simulation. The simulation is done us-
ing Simetrix, which is a PSpice based simulator. The retained IGBT model
is not for the exact component but a close model in terms of characteristics
was chosen. For more details, see [53].

Simulations are run for varieties of commutations in order to assess the
dynamical behavior and the influence of the different stray inductances be-
tween the phases and the PEBB. It is seen in simulation, that ought to
the commutations speeds, the stray components do not affect the commu-
tations.

Some typical commutation sequences are defined, and the simulated out-
put sequences are compared to the real system’s outputs. The comparison
between the simulation and the measured outputs are used to verify the
prototype.

Figure 4.4 shows, for one switching sequence, the correlation between
simulations and prototype results. It is seen that the signals are well cor-
related, thus validating the hardware implementation of the PEBB.

4.2. Modulator

4.2.1. Control hardware
General overview

As already mentioned, the retained control platform is the ABB AC
800PEC (Power Electronics Controller) DSP based controller [54]. From
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a purely functional point of view, it is an oversized control platform for a
low voltage lab prototype. On the other hand, it offers a very flexible and
powerful solution for the development of experimental control programs
and softwares.

The system is highly modular, as it allows to connect, among others,
via a fiber optical interface various measurement interface boards (PECMI
boards) for low or high voltage/current sensing.

It is connected to the control PC via an Ethernet connection, from which
both, the VHDL and OpCode softwares are downloaded These software
layers are discussed in greater details in the coming section. An RS-232
interface is also available for telnet connection and advanced debugging or
crash recovery.

Hardware
Fieldbus /  RS-232/
RS-232 Ethemet Fieldbus —cexgus  Rs22
Gomd GomfGom 2 4 Comafun
B oniy
PP 0113 Controlier * ‘ 4 | ‘
Backplane [y [y [
_ Anyl0 AnylO
Power supply -] communication| communication
PP D103 CPU module 2 module 1
Leo]
! 1
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! 1
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Figure 4.5.: AC 800PEC: Topology (Source [54])

The processor module is a IBM PowerPC 750FX running at 400M H z.
It is a 64 bit floating point microprocessor unit with 2x32k byte L1-cache
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and 512k byte L2-cache. Besides the main microprocessor, there is a Vir-
texII FPGA running at 40M H z. These high-end FPGAs from Xilinx come
with dedicated 18x18 byte multipliers and DPRAMs (Dual-Port RAM).
The FPGA looks after all the high speed tasks like fault handling, mea-
surements, generation of interrupts for the CPU, optical communication,
etc.

The AC 800PEC has up to 6 optical I/O modules for communication with
various extension boards, like PECMI boards for measurements, PECINT
boards for additional fiber optic links, Combi I/O boards for general pur-
pose inputs/outputs links, etc. These optical links are also used to send
the gate signals generated by the modulator.

The general overview of the hardware topology is presented on Figure 4.5.
The configuration of the prototype controller included 2 PECMI boards for
voltage and current sensing. No additional boards are necessary at this
point. The measured values are the 3 phase to phase output voltages, the
3 output currents, the 3 phase capacitor voltages and the PEBB capacitor
voltage.

The sampling time for the measurements, including communication be-
tween the PECMI and the controller, is 25us. There is a high-speed commu-
nication interface called UltraLink for fast short circuit detection (< 2us).
The signals are emitted by the PECMI boards. In this case, all the volt-
ages are measured, but sliding mode observers can be applied to reduce the
number of sensors necessary, for instance see [55], [56].

Additionally, the gate feedback signals can be read directly from the
gate drivers and handled within the FPGA program for IGBT desaturation
detection.

Software

As already mentioned, the control software is typically split into 3 levels.
The very high speed control tasks (25ns — 100us), handled by the FPGA,
the fast control tasks (100us — 5ms), handled by the microprocessor within
a Matlab Simulink program (called OpCode), and a much slower, plant
level, control (> 5ms).

The C*S PEBB only requires the very fast and fast control tasks, since
the prototype is not included in any sort of plant. The main modulator
program (described in §3.4), responsible for output voltage waveform gen-
eration and capacitor balancing, is programmed in VHDL and executed
in the FPGA. The control part of the program (generation of the space
phasors reference, closed loop current control and PLL) are programmed in
OpCode. However, the classical control tasks are not necessary for the val-
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Figure 4.6.: AC 800PEC: 8 level software block diagram (Source [54])

idation of the topology. The main focus is given on the VHDL modulator
program.

The program running on the FPGA must handle PCI communication
to the DSP, interrupt generation, measurements from the PECMI boards,
DPRAM, watchdog, clock generation, fast short circuit detection, etc. Most
of the basic functionalities are delivered as native with the controller. Be-
sides the FPGA core program, the modulator specific software must be
implemented. The whole FPGA program is written in VHDL.

The program running on the DSP is a compiled C-program generated
with the Matlab Simulink Realtime Workshop. The OpCode toolbox is
used to design the Simulink program for the PEC800. The program is split
into 3 different tasks, corresponding each to 3 different execution speeds.
The Task A is the fastest task. It is triggered with a maximum speed of
25us. The task B is then a multiple of the task A and the task C is a
multiple of the task B. This allows to split the program into time critical
instances which are then executed with different priorities and speeds. In
general, the base OpCode program contain regulation and control tasks.
For the CCCS prototype, besides the carrier and the corresponding space
phasor generation, the OpCode program does not execute any specific al-
gorithm, since there is no current control or grid connection. The control
and reference values are sent to the VHDL code from the OpCode layer.
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This allows to user to change some critical values during operation, like for
instance dead times, reset signals, nominal values, etc.

4.2.2. VHDL modulator program
General code structure

The modulator algorithm is described in details in §3.4. The specific is-
sues linked to the VHDL programing and implementation are not discussed
here, but a general overview of the program structure is given, Figure 4.7.

The general state machine is the VHDL instance which triggers all the
other instances depending on the system status. The details of the state
machine are discussed later in this subsection.

When the state machine is in the “normal running state”, the program
must execute, in a repetitive manner, the modulation tasks. The main
functionality is to provide undistorted output voltages. Additionally, the
modulator must make sure the capacitors are balanced.

Since the references are calculated by the OpCode program, the VHDL
code must be synchronized with the OpCode, and this is done using the
interrupt signals. The OpCode calculation time can be estimated (by some
external monitoring program) since converting the three references to pha-
sors is a repetitive task that always takes more or less the same execution
time. The interrupt signal is caught by the modulator and used to trigger
a counter (ok to_start signal) which is designed to match the OpCode
execution time, plus some margins, Figure 4.8.

Once the counter has underflowed, the synchronization signal (sync_ sig)
is issued. The switching state calculator instances (one per phasor) read
the fresh reference values calculated by the OpCode layer and written in
the DPRAM, and calculate the correct gate signals following the specific
modulation algorithm for the CCCS inverter (more later).

Because the 3 switching state calculator instances may require differ-
ent computational times, a trigger is necessary to synchronize the 3 in-
stances with the rest of the VHDL program. When the 3 instances have
finished calculating their outputs, the sequence generator is triggered (trig-
ger_seq_gen). The role of the sequence generator is to apply the 3 phasors
(i.e. the corresponding gates signals) with the correct given time to the
output, following the optimized strategy described in §3.4.2.

The gate signals, issued from the sequence generator at given times and
for given durations, are sent to the transition execution instances which
are responsible for executing the transition in a proper way and with the
correct dead times (more details are also given later).
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Figure 4.8.: Timing diagram: OpCode execution time counter

Finally, it must be noted that the general state machine can generate at
any time an error trip signal, which will then result in a turn off of all the
switches, whatever the state of the converter is.

General state machine

The general state machine has 7 different states. Just after startup, the
state machine is in the initial state. In this state, all gate signals are zero.

The user must then issue a “start preload” command which will drive
the state machine into the corresponding state. In the preload state, the
modulator turns on the switches such as to connect the PEBB, phase and
DC-link capacitors in parallel. Of course they should be discharged before
doing so. The DC-link voltage is then ramped up progressively from 0 to
the nominal voltage. When the PEBB capacitor reaches its own nominal
voltage (i of the nominal DC-link voltage), the modulator switches the
correct gate signals off so as to disconnect the PEBB capacitor from the
rest of the circuit. The same is done for the 3 phase capacitors.

When all the capacitors are loaded to their nominal voltages, the state
machine enters the “ready to start” state. It stays there until the order
is issued to start up the converter, or until one of the capacitors gets too
much discharged.

When the “conv_start” signal is issued, the state machine enters the
“normal running state”. In this state, the VHDL modulator and the Op-
Code program are triggered and start immediately calculating the correct
output signals.

In the normal running state, 2 things can happen. A fault or a shut
down request. In both cases, the appropriate sequence must be applied to
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the output. In both cases as well, when the system is fully down (i.e. caps
discharged, switches turned off, etc), the state machine can again enter
initial state and be ready for a new startup.

In the case of an emergency shutdown, the system cannot be restarted
unless the trip error signal is reset. This avoids turning on the system when
a failure is still present.

Transition execution

The transition execution instance is responsible for applying the correct
transitions and dead times during the switching of one state to the other.
The transition happens in several steps. First the outer IGBTs and the
PEBB IGBTs are commuted and then, the inner IGBTs (IGCTs in the full
scale setup) are commuted. This is in order to avoid transient problems due
to the different rise and fall times in case of a hybrid IGBT /IGCT structure.
On the prototype, there are only IGBTs, but the transition strategy is kept
the same to get a better idea of what will happen on a full scale system.
There are 2 dead times and 1 minimum on time defined.

The transition execution structure presented here cannot avoid spikes
during the transitions. These are due to partially non controlled freewheel-
ing paths. It can happen that during a transition, the freewheeling current
starts to circulate via the upper or lower DC-link, inducing, during the dead
time duration, a spike at £Upc or some other intermediate level. As an
example, a possible commutation from level +U, to level —U, at negative
current is presented, Figure 4.10.

With the 2 step commutation introduced previously, the outer IGBTs and
the PEBB IGBTs are first turned off. During the dead time, the current
starts to flow in the upper IGBTs S21 and S31, inducing the level Upc —
Ucy at the output. This unwanted level is the result of an uncontrolled
freewheeling path. After the dead time, the complementary IGBTs are
turned on and the inner IGBTs are turned off. During this dead time, the
freewheeling path remains unchanged. Finally, once the complementary
inner IGBTs are turned on, the correct switching state is achieved and the
output level is —U,.

The uncontrolled freewheeling path problem can be partially solved by
implementing a more complicated transition execution algorithm. All the
transitions should be analyzed for both current signs, and the adequate
sequence can then be applied to minimize the effect of the transient levels.
But for the sake of simplicity, in here only the basic transition execution
instance is implemented, since only the global behavior is of interest for the
prototype.
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General state machine (system status)

Initial State
start_preload (Safe State)

reset_state

Cf_loaded
Cp_loaded

Cf_discharged
Cp_discharged

A

Ready to Start
State

conv_start

error_code

Failure Detected

A State
Normal Runing

State protection

conv_shutdown

Turn Off sys_down
State

& Not necessary at the begining

Figure 4.9.: VHDL code: General state machine. The conditions in red are
user issued commands, while the conditions in black are system
commands.

Modulator core VHDL program

Without entering the programing details, some information is given here
concerning the general structure of the core code. Information about mea-
sured execution time and complexity are also discussed.
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Figure 4.10.: Example of a commutation, from +U, to —U, at negative cur-

rent, leading to an unwanted transient output level
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Transition Execution Structure

Initial State
Sets all gates to OFF

(reset state)

ok_to_start

Start PEBB & start_transition]  \Wait
outer_IGBT State
commutation

J

L

| waitt_dead 1 |

¥

End PEBB &
outer_IGBT
commutation
Start
inner_IGBT
commutation

]
| waitt_dead 2 |

Y

End
inner_IGBT
commutation

Figure 4.11.: VHDL code: Transition execution
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The main modulator instance is the biggest VHDL file contained in the
FPGA (about 10’000 lines). It is split into 5 different parts executed sub-
sequently and which are briefly discussed here.

First the capacitor priorities are calculated, such as described in §3.4.
Then, the reference phasors is searched in a table referencing all possible
phasors. This is a large table containing information about the switching
states and corresponding output levels, the effects on the capacitors (phase
and PEBB) and the possible PEBB states. Because the table must be
searched sequentially to look for all the matching phasors, it is split into 6
parts, containing each 120 entries.

When the phasors corresponding to the reference are found in the tables,
the informations about the switching states and the effect on the capacitors
are stored into 7 stacks, representing each one PEBB state. The next step
is then to calculate the optimal score for each PEBB state. This is done by
reading all the entries of the stack and calculating the score of the PEBB
and phase capacitors (eq.(3.43) and eq.(3.44), §3.4.2). Only the highest
score for each PEBB state is kept.

Finally, the highest score among all the PEBB states is chosen and the
corresponding switching state for the 3 phases and the PEBB (gate signals)
are sent to the output. It should be noted that in this version of the
modulator, the switching losses are not included in the score calculation.
This can be done in a further revision of the program.

The general structure of the program is represented on Figure 3.26 of
§3.4.

The average execution time of the modulator instance is between 7 —8us.
The most time consuming part is the sequential search in the lookup tables.
It takes one clock cycle for each entry to be read and compared, and there
are 120 entries each time. The program could certainly be further optimized
on this point, but this is not necessary at this point.

Finally, it can be mentioned that the Xilinx System Generator Toolbox
for Matlab Simulink was used to test the modulator. This toolbox allows to
implement and simulate a VHDL code within the Simulink environment. It
is then possible to simulate the VHDL modulator with a PLECS circuit and
a Simulink regulator, which is a very effective way to test the program. The
main drawback of this solution is the really slow simulation speed (30min
for 20ms, on a Intel Xeon 3.6GHz system with 3Gb RAM memory).

4.2.3. OpCode program

The OpCode layer of the program is responsible for the slower tasks (25us
and more). Since the main modulator core is implemented in VHDL, only
a small part is coded in OpCode.
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Figure 4.12.: OpCode program: the main program window and the pre-
modulator windows with the embedded m-function

The 3 phase to phasor transformation of the reference value, and the
calculation of the 3 enclosing discrete phasors, is done via an embedded
M-function in task A of the OpCode program. It takes roughly 50us to
execute.

In the case of a grid connection, it would be necessary to add to the
OpCode program a PLL and a current controller. But since the first step is
the validation of the concept and of the topology, the converter is connected
to a passive RL load and not to the grid. Thus control and synchronization
with the grid are not necessary.

4.3. Test setup

4.3.1. General setup and protection

The supply of the inverter is done using a series connection of 2 voltage
sources, since the neutral point balancing issue is not assessed or discussed
(§3.3.6).

The user protection is an essential part of the setup. A bumper button
controls the emergency shut down of the setup. When the converter is
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shutdown, the button is bumped. In this configuration, the converter is
isolated from the supply and all the capacitors are connected to discharge
resistors. These resistors are designed to burn the capacitors’ energy within
a few milliseconds.

In normal running state, the bumper is in open position and the relay
is therefore turned on. This connects the DC supply to the setup and the
discharge resistors are disconnected. In case of emergency or after normal
shutdown, bumping provides an isolation from the source and discharges
the capacitors.

Additionally to the bumper, there is an optical control coming from the
controller which also allows to emergency shut down the system upon soft-
ware fault detection.

The load is composed of a 47€) resistor and a 2.4mH inductor. The
inductor is used only to filter the current which else would be an image
of the voltage. The load resistor is chosen as a function of the DC-link
voltage and the power capabilities of the voltage sources. In this case, a 5A
limitation of the voltage sources drove the choice of the resistors.

4.3.2. Measurement results
Waveforms

This section presents the main results obtained from the prototype. The
DC-link voltage is 48V per capacitor (96V total DC-link voltage). The
phase capacitor voltages are 24V and the PEBB capacitor voltage is 12V.
The output current is 4A. The most limiting factor preventing to push up
the voltage and current of the setup were the available voltage sources in
the lab.

Figure 4.14 shows for one grid period, in purple the line to line voltage
between the phases 1 and 2, in green the output current of the phase 1,
in blue the phase capacitor voltage of the phase 1 and in red the PEBB
capacitor voltage, for a modulation index of m = 0.88. The multilevel pat-
tern of the voltage can be clearly seen, and the current waveforms presents
a descent ripple (which is of course depending on the load inductor). From
this figure it is however not so very clearly seen how the phase and PEBB
capacitor balancing is performing.

The spikes appearing on the line to line voltage are due to freewheeling
paths connecting the output to some intermediate levels during the com-
mutation dead times. The phenomenon is explained in details in §4.2.2.

Figure 4.15 shows additionally the pole voltage. The 9 levels can be
identified, but the capacitor ripples make them harder to identify.
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manual T

Optical and manual
interfaces are available .|
to disconnect the

supplies and discharge

optical :I ! the capacitors R
R
R

The capacitors are
connected via normally
closed contactors to
resistors, while the
supplies are connected
via normally open
contactors

The load is RL without
neutral point connection

Figure 4.13.: Test setup: protection, supply and load

A longer capture of the same values is shown on Figure 4.16. The capac-
itor voltage ripples are more clearly visible. It can be seen that the PEBB
capacitor voltage ripple is very small, and that the phase voltge capacitor
ripple contains a 2f component.

Figure 4.17 shows what is the result with a modulation index of m = 1.05.
The PEBB capacitor voltage is 0 since it cannot be controlled anymore at
this modulation index. The phase capacitor voltage cannot be kept at
it’s nominal value of 24V, but stabilizes somewhere around 12V. With an
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Figure 4.14.: X-azis: time [2ms/div]. Y-azis: 1-Blue: Phase 1 capacitor
voltage [10V/div]. 2-Purple: Line to line voltage [40V/div].
3-Green: Output current phase 1[4A/div]. 4-Red: PEBB ca-
pacitor voltage [10V/div].

appropriate modulation scheme the inverter would have been able to run
in a 5L, mode.

The control strategy, for going from a 9L to a 5L mode for increased
modulation index operation, requires to be able to bring back the PEBB
capacitor voltage from 0 to its nominal value during operation.

Figure 4.18 shows the behavior of the system at startup with discharged
capacitors: The modulation index is ramped up to m = 0.88. It can be
seen that the phase capacitors are brought to their nominal value within
roughly 60ms, and that the PEBB capacitor requires 300ms.

The capacitor voltages rise time is shorter for lower modulation indexes.
This is however a sufficient indication that even during operation at high
modulation indexes, with a discharged PEBB capacitor, it is possible to
resume nominal 9L operation when the modulation index is brought back
to a range where the PEBB capacitor can be stabilized.

The two last Figures 4.19 and 4.20 show the capacitor ripple alone. This
illustrates that the three phase capacitors and the PEBB are well balanced,
and that there is a 120° symmetry between the three phase capacitors,
as suggested by the graphical model. The ripple amplitude on the phase
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-

Figure 4.15.: X-azis: time [2ms/div]. Y-axis: 1-Purple: Line to line voltage
[40V /div]. 2-Green: Output current phase 1[4A/div]. 3-Red:
Phase 1 pole voltage [20V/div].

Figure 4.16.: X-azis: time [10ms/div]. Y-axzis: 1-Blue: Line to line voltage
[40V/div]. 2-Purple: Output current phase 1[10A/div]. 5-
Green: Phase 1 capacitor voltage [10V/div]. 4-Red: PEBB
capacitor voltage [10V /div].
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capacitors equals roughly 15%, while the PEBB capacitor ripple is about
5-10%.

}'

W ..

TR
- nm |_‘ _ i|

Figure 4.17.: X-azis: time [10ms/div]. Y-azis: 1-Blue: Line to line voltage
[40V/div]. 2-Purple: Output current phase 1[10A/div]. 3-
Green: Phase 1 capacitor voltage [10V/div]. 4-Red: PEBB
capacitor voltage [10V/div].

4.3.3. Findings
Capacitor ripple amplitudes

The energy stored in the phase capacitors of the prototype is 288mJ and
in the PEBB 173mJ. The energy in the phase and PEBB capacitors of
the simulated medium voltage design are respectively 2560J and 1920J. In
order to be able to compare the ripples observed in simulation and in the
prototype, a common base must be defined. The ripple amplitude in the
capacitors is defined by:

dUu AU
i= C-—= (C-— 4.1
' dt At (4.1)
The energy in the capacitors is given by:
1
Ee = ;C- U? (4.2)
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Figure 4.18.: X-azis: time [50ms/div]. Y-axis: 1-Blue: Line to line volt-
age [40V/div]. 2-Purple: Output current phase 1[6A/div]. 3-

Green: Phase 1 capacitor voltage [10V/div]. 4-Red: PEBB
capacitor voltage [10V /div].

E
1
E:

Figure 4.19.: X-azis: time [5ms/div]. Y-axis: 1-Blue, 2-Purple and 3-

Green: 8 phase capacitor voltages [10V/div]. 4-Red: PEBB
capacitor voltage [10V /div].
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Figure 4.20.: X-azis: time [100ms/div]. Y-axis: 1-Blue, 2-Purple and 3-
Green: 3 phase capacitor voltages [10V/div]. 4-Red: PEBB
capacitor voltage [10V/div].

so combining the two equations gives:

1i-At 2
E - . 4.
¢ s a0 U (43)
Defining the voltage variation AU as n-U:
Ec 1 1 1
= = ZAt--= K.- 4.4
1-U 2 n n (4.4)

The last equation says that the normalized capacitor energy over the con-
verter power gives an inverse proportional value to the ripple amplitude
7, since the factor K is constant and identical for both converters (same
switching frequency).

The medium voltage design gives an energy over power ratio of 0.0018 and
0.0027 for the phase and PEBB capacitors. For the prototype, the ratios are
0.0030 and 0.0036 for the phase and PEBB capacitors respectively. Thus,
the ripple ratio between the prototype and the simulation is 1.67 and 1.33
for the phase and PEBB capacitors respectively.

The measured ripple amplitude on the prototype is 15% on the phase,
and 5—10% on the PEBB capacitors. In simulation, the amplitudes are 15%
and 6%. Since the energy in the prototype is 1.3 and 1.7 times higher, and
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the ripple have roughly the same amplitude, it can be directly concluded
that the capacitor ripple amplitude on the prototype is 1.3 to 1.7 times
larger than in simulations.

Differences in modulation indexes and in switching frequencies might be
the cause of the differences observed here.

Modulation index

The maximum reachable modulation index on the setup is m = 0.88.
This result is quite close to the simulation results and demonstrate the
good correlation between simulation and real life. It seems here also that
further optimization of the modulator can help to balance the capacitors
at higher modulation indexes.

Additionally, the predicted behavior around modulation indexes m =
0.77, §3.5.1, can be clearly observed during prototyping. The control of the
phase and PEBB capacitor voltages is quite smooth for all the modulation
indexes, except for those around 0.75 to 0.78, for which the phase capacitors
get harder to balance. This is an important result for validation of the
graphical model.

Observed waveforms

A 2f ripple is appearing on the phase capacitors ripple and the PEBB
capacitor ripple does not exhibit a 6th harmonic ripple as pronounced as
in the simulations.

Recalling the graphical model results of §3.5.1, the observed waveforms
can be explained. Concerning the low PEBB capacitor ripple, recalling
the average phasor repartition for the PEBB capacitor, figure 3.33-top, the
observed results are the result of the fact that, on average, the actions on the
phase capacitor are quite often zero. Thus, the ripple is not so important
and the observed results confirm this.

The reason why a 6th harmonic ripple is more visible in simulations can
be caused by the difference in the modulation indexes.

Concerning the second harmonic ripple, the figures of §3.5.1 regarding
the average actions on the phase capacitor can also be used to analyze
the result. Close to the maximum modulation index, and m = 0.88 is a
maximum modulation index in the case of the prototype, it is seen that
during one period, there are always 2 regions (for instance, for the phase
1 capacitor at the top and bottom of the hexagon, Figure 3.33-top) where
the range of actions allow to charge the capacitor, while during the rest of
the period it can only be discharged. Thus, a 2f ripple will appear and this
is what is observed.
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The experimental results therefore validate the graphical model proposed
for the analysis of the capacitors within the CCCS topology.

Modulator differences

The modulator design is of course different from the simulation to reality.
However, because the modulation strategy is very clearly defined, the two
modulators, although they are implemented on different platforms, are very
similar from the point of view of functionality.

The main difference between the simulation and the setup is the score
calculation weights. The weights define what combination of switching
states is retained, thus what is the influence on the capacitors stabilization
of the retained switching states combination. Since the weights (capacitor
priority and current, see §3.4) have an important role in the final score, and
because they cannot be the identical between the Matlab and the VHDL
programs, due to different architectures and base for the numbers, the scores
will not necessarily give the same results for the same converter states.

The tuning of the weights of the VHDL program to match the Simulink
program is not done, because recompilation of the modulator is time con-
suming, and additionally would result in a trial and error strategy which
is not desirable. It is possible that a given combination of weights leads to
similar result, but the setups main interest is to demonstrate and validate
the C3S concept, model and control strategy, and not to offer the highest
performances possible.

4.3.4. Implementation issues
Observed waveforms

Of what can be seen from the observed waveforms, for instance Figure
4.14, there is a low frequency ripple and unoptimized switchings on the
outputs produced by the test setup. Several voltage steps are skipped
which leads to a low frequency ripple.

It is clear from simulation results that the observed waveforms are not due
to the proposed regulation or control concept, but to the implementation.
Debugging of the VHDL software code is not a straightforward task when
the complexity of the program is high.

The implemented “switching state calculator” instance (see §4.2.2) is by
itself 10’000 lines long. Because of lack of experience with such a complex
program structure, it is likely that the produced code is not optimized
and could be written in a more efficient way. There are several steps in
the programming sequence that are likely to have produced the observed
errors.
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The first step in the VHDL implementation is the transcription of the
lookup tables. Initially the lookup tables contain the information calculated
from Matlab about the repartition of the space phasors in the complex
plan, with information about the possible PEBB states, and the charging
and discharging informations. Transfer into VHDL of these large matrices
requires an adaptation of the syntax. The chosen procedure was to use
Excel to produce a VHDL compliant syntax. A this point, there is already
the possibility of some data consistency error.

The next step is to optimize the lookup procedure. Typically, in VHDL,
reading one line of the table requires one clock cycle. Because of the very
large number of possible phasors, the size of the lookup table is problem-
atic and a search can take really a very long time. For that reason, the
information of the table was split into several subtables, 6 in total, which
cover each one sixth of the hexagon. Thus, when knowing in which part
of the hexagon the reference signal is, it is possible to choose the correct
subtable to use. At this point as well, some sorting is necessary, and it
must be carefully verified that each subtable contains actually the phasors
it should, no more and no less. If there were a mistake at that point, the
search in the lookup table would fail, since no values would be found, and
thus, the modulator would fall back into a safe state which is “using the
last applied gate signal”.

Once the subtables are correctly defined, it is a question of finding the
correct values by an incremental search in the tables, calculating the scores
and storing the results. The score calculation is a sensitive algorithm. It
must take into account the physical constraints of the system (for instance,
the PEBB capacitor can only be charge every sixth of a period with large
modulation indexes), and tuning of the weights can be tricky (see §3.4.2).

Besides these aspects, there are some other steps which are likely to
produce errors on the phase voltages. The generation of the reference signal
and calculation of the duty cycles, the application of the calculated gate
signals to the gate drivers with the proper duration and the transition
execution which takes care of the switching mechanisms.

Simulation of the VHDL code

With the help of the Xilinx System Generator toolbox, it is possible
to simulate the VHDL code software using Matlab Simulink. In such a
simulation, the VHDL code is run into an environment which can provide
some help for debugging. However, the simulations can require a very long
execution time, and the complexity of the simulated VHDL file must be
restrained.
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Figure 4.21.: Simulation of the VHDL modulator instance “switching state
calculator”, m = 0.9.

The simulation results of the “switching state calculator” are presented
hereafter. The switching state calculator instance contains only the main
part of the modulation algorithm, which is the lookup table search, the
score calculation and the determination of the gate signals.

The simulation is run with operating conditions similar to the test setup,
in terms of voltage ratings and load. From what can be seen, the modulation
and score calculation seem to be executed in a proper way.

From this information, several conclusions can be drawn. First, it seems
the main modulator instance, the score calculation and the determination of
the phasor to be applied works in VHDL simulation and for some operating
point. The capacitors can be balanced for the modulation index m = 0.9
which is not the case on the prototype.

This does not mean, however, that the problems observed on the test
setup come from some other instances. The reason is that the other
instances (sequence generator, transition execution, etc) have also been
checked in simulation (sometimes using ModelSim, sometimes using Mat-
lab Simulink) and all the instances have shown proper functionality.
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The main question is whether there is the possibility that some part of the
software code works fine with simulation but shows some errors in real time
implementation, which can happen with simulation of VHDL programs.
Or another possible issue is some sort of error produced by connecting the
blocks together (synchronization issues for instance).

To be able to point out the problem, the modulator needs to be broken
down into separate parts, and each of the parts needs to be verified first in
simulation and then on the control board. Once the individual functional-
ities are verified, the parts can be put together progressively and tested.

Thus, finding out where this low frequency ripple comes from is not a light
task. The implementation of the modulator in VHDL was demonstrated,
showing that the proposed concept can actually be used on a FPGA chip.
On the other hand, the implementation complexity was also revealed.

Final considerations

There is a whole chain of elements that are critical for the final result.
The previous analysis gives some clues to where the errors might come
from. Since VHDL is not so simple to debug, a careful and step by step
implementation should be considered. Ideally, simulations should be run
with growing VHDL program complexity, making sure at each step that
the complete functionality works as expected, and then confirmation from
the real setup should be obtained (at least observing with an oscilloscope
some test signals from the control platform), since, as it is demonstrated
here, simulation of VHDL is not always sufficient to demonstrate full func-
tionality.

This has not been done carefully enough from the beginning in this work,
because the complexity of the resulting code has been underestimated. The
reprogramming of the modulator, taking into account each of these aspects,
will certainly lead to a modulator implementation that offers the expected
performances on the system.

However, from the actual status of the work, the basic principles are
demonstrated. It is possible to show that the proposed balancing strat-
egy works and that FPGA implementation is realistic, although it requires
careful attention due to high complexity.

4.4. Conclusions

The prototyping phase was realized on the base of existing hardware
modules for the 5. ANPC. A 9L C3S inverter was realized and the results
obtained are presented in this chapter. It is possible to demonstrate and
validate the topology, the concepts and the control of the CCCS inverter.
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The two main activities of the prototyping are on one side the develop-
ment and testing of the VHDL modulator, and on the other hand the design
and conception of the prototype hardware. The extensive use of simulation
software tools did maybe not reduce the development time too much, but
it allowed to do most of the debugging away from the real prototype. This
certainly helps to discover problems before they lead to hardware failures.

Validation of the CCCS topology is a major result since it is a totally new
topology and concept for multilevel inverters. The maximum modulation
index observed on the setup is close enough to the simulation results to
show that the implemented solution works in real life with very similar
performances as observed in simulations.

The proposed modulation strategy allows to develop a functional modu-
lator by following a certain number of generic steps, but the performances
delivered vary depending on how exactly the solution is implemented. There
is therefore clearly some room for the development of optimal modulation
strategies.

The power ratings used for the tests are not high enough to get correct
loss estimation. The limiting factor is the available supplies at the time of
the tests. A grid connected configuration with a larger 3 level power supply
could be done with the same setup. However because of time constraints,
theses tests were not run.

The main results that are obtained from the prototype are that the sys-
tem works correctly with the proposed model and balancing scheme and
that the intrinsic dissymmetry (nonequal stray inductances) does not affect
the operation of the converter at the considered switching speeds. It is also
demonstrated that the converter can be started up with discharged capac-
itors and is able to bring the voltages up to their nominal values within
a few hundred of milliseconds even for the highest achievable modulation
index.
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Figure 4.22.: 9L CCCS Prototype
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CHAPTER b

Conclusions

5.1. Objectives and overview

Since the introduction of multilevel inverter topologies, there have been
many different solutions proposed up to this day. It seems that multilevel
solutions are becoming industry standards due to the multiple advantages
they offer. Among all the existing topologies, it does not seem that any
is really taking a technical lead in the domain. A short analysis of their
characteristics shows that they have very different kind of properties, thus
making them more or less adapted depending on the application.

The 5L ANPC multilevel topology has been the starting point of this
work. It is a key topology at ABB and there have been several develop-
ments around it, notably this one. The main contributions of this thesis
are, in that sense, two different modifications of the 5L ANPC leading to
topologies characterized by a higher blocking voltage requirement, but of-
fering higher reliability, ought to a lower number of components compared
to some other classical solutions. For medium voltage applications, espe-
cially in renewable energy generation where the quality standards are very
stringent, the output filter is usually bulky and expensive. Since the topol-
ogy is already multilevel, increasing the number of generated outputs to
further reduce the filter size seems to be a logical evolution.

Out of this work, two new topological families came out. They are intrin-
sically completely different approaches to the multilevel world, one being
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more “standard”, the CCIL, while the other could be qualified of more “dis-
ruptive”, the CCCS. Both topologies have in common the use of a new cell
called the Cross Connected Stage.

The interesting aspect of these topologies, besides their originality in the
sense that they did not exist before, is that they position themselves in
a segment of characteristics for which not many topologies were available
prior to this work. The newly elaborated solutions can generate large num-
ber of output levels with a reduced number of components, compared to
many traditional solutions. The price to pay for this is a larger blocking
requirement.

The initial analysis, characterizing the topologies concerning the number
of components compared with the number of levels generated, can now
be completed with the solutions proposed in this work. The CCIL and
CCCS topologies allow the generate more levels with a reduced number of
components, thus filling in a previously open area, Figure 5.1.

General trend in topologies (active power)
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(Peng)
| -
Ll

# components

Figure 5.1.: General trend observed in multilevel topologies regarding the
number of components versus the number of generated levels,
the CCIL and CCCS cover an area not previously represented

The hybrid ANPC-H-Bridge topology also appears now in the graphic,
as it is discussed in §2.6.2. It had not been considered initially, but dur-
ing the work, it was found that this topology has similar characteristics
as the CCIL. It is possible that other hybrid solutions also appear in that
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range of topologies, but since there is virtually a unlimited number of hy-
brid topologies to be built, the present comparison cannot consider all of
them. Similarly, the existing topologies with asymmetric voltage ratios are
susceptible to go into that region of the graph, but here also, the analysis
did not focus on these topologies.

Since this is only a one sided view of the characteristics, it can be kept in
mind that a graph comparing the blocking voltage requirement would look
liked a inversion of this graph.

It cannot be stated straightforwardly that the Cross Connected solutions
offer great advantages and are the most suitable topologies for multilevel
inverters. It cannot either be stated that because of their large blocking
voltage requirement, they are unadapted solutions. In fact, the most inter-
esting aspect of this investigation is that the designers have now the choice
to pick a topology having either an optimized number of components or an
optimized use of semiconductors, depending on what are their criteria of
choice, and being aware of the trade off which exists.

5.2. CCIL topology

The Cross Connected Intermediate Level Voltage Source Inverter is the
first topology developed on the base of the cross connected stage. It resulted
in a patent, [57]. This PEBB can be used as well on the 3L ANPC or
on any other kind of multilevel inverter, including also in a stand alone
configuration.

Because it can make use of several voltage ratios and produce uniform
output levels in redundant and non redundant state configurations, the
topology gives a large freedom to the designer. In general, the non redun-
dant solution requires higher blocking voltage but fewer components, and
the redundant solution reduces a little the blocking voltage requirement but
requires more switches and capacitors.

Besides their electrical characteristics, there is another big difference be-
tween the two elaborated topologies: the control. The redundant state
topology has the advantage of offering a trivial capacitor balancing scheme,
whereas the non redundant state case requires a common mode scheme and
is limited in modulation index.

The non-redundant state topology offers the highest ratio of the number
of generated levels on the number of passive components necessary. It is
however found that the hybrid ANPC-H-Bridge topology has the exact
same characteristics and allows to reduce a little the blocking voltage and
the number of components.

205



5.2. CCIL TOPOLOGY

Based on the analysis of the topology and the influence of the levels on
the capacitor balancing, a graphical model is proposed. This model gives a
global overview on the system’s behavior for all kind of modulation indexes
and power factors and allows developing a appropriate modulation strategy.

To demonstrate the controllability of the topology, a fuzzy logic regulator
was developed with the help of the graphical model. The modulator is then
implemented in simulation and the results indicate that the topology can
be stabilized for modulation indexes up to m = 0.91 at active power. The
developed modulator can also be used directly on the hybrid topology,
since the two topologies are identical from the point of view of control. The
limitation in the modulation index is caused by the physical constraint on
the system which imposes that the energy delivered by the phase capacitors
must be zero on average.

Benchmarking of this topology shows that compared to standard solu-
tions, the number of single switches is reduced by a factor of more then
1.5, and the stored energy is reduced by a factor 5 and more, for the same
number of levels. The difference also increases with increasing number of
levels. On the other hand, the total blocking voltage is larger than with
standard solutions by a factor of 2 to 4.

The signal quality delivered by the 9L CCIL converter is high enough
to be able to get ride, to a large extent, of the output filter, which is one
of the main criteria of choice. But the proposed modulator exhibits a low
frequency ripple on the currents, in open loop configuration, which could
be caused by control delays. Since the optimization of the modulation
algorithm is not the main topic of interest, further investigations were not
done on that aspect. It is likely that the modulation can be optimized to
get ride of that problem.

The redundant CCIL topology does not suffer from modulation index
limitation. The capacitors can be stabilized at all modulation indexes and
for all power factors. In the non-boosting configuration the total blocking
voltage requirement is a little lower than in the non redundant boosting
case.

The stored energy for the redundant state CCIL inverters is a bit higher,
because more capacitors are necessary for generating the same number of
levels as the non-redundant configurations. But compared to more tradi-
tional solutions, the redundant CCIL still offers notable advantages with
respect to the number of components.

Besides being interesting in the MV range, the CCIL redundant topolo-
gies can be interesting for low voltage applications. With some increase
of the blocking voltage, which is not a real issue in low voltage (from the
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technical point of view), and addition of some capacitors, it is possible to
build a ultra high-quality signal output. For instance, one domain where
there could be some benefit to removing the output filter and increasing the
number of levels is the UPS (Uninterruptible Power Supply) applications.

Another domain of power electronics where such a solution could be inter-
esting, but which is not linked to energy management or power production
is the high power D-class audio amplifier applications. In the audio field,
the price often grows with the signal quality, and therefore this sort of
solutions can have interesting potentials.

5.3. CCCS topology

The CCCS topology introduces a completely new concept in the field of
multilevel inverter topologies. This topology was also patented, [58]. The
Common Cross Connected Stage is connected to the DC-link, and is used in
common by the three phases of the inverter. This implies that some part of
the topology can be reduced by a factor 3 and that the number of necessary
components is therefore further reduced compared to the traditional per
phase approach.

Connected to the 5. ANPC topology, the C®S PEBB can offer a large
number of levels depending on how many stages are cascaded. Due to the
configuration of the C3S topology, upgrade from the 5L ANPC configura-
tion is very straightforward and the solution actually offers a truly modular
approach. From the electrical characteristics point of view, some switches
of the ANPC part require a higher blocking voltage than for the standard
configuration, since they have to block the additional PEBB capacitor volt-
ages. Once again, the trade off can be clearly seen between reducing the
number of components and increasing the blocking voltage requirements.
The addition of levels cannot be done without a price to pay.

Since the PEBB is commonly used by the three phases, analytical analysis
is not very straightforward and can become tedious. Every combination of
the three phase switching states and of the PEBB switching state must be
considered, which makes the analysis quite complicated for the general case.
Additionally, various voltage ratios are possible, which further increase the
analytical complexity of the system.

As the switching states must be considered globally for the three phases,
a space phasor graphical approach is proposed. The developed graphical
model allows to understand the principal characteristics of the circuit, and
helps to predict the behavior and dynamics of the capacitors for various
modulation indexes. With the informations of the model, a generic modu-
lation scheme is proposed for the balancing of the capacitors.
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With the help of the model, a set of voltage ratios could be chosen,
[4;2;1], which ensure uniformity of the output and controllability of the
capacitors of the circuit. Based on the generic modulation description, a
specific modulator for the 9L case is programmed in simulation.

The results show that the proposed topology works and that the capaci-
tors can be stabilized with the developed modulation scheme. The simula-
tion results also show that the CCCS offers good performances concerning
signal quality and maximum modulation index. From the theoretical anal-
ysis, it was predicted that the maximum modulation index would be in the
range of m = 0.958 and in simulations, the capacitors can be stabilized for
modulation indexes up to m = 0.925.

The modulation index limitation can be overcome, since the CCCS 9L can
fall back into a 5L operating mode. At the price of reduced signal quality,
the inverter is able to work at higher modulation indexes for disturbances
rejection, for instance. The 5L operating mode is not limited in modulation
index whatever the power factor used.

The CCCS solution is then benchmarked versus the other topologies dis-
cussed in this work, and also against the CCIL. The result show that,
globally, the CCCS allows to reduce a bit more the number of passive com-
ponents compared to the CCIL, thus increasing a bit more the reliability,
but the price to pay is once again an increase in the total blocking voltage.

However, the CCCS is a flexible solution and different voltage ratios
can be considered. The 9L case study, discussed later in these concluding
sections, imposes certain capacitor voltage ratios, but non uniform output
steps can also be considered with voltage ratios such as [5;3;1] which do not
increase so much the blocking voltage of the inverter. Since these solutions
offer non uniform output steps, they were not benchmarked or discussed
here. But they can offer potentially interesting results and could deserve
some more study.

A prototype for the 9L CCCS inverter was built. The modulator is
implemented in VHDL, following the generic modulator conception steps,
and is made to work without any particular tuning. The experimental
results show that the topology actually works, thus validating all the work
done on this topology.

The maximum modulation index observed on the prototype is m = 0.88.
The balancing of the capacitors works well, but comparison of the wave-
forms between the prototype and the simulation indicates that there is a
difference between the two systems. The cause is identified to be at the level
of the modulators, which are different in simulation and in reality (VHDL),
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due to implementation platform differences. It can be expected that with
an optimization of the modulator, better performances would result.

The development of the modulator aimed at the demonstration of the
technology and not at getting the maximum performances out of the pro-
totype. For that reason, the simplest functional modulator was designed to
speed up the validation and demonstration of the topology. The modula-
tor is definitely not optimized. It seems anyhow that different modulation
strategies, based for instance on MPC schemes, offer high potentials re-
garding capacitor stabilization, and could be investigated.

Experimental validation of the results not only demonstrates the tech-
nology, it also validates the graphical model: the capacitor voltage ripple
measured on the prototype can be explained by the model, and the corre-
lation is really good at several operating points.

Additionally, it is shown that the system can be started with fully dis-
charged capacitors and reaches the nominal operating point, with charged
capacitors, within a few hundreds of milliseconds. This demonstrates that
increased modulation index strategy, based on 5L operation, is possible.
The capacitors can be brought back to their nominal operating point as
soon as the modulation index falls back into a range allowing the 9L oper-
ation.

5.4. 9L solutions

Throughout this work, all the topologies discussed were 9L. The reason
is that with the advanced multilevel topologies proposed, 9L seem to be
almost the smallest inverters which can be designed. In the benchmarking
sections, the comparison carried out on several 9L topologies, and the main
characteristics were highlighted, especially in §3.6.4.

It is not so straightforward to define one solution as the winner, since the
characteristics are quite different between all of them. In particular, the 9L
double capacitor CCIL, the 9L hybrid ANPC-H-Bridge and the 91. CCCS
topologies were compared to a 9L flying capacitor solution. The three first
families of topologies are completely opposite in electrical characteristics
compared to the last one, the flying capacitor, and the comparison showed
quite well that each have their own advantages.

The 9L flying capacitor has got the lowest blocking voltage requirement
of the comparison, but it requires a lot of components and a lot of stored
energy. At the other end there is the hybrid topology. The hybrid boosting
topology requires a higher DC-link voltage, because it cannot offer the
maximum modulation index, and the highest total blocking voltage, but the
number of components is the smallest and so is the stored energy. Between
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these two extreme topologies (from characteristics point of view), it can
be clearly seen that the design focuses on the optimization of completely
different aspects.

In between, there are the 9L double capacitor CCIL and 9L CCCS topolo-
gies. The CCCS, from the point of view of electrical characteristics, has a
certain advantage on the double capacitor CCIL. Fewer components, less
stored energy and an almost similar total blocking voltage. But the topol-
ogy, on the other hand, does not allow to reach the maximum modulation
index with the full signal quality.

At the end, the final choice depends on what the designer is ready to
pay for. More components and stored energy, more blocking voltage, or an
average solution. In the latter case, once again a choice has to be made
regarding number of components and maximum signal quality.

5.5. Perspectives and improvements

With this work, a new choice in the conception phases of multilevel
topologies is possible. It is now clear that a choice must be made be-
tween reliability and increased blocking voltage. But whatever the choice,
there are possible solutions available. Solutions offering optimization of
the blocking voltage already existed and are quite numerous (flying ca-
pacitor, SMC, M2LC, cascaded H-Bridge, NPC, etc), while new solutions
offering low number of components (ANPC, hybrid ANPC-H-Bridge) have
now been proposed, with the CCIL and the CCCS.

There is obviously still room for improvements on these topologies. The
work done here is only an introductory phase, which proposes some models
and modulation schemes, but certainly that rising interest in one or the
other topology will lead to more optimized models and modulators.

Some of the most interesting topics for further investigations are listed
as follows: Improvement of the CCIL fuzzy logic regulator for getting rid of
the low frequency ripple. In the same direction, a research and assessment
of MPC schemes for the CCIL, based on the information given by the
graphical model can be of high interest.

Investigation of the potential for loss balancing over the switches of the
non redundant boosting CCIL topology is another interesting subject mat-
ter. It could allow to improve the efficiency of the converter which, else, is
characterized by increased conduction losses due to increased use of silicon.

Optimization of the space phasor modulator for improved signal quality
and higher modulation index, and MPC strategies are among of the most
interesting research subjects for the CCCS converter. Here also, based

210



5.5. PERSPECTIVES AND IMPROVEMENTS

on the space phasor model, MPC schemes could offer efficient balancing
solutions.

An important aspect is defining a systematic implementation strategy
for the VHDL code. The main issues have been highlighted and the idea is
to find a method to optimize the data consistency and lookup strategy for
finding the correct vectors. A proper tuning strategy for the weights in the
score calculation must also be defined to avoid trial and error tuning.

An interesting research direction would be to see if and how it would
be possible to use more traditional 3 phased multilevel inverters instead of
the CCCS PEBB, as common hybrid stages, to boost the number of levels
produced by, for instance, the 5. ANPC topology. This can open up some
new perspectives in modularity concepts for 3 phases multilevel inverters.

Finally, last but not least, the investigation regarding non-uniform out-
put step CCCS converter configurations could reveal more adapted or more
performing configurations regarding blocking voltage requirements or sta-
bilization properties of the capacitors.

A medium voltage demonstrator could reveal the potentials and the prob-
lems of the CCCS configuration in real industrial applications.
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APPENDIX A

Comparison of topologies

A.1. Stored energy calculation

The stored energy calculation is based on the following assumptions: All
the topologies are considered to be switched at the same frequency, and with
the same nominal values and operating point. The value of the capacitor
depends on the voltage ripple that is wanted and the current that flows
across the device, following the equation:

AUCTL
At

The desired maximum voltage ripple on the capacitor, in %, is given by
the factor 1. For instance, a 10% voltage ripple on the capacitors leads to
an=0.1.

The equation (A.1) can be then rewritten in function of the capacitor
voltage U,y as:

i = Cp-

(A1)

— NUen
i = Cp At (A.2)
i- At
Co(Uen) = o0 (A.3)

Since the energy in the capacitor is defined by the well known equation
(A.4):

EU.) = =-C(u)-UZ, (A.4)
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the final equation is be obtained by replacing (A.3) in it:

EUa) = 5 f; Uen (A.6)

As given in hypothesis, all the converters assume the same nominal oper-
ating point and the same switching frequency. It can therefore by assumed
that the current 7 and the time At are the same for all the converters. In the
same way, the n factor is assumed identical for all the capacitors, which is
a reasonable assumption. It results then that the stored energy per capac-
itor is a linear function of the capacitor voltage U.,, and that therefore the
energy is represented directly by the voltages and the number of capacitors
present in the topology.

EUen) = K-Uen (A7)

The total stored energy in the converter is then be given by the sum of
the stored energy in each capacitor, which is the weighted sum of all the
capacitor voltage ratios present in the converter :

Beap = K- Y Uen (A.8)

For plotting the results, the sums are normalized by the factor K. The

DC-link voltage is 1 and thus, the capacitor voltages are fractions %

A.2. Comparison table of values

The Tables A.1 and A.2 regroup the values obtained for the comparison.
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APPENDIX B

LAverage phasor repartition 7, 11L CCCS

B.1. Average phasor repartition, 7L CCCS

The average repartition gives an idea of the ripple shape and the capacitor
control voltage constraints. The detailed analysis for the 9L C3S is done
in §3.5.1. The equivalent plots for the 7L [3;2;1] are given on Figures B.1
and B.2.

B.2. Average phasor repartition, 11L CCCS

The average repartition gives an idea of the ripple shape and the capacitor
control voltage constraints. The detailed analysis for the 9L C3S is done
in §3.5.1. The equivalent plots for the 11L [5;3;1] are given on Figures B.3
and B.4.
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Figure B.1.: Average phasors action on the capacitors Cp and Cyi. The red
dots indicate charging, the blue discharging and the black dots
indicate zero contribution. The size of the dot indicates the
amplitude
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Figure B.2.: Average phasors action on the capacitors Cyo and Cys. The
red dots indicate charging, the blue discharging and the black
dots indicate zero contribution. The size of the dot indicates
the amplitude
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Figure B.3.: Average phasors action on the capacitors Cp and Cyi. The red
dots indicate charging, the blue discharging and the black dots
indicate zero contribution. The size of the dot indicates the
amplitude
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Figure B.4.: Average phasors action on the capacitors Cya and Cys. The
red dots indicate charging, the blue discharging and the black
dots indicate zero contribution. The size of the dot indicates
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APPENDIX C

The list of the simulation software tools used.

MATLAB Version 7.1.0.246 (R14) Service Pack 3
MATLAB Version 7.3 (R2006b)

PLECS Version 1.5.6

Xilinx System Generator Version 9.2.00

OPCoDe Library Version 4.1.2 (ABB Commercial Software)
PEC Library Version 4.1.2 (ABB Commercial Software)
ModelSim SE Plus 5.7e

Synpify 8.9

Xilinx ISE 9.2i

List of simulation software used
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