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Deutsche Kurzfassung der Arbeit

Der Ubergang zu einer dezentralen Stromerzeugung mit erneuerbaren Energien ist mit groBen
Herausforderungen verbunden. Modulare Stromrichter spielen eine zentrale Rolle zur Be-
wiltigung dieser, nicht nur zur Netzintegration, sondern auch fiir flexible Netzservices, zur
hocheffizienten Leistungsiibertragung und zur sicheren Speicherintegration. Diese Ziele sind
zentral, um in Zukunft unabhiingig von fossilen und nuklearen Kraftwerken zu werden.

Auch wenn die Kosten fiir erneuerbare Energien aus Wind oder Fotovoltaik bereits wett-
bewerbsfihig ggii. konventionellen Losungen sind, sind ein flexiblerer Betrieb und weitere
Kostensenkungen fiir eine schnelle globale Transformation zu nachhaltigen Energiesystemen
erforderlich. Die Optimierung modularer Stromrichter kann als ein idealer Weg gesehen
werden, diese ehrgeizigen Ziele zu erreichen, und steht im Mittelpunkt dieser Arbeit.

Parallele Neutral-Point-Clamped (NPC) Stromrichter werden als vielversprechende Losung
zum Anschluss hoher Leistungen iiber Transformatoren ans Stromnetz vorgestellt. Demge-
geniiber wird der MMC (engl.: Modular Multilevel Converter) als bevorzugte Losung zum
direkten Anschluss ans Mittel- (MS) und Hochspannungsnetz (HS) angesehen. Beide Lo-
sungen werden fiir hohe Wirkungsgrade und ein 6konomisches Design untersucht. Zudem
ist ein detaillierter Vergleich fiir den MMC mit Halb- und Vollbriicken durchgefiihrt.

Einer der Hauptvorteile modularer Stromrichter zur optimierten Modulation liegt in der
Mehrstufigkeit, die eine Vielzahl an redundanten Schaltzustinden birgt. Zum einen wird
die verzahnte (engl.: interleaved) Modulation fiir parallele NPC-Stromrichter untersucht, um
Kreisstrome bei geringen Schaltfrequenzen stark zu reduzieren. Zum anderen wird eine fun-
damentale Schaltfrequenz fiir beide MMC-Konfigurationen erzielt, bei Wirkungsgraden von
iiber 99 % in MS- und HS-Systemen. Dank des hohen Wirkungsgrads und der exzellenten
Leistungsqualitit ist der MMC die bevorzugte Wahl zur Wandlung hoher Leistungen.

Der MMC verfiigt gewohnlich iiber eine hohe Anzahl von Submodulen (SM), verkniipft mit
sehr vielen Leistungshalbleitern und Kondensatoren. Fiir deren optimierte Auslegung und
Nutzung wird ein allgemeines thermisches Management fiir beide SM-Topologien vorgestellt,
beruhend auf Echtzeitschidtzungen aus verfiigbaren Sensordaten. Es werden verschiedene
Algorithmen zur Mehrzieloptimierung vorgestellt, die von der hohen Zahl redundanter Schalt-
zustdnde profitieren, ohne Leistung und Wirkungsgrad zu verringern. Die thermische Belas-
tung wird fiir Leistungshalbleiter und Kondensatoren erfolgreich reguliert und eréffnet hohes
Potenzial zum wirtschaftlichen Design. Auch wird eine hohe Uberlastfihigkeit erreicht, und
die Lebensdauer der Halbleiter wird etwa verdoppelt, z.B. fiir lingere Wartungsintervalle.

Fiir die thermische Bewertung und Zyklierung wird ein universeller Teststand entwickelt und
vorgestellt, der den Fokus auf jedes einzelne SM des MMC legt. Er wird beispielhaft fiir die
Emulation einer HS-Anwendung verwendet, bei der eine genaue Priifung und Uberwachung
des Systems aus praktischer und wirtschaftlicher Sicht nicht sinnvoll ist. Mithilfe des Ver-
suchsstandes werden Hotspots und thermische Zyklen der realen Anwendung identifiziert
und konnen iiber das Design und durch thermisches Management optimiert werden.
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English Summary

The transition to a more and more decentralized power generation based on renewable energy
generation is accompanied by high challenges. Modular power converters play a central role
in facing these challenges, not only for grid integration but also to provide flexible services,
highly efficient power transmission and safe storage integration. These goals are the key
elements in becoming independent from fossil and nuclear power plants in near future.

Even if the costs for renewable energy power plants like wind or photovoltaic systems are
already competitive to conventional solutions, more flexible operation and further reduction
in costs are required for faster global transformation towards sustainable energy systems.
The further optimization of modular power converters can be seen as an ideal way to achieve
these ambitious goals. It is therefore chosen as the focus of this work.

Parallel neutral-point clamped (NPC) inverters are presented as the most promising solution
for connecting high powers to the electrical grid by classical transformers. In contrast to
this, the modular multilevel converter (MMC) is identified as the most suitable solution for
direct connection to the medium voltage (MV) and high voltage (HV) grid. Both solutions
are investigated for high efficiencies and an economical design. A detailed comparison for
the MMC is provided as well, for the equipment of chopper-cells and bridge-cells.

One of the main benefits of modular converters for optimized modulation is found in their
multilevel waveform generation, providing a high number of redundant switching states. On
the one hand, interleaved modulation is investigated for parallel NPC inverters, strongly re-
ducing circulating currents at limited switching frequencies. On the other hand, even funda-
mental switching operation is achieved for both MMC configurations, obtaining efficiencies
of above 99 % in MV and HV applications. Due to its high efficiency and its high power
quality the MMC is identified as the preferred choice for high power conversion.

The MMC usually provides a high number of submodules (SM), being linked to a huge num-
ber of power devices and capacitors. For their optimized design and utilization, a generalized
thermal management is presented in this work for both SM topologies, taking into account
real-time estimations based on available sensor data. Different algorithms for multi-objective
optimization are introduced by profiting from the huge number of redundant switching states
without deteriorating the system performance and efficiency. The thermal stress is effec-
tively regulated for both the power devices and the capacitors, revealing a high potential
for a more economical design. Furthermore, high overload capability is achieved and the
semiconductor lifetimes are approximately doubled for extended maintenance intervals.

For thermal evaluation and cycling a universal experimental bench is developed and intro-
duced, putting the focus on each single SM of the MMC. It is used exemplary for the emula-
tion of an HV application where accurate testing and monitoring of the full system would be
reasonable from neither practical nor economical point of view. By means of the presented
experimental bench hotspot temperatures and thermal cycles from the real application are
identified and can be optimized by design decisions and thermal management approaches.
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1 Introduction

This chapter shows the motivation for using modular power converters in high-power appli-
cations and defines the research proposals of the thesis. It also provides the structure of the
thesis and the publications related to the different sections.

At the UN Climate Change Conference in Paris in 2015, 197 countries agreed for the first
time on a global climate agreement to limit the global warming below 2°C. Achieving the
defined climate targets demands high efforts from economical and technical point of view
around the globe. The wide integration of renewable energy systems for a decarbonization
of the energy production is accompanied by high challenges. The inertia of big rotating
masses from classical large-scale power plants needs to be compensated. However, the power
generation from renewable energy systems is linked to high fluctuating powers. Furthermore,
high generated energies need to be transmitted from renewable energy sources (e.g. offshore
wind farms) to the high-power consumers (e.g. factories). All these points are linked to
important challenges for both the energy management and the grid infrastructure. Existing
solutions like disconnecting renewable energy systems from the grid for safety reasons are
not further reasonable from economical and ecological point of view to compensate high
production and low consumption, as it is common practice.

High power solutions are required for replacing conventional fossil and nuclear plants to-
wards a more and more decentralized distribution grid by renewable energy systems. High
power solutions need to be provided not only for the grid integration of renewable energy
systems but also to enable flexible and high-efficient transmission solutions. Furthermore,
more energy storage capability needs to be integrated into the distribution grid e.g. based on
batteries or sector coupling (e.g. hydrogen) for an improved load management, for potential
island mode operation and for providing black start capability in case of unforeseen network
outages. Furthermore, flexible grid services are from high importance regarding the maxi-
mization of the grid capacity for renewable energy systems in existing grids, also taking into
account the network structure and properties.

1.1 Motivation

The motivations for using modular power converters and for high-power applications are
provided in this section, to face the aforementioned challenges, highlighting their importance
and potential for suitable integration of more and more renewable energy generation.

1.1.1 Modular Power Converters

Modular power converters play a central role for the successful transition to a more and more
decentralized distribution grid based on renewable energy systems. They provide flexible and
highly efficient solutions for proper grid integration, for high efficiency power transmission
solutions, for storage integration and for flexible grid support.
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Modular power converters especially profit from high power capabilities based on standard
semiconductor components. Furthermore, modular building blocks provide highly redun-
dant systems. On the one hand, such modular building blocks can be connected in series
to increase the voltage ratings. On the other hand, also parallel connection is possible to
increase the current ratings. Accordingly, modular power converters can be flexibly scaled
within very wide power ranges for different grid voltage levels depending on the target ap-
plication. For instance, based on the modular multilevel converter (MMC or M2C) power
ranges into the GW range become possible by cascading hundreds of semiconductor devices
for direct connection to the high voltage (HV) grid.

The modular and redundant structure of modular power topologies is also linked to possible
fault tolerant operation and to fulfilling grid codes in fault ride through conditions. Further-
more, the system availability can be increased which is particularly important for reliable
and economical operation of huge renewable energy systems. Beyond that, multilevel wave-
form generation and a high number of redundant switching states provide a high potential
for high-efficient modulation techniques, for minimized filter effort and for regulation of the
thermal stress by advanced thermal management approaches.

1.1.2 High-Power Applications

High-power applications are essential to replace classical big power plants for energy gen-
eration. Modular power converters already enable competitive renewable solutions and safe
integration of huge renewable energy systems, e.g. based on wind or photovoltaic systems.
The high potential of wind power generation is shown exemplary in Fig. 1.1. The installed
power capacity has been doubled from 2013 to 2021 in Europe and offshore applications
are becoming more and more relevant due to high energy generation and limited areas for
onshore wind parks. In 2030 it is expected that the energy production from onshore and
offshore applications is already shared.

Huge powers need to be transmitted from offshore wind farms to the mainland. For this
purpose, direct current (DC) transmission systems are preferred to limit the power losses and
cabling effort, being particularly crucial for maritime applications and also for transmitting
very high powers over longer distances. Converter stations up into the GW range are re-
quired. In general, the development is going more and more towards higher voltages to limit
rated currents, power losses and cabling effort.

The integration of high-power static synchronous compensator (STATCOM) applications is
desired as well for flexible grid support to ensure a stable and effective use of available grid
capacities. Ancillary services can be optimized by using the knowledge of the grid behavior
and the grid characteristics. By proper grid analysis, the integration of renewable energy
systems can be strongly improved.
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Figure 1.1: Wind energy installation and production in the European Union, projected until
2030: (a) Installed power capacity. (b) Energy production. [1]

1.2 Research Proposal

The aim of this thesis is to investigate the modulation and the thermal management for mod-
ular power converters for a wide range of high-power applications. Suitable power electron-
ics solutions are analyzed and selected for connection to the medium voltage (MV) and HV
grid. The converter performance is optimized in several study cases by improved modulation
techniques. Furthermore, for an economical design and increased reliability, a generalized
thermal management is developed and implemented for cascaded power converters.

Target 1: Investigation of high-power applications for improved grid integration of renew-

able energy systems

The first research objective is the investigation and selection of suitable high-power applica-
tions for decentralized grids which are based on renewable energy sources. A grid impedance
analyzer for the MV grid is developed to determine its main characteristics for improved in-
tegration of renewable energy systems and flexible AC transmission systems (FACT). STAT-
COM applications are investigated for flexible grid support, providing advanced features like
overload and active power filtering capability. DC transmission solutions are analyzed for a
flexible and efficient transport of high-power generations, e.g. from onshore and offshore
wind farms. Suitable modular power electronics solutions are investigated. It is distin-
guished between parallel converters for grid connection by classical step-up transformers
and cascaded converters for direct connection the MV and HV grid. An experimental bench
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is developed to enable electrical and thermal evaluation of modular building blocks with the
goal to even emulate and validate the behavior of HV systems.

Target 2: Analysis and optimization of parallel converters in high-power applications

The second research objective is to analyze and optimize the operation of parallel power
inverters. Multilevel modulation and interleaved modulation are investigated to enable small
switching frequencies at a low filter effort. Parallel neutral-point clamped (NPC) inverters
with a common DC link are considered as a study case where circulating currents are derived
and analyzed. Suitable modulation techniques are investigated to reduce the common-mode
voltages and the circulating currents between the parallel inverters. For the applications
of a wind power plant and of a MV grid analyzer the potential of interleaved modulation
for harmonic cancellation is demonstrated for a wide frequency range. The main research
findings are validated by experimental measurements.

Target 3: Analysis and optimization of cascaded topologies in high-power applications

The third research objective is the analysis and optimization of the MMC, being equipped
with cascaded chopper-cells (CC) or bridge-cells (BC). Low switching frequency modulation
techniques are investigated and compared for both topologies to maximize the efficiency of
the system at an economical converter design. Thermal management approaches are devel-
oped for the MMC with very high numbers of semiconductor devices and capacitor storages
to achieve a cost-effective design, overload capability and extended component lifetimes. It
also includes the analysis and the accurate thermal modeling of each single component by
real-time condition monitoring based on available system information. Thermal manage-
ment approaches are developed for both the MMC with CCs and BCs with the goal to not
affect the overall performance and efficiency of the system.

1.3 Structure of the Thesis

The presented work is divided into seven chapters as illustrated in Fig. 1.2. In Chapter 2
power electronics solutions for different high-power applications are introduced, including
suitable power inverter topologies as well as related technologies for semiconductor devices
and capacitor storages for safe and reliable operation. In Chapter 3 suitable multilevel mod-
ulation techniques and interleaved operation are analyzed and optimized for the NPC and
for the MMC, respectively. In Chapter 4 parallel LV NPC inverters are considered and op-
timized by the modulation for wind power applications and for a grid impedance analyzer.
In Chapter 5 the MMC is optimized by modulation for direct connection to the MV and HV
grid, also providing a detailed comparison for the application of CCs and BCs. Chapter 6 in-
troduces a thermal management for the MMC with both SM topologies and an experimental
bench for practical evaluation to enable an economical design, overload condition and long
component lifetimes just by software implementation. Chapter 7 provides the summary and
the conclusions of this work, followed by promising aspects for future research.
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In addition to selected oscilloscope and infrared (IR) images, experimental results from
three laboratory setups are processed in MATLAB for improved illustration and analysis,
being highlighted with gray backgrounds in this work. The laboratory setups of parallel
NPC inverters and the experimental bench are located at the Chair of Power Electronics
of the Christian-Albrechts-Universitdt zu Kiel. The MMC prototype has been provided by
the Department of Energy of the Aalborg University, Denmark also by supporting with the
recording of measurements.
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Figure 2.1: MV grid connection by: (a) Classical 50 Hz transformer. (b) Smart transformer.
(c) Transformerless connection.

2 Power Electronics Solutions for High-Power Applications

For suitable grid integration of high-power applications, the targeted voltage level is of high
importance. Power electronics solutions can be easily adopted to the LV grid if the power
rating of the system is limited. However, for higher powers the connection to the MV grid
is required. Traditionally, the required voltage levels will be set by low frequency step-
up transformers, as depicted in Fig. 2.1a. However, also ST architectures can be applied,
instead according to Fig. 2.1b, where boost capability and galvanic isolation are provided
by a medium frequency transformer inside the DC-DC conversion stage. In addition, one
modular multilevel inverter topology is characteristic in ST architectures, interfacing the DC-
DC stage with the MV grid. The ST particularly benefits from its DC and AC (alternating
current) connectivity on LV and MV level, high modularity and limited size. In case that
MVDC connection is already available or realizable by cascaded power sources, the boost
conversion stage can be potentially eliminated as seen in Fig. 2.1c.

From a power electronics point of view the main motivation for direct connection to higher
voltage levels can be seen in the reduction of currents and related chip area and losses as
well as cabling issues [2]. For integration of higher powers, the connection to the 20kV MV
grid is very well established. If classical transformers are applied, e.g. for simplified inverter
connection and operation on LV level, the voltage and current can be adjusted according to
the number of primary and secondary transformer windings N, and N of the transformer
according to (2.1).
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The primary and secondary voltages and currents are directly linked by the turns ratio Tr
according to (2.2). The required current ratings are depending on the power injection as
illustrated in Fig. 2.2 for several voltage levels. It becomes obvious that the currents become
huge for connection on LV level, e.g. corresponding to more than 25000 A for 30 MVA
power injection at 690 V. For the handling of such high currents, parallel connection of power
modules or of power inverters becomes inevitable. Instead, the currents can be reduced below
1000 A by direct connection to the 20 kV MV grid, however linked to higher complexity and
higher safety measures. The power ratings can be even further scaled up at reasonable current
levels by connecting to the HV grid, enabling power ratings from hundreds of MWs even into
the GW range.

Se=V3Van Iy =3VIX IV (2.2)

2.1 Application Fields

High-power converters can be seen as the key element for flexible and cost effective inte-
gration of renewable energy systems, for grid service supply and within the electromotive
sector, as indicated in Fig. 2.3. High-power converters are able to exchange both active and
reactive power between connected sources and loads. Beside the exchange of active power,
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Figure 2.3: Common high-power application fields.

the reactive power supply has become more and more important for a stable operation of the
grid. Nowadays, renewable energy systems like wind and solar are already able to provide
reactive power for flexible grid stabilization. Particularly for weak grids flexible systems like
STATCOM applications are one important solution to provide ancillary services to the elec-
tric grid for stable operation. Ancillary services like reactive power supply as well as active
power filtering can be optimized by taking into account the time dependent grid characteris-
tics. For this purpose, grid analyzers can be used, being able to detect important information
like the frequency dependent grid impedance during grid operation.

Modular power converters are able to provide not only active power but also reactive power
for grid support as an additional feature. Beyond that, own high-power STATCOM applica-
tions can be realized based on modular power converters for supporting weak power grids.
With the knowledge of time dependent power grid characteristics, the grid services can be op-
timized. For this purpose, the harmonics and grid impedance characteristics can be detected
by a grid analyzer. The application and the potential of wind power systems, STATCOM
applications as well as grid analyzers are described, respectively.

2.1.1 Wind Power Generation

The installation of wind power plants has grown a lot in recent time [2]. In parallel, also
the wind generators and power electronics systems are reaching higher and higher powers as
shown in Fig. 2.4 [2], [3]. Within decades the maximum power ratings of wind generators
have been multiplied, achieving rotor diameters of 220 m and maximum powers of up to
14 MW in offshore applications [4]. In very few years, even powers up to 16 MW become
possible by rotor diameters of 242 m.
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With the help of power electronics inverters, it has become possible to control the rotational
speed of wind generators for high efficiencies and to stay connected during grid disturbances
and grid faults, supporting the grid by flexible power control in accordance with available
grid codes [2], [S]. The most important generator types can be seen in induction generators
and synchronous generators (SG), where the double-fed induction generator (DFIG) and the
stator connected SG (rotor excited or with permanent magnets) are most established [2].
For the DFIG the back-to-back inverter is connected to the rotor, typically rated with 30 %
of the nominal power. Different to this, the back-to-back inverter of the SG needs to be
designed for the full nominal power [2], [6]. For the DFIG the rotational speed is limited and
sensitive slip rings are required for connection to the rotor [2], [6]. However, the DFIG is very
cost effective and therefore attractive up to limited power ranges (e.g. S MW) [2]. Instead,
full-scale back-to-back inverters provide flexible full power support and high power quality
also during grid faults and disturbances [2], [6], [7]. In combination with SG very high
efficiencies become possible, making it very attractive for higher power ratings (e.g. more
than 5 MW) in onshore and offshore applications [2], [6]. The basic structure is depicted in
Fig. 2.5.
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2.1.2 STATCOM Applications

The integration of high-power renewable energy sources is linked to high challenges for safe
and stable operation of the distribution grid. The power generation from wind generators
and PV cells is fluctuating a lot and it is only predictable up to a certain degree. On the
other hand, more and more flexible power consumption, e.g. from fast charging stations, are
challenging for an effective grid management. An imbalance of power generation and load
consumption can cause variations in voltage and frequency and can be a risk for the grid
stability [8]. Therefore, usually strict grid codes are defined for high power plants to ensure
a safe and stable generation [8].

For instance, nowadays conventional wind energy systems are able to flexibly control active
and reactive power also during low voltage ride through conditions. Fluctuations or even dips
of the grid voltage are typically regulated by reactive power supply. STATCOM applications
are specially designed for high and flexible reactive power supply to maintain the grid voltage
[9] and can be applied in addition to renewable energy systems for supporting the grid. This
is particularly beneficial for weaker grids where already small changes can lead to undesired
conditions. As an additional feature active power filtering can be applied to compensate
undesired current and voltage harmonics within the grid [10], [11].

2.1.3 Grid Impedance Analyzer

The main goal of grid impedance analyzers is the determination of the grid impedance de-
pending on the frequency, also varying with the time due to changing conditions. Different
to LV grids [12], [13], [14], measurements and analysis for MV grids are very scarce [15],
[16]. However, the effectiveness of grid services, e.g. from STATCOM applications, can be
enhanced a lot by proper knowledge and analysis of the grid characteristics. The reactive
power supply can be perfectly adapted to the exact impedance for effective voltage stabi-
lization. Furthermore, active power filtering can be optimized by taking into account the



2 Power Electronics Solutions for High-Power Applications 13

Current rating (normalized to nominal current)

L]
|B

L L L L L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
MV Grld Current frequency [Hz]

(@) (b)
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rent rating profile.

available online measurements. In addition to this, resonance damping can be achieved by
knowing the resonances of the grid for stable operation.

The basic principle of the MV grid analyzer is indicated in Fig. 2.7a. By the injection
of monofrequent currents /g cxc(f), an excitation of the grid voltage Vg exc(fm) is achieved.
The relation between achieved voltage excitation and required current injection provides the
frequency-dependent grid impedance Z, ( fin). Beside the determination of the grid impedance,
the system is able to provide reactive power supply and active power filtering for grid voltage
stabilization and harmonic cancellation. The system is fed directly from the MV grid.

With the goal of a proper signal to noise ratio, a grid voltage excitation of 1 % is aimed in a
frequency range between 100 Hz and 10 kHz. The required nominal current for proper exci-
tation of the grid depends on the minimum occurring grid impedance and can be expressed
as follows:

Vg,A
Iy oxcmae = “ESSA POV 2.3)
e Zg sc Zgsc

Assuming a simple ohmic-inductive behavior of the grid the resistive and inductive part can
be expressed based on the grid angle ¥ according to (4.10) and (4.11).

Rg’sc — Zg7sc - COS (Tg) (2.4)

Zg7sc * Sin (‘Pg)

s (2.5)

L&sc =

2.1.4 DC Power Transmission

For optimal use of available power generation from renewable energy systems the grid infras-
tructure and its capacity is of high importance. High powers need to be transferred from re-
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[

newable energy generation (e.g. offshore wind farms) to the largest consumers (e.g. energy-
intensive industry). For this purpose, in often cases long distances need to be covered. Tra-
ditionally, the power transmission is realized by AC technology. However, meanwhile, the
transmission by DC technology has become very important, profiting from higher efficien-
cies and smaller wire cross section [17] for instance. Particularly, for offshore applications
HVDC transmission has become the preferred choice since capacitive effects in the under-
water cables can be avoided [18]. However, also for overhead lines the HVDC technology
has become very attractive, especially for transmission of very high powers and at longer
distances.

In Figure 2.8 the costs for power transmission by HVDC and HVAC are compared [19]. For
HVDC transmission the costs of the converter stations are relatively high since very complex
and expensive power electronics converters are required. Instead, for HVAC technology the
transmission lines become very cost-intensive at longer distances. The break-even distance
is obtained at around 600 km from where the investment costs for DC transmission are lower
due to the reduced effort for the transmission lines.

In Figure 2.9 the basic scheme for a DC transmission system is depicted. Traditionally,
thyristor based solutions have been used to handle very high powers at high voltage level.
However, meanwhile the MMC is very well established for HVDC applications and also
very promising for MVDC transmission at limited voltages. By cascading dozens or even
hundreds of standard IGBT modules medium and high voltages can be blocked.
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2.2 Inverter Solutions

Nowadays a high variety of solutions is available to fulfill the associated power capabilities.
Central inverter requirements are related to the efficiency, power quality, reliability, volume,
complexity and costs. Additional features as high redundancy can be provided by modular
topologies for high safety and high availability in case of component failures and fault con-
ditions. With the help of modular power converters, the system power ratings can be flexibly
adopted for the target applications.

2.2.1 Inverter Classification

The most important high-power inverter topologies are classified in Fig. 2.10. They can be
divided into current source inverters, pulse width modulated (PWM) or load commutated,
and voltage source converters (transistor-based). Voltage source converters are commonly
applied up to very high power ranges due to the flexible switching operation and grid support
by flexible control of active and reactive powers [20], [21].

Among the voltage source inverters, it can be distinguished between the well-established
two-level inverter and between more advanced multilevel inverter topologies. The multilevel
inverters can be classified into neutral point clamped (NPC) inverters, flying capacitor (FC)
inverters, cascaded H-bridge (CHB) inverters and the MMC. CHB inverters are connected
to multiple direct current (DC) sources, which can be distributed equally and unequally,
depending on the application. Different to this, the other multilevel inverter families are
linked to one single DC source as also known from the classical two-level inverter.
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FC and CHB inverters as well as the MMC are not only taking benefit from its multilevel
waveform generation but also from a highly modular structure with high redundancies. This
enables fault tolerant capabilities, high availability and limited maintenance costs, linked to
low operation points.

The well-established two-level inverter benefits from low number of switching device com-
ponents and limited complexity from both hardware and software side. However, it is
strongly limited in the power rating due to limited voltage capability of standard semicon-
ductor devices. New semiconductor technologies based on SiC technology with blocking
capabilities of 10kV or 20kV have the potential to move these boundaries [26]. However,
for direct connection to the 10 kV or 20kV MV grid even higher blocking voltages would be
required.

Instead, the connection to lower voltage levels is linked to large currents and very high
conduction losses for high-power applications. Not only the conduction losses but also the
switching losses are very high since high switching frequencies are required for two-level
pulse-width modulation with limited harmonic content. In addition to the low efficiency the
high harmonic distortion is one the main drawbacks of the two-level inverter technology,
since big passive filters are required. Beyond that, high voltage transients put stress on
all important components (semiconductor devices, storage capacitors and filters). Even if
only one semiconductor device is failing the system cannot operate anymore due to missing
redundancies.

2.2.2 Multilevel Inverters

Multilevel inverter technology can overcome the limitations of classical two-level inverters
and can provide multilevel waveform generation. One basic principle of multilevel voltage
generation is illustrated in Fig. 2.11. For the classical two-level inverters only the positive
and negative DC-link voltage, +Vy4. and —Vj., can be applied at the output terminal. Dif-
ferent to this, in multilevel inverter topologies the DC-link voltage will be splitted among
several cascaded capacitor units [27]. For instance, in three-level inverter topologies the DC-
link voltage is shared among two capacitor units. One midpoint is generated and can be used
for three-level voltage generation (4Vyc, 0, —Vq4c). For multiple numbers of voltage levels
the DC-link voltage can be splitted among n capacitor units, corresponding to n+ 1 voltage
levels. For the inverter operation it is important to keep the capacitor voltages within proper
limits by suitable switching algorithms and can be seen as one of the main challenges in
multilevel inverter topologies [28].

The applied capacitor voltages are crucial for the voltage design of the capacitors and of the
semiconductor devices. Compared to the two-level inverter topology, the capacitor voltages
as well as the required semiconductor voltage ratings (blocking capabilities) are halved for
conventional three-level inverter topologies. Accordingly, the inverter voltage rating can be
doubled if the same semiconductor voltage class will be applied in classical three-level in-
verters. This multilevel waveform generation can be extended for multilevel inverters with
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tilevel inverter [27].

n capacitor units where the DC-link voltage can be selected n times higher than in two-level
applications. Therefore, even MV and HV connection for high and ultra-high powers can be
realized by cascading dozens or hundreds of capacitor units and standard semiconductor de-
vices such as in STATCOM applications or high-voltage direct current (HVDC) applications
[22], [29], [30], [31]. Instead, if the voltage level is defined to be constant, the voltage rating
of semiconductor devices can be reduced by multilevel topologies, linked to lower device
switching losses and smoother voltage transients in the system [22], [32], [33], [34], [35] .

Beside the high power capability and scalability with standard components, the multilevel
voltage generation can be seen as the most important advantage in multilevel applications
[33]. With multilevel voltage generation the harmonic distortion can be strongly reduced
and excellent voltage and current waveform qualities become possible [33], [34], [35]. This
allows very low number of switching commutations, linked to very high efficiencies, partic-
ularly crucial in high-power applications [33], [34], [35]. The inherent dynamic performance
is very high and filters can be designed very small and economically [36].

Multilevel inverters are already well established in the industry and have become very attrac-
tive for high-power applications [22], [37], [38]. However, there is not only a high demand
in high-power three-phase applications, but also for lower powers (e.g. down to 1 kW) and
in single phase-applications, e.g. for photovoltaic (PV) [27]. Apart from the capacitor volt-
age balancing (CVB), the main practical challenges can be seen in the additional number of
switching devices and gate drivers, linked to a more complex design and control, especially
for high number of voltage levels [25], [27], [39], [40].

The age of multilevel inverters started with CHB and FC inverters, patented in 1971 [41],
[42]. The classical three-level NPC topology has been introduced in 1981 [43], [44]. From
the 1990s the different inverter families have been achieved higher relevance for medium
voltage (MV) applications with high power ratings [45], [46]. The MMC has been introduced
later in 2003 [47] and has become the preferred solution in HV applications up into the GW
range.
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2.2.3 Comparison and Selection

The proper choice of inverters is highly dependent from the target application and the defi-
nition of the voltage level. Smaller renewable energy systems (e.g. PV panels) are usually
connected to the low voltage (LV) grid as long as the power rating is limited. However,
bigger powers need to be connected to the MV grid for safe and reliable grid operation, clas-
sically to the 20kV grid. The connection to the MV grid is possible by direct connection of
MYV inverters or with the help of step-up transformers.

For direct MV connection, the same power can be transferred with significantly lower in-
verter currents, also limiting the cross area of cables and transmission losses. Direct MV
connection is particularly important in hybrid grids and in advanced architectures like the
Smart Transformer (ST), with highly flexible structure and control [48], [49]. The number of
required semiconductor devices in multilevel inverters can be limited by selecting switching
devices with very high blocking capability up to 6.5 kV. However, the costs for semiconduc-
tor devices with high blocking capability are very high, increasing exponentially with the
voltage [50]. Furthermore, the efficiency is very limited and very high voltage transients
need to be managed despite of big required filters. Therefore, standard three-level multi-
level topologies like the three-level NPC are only established up to lower MV levels [36],
[39], [51]. Thus, for the use of cost-effective standard switching devices and for achieving
high waveform qualities and very high efficiencies, an extended number of voltage levels is
required in MV high-power applications.

In general, FC inverters are getting more and more attention for higher number of voltage
levels [27]. However, the challenges for proper voltage balancing are increasing a lot [52].
Furthermore, large capacitors would be required for connection to the MV grid [52]. The
high costs and the high complexity for the extension to a high number of voltage levels make
this topology unattractive for 20 kV MV applications. Also the NPC inverter can be extended
to a higher number of voltage levels, however, for the price of additional clamping diodes,
linked to additional conduction and switching losses due to reverse recovery currents and
much more challenging voltage balancing [27], [53], [54]. Therefore, also the application of
high-level NPC inverters is not suitable for 20 kV MV applications.

Different to this, the MMC is very well suited for high numbers of voltage levels with stan-
dard semiconductor devices due to modular scalability by limited number of components
and very high efficiencies [22]. The single-star MMC is well established for PV parks with
several DC sources and in the Smart Transformer architecture [55], [56]. Instead, the double-
star MMC provides a common DC-link, being very attractive in conventional hybrid grids
and for DC transmission systems. The excellent waveform generation enables very low
switching frequencies, very high efficiencies and the elimination of additional filters. Mean-
while the double-star MMC has become the preferred choice in high-voltage applications
and high-power motor drives [57], [58], also becoming more and more relevant in MV ap-
plications like STATCOM applications [59], energy storage systems and shipboard systems.
Thus, the double-star MMC can be seen as the preferred solution for direct connection to the
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MYV grid and will be further investigated in terms of design, control and modulation. Prac-
tical challenges can be seen in the high complexity and high safety requirements for MV
operation.

From an industry perspective, there always needs to be found a compromise between num-
ber of voltage levels, complexity and safety requirements, also explaining the high practical
importance of NPC and FC inverter topologies even for high-power applications [27]. With
the use of step-up transformers, LV inverter topologies can be used for safe and simplified
connection to the MV grid. Nevertheless, the application of multilevel inverters can be ad-
vantageous for increasing the voltage capability even at LV level as well as for improved
waveform qualities for low switching losses and low filter effort. Classical two-level in-
verters require very high switching frequencies, deteriorating the efficiency, especially in
combination with semiconductor devices with high voltage ratings. Therefore, also from
efficiency point of view, it is more reasonable to increase the number of voltage level instead
of using conventional switching devices with higher blocking capability to achieve higher
power capabilities.

The best compromise for three-level inverter topologies in terms of voltage capability, num-
ber of components, simplicity and efficiency can be seen in the classical NPC inverter and
in the classical FC inverter. However, the flying capacitors are linked to high expenses and
the balancing linked to relatively high switching frequencies [22], [60]. The three-level NPC
inverter is very well established due to limited costs and high power densities, and therefore
selected to be as the preferred choice for connection to the MV grid by classical step-up
transformers.

2.3 Power Semiconductor Devices

Power semiconductor devices are essential for the realization of high-power inverter solu-
tions. The proper selection and integration are linked to different important requirements,
such as voltage blocking capability, current rating, power loss behavior, cooling capability
and reliability.

2.3.1 Power Diodes

The structure of a simple diode corresponds to a pn junction. Diodes are not switchable and
can be operated in reverse and in forward direction. Figure 2.1 shows the characteristic curve
of a diode. The diode current ip is plotted in dependence from the applied voltage up, where
the forward voltage is defined by Upg, and the reverse voltage by Ug.

The behavior of a diode can be linearized with the help of a tangent, related to the differ-
ential on-resistance rg. Based on the linearization the conduction losses of a diode can be
approximated as follows:
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Figure 2.12: Diode behavior (simplified, not to scale): (a) Characteristics. (b) Reverse re-
covery effect.

Peonp = Vio i+ r¢- I} (2.6)

If the diode will be turned off, there will occur a blocking delay time #, until the charge
carriers have flowed back out of the center region. This charge is called the reverse delay
charge Q. The recovery process is illustrated in Fig. 2.12b.

The reverse delay charge corresponds to the integral of the reverse current peak over the
reverse delay time, marked in gray. Since during the reverse time the reverse voltage is
already applied to the diode, high losses are the result. The losses during the switch-on
process, on the other hand, are generally negligible since a diode only conducts the current
when the voltage across it has dropped [61].

During inverter operation diodes act as free-wheeling diodes. This means that the phase
current, e.g. with an inductive load, does not change abruptly when a transistor is switched
off. Instead, the phase current is conducted by free-wheeling diodes.

In order to increase the reverse voltage of a diode for high-power applications, a conductive
intermediate layer will be inserted between the p- and n-region, also referred as a pin diode
[62]. This non-doped or only lightly doped intermediate layer reduces the field strength
between anode and cathode and thus enables higher blocking voltages. In forward mode, the
intermediate region is flooded with charge carriers and recombination can occur [63].

2.3.2 Power Switching Devices

Power switching devices are essential for multilevel AC voltage generation. The most impor-
tant power module semiconductor technologies are silicon (Si) insulated gate bipolar tran-
sistors (IGBT), Si integrated gate-commutated thyristors (IGCT) and silicon carbide (SiC)
MOSFETs [64]. The benefits and drawbacks of the most important solutions are summarized
and compared in Table 2.1 [65].



2 Power Electronics Solutions for High-Power Applications 21

Table 2.1: Power modules for high-power applications, comparison [2], [65].

IGBT module | IGBT PK IGCT PK | SiC MOSFET module
Power density Low High High Low
Reliability Moderate High High Unknown
Cost Moderate High High High
Failure mode Open circuit | Short circuit | Short circuit Open circuit
Easy maintenance + - - +
Snubber requirement - - + -
Thermal resistance Large Small Small Moderate
Gate driver Moderate Moderate Large Small

Wire-bonded IGBT modules profit from simple gate driver circuits, low costs as well as easy
mounting and maintenance [65]. Wire-bonded IGBT modules are linked to a relatively long
history and they are well established in practical applications [65]. However, the connection
of internal chips by bond-wires and soldering is also linked to limitation in terms of power
density, cooling capability and reliability [66], [67].

Press-pack (PK) packaging allows better connection of internal chips by direct PK contacts
[66]. In this way, the power density and cooling capability can be increased and parasitic ef-
fects minimized [66], [68], [69]. Furthermore, the inherent short-circuit failure mode allows
safe operation without the need of a bypass circuit [70]. Also the reliability can be poten-
tially increased by PK packaging. However, the pressure of the external clamping as well as
thermo-mechanical stress in the different materials are linked to internal stress and can lead
to an increase in collector-emitter voltage and junction temperatures, cracking and finally
to premature wear out failures [71] [72], [73]. Due to lack of experience, the evaluation of
different aging mechanisms for PK IGBTs is still under investigation. Accurate and vali-
dated lifetime models, considering all important degradation factors, are still missing [71].
Further studies need to be done, also taking into account the analysis of fast transients [71].
Nevertheless, PK IGBT modules have a high potential especially for the MMC in medium
and high voltage applications [74]. First high-power PK products are already on the market,
being applied in very first HVDC projects [75]. In future, PK IGBTs can become a very
important solution also for reduced power levels, especially when further experiences have
been collected, also for manufacturing processes to limit the costs.

PK IGCT modules particularly profits by very low conduction losses, particularly advanta-
geous in high current applications. However, the complexity and costs of the gate units are
very high and big snubber circuits required, linked to additional losses [76], [77]. However,
IGCTs are linked to very high power ratings, being relevant for HVDC applications. For
connection to LV levels or to the MV grid with adequate number of levels, the available
power ratings are too overdimensioned.

The development of WBG devices, e.g. based on SiC, is also progressing in fast steps where
adopted MOSFET technology can have future potential in high-power applications, espe-
cially due to a high voltage blocking capabilities, low on-state resistances and very low
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Table 2.2: Common power modules which integrate multilevel topologies [27].

Topology | Manufacturer | Voltage rating [V] | Current rating [A]
NPC Infineon 650, 1200 30 to 400
NPC Semikron 650, 1200 20 to 600
NPC Vincotech 1200, 1500 30 to 1800
T-type Fuji Electric 600, 900, 1200 50 to 600
T-type Infineon 650, 1200 15 to 600
T-type Semikron 650, 1200 50 to 600
T-type Vincotech 650, 1200 25 to 1800
ANPC Vincotech 1200, 1500 150, 300, 600
FC Vincotech 1200 200

switching energies. Taking these advantages allows to limit the number of cascaded semi-
conductor devices as well as the harmonic content in high-power applications. Also for
three-level applications the use of fast switching WBG devices can be advantageous due to
limited number of voltage levels. In general, challenges for SiC MOSFETsS can still be seen
in the proper integration, very high voltage transients, high operating temperatures and the
reliable application. Nowadays suitable solutions at reasonable costs are still missing for pro-
viding competitive solutions. Nevertheless, solutions with high voltage blocking capabilities
at reasonable costs might become very interesting in foreseeable future.

For future promising solutions like PK IGBT and IGCT as well as SiC MOSFET modules
further research, development and optimization need to be done for wide and competitive
applicability. Due to high practical relevance, high availability and reasonable costs the focus
of this work is related to well-established standard wire-bonded IGBT modules. Blocking
voltages of 1200 V and 1700 V are considered, providing an adequate voltage range for three-
level LV inverters and multilevel MV inverters. Also for NPC and FC topologies a wide range
of semiconductor devices is available rather for 1200 V blocking capability which can still
operate on LV level, listed in Table 2.2.

2.3.3 IGBT Modules

The basic structure of an IGBT module is depicted in Fig. 2.13, consisting of IGBT and
diode chips, direct-bond-copper (DBC) substrate, solder and a copper baseplate [78]. The
DBC is usually composed by one ceramic and two metalized copper films. The DBC sub-
strate is soldered onto the baseplate and the IGBT and diode chips solder from the other side.
Additionally, aluminum bond wires are used for further interconnections, also between the
power chips [78]. The housing is commonly done by a plastic case, enclosed with insulat-
ing Si gel [78]. For high-power application a water cooling is advantageous compared to
conventional heatsink or air-cooling systems due to better cooling capability.
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Figure 2.13: Basic structure of an IGBT module and most sensitive parts [78], [79].

2.3.4 Reliability

The power semiconductors devices are the components with the highest failure rate in power
electronics conversion systems, reported with 31 %, almost 60 % of them due to thermal
stress [80], [81]. Thermal stress can be seen as the most important degradation factor for
power semiconductor devices due to different materials and thermal expansion factors in-
side the power modules. The inhomogeneous thermal expansion leads to mechanical stress
between the layers and at the connection points. Besides, also the maximum temperature
should be limited for safe and reliably operation. The most important stress parameters can
be identified by the average junction temperature and the thermal cycles [82]. The locations
of common failures, also highlighted in Fig. 2.13, are related to the baseplate solder, the
soldering of the chips, the bond wires and also the insulating gel [83].

Each semiconductor’s efficiency and lifetime are affected by its junction temperature. The
junction temperature itself is mainly affected by the power losses, the geometries (e.g. com-
pactness) and the applied cooling. Failure mechanisms of semiconductor devices are mainly
driven by the junction temperature [84]. The number of expected power cycles to failure can
be approximated by (2.7) in dependence from the junction temperature 7; and its thermal
cycle AT; [85].

a3

Ny =ay - (AT)) " -expia (2.7)

The constants a;, a; and a3 need to be fitted by cycling tests in an empirical way, since
available physical models are not able to properly predict the failure mechanisms in a real
application. Accordingly, extensive and long cycling tests are required for a high number of
semiconductor devices to approximate the lifetime expectation of a certain semiconductor
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Figure 2.14: Number of power cycles to failure for a standard IGBT module from Semikron
[87].

device [86]. Results from cycling tests for a standard IGBT module from Semikron are
interpolated in Fig. 2.14 [87]. It can be seen that the lifetimes are not significantly affected
by small variations of the average junction temperatures. Instead, already small variations in
the thermal cycling amplitudes have a significant impact on the semiconductor lifetimes.

The presented lifetime model is limited to a specific junction temperature and a specific
thermal cycle of the semiconductor device. For taking into account a real mission profile,
the miner rule is applied for linear damage accumulation according to (2.8).

ni

Cn = <1 (2.8)

1

™
Z|

0

~

N; describes the number of cycles to failure for a specific stress level i and »; the detected
cycles for the corresponding stress level. The semiconductor is expected to fail after having
reached an accumulated damage Cy,, of 1. The lifetime can be approximated by the ratio of
the applied time interval and the accumulated lifetime for IGBTs and for diodes, as well.

For very accurate lifetime modeling of different IGBT modules, very time-consuming and
cost-intensive cycling tests would be required, as well. This effort would be only reasonable
for manufacturer of semiconductor devices or of power converters with simplified access to
statistical failure rates. Instead, the fitted lifetime model for a standard IGBT module from
Semikron can be also applied for similar module structures, since the degradation processes
and the failure mechanisms are very similar. Even if the absolute values need to be inter-
preted very carefully, the available lifetime model can reveal clear trends, e.g. to compare
and evaluate different control approaches.
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Figure 2.15: Power capacitor: (a) Parallel-plate capacitor. (b) Cylindrical geometry.

2.4 Power Capacitors
2.4.1 Basic Principles

Apart from the power semiconductor devices, the power capacitors are one of the key com-
ponents in high-power applications. The proper design of capacitor storage banks is highly
important to limit system costs and dimensions while maintaining high safety, reliability and
long service life [88]. The main functions of DC-link power capacitors lie in buffering in-
stantaneous power imbalances between DC and AC side and in smoothing the voltages [88].
Particularly in the MMC very high powers need to be buffered due to high oscillating powers
in each phase, driven by the ac-side grid current and DC-side circulating currents [89]. For
classical LV inverters as the NPC inverter the power oscillations in the capacitor banks are
limited in balanced three-phase systems, mainly driven by PWM harmonics [90]. Also the
behavior in unbalanced grid conditions need to be taken into account [91]. The most im-
portant types for high-power applications are aluminum electrolyte capacitors and metalized
film capacitors [88].

In a classical parallel-plate capacitor, depicted in Fig. 2.15a, two thin conducting plates are
separated from each other by a thin dielectric material (separator) and can be rolled into
cylindrical form, as illustrated in Fig. 2.15b, for optimized use of available volume. The
energy is stored in an electric field, its strength E is linked to the applied voltage V and the
distance d between the plate according to (2.9).

d
Vio = 0u — P = /Edi 2.9)

s=0

The capacitance of capacitors is a measure of how much energy can be stored. It can be
described by the ratio between the stored electric charge Qc,p on the plates and the applied
voltage Veap:

. Qcap

C =
Vcap

(2.10)
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Figure 2.16: Equivalent circuit for capacitors.

The capacitance strongly depends on the geometry and the dielectric of the capacitor. For a
classical parallel-plate capacitor the capacitance can be approximated as follows:

A
C=¢- & — (2.11)
ds

The plate area and the distance in between are described by A and d, respectively. & de-
scribes the vacuum permittivity and & the relative permittivity of the dielectric material. It
becomes obvious, apart from the geometry, the characteristics of the capacitor mainly de-
pend on the dielectric and its permittivity. The higher the permittivity, the more energy can
be saved between the capacitor plates, linked to a high electric flux density D.

D=¢gy-& E (2.12)

On the one hand, the surface area should be selected properly to achieve high capacitances.
On the other hand, the dielectric should be designed very thin, however sufficient to with-
stand rated electric field strengths. Beside the applied voltage, the capacitance decides about
the amount of energy being stored in one capacitor according to:

CV?

cap

(2.13)

| =

Ecap =

2.4.2 Modeling

Independent from the capacitor type, the electrical behavior can be represented by a simpli-
fied equivalent circuit according to Fig. 2.16 [88]. The widely used model is based on ideal
components where C represents the storage capacitance, R the equivalent series resistor
and L.q the equivalent series inductance [88]. The insulation is represented by the resistance
Ry, [88]. Further characteristics can be modeled by extended circuits, e.g. the dielectric losses
and the the dielectric absorption [92]. Also frequency dependencies and the skin effect can
be taken into account [93]. The circuit parameters can vary depending on the applied volt-
ages and frequencies as well as the operating temperature and load profiles [88]. In addition,
manufacturing tolerances and aging affects have an impact on the parameters and can cause
parameter variations among the capacitors.
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Figure 2.17: Relative performance between aluminum electrolyte capacitors and MPPF ca-
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2.4.3 Capacitor Types

Aluminum electrolyte capacitors are well established in high-power applications. The elec-
trodes are based on aluminum (Al) foils as conducting metal. The anode is covered by a very
thin aluminum oxide (Al,O3) layer as dielectric. Aluminum oxide benefits from a very high
permittivity and high electric field withstand capability. Liquid electrolyte is being inserted
by a separator paper between the anode and cathode foils, effectively closing all available
volume and pores. The cathode serves as electric contact to the electrolyte, the energy is
being stored in the electric field between the anode and the electrolyte.

In metalized film capacitors ultra thin plastic films serve as the dielectric. Most common
materials in industry are polypropylene (PP) and polyethylene terephtalate (PET) [94]. The
advantages of PET lie in a higher dielectric constant, better mechanical resistance and a
slightly higher operation range [94]. Compared to this, the PP benefits from much lower ESR
linked to a much higher ripple current capability and absorbs less moisture [94], [95]. The
metalized electrodes (usually zinc or aluminum) are applied on the surface of the dielectric
plastic film in very thin layers [94], [96].

Beside aluminum electrolyte capacitors and metalized polypropylene film (MPPF) capaci-
tors, high capacitance multi-layer ceramic capacitors are applicable, where ceramic materials
serve as dielectric [97]. Despite of outstanding dielectric permittivity and high temperature
capability, ceramic capacitors are from limited relevance due to low field strength, limited
power densities and very high costs [88]. Although further developments are in progress,
nowadays electrolyte capacitors and film capacitors can be seen as the state of the art in
high-power applications. The performance of both types is summarized in Fig. 2.17 [88].

The main advantages of electrolyte capacitors can be seen in the high energy densities,
achieved by high dielectric permittivity. Accordingly, capacitor banks can be designed
smaller which is particularly beneficial [98]. Not only the footprint but also the costs of
high-power inverters can be significantly reduced by electrolyte capacitors. However, the
electrolyte capacitors suffer from a high ESR, significantly limiting the power and ripple
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power capacitors [88].

current capability, as indicated in Fig. 2.18. By parallel connection of capacitor units, the
ESR can be reduced, however with the expense of deteriorated performance in terms of sys-
tem costs and energy density. In addition, the lifetime of electrolyte capacitors is limited due
to stronger wear out by evaporation of electrolyte [88].

Instead, MPPF capacitors benefit from high nominal voltages (up to 1500V, without the
need of several series-connected capacitors to fulfill the voltage requirements in high-power
applications. Furthermore, the ESR and corresponding losses are very low, corresponding
to a high power and high ripple current capability. MPPF capacitors show a very stable
frequency behavior at low temperature density [99]. The reliability is very high at slow
capacitance degradation and high voltage impulse strength [100]. Their inherent self-healing
capability makes it particularly interesting for high-power applications with high demand of
availability and limited accessibility. However, MPPF capacitors are relatively expensive,
requires moderate operating temperatures and a higher volume, increasing the footprint of
the system [88].

In classical LV high-power applications like wind energy systems, aluminum capacitors are
well established due to low costs and high power density [101]. Several studies have been
done for different converter topologies, modulation techniques and grid conditions [102],
[103], [104], [105], [106]. MPPF capacitors already have high relevance for ac-side grid
filters due to high voltage capability, parameter stability and longer lifetimes, also getting
more and more attention in conventional high-power inverters due to reasonable performance
in terms of capacitance, ESR, ripple current capability, reliability and costs [101], [107].

For medium and high voltage inverters like the MMC MPPF capacitors are already well
established due to higher voltage ratings, high ripple current capabilities, low losses, tem-
perature stability, self-healing capability and also low costs [108]. Compared to this, the
number of cascaded and parallelized units of electrolyte aluminum capacitors would become
huge due to limited voltage ratings and low ripple current capability, driving the costs and
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Figure 2.19: Basic structure of MPPF capacitor (side view) [57].

the volume. Instead with MPPF capacitors a reasonable and safe design becomes possible,
managing high ripple currents with limited number of capacitor units [109].

The basic layout of an MPPF capacitor with alternating layers is depicted in Fig. 2.19. The
alternating layers of metal elements with PP films in between are forming several capacitors,
being connected by sprayed zinc contacts on each side [94]. By parallel connection the
capacitance will be increased whereas the ESR and the ESL will be reduced [94], [110].
Beside increasing the thickness of the electrolyte, capacitor elements can be cascaded within
the capacitor design for high voltage capability.

2.4.4 Reliability

For MPPF capacitors small differences in the quality and characteristics are common due
to manufacturing and design effects. Degradation effects will deteriorate the performance
during the component life. The degradation of MPPF capacitors is mainly driven by dielec-
tric breakdowns (self-healing), electrochemical corrosion and connection instability (detach-
ment) [111].

During dielectric breakdowns stored energy will be discharged, accompanied by arcs and
high pressures for very short durations. Dielectric breakdowns are mainly caused by external
overvoltages and voltage transients, affecting small areas with weakened block capability,
accelerated by heat and chemical contaminates [57], [88], [94], [98]. Over the time tiny
leakage currents can lead to a reduced blocking capability of the dielectric [98].

One of the most important benefits of MPPF capacitors is their unique self-healing capa-
bility in case of dielectric breakdowns [57], [94]. Self-healing capability means that the
fault areas will be isolated because the very thin metal layers will be vaporized by the high
current transients [99]. Each dielectric breakdown only leads to a very small loss in the di-
electric material and the electrode area, corresponding in a small loss of capacitance and a
small increase of the ESR [57], [88], [94], [99], [111]. The self-healing energy increases
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Figure 2.20: Segmented MPPF capacitor (top view) [57].

exponentially with the applied voltage at a power of 4.7 according to [107]. The stress of
intact areas will increase by each breakdown, accordingly more advanced capacitance loss
and ESR increase will inevitably lead to a limitation in a useful component life [88], [94].

For minimized damage and limited dielectric loss by self-healing MPPF capacitors the ef-
fective area can be divided in very small segments as illustrated in Fig. 2.20 [57]. Between
these segments only small metalized interconnections are available for the current flow, act-
ing as fuses [57]. For small self-healing events the fuses are not affected. However, in case of
bigger dielectric breakdown, the current gates will evaporate due to their small cross section
[57]. The fault area will be limited and isolated from the capacitor to prevent more severe
short-circuits [57].

Another important degradation factor is the electrochemical corrosion, leading to an oxida-
tion of the very thin metalized electrodes as well as moisture absorption by the plastic film
[94]. The corrosion of the metalized electrodes is linked to a strongly increased ESR and
can result in an open-circuit failure mode. Limited conductivity can cause local heating and
hotspots in the capacitors, also attacking the dielectric material, decreasing the capacitance
[89], [99]. Moisture absorption by the PP film can lead to increased leakage currents and di-
electric loss of the material [94]. Corrosion processes are mainly driven by the environment,
particularly the humidity and the temperature [95], [112]. Particularly in humid areas and
offshore applications the housing and the placement of capacitors is from high importance.

Contact instability and detachments of the capacitor is another important degradation factors
and can be also affected by electrochemical corrosion. Especially the sprayed zinc contacts
are relatively vulnerable for detachments [94]. This degradation type is particularly relevant
for pulsed power applications with high current peaks, linked to high electrical, thermal and
mechanical stress, linked to an open-circuit fault type [94]. With the contact instability of
outer contacts, the ESR is strongly increasing. However, also the capacitance can be reduced
due to lost contacts [88], [99], [113]. After long service times, e.g. decades, also wear-



2 Power Electronics Solutions for High-Power Applications 31

Table 2.3: Major degradation processes in MPPF capacitors.

Degradation processes Main stressors Electrical impact
Dielectric breakdown (self-healing) | Veap, Ta, dVeap/dt Cl,Rest T
Connection instability T, icap Cl,Rest T
Wear-out Veaps T, icap, humidity Cl,Rest T
Electrochemical corrosion humidity Cl,Rest T
Moisture absorption humidity Cl,Rest T

out failures are from high relevance, mainly driven by the cumulative electrical and thermal
stress [114].

The capacitor lifetimes can be modeled based on different stress parameters. One widely
used lifetime model is taking into account the operating voltage and the operating tempera-

ture [88]:
. . (Vcap ) (Ea ( 1 1 )) (2.14)
_ N e ‘exp | —- - '
f,cap f,cap,0 Veap.0 p Kp Teap  Teapo

The provided empirical model is valid for all capacitor types where Kg describes the Boltz-

mann’s constant, £, the activation energy and n, the voltage stress exponent. The voltage
stress exponent differs from around 7 to 9.4 for MPPF capacitors [98], being relatively sensi-
tive to voltage stress. The voltage term becomes to 1 if the same voltage profile is applied.

The operating voltage, temperature and lifetime for specific test conditions are given by
Veap,0» Teap,0 and Ly cqp 0, respectively and is commonly provided in the datasheet. Based on
this information and the targeted operating voltage Vc,p and the temperature T¢,p, the expected
lifetime Ly, ¢, can be approximated. The operating temperature can be measured or estimated
based on the instantaneous power losses and the thermal impedance of the geometry. More
extensive lifetime models are available as well, e.g. taking into account the humidity.

2.5 Neutral Point Clamped Inverter

The classical three-level NPC inverter is considered as the most promising high-power in-
verter solution for LV connection. This well-established topology will be further described
and analyzed in this section. With the purpose of increased power ratings and modular con-
figuration, the parallel inverter connection will be investigated.

2.5.1 Topology

The three-level NPC inverter is depicted in Fig. 2.21a with one single phase. Commonly,
two IGBTs are switched on and the other two IGBTs switched off to block the applied DC-
link voltage. Thus, three switching states can be defined during normal operation according
to Table 2.4.



2 Power Electronics Solutions for High-Power Applications 32

. v, [ONO]
*F AF
> xKxx
> xKxx
) £F A
Kk R
T° Alxx{{xx FREEA
x4 xzxxzx fFt
*£F KF A
i i i [POP]
(b) ©

Figure 2.21: Three-level NPC inverter circuits: (a) One phase. (b) Three phases. (c) Parallel
connection with a common DC-link and illustrated circulating current paths.

Table 2.4: Switching states and voltage levels of the three-level NPC inverter (one phase).

Switching state || Sy || Sz || S3 || S4 Vaz
P Ll1]o] o] %
o) o110 o
N 0 0 1] 1] —Y

Three phase voltage levels can be generated, —%, 0 and %. The outer IGBT devices
are only in use for positive (P) and negative (N) voltage generation, operating at a high
switching frequencies. The inner IGBT devices are more frequently used, operating at the
grid frequency.

The three-phase NPC circuit is shown in Fig. 2.21b. In three-phase systems the coupling
between the phases needs to be taken into account. Furthermore, common-mode voltages can
occur between the star point (0) and the neutral point (z) of the inverters, being described as
follows:

v = L e e (2.15)
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2.5.2 Parallel Connection

For three-level NPC inverters with standard semiconductor devices the power rating is lim-
ited and can be extended by parallel connection at the ac side as illustrated in Fig. 2.21. Each
inverter provides an own filter L.ony and also an additional line filter Ly, can be applied.
The dc side can be either paralleled or isolated from each other. With separated DC-links
the circulating currents between the inverters can be minimized. Instead, a common DC-link
allows current ripple cancellation. Furthermore, more design flexibility is provided since the
number of inverters in a back-to-back system does not need to be equivalent in both stages. A
common DC-link is also inherent in DC networks. However, circulating currents can occur
between the inverters as highlighted in Fig. 2.21.

For two parallel inverters with common DC-link the following equations are obtained:

diy

Vaz = Valz — Leony * dj (2.16)
diyp

Vaz = Va2z — Lcony - d_j‘ (2.17)

The voltage drops across the inductances are mainly driven by the shared line current, com-
pensating each other for both inverters in symmetrical operation. Based on this assumption
both equations can be simplified and summarized for the phase voltage according to (2.18).

Valz + Va2z

> (2.18)

Vaz =
Accordingly, two additional voltage levels can be generated, at —% and %. For each
additional three-level NPC inverter the number of available voltage levels will increase again
by 2.

For parallel inverters the currents can be splitted into two parts, the contribution from the
grid current i, and a differential current igifr, flowing between the inverters. Thus, for two
inverters and a symmetrical system the following equations become valid in each phase:

. lga | .
laconvl = % + Ldiff,a (2.19)
. lga .
laconv2 = g?a — ldiff,a (2.20)

Referring to Kirchhoff’s second law, the differential currents can be defined in each phase
according to (2.21).
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digiffa  Vazl — Vaz2
== 2.21
dt 2L cony ( )

The differential currents are forming the DC-side circulating current (zero-sequence) accord-
ing to:

Icire = idiff,a + Ldiff,b + Ldiff,c (2.22)

Consequently the circulating current can be defined by (2.23) depending on the filter induc-
tances Lgony and the common mode voltage vep,.

dig
3 vem = 2Lcony - % (2.23)

The common mode voltage v, between the inverters is defined according to (2.24).

. _ Vazl T Vbzl tVezl  Vaz2 T Vbz2 1+ Vez2
Vem = Veml — Vem2 = 3 - 3 (2.24)

Circulating currents are linked to higher currents and higher thermal stress in the semicon-
ductor devices and the capacitors. Furthermore, higher voltage drops can occur. Between
perfectly synchronized inverters the common mode voltage is zero and no circulating cur-
rent will be generated. However, very small jitters from the drivers and other tiny time shifts
cannot be avoided in real systems.

The inverters can also operate in interleaved mode where the switching sequences are shifted
to each other, e.g. to use all available voltage levels in accordance with (2.18). In this case
the given switching states can differ for the inverters. In Fig. 2.21 the switching states ONO
and POP are applied as one example. For further illustration the IGBTs are colored in black
(turned-on) and gray (turned-off). Based on (2.24) the common mode voltage between the
inverters is half of the DC-link voltage in this case, representing the maximum and leading
to circulating currents between the inverters. On the one hand the amplitude can be limited
by the converter filters. On the other hand, also the switching frequency has a significant
impact [115], [116].

2.6 Modular Multilevel Converter

For direct MV and HV connection the MMC is considered as the most promising high-
power inverter. The MMC modeling and control will be further described in the following
section.
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Figure 2.22: Modular multilevel converter circuit in double-star configuration: (a) Three
phases with 50 Hz current waveforms. (b) One phase.

2.6.1 Topology

The MMC circuit in double-star configuration is depicted in Fig. 2.22, for three-phase and
one-phase configuration, respectively. In each arm there are N series connected SMs, com-
monly realized by chopper-cells (CC, half-bridges) or bridge-cells (BC, full-bridges). Fur-
thermore, an inductance L,y is applied in each arm for current limitation and filtering.

2.6.2 Mathematical Model

Each CC is equipped with one capacitor storage, two IGBTs and two diodes. The terminal
voltages at each CC can be switched between 0 and v¢,p according to:

VsM = .
0 if S=0

One BC requires two additional semiconductor devices and is very attractive due to its dc
fault handling capability, e.g. being beneficial for HVDC overhead lines [117], [118]. The
BC provides two zero states and also negative polarity according to:
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Veap if S=1
vBG=14 0  ifS=0
_Vcap if S='1

The arm voltages can be described by the sum of the SM voltages according to (2.25) and
(2.26), where x is corresponding to the switching state of the x SM.

Vp = Z |Sp Vcapp ) (2.25)
Z 1Sn(%)] - Veap.n (%) (2.26)

The MMC converter voltage is defined by half of the difference between the lower and upper
arm voltage according to (2.27). It is valid as an approximation for the applied phase voltage,
neglecting the voltage drops across the arm inductors.

Vp — V.
Veonv = . 3 P (2.27)

The phase voltage can be described as follows:

. di

The grid current can be expressed by Kirchhoff’s first law and is composed by the arm
currents according to (2.29).

Ig = ip — In (2.29)
One-Phase System

Based on the one-phase circuit, Kirchhoff’s second law provides (2.30) and (2.31) for mesh
I and II, respectively.

V. di .

e Vp + Laym - £ + Rarm - Ip + Vphase (2.30)
2 dr

Vic din

o =vn+ Larm - dr + Rarm * In — Vphase (2.31)
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By subtracting (2.30) from (2.28) and plugging in (2.29) the following expression is ob-
tained:

dr

di

Thus, the grid current can be controlled by the converter voltage according to:

5 :(3m+%>?+ §m+@ ig + Vg (2.33)

The arm currents can be splitted into two components, composed by half of the phase current
and the differential current.

i
%=§+@ﬁ (2.34)
i
In = —Eg + Laiff (2.35)

The differential currents are flowing from dc side and can be described by the outer mesh
according to (2.36). The differential voltage represents the voltage drop across the arm
inductors and can be used to control the differential current from the dc side [119].

digifr

& + 2Rarm - idiff (2.36)

vaiff = Vae — (Vp +vn) = 2Larm -

Three-Phase System

For a conventional three-phase system the ac-side currents and voltages are not decoupled
from each other. For taking into account the coupling between them, the line-to-line voltages
are described in (2.37)-(2.39).

Vab — Vphase,a — Vphase,b (2.37)
Vbec = Vphase,b — Vphase,c (2.38)

Vca = Vphase,c — Vphase,a (2.39)
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Based on (2.40)-(2.45) the line-to-line voltages can be rewritten as follows:
dip.b . dip,a .
Vab = Vpb 1 Larm - d_ + Rarm * lpb — Vpa — Larm — INarm *lpa (2.40)
t dt
di . dinpb .
= Vna+ Larm o + Rarm *in,a — Vb — Larm - o Rarm * Inb (2.41)
dr dt
dip7c . dip,b .
Vbe = Vpc T+ Larm - dr + Rarm * lpc — Vp,b — Larm - ? — Rarm " Ipb (2.42)
diyp . di .
=Vnpt Larm - - + Rarm - Inb—~Vne— Larm - 20— arm “In,c (2.43)
dt dt
dl‘p,a . dip,c .
Vca = Vp,a + Larm - + Rarm - Ipa =~ Vp,c — Larm - — Rarm *Ipc (2.44)
dt dt
di . di .
= Vnc + Larm - % + Rarm - Inc — Vna — Larm - dr;,a — Rarm - In,a (2.45)

The arm currents can be replaced by (2.34) and (2.35), exemplary done for the voltage be-

tween the lines a and b.

. i
d (ldiff,b + %b)

~

g,b

Vab= VpbT+ Larm - + Rarm - (idiff,b +

dr 2
. [}
d (ldiff,a + %) . iga
—Vpa— Larm - T — Ryrm - ldiffa + =5
. i
d <ldiff7a - %) _ iga
= Vnat Lym - ———F— +Ram"- Ldiff,a — -
dr 2
. [}
d <ldiff,b — g7b> . iga
~Vnb— Laym - dar — Ryrm - ldiff,a — 7

Accordingly, the expression in (2.48) can be derived.

Vna — Vpa _ Vnb — Vpb Lam ) d(ig,b - ig.,a) Rarm
2 2 2 dr 2

Vab =

(2.46)

(2.47)

(2.48)
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Based on the converter voltage from (2.27) and the phase voltages (2.28) the following equa-
tions are obtained:

Larm ) d(ig,b - ig,a) Rarm

Vab = Veonv,a — Veonv,b T > o + > (g —iga) (2.49)
= Ry (iga—igp) +Lg- W +Vga—Vgb (2.50)
Vbe = Veonv,b — Veonv,c + Lazrm U d; iz) + R;"m (igc —lgpb) 2.51)
— Ry (igh —lgc) +Lg- W FVgb— Voo (2.52)
Vea = Veonv,c — Veonva + Lazrm  Qliga d; lge) | R;““ (iga—igc) (2.53)
=Ry (igc — iga) + Lg- W FVge—Vga (2.54)

Not only the voltages but also the phase currents are coupled among each others and its sum
becomes to zero:

ig’a + ig’b + ig7c — 0 (2.55)

Accordingly, the line-to-line voltage can be rewritten to:

Larm ) d(Zig,b + ig,c) + Rarm

Vab = Veonva ~ Veonv.b + — o > (2igp+igc) (2.56)
= —Ry- (2igp+igec)+Lg- W T Vga—Vepb (2.57)
Vbe = Veonv,b — Veonv,c T Lazrm . d(ig’a;;zjg&) + Razrm (iga+2ige) (2.58)
= —Ry - (lga+igc) +Lg- d(ig,ajl'tzigﬁ) TVga=Vgb (2.59)
Ve = Ve oo + o A2 tlae) Km0, i) @e0)
= —Ry - (2iga+igp)+Lg- W +Vga— Vep (2.61)

For the expression of each phase current the equations have been combined in (2.62)-(2.64).
(2.56) has been subtracted from (2.61), (2.58) from (2.57) and (2.60) from (2.59).
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3 diga 3, .
Veonv,b — 2Vconv,a + Veonv,c + ELarm : dr + ERarm “lga
. dig,a
= _3Rg . lgya - 3Lg . dt + Vg7b - 2Vg7a + ngc (2.62)
3 digp 3 .
Veonv,a — 2Vconv.,b + Veonv,c ELarm : % + ERarm “lgb
) dig p
= —3Rg-igp—3Lg- e +Vga—2Vgp+Vgc (2.63)
dig,c 3 .
Veonv,b — 2Vconv,c + Veonv,a + ELarm : dr + ERarm “lgc
. dig,c
= 3Ry ige = 3Ly~ 4 vga — 2+ Ve (2.64)

Consequently, the grid current can be described by (2.65)-(2.67), being dependent from the
impedances, the grid voltages and the applied converter voltages.

3 diga 3 -

= 2Vconv,a — Veonv,b — Veonv,c T 2Vg,a —Vgb — Vgc (2.65)
3 di,p, 3 .

= —Vconv,a + 2Vconv,b — Veonv,e T Vga — 2Vg7b +Vge (2.66)
3 di 3 .

= —Vconv,a — Veonv,b 1 2Vconv,c —Vga—Vgb T+ 2Vg,c (2.67)

Instead, the differential currents can be considered as decoupled for DC-connected MMC
applications. However, for STATCOM operation without DC-link connection the coupling
between the phases (legs) needs to be taken into account. The three legs provide three meshes
and the following equations are obtained:

d(igifr b — idiff,a)
dr

(vp,a+Vna) — (Vpb +Vnp) = 4Larm - +4Rarm - (igife b — lditta)  (2.68)

d(igitr.c — igifrp)
dr

(Voo +Vip) — (Vpe +Vne) = 4Larm - +4Rarm - (igitrc — laitep)  (2.69)

d(igifr.a — Ldifr,c)
dr

(Vp.,c + Vn,c) - (Vp,a + Vn,a) =4Lam - +4Rarm - (idiff.,a - idiff,c) (2.70)
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The sum of the differential currents becomes zero since no dc-side current can flow according
to (2.71).

Ldiff,a 1 Ldiff,p 1 Ldiff,c = 0 (2.71)

Accordingly, the mesh equations from (2.68-2.70) can be rearranged:

d(2igir,p + Laifr . .

(vpatvna) = (Vpb+nb) = 4Larm - (R, & ffc) +4Rarm - (2idgife b + lgiee)  (2.72)
d Zid'fﬂ -f—l‘d'ff7 . .

(Vp,b T Vi) — (Vpc + Vi) = 4Larm - (i th iffa) +4Rarm - (2igifr e + gitra)  (2.73)
d(2igift,a + Ldiffb . .

(vpe T Vne) = (Vpa+vna) =4Lam - (i Zl i) +4Rarm - (2igifra +igifip)  (2.74)

By combination of all three equations the expressions in (2.75)-(2.77) are obtained for the
differential currents, being dependent from the arm impedances and the sum of the applied
arm voltages.

. digise

(Vp,c + Vn,c) - 2(Vp,a + Vn,a) + (Vp,b + Vn,b) = 12Ram - Ldiff,a T 12Lam - dll‘ = (2.75)
. diagife b

(Vp,a + vn~,a) - 2(vp7b + Vnab) + (VP,C + Vn,c) = 12Rym - Ldiff b +12Lym - dll‘ : (2.76)
. digise

(Vp,b + Vn,b) - 2(Vp,c + Vn,c) + (Vp,a + Vn.,a) = 12Ram - Ldiff,c T 12Lam - dlt = 2.77)

The model which has been developed and implemented based on the introduced mathemati-
cal model.

2.6.3 Control

The applied MMC control scheme is depicted in Fig. 2.23. The active and reactive power
supply is directly linked to the grid currents. In rectifier mode the active power can be used
to control the stored energy in the capacitors. Accordingly, for STATCOM applications the
active power and stored energy can be controlled without any DC connection. The grid
currents themselves can be properly controlled by the applied converter voltages.

For proper control of the stored energies in each arm and each leg, the differential current
can be used. If DC connectivity is available, the stored energy can be regulated by the
differential currents from the DC side. For the differential current the 100 Hz component
is most characteristic to compensate the power oscillations in each leg. Furthermore, a DC
component represents the active power transfer between the DC and AC side. The arm
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Figure 2.23: Overall control scheme for the modular multilevel converter.

currents are composed by half of the grid currents in symmetrical operation and the DC-side
differential currents. For economical design the differential current oscillations need to be
limited and therefore, the 50 Hz component from the grid current is dominant in the arm
currents.

Both the converter voltages and the differential voltages can be set by the arm voltages. For
the CC-MMC the required arm voltages is described in (2.78) and (2.79). The arm voltages
are shifted by % since the CC-SMs only provide one polarity. In this way the converter

voltage range is defined between —% and %

Vi V.

VS,CC = _vzonv - (121ff + % (278)
Vi Va

v:,CC = vzonv - (121ff + TC (2.79)

For the BC-MMC an additional arm voltage shift can be avoided due to positive and negative
SM voltage polarity. The theoretical converter voltage range has been doubled for the same
number of SMs, being defined between —Vy. and V.

* * V*'
VhBC = Voo ~ 5 (2.80)
ViBe = Vi — il (2.81)

conv 2
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Figure 3.1: Classical multilevel modulation techniques.
3 Modulation Techniques for Modular Topologies

Suitable multilevel and interleaved modulation techniques are investigated for cascaded and
paralleled modular power converters and analyzed for parallel three-level NPC inverters and
the MMC.

3.1 Multilevel Modulation

One of the main benefits of multilevel inverters is linked to the multilevel voltage generation.
The multilevel voltage generation provides additional degrees of freedom for performance
optimization and a high variety of applicable modulation techniques. The standard multilevel
modulation techniques are summarized in Fig. 3.1 and can be classified into space vector
based and voltage-level based algorithms [25].

For the space vector modulation, the voltage reference vector is averaged by the three nearest
switchable voltage vectors with a predefined switching frequency [120]. Instead, for the
space vector control always the closest voltage vector is applied. In this way the number
of commutations is reduced to a minimum. However, a high number of voltage steps is
required for proper voltage generation. The space vector modulation is well-established for
a low number of levels due to digital implementation and high performance. However, for
a high number of voltage levels space vector based algorithms are becoming too complex,
growing exponentially with the number of voltage levels [121], [122], [123].

The carrier-based PWM techniques are most established among the voltage level based algo-
rithms. For carrier-based modulation techniques the carriers are compared with the voltage
reference signal. The switching operations are determined by the intersection points and they
linked to a relatively high switching frequency. Usually, for an n voltage level application
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Figure 3.2: Multilevel PWM techniques (nine voltage levels): (a) PD-PWM. (b) POD-PWM.
(¢c) APOD-PWM. (d) PS-PWM.

n— 1 carriers are applied for proper waveform generation. In Fig. 3.2 the conventional mul-
tilevel PWM techniques are illustrated, namely the phase disposition (PD), the phase opposi-
tion disposition (POD), the alternative opposition disposition (APOD) and the phase-shifted
(PS) PWM. The carriers of the PD-PWM, POD-PWM and APOD-PWM are level-shifted.
All carriers are in phase for the PD-PWM. Instead, for the POD-PWM the upper carriers are
shifted by 180° compared to the lower carriers. For the APOD-PWM each adjacent carrier is
shifted to each other by 180°. Furthermore, the PS-PWM can be applied where the carriers
are evenly shifted horizontally.

Beyond that, the multilevel modulation can be also realized by algorithms. This is the case
for the nearest level modulation (NLM) and selective harmonic elimination which can be
classified both as staircase modulation techniques [124]. The NLM approximates the refer-
ence voltage to the closest available voltage step. In this way the number of commutations
and the switching frequency are minimized. However, a high number of voltage levels is re-
quired for proper waveform generation. The selective harmonic elimination is also based on
the NLM and it is optimizing the angles of the staircase waveform for minimized harmonic
distortion. However, the computation effort becomes very high especially for a high number
of voltage levels.

For hybrid modulation the features of different modulation techniques can be combined. For
instance, the NLM can be combined with a PS-PWM to profit from a very low switching
frequency and limited harmonic distortion at the same time [125]. However, it is also linked
to high noises for a wide frequency range, being challenging to be filtered.

The proper choice of the modulation technique mainly depends on the target application and
the preferred converter topology. Space vector based algorithms are well established due
to its good performance, however being limited to a low number of voltage levels due to
the high computational effort. Carrier-based PWM techniques are also well-proven and they
showing a good performance, however being linked to relatively high switching frequencies.
The NLM can be easily implemented and shows very low switching losses, however a high
number of voltage levels is required. The selective harmonic elimination achieves a good
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Figure 3.3: Three-level NPC inverter: (a) PD-PWM. (b) POD-PWM / APOD-PWM.

waveform quality with a lower number of voltage levels, however with a very high compu-
tation effort. Hybrid modulation combines the benefits of the NLM and PWM techniques,
however also their drawbacks.

For the increase of the voltage range third harmonic injection can be applied for all classical
modulation techniques, extending the available modulation range by around 15 % at the same
DC-link voltage [126].

3.1.1 Three-Level NPC

For the three-level NPC the space-vector modulation and PWM techniques are well estab-
lished due to the limited number of voltage levels [127], [128]. For the PWM techniques only
two carries are required, being in phase for the PD-PWM. The POD-PWM and the APOD-
PWM are equivalent for the three-level NPC, where both carriers are shifted by 180°. The
basic PWM schemes are illustrated in Fig. 3.3.

Among the carrier-based PWM techniques the PD-PWM provides the best waveform quality
and therefore can be seen as the preferred choice for the NPC [129], [128]. For digital
implementation the classical space vector modulation can be applied, being equivalent with
the PD-PWM with third harmonic injection [130].

3.1.2 Modular Multilevel Converter

The MMC is usually connected to high or medium voltages, providing a very high number
of voltage levels. Therefore, not only classical PWM techniques but also the NLM can
be applied. Among the PWM techniques the PS-PWM benefits from its very homogenous
switching profile which limits the spread in the capacitor voltages and the semiconductor
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Figure 3.4: Duty cycles for upper and lower arm (m=0.8): (a) CC-MMC. (b) BC-MMC.

stress [131]. On the other hand, the NLM benefits from minimum switching losses and also
the computation effort is limited. Since the number of voltage levels is very high the power
quality by the NLM is already excellent even without additional filters. Since the efficiency
is very crucial in high-power applications the focus is put on the NLM for the MMC, being
scalable up to dozens and hundreds of SMs in each arm [31].

For determining the insertion numbers in each arm, the duty cycle can be determined by (3.1)
for the MMC, independent from the SM topology. N describes the number of SMs in each
arm and vg,, the reference capacitor voltage in each SM. For selection of the specific SMs
it is advantageous to choose them to balance the capacitor voltages, being decoupled from
the modulator itself. For a minimal number of switching events and maximum efficiency
not more SMs should be turned on or off than demanded by the modulator to follow the

sinusoidal reference.

v*

d = —3m_ 3.1
oot (3.1)

cap

The linear modulation range is defined up to 1. For the CC-MMC the minimum modulation
index is equal to O since each SM can only be switched between 0 and the applied capacitor
voltage vcyp. Different to this, the SMs of the BC-MMC can also provide —vc,p at the termi-
nals. Accordingly, the modulation range has been extended from 1 to -1. By also using the
negative voltage polarity, the available converter voltage can be doubled according to (2.27).
The behavior of the duty cycle is depicted in Fig 3.4 for steady state conditions (m = 0.8).
The insertion number is directly linked to the duty cycle according to (3.2).

Non = round (d . vfc > (3.2)

Veap
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(b)
Figure 3.5: MMC submodule topologies: (a) Chopper-cell. (b) Bridge-cell.
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Figure 3.6: CC-MMC: (a) Insertion numbers (d=0.8, Ncc = 10). (b) Upper arm voltage.

CC-MMC

In Fig. 3.5a one SM in CC configuration is depicted. The conventional switching states
and the corresponding current paths are summarized in Table 3.1. If one SM is turned-on
(Scc = 1) the capacitor voltage vc,p is applied at the terminals. Instead, for turned-off SMs
zero voltage is applied. The current paths depend in both cases on the arm current direction.
Each transient of the switching state is limited to one turning-off and one turning-on event
in the semiconductor devices as summarized in Table 3.2. The insertion number n,, can be
easily calculated based on (3.3), whereas the remaining SMs need to be bypassed (Scc = 0)
according to (3.4). In the ideal case, each SM has one turning-on and one turning-off event
during each grid period, corresponding to a fundamental switching frequency of 50 Hz per
SM if the full modulation range is used.
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Table 3.1: Switching states and conduction paths of one CC-SM.

Scc | T T, Lam vsm | Conduction path
1 ON | OFF | positive | veap Dy
1 ON | OFF | negative | vcap T,
0 | OFF | ON | positive | 0 T,
0O | OFF | ON | negative | O D,

Table 3.2: Switching transients of one CC-SM.

S'&:l S’éc iam Turning off | Turning on
0 1 positive T, Dy
0 1 negative D, T,
1 0 positive D; T,
1 0 negative T D,
v
fon = round [ d - — (3.3)
Vcap
noff = Ncc — non (3.4)

The insertion numbers and the upper arm voltage are exemplary shown in Fig. 3.6 for
ten SMs in one arm. The number of available voltage levels is Ncc + 1. In the shown exam-
ple the lowest and highest voltage level are not applied since the modulation index is limited
(m = 0.8). The capacitor voltages vc,p in the SMs are approximated to be constant.

BC-MMC

One BC is depicted in Fig. 3.5b. For the application of SMs in BC configuration, all switch-
ing states and corresponding current paths are summarized in Table 3.3. The number of
possible switching states increases to four, since a second switching state for the zero state
and an additional switching state (Spc = —1) with a terminal voltage of —vc,, are available.
For distinguishing between both available zero states the switching states Sgc = —0.5 and
Sgc = 0.5 are defined. All the possible switching transients and the affected semiconductor
devices are summarized in Table 3.4.

The sinusoidal waveform of the duty cycle is depicted in Fig. 3.7, divided into four different
sectors, depending on the polarity and on its slope. Two generalized switching sequences
are introduced in Fig. 3.8 with minimized number of commutations and the use of all three
voltage levels of each SM. For the switching sequence 1 the switching states of the SMs will
be changed one by one from Spc = 1 to Sgc = —0.5 during sector I until the duty cycle is
crossing 0. In sector II the turned-off SMs (Sgc = —0.5) will turned on stepwise to generate
negative terminal voltages (Sgc = —1). After having reached the minimum negative duty
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Table 3.3: Switching states and conduction paths of one BC-SM.

Sec | T4 T, Ts Ty iarm Vvin | Conduction Path
1 ON | OFF | OFF | ON | positive | vcap D,D4
1 ON | OFF | OFF | ON | negative | vcap T, T4
0.5 | ON | OFF | ON | OFF | positive 0 D;,T;
0.5 | ON | OFF | ON | OFF | negative 0 T;,D3
-0.5 | OFF | ON | OFF | ON | positive 0 T,,Dy4
-0.5 | OFF | ON | OFF | ON | negative 0 D5, T4
-1 | OFF | ON | ON | OFF | positive | -Vcap T,,T;3
-1 OFF | ON | ON | OFF | negative | -vcap D,,.Ds3
d a
1 -
| 11 111 v | t
-1

Figure 3.7: Sinusoidal duty cycle divided into four sectors (m=1.0).
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Figure 3.8: NLM switching sequences with minimized number of commutations for the BC-
MMC: (a) Sequence 1. (b) Sequence 2.

cycle, the SMs will be turned off again (Sgc = 0.5) during sector III and finally turned on
again to provide positive terminal voltages (Spc = 1) during sector I'V. For each single added
or bypassed SM, only one semiconductor device needs to be changed within the circuit. The
number of overall commutations has been minimized. For the switching sequence 2 the
switching states for the zero state are used reversely without affecting neither the number of
commutations nor the system performance of the MMC.

Based on the presented analysis, the insertion numbers for the SMs need to be determined
dependent on the duty cycle. Positive duty cycles need to be generated by the insertion
number nypp (Spc = 1) according to (3.5). The number of inserted SMs with negative ter-
minal voltage nonn (Sgc = —1) should be 0 to use the full modulation range. For generating
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Table 3.4: Switching transients of one BC-SM.

SII‘{CI S’fgc iarm Turning off | Turning on

1 0.5 | positive Dy T3

1 0.5 | negative Ty D3

1 -0.5 | positive Dy T,

1 -0.5 | negative T D,

1 -1 positive D;,Dy T,,T3

1 -1 | negative T;,T4 D;,Dj
0.5 1 positive T3 D4
0.5 1 negative D3 Ty
0.5 | -0.5 | positive D, T3 T,,Dy4
0.5 | -0.5 | negative T;,D3 D,, T4
0.5 -1 positive D, T,
0.5 -1 | negative Ty D,
-0.5 1 positive T, D,
-0.5 1 negative D, T,
-0.5 | 0.5 | positive T»,Dy D, T3
-0.5 | 0.5 | negative D,, Ty T;,D3
-0.5 | -1 | positive Dy T3
-0.5 -1 | negative Ty Ds

-1 1 positive T,, T3 Dy,Ds

-1 1 negative D,,Ds3 T, Ty

-1 0.5 | positive T, D,

-1 0.5 | negative D, T,

-1 -0.5 | positive T; Dy

-1 -0.5 | negative D3 Ty

negative duty cycles, the calculation can be done vice versa according to (3.7)-(3.8) for the

maximum modulation range.

Ifd > 0:

Ifd <0:

nopN = round <|d |- Ve

nonp = 0

Vd
Nopp =round | d- — ¢
Veap

NonN = 0

*
cap

(3.5)

(3.6)

(3.7

(3.8)



3 Modulation Techniques for Modular Topologies 51

1 1F
< ot <
-1 i L 1 : -1t } } } |
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
10 10
— "onP - nonP
g — "N d g — "N d
:o 1 ’JJJI ILLHrHJI | :o 1 ILLH’IHI |
0 - - - 0 - - -
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
10 10
"oftp "oftp
:o 5 | N | :O 5 | ffN
0 - - - 0 - - -
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
time [s] time [s]
(a) (b)

Figure 3.9: NLM switching sequences with minimized number of commutations for the BC-
MMC: (a) Sequence 1. (b) Sequence 2.

The insertion numbers are exemplary depicted in Fig. 3.9 for both sequences, where only the
switching states of the bypassed SMs are different. The arm voltages are properly generated
as shown in Fig. 3.10, being equivalent for both sequences.

3.1.3 Laboratory Setup

For experimental validation the experimental setup of the MMC is depicted in Fig. 3.11,
located in Aalborg, Denmark and provided by the Aalborg University. The cabinet in Fig.
3.11a consists of six floors, providing four SM boards in each converter arm. Alternatively,
the SMs can be connected in one phase, providing twelve SMs per arm and up to 25 converter
voltage levels.

One single SM is shown in Fig. 3.11b where most of the volume is taken from the capacitors
and the heatsink for cooling the semiconductor devices. Each SM has its own FPGA control
unit for blanking time generation, capacitor voltage measurement processing and protection
(overcurrent, overvoltage, overtemperature). The control and modulation of the MMC is
realized by a dSPACE system (DS1006 processor). The communication is ensured by optic
fiber connection to minimize electromagnetic noises for safe and reliable operation. The
main data of the MMC setup are summarized in Table 3.5.
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Figure 3.10: Generated arm voltage (upper arm, both sequences).
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Figure 3.11: MMC prototype: (a) Cabinet with 24 SMs. (b) Board of one SM.

Table 3.5: Specifications and data of the experimental setup.

Description Parameter || Value || Unit
Number of SMs per arm N 4

Arm inductance Larm 20 mH
SM capacitance Csm 4 mF
Capacitor voltage reference Veap 25 \%

3.1.4 Experimental Validation

For the NLM a high number of SMs is beneficial. Therefore, the experimental MMC setup
has been arranged for one phase. In this way the number of SMs per arm has been increased
to twelve, corresponding to 13 available voltage levels in each arm. The NLM and a sorting
algorithm for CVB have been implemented and applied in C code with SMs in CC config-
uration. The modulation index has been set to 0.95 for using the full number of available
voltage steps.
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Figure 3.12: Experimental results for NLM with MMC (12 SMs per arm, one phase,
m = 0.95): (a) Insertion numbers / arm voltages (p.u.). (b) Converter voltage
(idealized: constant capacitor voltages).

The experimental setup is operating in open loop control to investigate the NLM perfor-
mance. In Fig. 3.12a the insertion numbers and the normalized arm voltages are depicted
in each arm. The waveforms are following the sinusoidal reference and all available volt-
age levels are used in both arms. The waveforms for both arms are shifted to each other
by 180° as specified. The corresponding converter voltage waveform has been normalized
and is shown in Fig. 3.12b based on the real and idealized capacitor voltages. The real
capacitor voltages are oscillating up to a certain degree due to charging and discharging pro-
cesses depending on the arm current direction. Instead, the idealized capacitor voltages are
approximated to be constant.

Different to standard PWM techniques the spectrum for NLM is non-characteristic, contain-
ing a wide band of harmonics as illustrated in Fig. 3.13. Due to the high modulation index
the 50Hz component has a similar amplitude as the DC offset. The spectrum for the con-
verter voltage is very similar due to the symmetrical behavior of the arm voltages. The DC
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Figure 3.13: Harmonic spectra from experimental results for NLM applied for the MMC (12
SMs per arm, one phase, m = 0.95): (a) Arm voltage (upper arm). (b) Converter

voltage.

offset is eliminated in the converter voltage due to the phase shift of 180° between the arm
voltages. The harmonics can be further deceased by increasing the number of voltage levels

[57].
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Figure 3.14: Carrier generation for interleaved modulation of two three-level NPC inverters
(PD-PWM, APOD-PWM).

3.2 Interleaved Modulation

With the help of multilevel modulation, the increased number of voltage levels can be used
for reduced harmonic content in multilevel converter topologies. Apart from the classical
multilevel waveform generation the harmonic content can be also improved by interleaved
operation in paralleled converters [132], [133]. For instance, for two parallel inverters the
carries can be shifted among each other by 180 ° to reduce the current ripple in the superposed
line current. This principle can be applied to each standard carrier-based PWM method and
for each standard inverter. For n parallel inverters a carrier phase shift of 360°/n is obtained
for the adjacent inverters.

3.2.1 Parallel NPC Inverters

The interleaved carrier waveforms for two parallel three-level NPC inverters are depicted
in Fig. 3.14. The upper and lower carriers are interleaved by 180° between both inverters.
For each inverter the upper and lower carrier are in phase for the PD-PWM. Instead, for the
APOD-PWM the upper and lower carrier are shifted by 180° for each inverter. Due to the
interleaved carriers between the inverters, also the current ripples are shifted, compensating
each other up to a certain degree. At a duty cycle of 0.5 and for a symmetrical system the
current ripple is completely eliminated.

3.2.2 Laboratory Setup

For experimental validation two parallel NPC inverters have been realized as depicted in
Fig. 3.15. The IGBT modules F3L75R07W2E3_B11 from Infineon is rated for a nominal
current of 75 A. Each inverter is equipped with a DC-link capacitance of 2mF and a converter
inductance of 1.8 mH in each phase.
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Figure 3.15: Experimental setup: (a) Two parallel NPC inverters. (b) NPC inverter 1.
(¢) Xilinx control board.

The control of both inverters is implemented on the Xilinx Zc702 evaluation board which
includes field programmable gate arrays (FPGAs) and a Dual ARM processor. Each inverter
uses a Xilinx Spartan-3 E FPGA control unit for voltage and current measurements, process-
ing as well as monitoring and protection. The communication between the master and slave
controllers is ensured by optic fiber to minimize electromagnetic noises for safe and reliable
operation.

3.2.3 Experimental Validation

Both modulation techniques are considered for comparison with the laboratory setup. The
DC-link is shared and a voltage of 700V is applied. They are investigated with a carrier
frequency of 10kHz. The system is operating in open loop control.

The current waveforms for the overall current are recorded in Fig. 3.16 for both the PD-
PWM and the APOD-PWM in interleaved mode (m = 0.85). The current waveforms are
properly generated with a current amplitude of around 10 A. The waveform quality is very
similar for both modulation techniques.
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Figure 3.16: Measurements of the overall current of two parallel NPC inverters for inter-
leaved operation (m = 0.85): (a) PD-PWM. (b) APOD-PWM.

The current spectra for both modulation techniques are compared in Fig. 3.17. The 200"
harmonic is associated to the applied carrier frequency of 10kHz. The APOD-PWM shows
slightly higher sideband harmonics. Nevertheless, the THD; values are very similar with
values of 5.96 % (PD-PWM) and 6.8 % (APOD-PWM).

Apart from the grid current quality the evaluation of the circulating current is from high im-
portance since it is increasing the rating and losses of the devices. As described in Section
2.5 the circulating currents are mainly driven by common-mode voltages between the invert-
ers due to differing applied switching states. The circulating currents have been recorded
in Fig. 3.18 for both PD-PWM and APOD-PWM. The circulating current is significantly
reduced by the application of APOD-PWM. Consequently, APOD-PWM provides the pos-
sibility to reduce the size of converter filters or the rating of the devices compared to the
well-established PD-PWM.
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Figure 3.17: Amplitude spectrum of the measured overall current (phase a): (a) PD-PWM.
(b) APOD-PWM.

Also for the application of parallel NPC inverters the PD-PWM shows a slightly reduced
harmonic content compared to the APOD-PWM. However, the common-mode voltage and

therefore the circulating current between the inverters have been strongly reduced by the
APOD-PWM.

The PD-PWM shows a slightly reduced harmonic content than the APOD-PWM. The circu-
lating currents between parallel NPC inverters have been significantly reduced by the APOD-
PWM compared to the well-established PD-PWM. Consequently, the APOD-PWM can be
seen as the preferred choice for parallel NPC inverters with common DC-link. Instead, if the
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Figure 3.18: Recorded circulating current between both parallel NPC inverters (m = 0.98):
(a) PD-PWM. (b) APOD-PWM.

DC-links are separated the PD-PWM can be applied due to minimized harmonic content on
the AC side.

3.2.4 Modular Multilevel Converter

From modulation point of view also the MMC can be considered as two parallel inverters
since the grid current is shared by the upper and lower arm. Therefore, also interleaved
operation can be beneficial for harmonic cancellation. Depending on the number of SMs and
the phase shift between the carriers improved waveform generation can be achieved on the
DC or AC side by using the full number of available voltage levels (2N + 1) [57]. By the
use of different sampling frequencies in the upper and lower arm similar effects can be also
achieved for NLM [57].
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3.3 Summary and Conclusions of the Section

In this chapter classical multilevel modulation techniques have been presented and evaluated
for the three-level NPC inverter and for the MMC to benefit from their multilevel waveform
generation. For the NPC inverter the PD-PWM has been identified as the preferred choice for
reduced harmonic content. The interleaved operation of the NPC inverters has been applied
for harmonic cancellation. However, if the DC link is shared, circulating currents emerge
between the paralleled inverters. These circulating currents have been significantly reduced
by the application of the APOD-PWM at a comparable harmonic distortion in the AC current
(THD of 6.8 % instead of 5.96 %). Accordingly, the APOD-PWM has been presented as the
preferred solution for the interleaved operation of parallel NPC inverters with a shared DC
link. All these findings have been validated by experimental results.

For the MMC the NLM has been identified as the preferred choice to achieve high-efficient
operation, being very crucial especially in high-power applications. Both the CCs and the
BCs are investigated as SM topologies, highlighting all possible switching states and switch-
ing transients. Based on this analysis the switching patterns of the NLM are presented for
both SM topologies. For the BC-MMC two possible switching sequences with minimum
number of commutations have been introduced by taking profit from the redundant zero
voltage switching states inside the BC-SMs. The practicability and the performance of the
NLM have been experimentally validated by a one-phase MMC prototype with twelve SMs
in each arm. The staircase waveforms have been properly generated, following the sinusoidal
reference waveform very well due to the high number of available voltage levels.
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4 Neutral-Point Clamped Inverter Optimization for
High-Power Applications

Parallel LV NPC inverters are considered for the connection to the MV grid by step-up trans-
formers. A wind power application and a MV grid impedance analyzer are investigated as
study cases. The voltage adaption by the transformers is directly linked to the turns ratio Tg
according to (4.1). The transformer impedance and inductance can be calculated according
to (4.2) and (4.3).

Pgn = Tr- 0l @.1)
VE)?
Zse rafo = e —° (4.2)
g,n
Zsc traf
Lsc,trafo = ;;:?go (Rsc,trafo ~ 0) 4.3)

The parallel NPC inverters are taken into account for the connection to the transformer stage.
As power units IGBT modules with 1200 V breakdown voltage are applied. The maximum
DC-link voltage is set to 1500V, corresponding to 62.5 % of the IGBT blocking capability. It
provides sufficient reserve for possible voltage overshoots, e.g. due to parasitic inductances,
and allows to operate at the upper limit of the LV range. Third harmonic injection provides
sinusoidal voltage amplitudes of up to 862.5V.

) 2 2 v
Vgil(ziise,x = ﬁvphase,)\ = % : TC =862.5V 4.4)

4.1 Wind Power Application

A wind park (onshore) with a rated power of 30 MW is considered as the first study case.
Seven wind generator units rated for 4.286 MW each are taken into account. Each generator
is equipped with a back-to-back conversion system and with one step-up transformer. The
use of back-to-back conversion system enables high power capabilities and flexible power
control. The focus of this section lies on the grid-side connected inverter stage.

4.1.1 System Design

Each wind turbine generator system can be connected by an own transformer, linked to
a power of 4.286 MVA and an overall LV current of 3586 A. This current is too high for
conventional IGBT modules. Therefore, the parallel connection of NPC inverters is required
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to fulfill the defined power ratings. By parallel connection at the AC side the overall current
can be splitted among the NPC inverters. Instead, on the DC side it is advantageous to
separate the DC-links from each other to avoid circulating paths between the inverters. For
this purpose, each back-to-back inverter can use its own DC-link in a symmetrical inverter
system.

For wind power plants LV connections of 400V and 690V are very common. The three-level
NPC inverters gives the possibility for connection to the latter one even with 1200V IGBT
modules, limiting the system current rating and the number of paralleled inverter units. Six
parallel NPC inverters are considered to handle the total LV current of 3586 A by reducing
the inverter current rating to a reasonable value of 597.7 A each. The grid voltage can vary
up to 10 %, corresponding to a maximum LV voltage amplitude of 619.7V.

LV VgMAV
Py = L1TRV2- 22 =619.7V (4.5)

V3

The capacitor voltage oscillations will be limited to £5%, corresponding to a minimum
available phase voltage of 782.3 V.

‘93f1d R
~3rd phase, A ,max
Vpilase,)\,min = W =782.3V (46)

The voltage drop at the transformer can be simply calculated by (4.7) for a monofrequent
current and for a frequency stable short-circuit impedance. The short-circuit voltage ratio is
defined with 6 % in accordance with the local grid requirements [134], corresponding to a
voltage drop across the transformer of 33.8 V at nominal current.

LV

V. A
9L,trafo,JL = \/5 Usc trafo - S f_m =338V 4.7)

V3 fe
The filters are designed very small with 46.5uH in the line and 100 uH for each single
inverter to limit space, costs and voltage drops. At nominal current, this corresponds to

overall voltage drops of 74.1 V and 26.6 V across the filters. Voltage drops across cables can
be neglected.

For pure active power injection (cos ¢ = 1) the required voltage can be calculated, assuming
an ideal inductive behavior of transformers, filters, cables and the grid. Based on these sim-
plifications a sufficient voltage reserve of 147.8 V (18.9 %) is obtained according to (4.8).

A~ A 2 A~ ~ N
Vreq, A = \/(Vlg}i) + (VL,trafo,)\ + VL line, A + VL,conV,)\)2 =634.2V (4.8)
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Table 4.1: NPC parameters for wind power plant.

Description Parameter Value Unit
Nominal power So nom 30 MW
Number of wind power units 7
Nominal power per wind power unit 4.29 MW
Connected inverters per wind power unit 6
Nominal power injection per inverter 714 kW
Line filter inductance Liine 46.5 uH
Converter filter inductance Lconv 100 uH
IGBT breakdown voltage 1200 \Y%
Nominal current (50 Hz, rms) 597.7 A
PWM carrier frequency fe 1600 Hz
Capacitor voltage reference Veap 1428.6 (£5%) \Y%
Capacitor voltage limitation Ve lim 1500 \Y%
Grid voltage (rms) VQ/IAV 20 kV
Transformer input voltage (rms) V;X 690 \Y%
Transformer inductance (ug. = 6 %) Ly trafo 21.22 uH
Grid inductance L 0.19 uH

The obtained parameters for the NPC-based solution are summarized in Table 4.1. The
system includes seven equivalent wind power units, where each one is connected by back-
to-back inverters and one transformer to the MV grid. The behavior of one transformer unit
will be considered exemplary, fed by six parallel NPC inverters to achieve sufficient current
capability. The DC-link capacitor banks of the inverters are isolated from each other to avoid
circulating currents. Small filters are integrated in each NPC inverter and at the common
transformer.

4.1.2 System Performance

The PD-PWM shows the best harmonic performance for the AC current generation. By
interleaved operation harmonic cancellation becomes possible for reduced harmonic content
and minimized switching frequencies. The PD-PWM is applied with interleaved carriers and
a carrier frequency of 1.6 kHz.

In Fig. 4.1 the nominal wind power of 4.286 MW is transferred to the grid by the parallel
NPC inverters at a unity power factor (cos ¢ = 1). The required transformer input current of
3586 A (rms) is properly generated and injected at a transformer voltage of 690V. Although,
the filter effort as well as the switching frequencies are limited to low values, the current and
voltage waveforms are excellent and voltage transients are limited in interleaved operation.
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Figure 4.1: Parallel NPC inverters: phase voltages, transformer input voltages, transformer
input currents (Py = 4.286 MW, cos @ = 1).

The three-phase currents of each single NPC inverter are depicted in Fig. 4.2. The currents
are properly controlled to an rms value of 598 A.

For deeper analysis the inverter currents are illustrated for one phase together with the su-
perposed current at the transformer (divided by six for the same scale) in Fig. 4.3. Current
ripples of up to almost 400 A occur in each inverter. However, these ripples are widely
eliminated at the transformer due to harmonic cancellation. The excellent waveform quality
from the interleaved NPC inverters is equivalent at each of the six transformer units. At MV
level even a further reduction of harmonics would be possible by also interleaving the seven
transformer units with its inverter systems among each other.
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Figure 4.2: NPC inverter currents (P; = 30MW, cos ¢ = 1).
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Figure 4.3: Interleaved NPC inverter currents and resulting transformer input current
(phase a): P, =30MW, cos¢@ = 1.

Table 4.2: Basic data for 20kV MV grid for the connection of decentralized energy systems
Von [KV]  Sgsc [MVA] ¥, [7]
Range 20...22 30...500 50...85

4.2 Medium Voltage Grid Analyzer

The MV grid impedance analyzer serves as the second study case. It needs to be able to
inject monofrequent currents within a wide frequency range from 100 Hz up to 10 kHz.

4.2.1 Converter Design

Compared to LV grids MV grids are very stiff, requiring high powers for proper excita-
tion. The basic grid characteristics for Germany, Russia and Brazil are summarized in Table
4.2, linked to short-circuit powers up to 500 MVA. Accordingly, the minimum possible grid
impedance is calculated with (4.9). For simplification an ohmic-inductive behavior is as-
sumed up to f = 100Hz. Accordingly, the grid impedance angle W ,;, = 50° corresponds to
the highest resistive part in (4.10) and thus to the lowest inductive part in (4.11), correspond-
ing to the minimum grid impedance at 100 Hz in (4.12).
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2
MV
MV,50Hz (Vg,A> _ (20kV)?

Zgsemin = = =0.8Q 4.9
gsemin = g "~ 500MVA *+3)
Ry = Zﬁﬁﬁf *-cos (Wgmin) = 0.514Q (4.10)
MV.,50Hz .
zZ, oo esin (W min)
MV __ “g,sc;min gmin)
Lg,sc - Zﬂfg =1.95mH (41 1)
MV,100H

Zy = (RN + (27 fin - IYN)? = 13302 (4.12)

This minimum impedance requires the highest current injection to achieve a voltage excita-
tion of 1 %. The final specifications are adapted to 0.55 % grid excitation, corresponding to
1 % grid excitation for short-circuit powers up to minimum 275 MVA. In this way, the re-
quired power injection is almost halved, by covering most of the MV grid connection points.
An excitation of 0.55 % in the worst case is still acceptable and reasonable to limit the costs.
According to (4.13), the MV grid analyzer needs to be designed for a current injection of
47.78 A, corresponding to an injected power of 525% = 1.655MVA.

AN
V. 0.01-&=
MV,100Hz __  Vgexc,k N
Lo ™™ = oo = 0-55 s = 4748A (4.13)
g,sc,min g,sc,min

Due to inductive behaviors of the grid, an increase of the grid impedance is assumed at higher
frequencies. Since the frequency behavior of MV grids has not been investigated deeply and
due to possible unknown resonances, the system will be designed for the rated current up to
frequencies of 1000 Hz to ensure full flexibility. For frequencies above, the current rating is
decreasing according to Fig. 2.7b. At the maximum current frequency of 10 kHz still 10 %
of the rated current are demanded. The demand of high powers in a high frequency range
is linked to different goal conflicts especially because the device switching frequencies are
usually limited if high powers need to be handled.

However, high switching frequencies of up to 30 kHz are required to properly generate cur-
rent frequencies up to 10 kHz by maintaining a very small filter design. Switching frequen-
cies of fsw = 15kHz are applied at nominal current to limit occurring current ripples. The
DC-link voltages at nominal current with frequencies of 1000 Hz can be assumed as constant
since only very small energies are oscillating. Nevertheless, this operation point is most cru-
cial for the voltage design since high voltage drops occur across the applied inductances
(transformer, filter, cabling). Also the dead time generation needs to be taken into account at
those frequencies, corresponding to a maximum voltage decrease of around 5 % as expressed
in (4.14).



4 Neutral-Point Clamped Inverter Optimization for High-Power Applications 68

~3rd,dead_time ~3rd

vphase,A = 0.950 phase A (4.14)
Taking into account grid voltage variations of 1 % due to the current injection and additional
possible 1 % during normal grid operation, the LV-side transformer input voltage can be

defined by (4.15).

LV

Pgy = 1.02-v2- \/- 4.15)
Since the LV range is already limited, additional voltage drops in the system should be min-
imized, being particularly relevant at higher current frequencies. Therefore, the transformer
has been designed with a low short-circuit voltage of 2.5 %. The turns ratio of the trans-
former can be adapted depending on the available inverter voltage and the voltage drops
across the passive components. For this purpose, the voltage drops across the filter and the
cable impedances need to be taken into account as well.

For proper high-frequent current generation the dead time for the IGBTs need to be mini-
mized. However, this results in fast voltage transients, causing high stress for the transformer
windings. A du/dt filter will be applied to limit the current ripples and to reduce the voltage
slope by a factor above 8, corresponding to L = 1000 A - Ity depending on the nominal
current [135]. For the cabling the overall LV side related inductance is approximated by
Leapie = 0.7 uH. All these inductances need to be taken into account for a proper voltage de-
sign. Furthermore, a voltage reserve for proper control and modulation is taken into account
according to (4.16), verified by simulation studies.

0.15-v/2IY,
‘31n0d.,)\ = (Lg + Lsc,trafo + Liter + Lcable) ﬂ (4.16)

Tc

Fig. 4.4 has been created for a proper voltage design. It shows the available phase voltage
amplitudes for the three-level NPC as well as for the classical two-level inverter. The voltage
drops in the system are illustrated for a current frequency of 1000 Hz and depending on the
LV-side input voltage of the transformer. The three-level NPC inverter allows a transformer
input voltage of 510V, being more than 2.5 times higher compared to the classical two-level
inverter. In this way, the LV current can be limited to 1874 A, corresponding to a converter
rating of 2986 kVA.
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Figure 4.4: Voltage design for the MV grid analyzer based on the available phase voltage
amplitude of the inverter solutions Vppase, « and the voltage drops depending on
the transformer input rms voltage V; 4 1v at nominal power at a current frequency
of 1000 Hz.

The MV grid analyzer can be realized by six parallel NPC inverters and two parallel trans-
formers, specially designed for a wide current frequency range. The full system has been
realized within two mobile containers as illustrated in Fig. 4.5. The NPC inverters, both
transformers, the measuring technique and the MV switch gear are housed in these contain-
ers. The cabinet of one NPC inverter and of one MV transformer are depicted as well.
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Position Room for
A MV switch gear
B LV transformer (supply)
C MV transformers
D NPC inverters
E Measuring equipment

Figure 4.5: Final realization: (a) Containers (length: 12.2m). (b) Cabinet of one NPC in-
verter. (c) MV transformer.

4.2.2 System Performance

In Fig. 4.6-4.8 the behavior of the six parallel NPC inverters is shown at nominal current
injections at up to 10kHz. The current waveforms are properly generated by interleaved
modulation although the filter effort and the switching frequencies have been minimized.
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Figure 4.7: Current injection at 5000 Hz (lEOOOHZ = 464.8 A): (a) Phase voltages, grid volt-
ages (LV-side) and grid currents (PD-PWM, f. = 30kHz). (b) Normalized grid
current spectrum (LV-side).
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Figure 4.8: Current injection at 10 kHz (féOkHZ = 188.2 A): (a) Phase voltages, grid voltages
(LV-side) and grid currents (PD-PWM, f. =30kHz). (b) Normalized grid current
spectrum (LV-side).
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4.3 Summary and Conclusions of the Section

In this chapter parallel NPC inverters have been considered for connection to the MV grid
by step-up transformers. One wind power plant and a grid impedance analyzer have been
considered as target applications. The grid impedance analyzer is able to inject 1.655 MVA
into the MV grid for proper grid excitation and impedance measurements. The design proce-
dure has been fully described, resulting in a new practical application. Current harmonics up
to 10kHz are properly generated by six interleaved parallel NPC inverters and two parallel
transformers, being designed for a wide frequency bandwidth.

For connection of higher powers huge LV currents are required and consequently a very high
number of parallel NPC inverters. Already for one single wind generator of a wind park six
NPC inverters have been applied to handle the currents. By means of the interleaved modula-
tion both the filter design and the switching frequency have been minimized. Inverter current
ripples of almost 400 A has been almost completely eliminated just by harmonic cancella-
tion. From design point of view, it has become obvious that the number of required NPC
inverters, filters and step-up transformers would be huge for achieving powers of 30 MW
and more. Therefore, particularly for high power applications, the direct connection to the
MYV grid can be seen as very beneficial to limit the current ratings and the footprint of the
system.
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S5 Modular Multilevel Converter Optimization for
High-Power Applications

Compared to the classical three-level NPC inverter the MMC provides much higher voltage
capability, enabling direct connection to medium and high voltage grids. In this way much
higher system power ratings become possible at limited currents and at very high efficiencies.
For the application of the MMC, STATCOM and DC transmission systems are considered,
covering power ratings from 30 MVA up to 300 MW. For minimized power losses and max-
imum efficiency the NLLM is applied and evaluated for the selected systems.

5.1 STATCOM Application

First, the MMC will be considered for a STATCOM application, being directly operating at
the 20kV MV grid. The converter will be designed for a maximum power of 30 MVA for
grid support by reactive power injection.

5.1.1 Converter Design

For the MMC with high number of SMs the use of AC-side filters can be avoided. However,
even without DC connection arm inductors are required to limit circulating currents between
the phase legs. The arm inductors are designed with 3 mH, corresponding to a short-circuit
voltage ratio of 20 %.

2
Ve
Uscarm " \ 77
ﬁ ~3mH 5.1)
2nfP

Larm Z

The induced voltage drops across both arm inductors by the circulating currents are com-
pensating each other on the AC side. Different to this, the voltage drops caused by the grid
current need to be taken into account for the phase voltage amplitude according to (5.2). For
20kV MV grid and a rated power of 30 MVA the grid current need to be controlled to 866 A,
being splitted among both arms.

1
PLarm = V227 fy- 5 Larm V2 I ~ 816V (5.2)

Grid voltage variations of up to 1 % and voltage drops need to be taken into account for both
applications according to (5.3).



5 Modular Multilevel Converter Optimization for High-Power Applications 76
Table 5.1: Voltage design, required number of SMs per arm.

AVcap Vcainm Vcap7min Vdo,min Nin 1.05N, min

+5% 750V 7143V | 6786V | 46 48

+10% 750V 681.8V | 613.6V | 51 54

+5% | 10625V | 10119V | 9613V | 34 36

+10% | 1062.5V | 9659V | 869.3V | 38 40
A Vg,A
Pg=V2-1.01-(1+ug-1.01)- 2= (5.3)

V3

The minimum required DC voltage can be calculated according to (5.4), where possible very
small voltage drops across the cablings are neglected. A minimum DC-side voltage Ve min
of 32288 V is obtained.

Vae.min = V3 + (0 + DL arm, 1) (5.4)

The maximum capacitor voltage is selected to 62.5 % of the semiconductor voltage rating,
as well. The capacitor voltage oscillations need to be taken account for calculation of the
minimum capacitor voltage:

Vcap.lim
Vemin= +—71—5 5.5
= T v e
The minimum number of SMs can be calculated based on the minimum capacitor voltage
and the required DC voltage according to (5.6).

V .
Nonin = <—dc’mm ) (5.6)

Vcap,min

The number of required SMs is calculated based on IGBT modules with 1200 V and 1700 V
breakdown voltages, showing a high availability and reasonable costs at the market. For the
capacitor voltage oscillations ranges of +£5% and +10% are compared.

IGBT module with 1700 V breakdown voltages are selected for connection to the MV grid to
limit the number of SMs to a reasonable value. Furthermore, capacitor voltage oscillations
up to £10% will be accepted to limit the size of the capacitor storages. This is particularly
crucial in STATCOM applications since the highest voltage fluctuations occur at reactive
power supply. Furthermore, STATCOM applications are not continuously operating at nom-
inal power and therefore a temporary higher capacitor voltage stress can be accepted. Higher
capacitor voltage oscillations are linked to reduced minimum capacitor voltages within the
system. The minimum capacitor voltage is obtained in Table 5.1.
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Table 5.2: MMC STATCOM simulation parameters (CC-MMC | BC-MMC).

Description Parameter Value Unit
Rated power S¢ nom 30 MVA
SMs per arm N 40120
SM’s capacitance Csm 3019 mF
Arm inductance Larm 3 mH
IGBT breakdown voltage 1700 v
AC current (50 Hz, rms) 866 A
Capacitor voltage reference Véap 965.9 (£10%) \Y%
Capacitor voltage limitation Veap,lim 1062.5 \%
Grid voltage (rms) g7MAV 20 kV
Grid inductance (8%) Ly 1.13 mH
Veap lim

Vcap,min - T - 8693V (57)
For the CC-MMC 40 SMs per arm are required, taking into account additional redundant
SMs of 5 %. Due to the doubled modulation range the number of SMs for the BC-MMC is
theoretically halved, obtaining 20 SMs per arm. The parameters for one MMC system with
CCs and one with BCs are summarized in Table 5.2.

5.1.2 System Performance

Both MMC configurations will be evaluated and compared in terms of the performance and
the capacitor design. The NLM is applied for both MMC configurations to maximize the
efficiency. Third harmonic injection is applied to limit the number of SMs and the size of the
capacitors. The focus is put on nominal positive reactive supply as benchmark case, being
the most challenging operation point for the system. The grid current is properly controlled,
exchanging 30Mvar with the 20kV medium voltage grid. The performance is excellent
without any need of additional filters, as demonstrated in Fig. 5.1.

The insertion numbers, provided by the NLM, are shown in Fig. 5.2 for both SM configura-
tions, approximating the closest available level of the arm voltage references with minimum
numbers of commutations.

The DC-side behavior is depicted in Fig. 5.3. The circulating current is limited for the CC-
MMC and even suppressed for the BC-MMC. The stored energy in the capacitors is properly
controlled in each arm. The SM capacitances are selected to achieve an equivalent capacitor
voltage oscillations in the arms, being crucial for the converter design.
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Figure 5.1: AC-side behavior: (a) CC-MMC. (b) BC-MMC (NLM sequence 1).
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Figure 5.2: Insertion numbers (upper arm, phase a): (a) CC-MMC. (b) BC-MMC.
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Figure 5.4: Capacitor voltages (phase a): (a) CC-MMC. (b) BC-MMC.

All capacitor voltages in one leg are shown in Fig. 5.4, being kept within the predefined
limits. For this purpose, the SM capacitances of the CC-MMC have been designed with
30mF. Instead for the BC-MMC the capacitor voltages are already kept within the range by
capacitances of 9 mF. Accordingly, the capacitor size of the MMC has been strongly reduced
by the application of BC-SMs. Since the size and costs of the capacitors are one of the main
challenges in practical MMC projects, the BC-MMC provides a significant benefit to limit
the investment costs and the footprint of the system.

The MMC setup from Aalborg University has been introduced in Section 3.1.3. For ex-
perimental validation it has been configured in three-phase mode (four SMs per arm) at the
electric grid for fault-ride through operation. In Fig. 5.5 a symmetrical three-phase fault is
emulated by an AC voltage source for 0.2s. The current is properly controlled also during
transient conditions even by the applied NLM and only with four SMs in each arm.

The circulating currents are limited to a very low value even in transient conditions, as shown
in Fig. 5.6. The capacitor voltages are properly controlled and kept within the limits by the
embedded capacitor voltage algorithm.

Instead, in Fig. 5.7 a phase-to-phase fault (a,c) is emulated by an AC voltage source for
0.2s. During the grid fault, a reactive current of 5 A is injected for grid voltage support.
Also during this unsymmetrical grid fault the circulating currents are properly controlled, as
shown in Fig. 5.8. The capacitor voltages are kept within the limits.

The fault-ride-through capability of the MMC has been demonstrated for both symmetrical
and asymmetrical grid fault conditions. The grid current and the stored energies in the legs
and in the arms are properly controlled from the AC side without any DC-side connection.
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Table 5.3: Harmonic content of a six-pulse line commutated rectifier.

Harmonic order 5th 7t 1th | 13" | 17th | 19%
Harmonic percentage | 23% | 143% | 91% | 7.7% | 59% | 5.3 %
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Figure 5.9: Experimental results for the MMC (12 SMs per arm, one phase, NLM): Current
spectrum (fs = 20kHz).

The converter voltages are properly generated even by the NLM and the capacitor voltages
are effectively balanced in each arm.

Advanced STATCOM applications are not only able to apply reactive power for grid stabi-
lization but also active power filtering capability to compensate unwanted harmonics at the
grid. As demonstrated in Fig. 5.9 and Fig. 5.10 the number of voltage levels is already more
than sufficient even into the kHz range, exemplary shown at 1 kHz.

For practical demonstration the MMC has been used to compensate a six-pulse line-commutated
rectifier. The required harmonics are summarized in Table 5.3 [136]. The currents are prop-
erly generated by the one-phase MMC setup with twelve SMs per arm by the NLM as demon-
strated in Fig. 5.11. The current spectrum is provided in Fig. 5.12 in comparison with the
well-established PS-PWM f. = 200Hz as a benchmark case. The waveform quality by us-
ing the NLM is almost similar to the PS-PWM due to the high number of available voltage
levels.

Hence, active power filter capability can be even provided by low-switching frequency mod-
ulation techniques as the NLM, taking advantage of the high number of available voltage
levels of the MMC. As demonstrated before, all harmonic currents are properly generated at
limited switching losses even up to voltage and current frequencies of 2 kHz.
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Figure 5.10: Experimental results for the MMC (12 SMs per arm, one phase, NLM):

(a) Insertion numbers. (b) Converter voltage. (c) Capacitor voltages (upper
arm). (d) Arm currents. (e) Phase current.
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Figure 5.11: Experimental results for the MMC, active power filtering (12 SMs per arm,
one phase, NLM): (a) Insertion numbers. (b) Converter voltage. (c) Capacitor

voltages (upper arm). (d) Arm currents. (e) Phase current.
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Figure 5.12: Current spectrum (fs = 20kHz) for experimental results (MMC, 12 SMs per
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Table 5.4: MMC simulation parameters for an MVDC application.

Description Parameter Value Unit
Rated power S¢ nom 30 MVA
SMs per arm Ncc 36
SM’s capacitance Csm 30 mF
Arm inductance Larm 3 mH
IGBT breakdown voltage 1700 v
AC current (50 Hz, rms) 866 A
Capacitor voltage reference Véap 1011.9 (£5%) \Y%
Capacitor voltage limitation Veap,lim 1062.5 \%
Grid voltage (rms) Vg7MAV 20 kV
Grid inductance (ug = 8%) Ly 1.13 mH

5.2 DC Transmission Systems

DC transmission systems on MV or HV level require very high blocking capabilities not
only at the AC side but also at the DC side. For blocking the DC-link voltage, the arm
voltages need to be shifted by —i—% not only for the CC-MMC but also for the BC-MMC.
Consequently, the extended modulation range of the BC-MMC cannot be utilized for DC
transmission systems. Therefore, the number of semiconductor devices for the BC-MMC
strongly increases compared to the CC-MMC. Accordingly, the CC-MMC can be seen as
the preferred choice for DC transmission systems to limit the system costs. Again, the NLM
is applied to profit from the high number of voltage levels at fundamental switching frequen-
cies. The focus is put on the inverter stage, transmitting the power into the AC grid.

5.2.1 MVDC

The parameters for the CC-MMC are summarized in Table 5.4 for a MVDC application.
The system is rated for an active power of 30 MW and consists of 36 SMs per arm for direct
connection to the 20 MV AC grid.

The AC-side behavior of the MMC is shown in Fig. 5.13a at nominal power and a unity
power factor. The converter voltage waveforms are very smooth due to high number of
available voltage levels. The third harmonic injection is set to one sixth of the amplitude.
The grid current is properly controlled to 866 A, being directly injected into the 20kV MV
grid. The generated waveforms are excellent even without any AC-side filters.

In Fig. 5.13c the DC-side behavior is shown. The circulating currents are properly controlled
by the differential voltages. The positive DC part in the circulating current represents the
active power transfer from DC to AC side. Furthermore, a small AC amplitude at 100 Hz
is inherent to compensate the power oscillations in each phase. For economical component
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Figure 5.13: Electrical behavior of the MMC for an MVDC application (Py; = 30MW,
cos® = 1): (a) AC-side behavior. (b) Arm currents and capacitor voltages
(phase a). (c) DC-side behavior.
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Table 5.5: MMC simulation parameters.

Description Parameter || Value || Unit
SMs per arm Nec 150
DC-link voltage Ve 300 kV
SM’s capacitance Csm 10 mF
Arm inductance Larm 72 mH
Grid voltage Ve A 120 kV
Grid inductance Ly 25 mH
Cooling resistance (T) RincHT 5.2 %
Cooling resistance (D) RicHD 11.7 %

design, it is limited to around 10 % of the 50 Hz amplitude in the arm currents. The energies,
being stored in each phase and in each arm, are properly controlled and regulated.

In Fig. 5.13b the capacitor voltages are shown for each single SM, exemplary for one phase.
All capacitor voltages are kept within the limits just by the modulator despite of the very low
switching frequencies, and no additional commutations are required.

5.2.2 HVDC

For connection to the HV grid the MMC has been scaled up, being designed for a rated
power of 300 MW. In each arm 150 SM per arm are applied with 4.5 kV IGBT modules. The
increase of the IGBT voltage class is required to limit the number of SMs to a reasonable
value, even if it leads to higher costs. The capacitor voltages are well balanced and limited
to 2500V for protection. The basic system data are summarized in Table 5.5.

The electrical behavior of the MMC is exemplary shown in Fig. 5.14 at nominal power trans-
fer at a cos ¢ of 0.95. The power factor corresponds to a reactive power of 98.6 Mvar. The
waveform generation is excellent even with NLM due to the huge number of available volt-
age levels. The AC current is properly controlled, showing an amplitude of around 2150 A.
The circulating current shows a positive DC part and a peak-to-peak ripple of around 120 A.
The DC part is particularly characteristic for the active power supply, illustrating the power
transfer from the DC to the AC side. With the help of the circulating current control the av-
erage capacitor voltage is oscillating within around 70 V. The capacitor voltages are properly
balanced in each arm, being limited to 2500 V for protection of the devices.

5.3 Summary and Conclusions of the Section

In this chapter the MMC has been investigated and optimized for a MV STATCOM applica-
tion and for two DC transmission systems based on very detailed simulation studies from the
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Figure 5.14: Electrical behavior of the MMC for an HVDC application (P; = 300MW,
cos @ = 0.95): (a) AC side. (b) DC side (phase a).

system level down to the component level. The behavior of each single SM has been mod-
eled in detail, even for an HVDC application with 150 SMs per arm. Powers up to 300 MW
are properly controlled for flexible exchange with the 50 Hz AC grid.

The STATCOM application has been considered and fully controlled without any DC-link
connection. The stored energies in the capacitors have been properly regulated from the AC
side both in simulation and experiments. Different grid fault conditions have been investi-
gated in the laboratory. As an additional feature active power filtering capability has been
adopted. For a study case the harmonics from a six-pulse line commutated rectifier have
been compensated by proper current generation up to frequencies of 1000 Hz.

Both the CC-MMC and the BC-MMC have been investigated and compared for STATCOM
applications. It has been shown that the number of SMs can be strongly reduced for the BC-
MMC by using the full available modulation range. The capacitances of the energy storages
have been downsized by the application of BC-SMs instead of CC-MMC:s. In this way the
investment costs and the footprint of the system can be limited.

For all investigated MMC systems the NLM has been applied to achieve a fundamental
switching frequency by using all available SMs and all available voltage levels. This goal
has been accomplished for both the CC-MMC and the BC-MMC. It has been demonstrated
that even with the NLM the available voltage levels in conventional MV applications are
sufficient to achieve excellent waveform quality based on standard 1.7kV IGBT modules.
The use of fast-switching PWM techniques has been avoided in MV and HV applications,
allowing extremely high efficiencies.
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6 Thermal Management for the Modular Multilevel

Converter

The MMC can be seen as the preferred choice for high-power applications as further demon-
strated in Chapter 5. Apart from its high efficiency and excellent waveform generation the
MMC particularly benefits from its modular structure. The high number of SMs in MMC
applications is linked to very high numbers of redundant switching states as illustrated in
Fig. 6.1 with 10 SMs to 150 SMs in each arm.

Conventionally, the redundant switching states are used only for the CVB to minimize the
capacitor voltage spread and the required SM capacitances. However, the huge number of
redundant switching states also provides high potential for multi-objective optimization.

For safe and reliable operation not only the capacitor voltages but also the temperatures
of the components are crucial. The temperatures of the semiconductors and capacitors are
one limiting factor for an economical design and safe operation. At the same time, the
temperature profiles are directly linked to the component lifetimes.

Usually, a certain reserve of additional SMs is provided for high system availability, over-
fulfilling the actual voltage design requirements. Accordingly, failed SMs can be bypassed
without affecting the safe operation and availability of the system. Nevertheless, the num-
ber of additional SMs needs to be selected carefully to limit investment costs and also the
footprint of the system.
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An effective thermal management for the MMC will be introduced in this chapter. On the
one hand it allows a very economical component design tailored for the requirements of the
system. An optimization of the temperature profiles of the system is linked to a huge saving
potential for the component design, e.g. limiting the dimensions of each component (semi-
conductors, capacitors) as well as of the cooling system. Consequently, the investment costs
of the system can be significantly reduced. On the other hand, an effective thermal man-
agement allows the limitation of thermal strain of the components, being linked to longer
lifetimes and maintenance intervals as well as the capability for overload conditions. Conse-
quently, also the operating costs of the system can be significantly reduced.

All different optimization goals are directly linked to the temperatures of the components.
For the economical design the maximum temperatures of the semiconductor devices and ca-
pacitors are very crucial. For long reliability, the thermal cycles and maximum temperatures
of the semiconductor devices as well as the operating temperature of the capacitors need
to be limited. For overload conditions a temperature reserve needs to be provided to avoid
overtemperatures in the semiconductors and capacitors.

In Section 6.1 the thermal behavior of the MMC is analyzed and investigated. Section 6.3
introduces different thermal management approaches to optimize the temperature profiles of
the semiconductor devices for the CC-MMC as well as the BC-MMC. Section 6.4 puts the
focus on the thermal management of the capacitor storages for both MMC configuration. In
Section 6.5 the introduced approaches will be combined to optimize the temperature profiles
of all main components for each CC-SM and for each BC-SM.

6.1 Thermal Modeling and Investigation

Occurring power losses in semiconductor devices and capacitors are mainly revealed by
heat. Therefore, for an adequate thermal modeling the losses need to be taken into account.
For condition monitoring the power losses and temperatures can be approximated in real
time based on available system information without any need of additional sensors. This is
particularly beneficial for MMC applications where a huge number of temperature sensors
would be required to monitor the whole system.

6.1.1 Power Losses and Efficiency

For the calculation of semiconductor power losses a numerical approach is applied. The
power losses are approximated by the corresponding datasheet characteristics at a junction
temperature of 125°C and the available information during operation. The real-time calcu-
lation of the power losses is presented for both, the CC-MMC and the BC-MMC.



6 Thermal Management for the Modular Multilevel Converter 93

Inserted (S..=1) Bypassed (S..=0)

Figure 6.2: Current paths for one CC during normal MMC operation.

CC-SM

The conduction losses can be calculated based on the conduction paths and the loaded arm
current. The conduction paths in CC configuration are illustrated in Fig. 6.2. During the
positive wave of the arm current the semiconductors D; and T, are loaded. Instead, for the
negative wave the semiconductors T; and D, are conducting the arm current.

The corresponding conduction losses Poss con are approximated in Table 6.1. The forward
voltages of the IGBT and diodes are defined as v¢. and vy, respectively. Both voltages are
influenced by the current load.

Table 6.1: Conduction losses in one CC.

Scc | arm(?) Conduction losses

1 POSitiVe R,con,D] (t) = VfDl (Iaiarm) “farm (t)
)
)

0 negative Pl,con,DZ 1) =Vvip2 (Iaiarm) *Larm (Z)

1 negative Pl,con,Tl 1) = Vee,T1 (taiarm) “larm

(
(

(1)
0 positive Pl,con,TZ (t) = Vce, T2 (taiarm) “larm
(r)
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Figure 6.3: Current paths for one BC during normal MMC operation.

BC-SM

For the SMs in BC configuration the conduction paths are depicted in Fig. 6.3. For each of
the eight switching states during normal operation two semiconductors are loaded. The cor-
responding semiconductor conduction losses are approximated in Table 6.2 in dependence
from the switching state and the arm current direction.
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Table 6.2: Conduction losses in one BC.

SBc | Harm(?) Conduction losses

})l,con,Dl (t) = Vf DI (tyiarm) : iarm(t)

1 ositive . .
P Pl,con,D4 (I) = VtD4 (tylarm) *larm (t)

Pl,con,Tl (t) = Vee,T1 (taiarm) : iarm(t)

1 negative . .
& P],con,T4 (t) = Vce, T4 (t7lar1n) *larm (t)

Pl,con,Dl (I) = Vce,D1 (taiarm) : iarm(t)

0.5 ositive . .
P I)l,con,T3 (t) = Vce, T3 (talarm) *larm (t)

Pl,con,Tl (t) = VTl (l;iarm) “larm (t)

0.5 | negative ) .
& Pl,con,DS (t) = VfD3 (talarm) *larm t)

})l,con,TZ (t) = Vce, T2 (taiarm) “larm (t)

-0.5 ositive . )
P Pl,con,D4 (I) = Vce,D4 (talarm) *larm (I)

Pl,con,DZ (t) =VtD2 (taiarm) “Tarm t)

-0.5 | negative . .
g P],con,T4 (t) = Vf,T4(l;larm) * larm (t)

H,con,TZ (t) = Vf,TZ(taiarm) : iarm(t)

-1 ositive . .
P I)l,con,T3 (I) = VfT3 (talarm) : larm(t)

Pl,con,DZ (t) = Vce,D2 (t;iarm> “larm (t)

-1 | negative . .
& Pl,con,DS (t) = Vce,D3 (talarm) *larm (t)

For the IGBTs the switching energies Egy, are taken into account, distinguishing between
turning-on and turning-off energies Esyon and Egy off, respectively. For the diodes the
turning-off losses E.. are considered, whereas turning-on losses can be neglected. All
switching loss energies can be interpolated by the arm current and the applied voltage from
the SM capacitors.

CC-MMC

The electrical behavior of an MMC STATCOM application is illustrated in Fig. 6.4 referring
to Section 5.1. The IGBT module FF450R17IE4 from Infineon is considered, being rated
with 1700 V breakdown voltage and for a nominal current of 450 A.
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Figure 6.4: STATCOM operation (Qg = 30Muvar): Grid-side behavior of the (a) CC-MMC
and (b) BC-MMC. Arm currents and capacitor voltages (phase a) of the (c) CC-
MMC and (d) BC-MMC.

The switching profile of one SM (no. 3) is exemplary shown in Fig. 6.5 with a very ho-
mogenous switching profile during the shown time interval. The SM is being switched on
and switched off once during each grid period, corresponding to a fundamental switching
frequency of 50Hz. The conduction losses are distributed well among the different semicon-
ductor devices in this case. However, during most of the time the switching profiles of the
SMs are more inhomogeneous particularly due to the SM selection based on CVB algorithms
as it will be shown in Section 6.3.
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Figure 6.5: Switching profile (NLM) and semiconductor power losses for one CC-SM.

In Fig. 6.6 the instantaneous and averaged power losses in one MMC arm are illustrated. The
power losses in the different semiconductor devices mainly depend on the insertion number
and the arm current. The averaged semiconductor losses are calculated with ca. 29.65kW in
one arm, mainly driven by conduction losses of ca. 28.44kW. The switching losses of ca.
1.22kW are very low, being minimized by the NLM. The overall averaged losses are shared
between the IGBTs and diodes with 17.72kW and 11.93kW, respectively.

The semiconductor losses of 29.65kW in one arm are corresponding to 177.9kW in the full
MMC. This results in an inverter efficiency of around 99.4 % if the losses of the further
equipment like drivers, cables and passive components are neglected.
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Figure 6.6: Switching profile (NLM) and semiconductor power losses for the CC-MMC.

BC-MMC

Instead, the semiconductor losses for one BC-SM are depicted in Fig. 6.7. The highlighted
switching sequence is corresponding to the NLM sequence 1 in accordance with Section
3.1.2. In BC-SMs not only one but two semiconductors are always loaded by the arm current.
However, the number of SMs can be reduced for the BC-MMC since the modulation range
can be extended (—1...1).

Also in this example the selected SM is showing a very homogenous switching profile during
the shown time interval. Each semiconductor device is turning on and turning off one time
per SM during each grid period. Again the switching pattern shows a very homogeneous
case for good illustration. However, also for the BC-MMC applied CVB algorithms have a
significant impact, acting on the switching profiles of each SM and its variety.
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Figure 6.8: Switching profile (NLM, sequence 2) and semiconductor power losses for the
BC-MMC.

The total losses of the BC-MMC are illustrated in Fig. 6.8. The doubled number of loaded
semiconductor devices in each SM is more or less compensated by the reduced number of
required SMs in terms of losses. The averaged total losses in one arm are calculated with
29.85kW, being divided into conduction losses of 28.35 kW and minimized switching losses
of 1.5kW. Averaged power losses of 17.6 kW and 12.24 kW occur in the IGBTs and diodes,
respectively. The overall losses in the inverters can be summed up to 179.1 kW and again a
very high efficiency of around 99.4 % is achieved based on the semiconductor losses.
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Figure 6.9: Thermal equivalent circuits: (a) Cauer model for one semiconductor device with
cooling system. (b) Foster model for one IGBT module with cooling system.

For the presented HVDC transmission application from Section 5.2.2 the IGBT module
CM1200HC-90R from Mitsubishi is applied. It is rated for a nominal current of 1200 A
and provides a breakdown voltage of 4500 V. The power losses in one arm are approximated
with 395.3kW for active power supply (300 MW, cos @ = 0.95) and pure reactive power
supply (300 Mvar, cos @ = 0) with 297.5kW. The averaged SM switching frequency has
been minimized to 53 Hz and 51 Hz, respectively. The total semiconductor losses are around
2371.8kW and 1785 kW. For the active power supply of 300 MW, this corresponds to an
efficiency of around 99.2 %.

6.1.2 Thermal Behavior

The semiconductor power losses are mainly dissipated by heat. The physical thermal Cauer
model for one semiconductor device is depicted in Fig. 6.9a. The instantaneous power losses
are represented by a current flow, facing several heat resistances. The voltage drops across
these resistances represent the temperature difference between different layers or geometries.
Temperature changes are damped due to specific heat capacities of the materials, being rep-
resented by thermal capacitances. The temperature 7 represents the junction temperature
and T; the case temperature of the device. An additional thermal resistance is applied for the
water cooling system.
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The Cauer model can be transformed into a Foster model as depicted in Fig. 6.9b for one
complete IGBT module. The thermal impedances of the IGBTs and the diodes from junction
to case can be applied from the datasheets. The equivalent thermal resistances from the
cases to the heatsink are approximated with Ry, cy 1 = 24K - kW~ and R cup = 46K -
kW~!. Furthermore, the thermal coupling between each IGBT and its anti-parallel diode is
taken into account by a common thermal resistance (R coupl = 10K - kW_l). Since the time
constants of the cooling system are very high, a constant temperature difference between
cooling system and the case of the device is assumed. All semiconductor devices are cooled
by water with a cooling temperature of 7, = 40°C.

The temperature behavior of the CC-MMC and of the BC-MMC are depicted in Fig. 6.10
for the 30 MVA STATCOM application, covering all semiconductor devices in one arm. The
cyclic behavior of the power losses is linked to thermal cycles in the semiconductor devices,
being predominant at the grid frequency of 5S0Hz.

For the CC-MMC the highest junction temperatures occur in diode D at nominal reactive
power of 30 Mvar. Maximum temperatures of around 100°C and thermal ripples of almost
20 K occur in the system. It becomes visible that there is a significant spread for the semi-
conductor devices among the different SMs. The most stressed SMs at a specific time are
mainly determined by stochastic effects as long as an ideal system is considered. Taking
into account asymmetries within the system due to manufacturing or aging processes, the
maximum temperatures and thermal cycles would be even higher. However, already for the
ideal case a high potential for thermal optimization becomes obvious.

For the BC-MMC the highest junction temperatures can be seen in IGBT T, at around 95°C
for nominal power (Q; = 30 Mvar). The thermal cycles are smaller and below 20 K, since the
semiconductor devices in one BC are more frequently changed. For the NLM sequence 1 the
thermal cycles occur in semiconductors Ty, T», D; and D,. These semiconductor devices are
much more loaded than the semiconductor devices T3, T4, D3 and D4. Since the temperature
distribution among the semiconductor devices is very inhomogenious, also for the BC-MMC
there is a high potential for thermal optimization.

6.2 Experimental Bench

In addition to the theoretical analysis, practical evaluation is required for the electrical and
thermal behavior of the most crucial components. Based on the real electrical and thermal
profiles the design of the semiconductor devices and the capacitor storages can be optimized
in accordance with the aimed nominal temperatures and expected lifetimes, being aligned
with scheduled maintenance intervals. However, for modular structures as the MMC with
hundreds or even thousands of semiconductor devices and storage capacitors, the building
of full converters just for testing would be neither practical nor economical. However, after
commissioning the change of components in the system is not desired. Furthermore, existing
systems cannot cover all requirements for future systems due to different grid conditions,
voltage levels, power requirements, load profiles, control strategies or SM configurations.
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Figure 6.10: Thermal behavior of all the semiconductor devices (one arm): (a) CC-MMC.
(b) BC-MMC (NLM, sequence 2).
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Figure 6.11: Block scheme of the experimental bench to emulate building blocks of modular
power converters.

These practical limitations become even stronger if the chip temperatures inside all semicon-
ductor devices need to be measured in high resolution (in space and time) to detect hotspots
and thermal cycles. However, this information is required for an economical design and
to evaluate overload capabilities and lifetime limitations. The overall saving potential in
terms of component size and costs is huge due to the very high number of components. By
means of cycling tests the system design can be optimized on SM and component level for
longer lifetimes. Based on cycling tests lifetime models can be improved as well to extend
and to optimally adapt the scheduled maintenance intervals. Furthermore, thermal models
for simulations and real-time condition monitoring can be optimized based on the available
measurement data. For these purposes, a universal experimental bench is introduced.

6.2.1 Basic Concept

The experimental bench, being introduced in this section for safe and economical test proce-
dures, is taking benefit from the modular and redundant structure of modular inverters. Due
to the redundant structure of big modular inverter systems the focus for evaluation can be
put on its building blocks, e.g. CC-SMs or BC-SMs. These building blocks can be tested
under real mission profiles, monitoring both the electrical and the thermal behavior of the
semiconductor devices.

The basic concept is highlighted in Fig. 6.11. Based on theoretical analysis and simulation
results the mission profile of each cell can be derived depending on the operation point and
on the applied modulation technique for the software. The corresponding load profiles and
switching patterns can be applied to such a building block for electrical and thermal testing
of the hardware.

By the emulation of each single brick of the inverter the behavior of the full modular inverter
can be evaluated under realistic conditions. The electrical and thermal behavior of each
building block and of each semiconductor device can be emulated in any operation condi-
tions for improved thermal modeling and condition monitoring, a more economical design,
to detect hidden reserves for overload capabilities, to enhance component lifetimes and to
detect aging mechanisms by cycle tests. The impact of advanced control methods can be
taken into account as well. Also testing and optimization of single SMs under severe condi-
tions becomes possible for evaluating temperature hotspots, tolerable operation ranges and
withstand capabilities.
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Figure 6.12: Experimental bench for electrical and thermal evaluation of one MMC SM.

Table 6.3: Switching states of the experimental bench (Vg > Vic1).
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The simplified power circuit of the experimental bench is depicted in Fig. 6.12. One half-
bridge represents the device-under test (DUT) and another half-bridge is applied to control
the arm current load. The arm current can be properly controlled by a PI controller if the
applied DC voltage V. is higher than Vy;. In this way the polarity of the voltage across the
inductance v, can be changed by the controllable switching state Spyt. All available switch-
ing states of the introduced experimental bench are summarized in Table 6.3. Independently
from the switching state of the DUT the polarity of the voltage and the current slope can be
turned for flexible current control.

The challenge to even control the DC component of the arm current on SM level is po-
tentially solved by the introduced experimental bench. However, active power would be
transmitted by the controlled DC component. For instance, if the DC component is positive,
the DC source Vg4.; needs to absorb energy from the DC source Vycp. Accordingly, the use of
bidirectional DC sources would be required for safe operation.
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neutral point device for neutral point
balancing current control balancing

Figure 6.13: Experimental bench for evaluation of one SM, detailed circuit.

Instead, the problem can be also solved by a proper neutral point balancing. For this purpose,
an additional half-bridge block is connected to each DC link where the midpoints of both
half-bridges are connected to each other, as illustrated in Fig. 6.13. Both half-bridges are
operated synchronously at high switching frequencies (e.g. fsw = 10kHz) in block operation,
corresponding to a duty cycle of 50 %. In this way, the virtual midpoints of the DC links and
the powers between the DC sources can be balanced in an appropriate way.

Additionally to the introduced neutral point balancing, the paralleling of semiconductor chips
or half-bridge circuits can be useful for the auxiliary units for safe and reliable operation.
Relying on a very symmetrical hardware design, also high arm currents can be splitted among
the semiconductor devices even at high switching frequencies. Consequently, the DUT can
be operated and monitored even at very high loads at limited stress for the outer half-bridge
blocks.

6.2.2 Practical Realization

The realized laboratory prototype is depicted in Fig. 6.14 and its main system data sum-
marized in Table 6.4. The open 1200V IGBT module DP25F1200T101666 from Danfoss
is applied as a building block to emulate the behavior of one CC-SM. The module is rated
for 1200V and 25 A and therefore reduced compared to standard IGBT modules for MV
or HV applications. However, the usage of smaller devices is not a critical issue since the
qualitative behavior of different modules is highly correlated. Nevertheless, the experimental
bench also allows to apply the real semiconductor devices from MV or HV applications with
a multiple power capability.

The experimental bench is fed by a dSPACE system and the switching pattern and the arm
current load provided from theoretical analysis and simulation studies. Both the electrical
and thermal behavior of each SM can be investigated. For evaluation of both the electrical
mission profiles and the thermal cycles oscilloscopes and an infrared camera are available,
providing high accuracy within a wide frequency bandwidth. For evaluation of both the
electrical mission profiles and the thermal cycles oscilloscopes and the IR camera Image
IR from InfraTec are connected, providing high accuracy within a wide bandwidth. In this
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Figure 6.14: Experimental bench: (a) Setup, at a glance. (b) Setup, zoom.

Table 6.4: System data of the experimental bench.

Building block: Half-bridge cells
IGBT module: DP25F1200T101666
Breakdown voltage: 1200V

DC-link voltage: max. 600 V

Nominal current (DC): max. 75 A
Switching frequency:  max. 20kHz

IR camera: InfraTec Image IR
Optic sensors: OPSens PSR-100

way, the SM voltage and the current waveforms can be recorded as well as the temperature
profiles of the full IGBT module. The IR camera cannot only resolve thermal cycles at a
very high bandwidth, but also provides spatial resolution, revealing critical hotspots related
to the hardware design.

Furthermore, fiber optic sensors can be applied to identify the temperatures at one or at sev-
eral specific measuring points, e.g. for a high number of components at different locations.
However, each fiber optic sensor is restricted to a certain measuring point and limited in the
bandwidth, damping the detected thermal cycles.

6.3 Thermal Management of Semiconductor Devices

As highlighted in the section before there is a high motivation for an effective thermal man-
agement in MMC applications. The following section puts the focus on the thermal man-
agement of the semiconductor devices. Based on the introduced thermal models real-time
modeling of the semiconductor devices become possible and can be further tuned and opti-
mized by the suggested experimental bench.

It is worth to be mentioned that fully symmetrical systems are considered in this section,
without taking into account any component parameter variations. Parameter tolerances in
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the components (e.g. semiconductors, capacitors, cooling system) due to manufacturing and
aging processes would further increase the spread in the temperatures, making the demand
of intelligent solutions even higher for practical applications [137]. Different factors can
further increase thermal mismatches in practical applications e.g. due to different assem-
bling and pressures, environmental impacts, thermal couplings depending on the geometries.
Potentially, for very accurate thermal modeling, these phenomena can be also taken into ac-
count. However, the complexity and the computation effort need to be limited to a certain
extent, depending on the installed computation power and the number of SMs to ensure real-
time estimation. In this way, the use of additional temperature sensors for hundreds or even
thousands of semiconductor devices can be avoided.

6.3.1 CC-MMC

The CVB is one of the central parts for proper control and operation of the MMC, being
usually decoupled from the modulator itself. CVB algorithms are not only balancing the
state of charge of the capacitors but also the thermal stress between the SMs up to a certain
degree. Due to the charging and discharging processes of the capacitors the turn-on times
will be usually automatically limited by the CVB algorithms. However, particularly for
modulation techniques linked to low switching frequencies the switching profiles can be very
inhomogeneous, also linked to relatively long turn-on times. Furthermore, CVB algorithms
are kind of blind for switched-off SMs because their states of charge remain approximately
constant. Accordingly, one SM can be bypassed for longer time, linked to conduction losses
and high stress for the semiconductors T, and D;. These phenomena occur at all power
factors and lead to a high spread in the semiconductor stress among the SMs [31], [138].
These effects become particularly strong at low power factors as demonstrated in Section
6.1.2 where conventional sorting algorithms with limited number of commutations are not
effective for low-frequency modulation techniques as the NLM.

For the thermal management of the semiconductor devices a thermal balancing algorithm
is proposed. Within each SM there are two events for which the conduction losses can be
shifted between the semiconductor devices. On the one hand a change in the arm current di-
rection shifts the conduction losses between the IGBT and its anti-parallel diode. However,
the arm current waveform is mainly determined by the operation point and the related grid
current waveform. The arm current can also be manipulated by the circulating current, how-
ever only within limited ranges and potentially causing additional losses in the system. On
the other hand with the help of the switching state of each SM the conduction losses can be
shifted between upper and lower semiconductor devices. Therefore, the required switching
operations provided by the modulator can be used for both the balancing of capacitor volt-
ages and of the semiconductor junction temperatures for multi-objective optimization just by
available redundant switching states.



6 Thermal Management for the Modular Multilevel Converter 109

Table 6.5: Approach of advanced submodule balancing (chopper-cells) by minimization of
cost functions.

farm Switching on (0 — 1)  Switching off (1 — 0)

positive min{c; } min{c; }

negative min{cs3} min{cs}

For the optimization of the capacitor voltages and the temperatures of each semiconductor
devices, these quantities need to be monitored and stored in arrays as indicated in (6.1)-(6.2).
The capacitor voltages are usually measured for safe operation of the system. Instead, the
temperatures can be modeled by the available system information as shown in Section 6.1.2.
Additional temperature sensors are applicable to take into account possible asymmetries and
environmental impacts. However, the high amount of sensors would be linked to high costs
and high communication effort due to the high number of semiconductor devices.

Veap,1
5 Veap,2
Foap = 6.1)
Veap,N
Tir11 Tir2,1 Tip11 Tip2,1
= Titip2 - Timp - Tip1p - Tip2p
Tim = y Timo= , Tip1 = » Tip2 =
TitiN TyoN TipiN Tim N
(6.2)

The semiconductor junction temperatures can be seen as one suitable and powerful optimiza-
tion parameters for a reliable MMC system. The optimization of the capacitor voltages and
the semiconductor junction temperatures can be combined by multi-objective cost functions.
As a first step the conventional CVB algorithm can be realized in this way. For minimum
number of commutations the CVB should only become active if the number of inserted SMs
needs to be increased or reduced. Furthermore, for the CVB the arm current direction is
crucial for the charging processes. Four possible events need to be considered to decide
about the proper selection of the SM(s) to be inserted or bypassed. These four events are
summarized in Table 6.5.

For each event an own cost function can be assigned. Four cost functions are defined in (6.3)-
(6.6). The cost function ¢; becomes minimal for the SM with the lowest capacitor voltage
and is equivalent to c4. Instead, the cost function ¢, becomes minimal for the SM with the
highest capacitor voltage and is equivalent to ¢3. Depending on the requested switching
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Figure 6.15: Simplified flowchart for SM selection in each arm based on cost functions for
multi-objective optimization (p: number of iterations, z: auxiliary variable).

event and the arm current direction the cost functions need to be minimized according to
Table 6.5.

c1 = (Veap — min{veap }) (6.3) ¢3 = (max{veap } — Veap) (6.5)

c2 = (max{veap} — Veap) (6.4) c4 = (Veap — min{veap }) (6.6)

A simplified flowchart is depicted in Fig. 6.15 where all relevant actions are summarized. By
the parameter z the updated number of inserted SMs is compared with the number from the
previous iteration. For minimized number of commutations the CVB only becomes active if
this number has changed and z is unequal to 0. In accordance with Table 6.5 the SMs will be
selected based on the cost functions in (6.3)-(6.6).

Based on the introduced cost functions multi-objective optimizations become possible. For
an effective thermal management of the semiconductor devices the junction temperatures
can be linked to the cost functions. The suggested approach is summarized in Table 6.6.
SMs, which need to be inserted, should show low junction temperatures in the semiconduc-
tor devices D; or Ty, depending on the arm current direction. Instead SMs, which need
to be bypassed, should show low junction temperatures in the devices T, or D, to avoid
overtemperatures.

This thermal management approach for the semiconductor devices can be included into the
conventional CVB algorithm. For this purpose, the cost functions from (6.3)-(6.6) can be
extended according to (6.11)-(6.14). By minimizing the obtained functions according to
Table 6.5 and the flowchart in Fig. 6.15 the SM selection will be optimized based on both the
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Table 6.6: Basic principle for thermal management of semiconductor devices.

positive >0 insert SM(s) with lowest temperature in D
positive < 0 insert SM(s) with lowest temperature in T}

negative >0 bypass SM(s) with lowest temperature in T,
negative < 0 bypass SM(s) with lowest temperature in D,

capacitor voltages and the semiconductor junction temperatures. For proper integration of
the thermal management inside the CVB the weighting factors need to be selected carefully
to achieve a similar weighting between the capacitor voltages and the thermal management.
Due to stability issues the multi-objective optimization of several critical control parameters
by simple weighting factors is very challenging. For instance, this would be the case for
combining a direct power control on the AC side with the DC-side control in one single cost
function.

Instead, the thermal balancing of the semiconductor temperatures is not mandatory for safe
and stable operation of the system since the junction temperatures are already balanced up
to a certain degree by the CVB. Accordingly, the weighting factor can be selected in a very
conservative way, even close to 0. The impact of the thermal management on the CVB
itself is limited, also due to the high inertia provided by the SM energy storages. Additional
safety measures are provided by software, e.g. by replacing the SMs which are close to the
operating limit. Furthermore, the weighting factors can be tuned for different conditions and
different operation points. Potentially, also additional online tuning criteria can be defined,
e.g. the spread in the capacitor voltages. The introduced approach can be applied to all
classical modulation techniques with decoupled CVB algorithms.

c1 = (Veap — min{veap}) + 0p1(7j,p1 —min{7j p; }) (6.7)
c2 = (max{veap } — Veap) + O12(Tj 12 —min{Tj 12 }) (6.8)
c3 = (max{veap } — Veap) + 01 (T}, 71 —min{Tj 11 }) (6.9)
c4 = (Veap — min{veap}) + ap2 (T} p2 — min{7; ps }) (6.10)

For further investigations the weighting factors « are set constant to SOV -K~! for all cost
functions. This weighting factor corresponds to a realistic temperature range of around 15K.
Both the benchmark case from Section 6.1.2 with standard CVB and the optimized case with
included thermal management for the semiconductor devices are compared in Fig. 6.16. The
maximum temperatures which can occur in semiconductor devices have been significantly
reduced. Furthermore, the thermal cycles have been more than halved, liming the thermo-
mechanical stress inside the semiconductor devices.
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Figure 6.16: Thermal behavior of the CC-MMC (STATCOM, Q,=30Mvar): (a) Conven-
tional CVB. (b) Optimized SM selection by thermal management.
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Figure 6.17: Semiconductor lifetime expectations for conventional CVB (red) and with ther-
mal management (blue) for semiconductor devices Ty, T, D1 and D5.

Based on the temperature profiles and the applied lifetime models from (2.7)-(2.8) the life-
time expectation of each semiconductor devices is determined and illustrated in Fig. 6.17.
Among the different SMs there are some variations in the expected lifetime which might
become resembled in an idealized symmetrical system after longer time as long as aging
effects are not taken into account. For better interpretation the mean values of the lifetimes
is also provided.

An exceptionally strong extension of the lifetime expectations has been achieved for each
single semiconductor device, being approximately doubled. Consequently, IGBT modules
need to be exchanged less often and the maintenance intervals can be strongly extended,
particularly beneficial for systems with limited access. In this way, the maintenance costs
can be significantly reduced as one important item of the system operating costs.

The semiconductor lifetimes are still within a realistic range, if the hardware is optimized
for a very reliable operation. Even if the expected lifetimes need to be interpreted very
carefully, the revealed trend is very clear. The semiconductor lifetimes can be extended
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Figure 6.18: Thermal behavior of the CC-MMC (STATCOM) with thermal management in
overload conditions (overrating of 15 %).

a lot by the introduced and proposed thermal management. This can be explained by the
strongly reduced thermal cycles in all semiconductor devices. Besides, the power losses and
the average junction temperatures are not significantly affected.

From thermal point of view both the maximum temperatures and the thermal cycles have
been reduced by the introduced thermal management. Particularly, the achieved reduction in
the maximum temperatures provide a high potential for a more economic converter design,
linked to a smaller chip area and less cooling effort. The performance and efficiency of the
MMC are not affected. Instead, the investment costs of the MMC system can be significantly
reduced.

Alternatively, the gained temperature margin can be utilized for a higher current and power
rating of the MMC. For this purpose, the injected reactive current has been increased by
15 %. In Fig. 6.18 the junction temperatures are depicted that do not exceed the maximum
temperature of 100°C. Also the capacitor voltages are kept within the limits as shown in
Fig. 6.19.

The maximum temperatures and thermal cycles are summarized in Table 6.7 for the conven-
tional CVB (I) and with the introduced thermal management (II, IIT). At nominal power the
maximum temperatures have been reduced between 1 K and 5 K and the thermal cycles by
between 33 % and 44 % by means of the thermal management (II). An increase of 4.5 Mvar
(15 %) has been achieved by the thermal management (III) without exceeding maximum
temperatures of 100°C. Although, the power rating has been significantly increased just
by software the thermal cycles are still significantly lower than for the conventional CVB at
nominal power. Despite of the inherent goal conflict, both the rated power has been increased
and the thermo-mechanical cycles have been reduced, enabling highly flexible and reliable
operation.
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Figure 6.19: Arm currents and capacitor voltages of the CC-MMC (STATCOM) with ther-
mal management in overload conditions, phase 1, upper arm (overrating of
15 %).

Table 6.7: Semiconductor temperatures for the CC-MMC (STATCOM) for nominal power
with conventional CVB (study case I) and with thermal management (II), and in
overload conditions (15 %) with thermal management (III).

| Studycases: | I | 11 | 1 |

Sy [MVA] 30 30 | 345
o [VIW] 0 0.02 | 0.02
Tj,Tl,max [OC] 92 89 93
Tjt2max [°C] || 87 | 84 | 88
Tipimax [°C1 || 99 | 95 | 99
Tjp2max [°C] || 91 | 87 | 90
AT; 11 [°C] 113 ] 58 | 6.7
ATj12 [°C] || 114 | 6.1 | 7.7
ATjp1 [°C] || 156 | 8.6 | 9.6
ATjp [°C] || 134 | 7.1 | 8.1

The obtained overload capability by the introduced thermal management can be also used in
fault conditions. For this purpose, a three-phase-to-ground fault is considered and generated
in Fig. 6.20 where the nominal reactive power is provided for grid support. The occurring
junction temperatures in each semiconductor device (one arm) are depicted in Fig. 6.21 for
conventional CVB. The maximum temperatures in D; are around 100°C.
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Figure 6.20: Electrical behavior of the CC-MMC (STATCOM, Q, = 30Muvar) in case of a

three-phase-to-ground grid fault.
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Figure 6.21: Thermal behavior of the CC-MMC (STATCOM, Q, = 30Mvar) in case of a

three-phase-to-ground grid fault.

Instead, the reactive power supply is increased by 20 % during the three-phase-to-ground

fault for optimal voltage support as depicted in Fig. 6.22. Although the power has been

strongly increased the temperatures can be kept within the range by the introduced thermal

management just by software implementation as demonstrated in Fig. 6.23. Despite of

20 % higher currents during the fault conditions the thermal cycles are significantly reduced

compared to the conventional scenario.
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Figure 6.23: Thermal behavior of the CC-MMC (STATCOM) in overload conditions (20 %)
with thermal management during a three-phase-to-ground grid fault.

The computation effort for approximating the junction temperatures of each single semicon-
ductor device is relatively high, especially if it comes to HVDC applications. On the other
hand a very high number of accurate sensors and communication would be required for tem-
perature detection which is not practical. For limiting the computation effort in real time the
stress of the semiconductor devices can be also regulated by taking into account the power
losses as calculated in Section 6.1.1.
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By taking into account the real-time conduction power losses, being averaged over one grid
period (20 ms), the following cost functions can be derived:

1 = (Veap — min{veap }) + 01 (Pycon,p1 — Min{Pyconpi }) (6.11)
¢z = (max{Veap } — Veap) + 012 (Pi.con, 12 — Min{Py con 12 }) (6.12)
¢3 = (max{veap} — Veap) + Q11 (Pi.con,T1 — Min{Py con1}) (6.13)
¢4 = (Veap — min{veap }) + 0tp2 (P con,p2 — Min{Py conp2 }) (6.14)

In Fig. 6.24 it is demonstrated that the thermal management is only slightly reduced by taking
into account the averaged power losses. However, the computation effort is strongly reduced
since the thermal modeling is not required. It becomes also obvious that it is sufficient to
balance the conduction losses for optimal power routing instead of the overall losses. The
real-time calculation of the switching losses can be avoided to minimize the computation
effort.

The introduced thermal management approach is not only applicable to each standard modu-
lation technique but also to all standard applications, voltage levels and operation points. For
further demonstration the thermal management will be applied for the HVDC application
from Section 5.2 with a rated power of 300 MW and 150 SMs per arm.

The junction temperatures are considered for two operation points, active power supply
(300 MW, cos @ = 0.95) and reactive power supply (300 Mvar, cos¢ = 0). In Fig. 6.25a
and 6.25b the junction temperatures are exemplary shown for the first 21 SMs. The temper-
ature spread among the SMs is very significant, particularly strong for pure reactive power

supply.
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Figure 6.24: Limitation of computation effort for thermal management (CC-MMC, STAT-
COM, Q, = 30Mvar), based on: (a) Junction temperatures (benchmark, o =
50). (b) Averaged semiconductor power losses (ot = 0.2). (c) Averaged semi-
conductor conduction losses (¢ = 0.2).
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Figure 6.25: Semiconductor junction temperatures for the CC-MMC (HVDC): (a) P; =
300MW, cos @ =0.95. (b) Qg = 300Mvar, cos ¢ = 0.

In Fig. 6.26 the junction temperatures are further analyzed. Based on the date for all 150 SMs
in one arm the maximum, minimum and averaged semiconductor junction temperatures are
depicted for active (cos @ = 0.95) and for reactive (cos ¢ = 0) power supply. The average
temperatures for the conventional CVB and for the thermal management are congruent since
the efficiency is kept constant. The maximum, minimum and averaged capacitor voltages
are shown as well. The CVB is operating very effectively, even if the thermal management
is applied.

Different to this, the spread in the temperatures has been significantly reduced by the ther-
mal management. This becomes particularly evident in the averaged difference between
the maximum and minimum temperatures which have been reduced by between 19.5 % (T,)
and 35.1 % (D) without affecting the system efficiency and performance. For reactive power
supply the impact of the thermal management is even stronger. The difference between the
highest and lowest junction temperature has been reduced by between 12.4 K (T2) and 21.6 K
(D1), corresponding to 71.4 % and 79.7 %. The system optimization can be used for a more
economic design and for reliable operation.

All SMs of the MMC and its electrical and thermal stress can be validated and further in-
vestigated by the experimental bench, introduced in Section 6.2. For practical reasons the
operating powers have been limited. For the arm current profile, a downscaling factor of 50
is applied. The DC voltage V. at the DUT is limited to 100 V for safety reasons due to the
absence of filling gel whereas V., is set to 200 V. The main data are summarized in Table
6.8. For the MMC the conduction losses are predominant due to the low switching frequen-
cies as demonstrated in Section 6.1.1. Therefore, the application of reduced voltages is not a
critical issue for the loss behavior. Also capacitor voltage oscillations can be neglected due
to this fact and would be also mostly filtered due to higher thermal time constants.
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Figure 6.26: Maximum, minimum, and averaged junction temperatures and capacitor volt-
ages in the upper arm (ph. 1) for IGBTs Ty, IGBTs T,, diodes D1, diodes D5:
(a) Py = 300MW, cos ¢ = 0.95. (b) Q; = 300Muvar, cos @ = 0.
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Table 6.8: System parameters for experimental bench.

Vaer 100V
Vi 200V
Lgiter 3.6 mH
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Figure 6.27: Experimental validation of arm current and voltage at one SM (no. 61).

The electrical behavior of one SM (no. 61) at full nominal power (Py = 300MW, cos ¢ =
0.95) is exemplary shown in Fig. 6.27, where the SM voltage as well as the downscaled arm
current is properly generated. The SM voltage is obtained according to the NLM switch-
ing profile. For the arm current both the DC and AC components are flexibly controlled,
independently from the switching sequence of the DUT.

The temperature distribution of the SM is depicted in Fig. 6.28. The occurring hotspots are
mainly determined by the operation point and the related power factor. At high power factors
the IGBT T, is the most stressed semiconductor device.

The hotspots of all four semiconductor devices have been recorded by the IR camera. The
corresponding temperature profiles are depicted in Fig. 6.29 for the applied Danfoss IGBT
modules, being rated for 1200V and 25 A. For comparison, the modeled temperature pro-
files are shown for the Mitsubishi IGBT module, being rated for 4500 V and 1200 A. The use
of lower powers in the downscaled system with different semiconductor explains the lower
operating temperatures. Furthermore, also the detected thermal cycles are reduced. De-
spite of these variations the characteristic temperature profiles from the simulation and the
experimental bench are perfectly matching together. For optimized fine-tuning of the ther-
mal modeling in a practical application, high-power semiconductor devices can be directly
applied and evaluated by the experimental bench.
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Figure 6.28: Temperature distribution in the IGBT module recorded by IR camera for one
SM (no. 61).

T [°C]
T [°C]

Tin [°C]
Tn[°C]

T [°C]
T, [°C]

T [°C]
T, [°C]

0.6 0.8 1 1.2 1.4 1.6 1.8

time [s]

Figure 6.29: Junction temperature profile for one SM (no. 61) from simulation and from the
experimental bench from infrared camera (P; = 300MW, cos ¢ = 0.95).
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For experimental validation of the introduced thermal management three different SMs are
selected for each operation point. For active power supply the switching profiles and the
recorded junction temperatures are depicted in Fig. 6.30. The SM no. 122 serves as kind of
a benchmark because its switching profile is relatively homogenous during the shown time
interval. Instead, the switching profiles from SMs no. 61 and 94 are very inconsistent. This
leads to high variations among the junction temperatures, being relevant for all four semicon-
ductor devices. The thermal spread in the different semiconductor devices can be effectively
reduced by the applied thermal management. The thermal management is automatically
acting on the switching profiles if one SM is inserted or bypassed for longer time.

The thermal cycles are particularly strong at low power factors, as validated in Fig. 6.31.
During full reactive power supply, SM no. 67 serves as kind of a benchmark. During con-
ventional CVB the switching profiles can become very inhomogeneous as it can be seen for
SM no. 146. This SM is bypassed almost during the full time interval, leading to very high
temperatures in the loaded semiconductor devices T, and D,. It becomes obvious that con-
ventional CVB algorithms can become very ineffective for a proper stress management for
the devices. Instead, the junction temperatures can be controlled by the thermal management,
equalizing the SM switching profiles.

The introduced thermal management acts on the switching states of the SMs and is able to
reduce the thermal cycles and also the maximum temperatures for each single SM, even in
huge and very cost intensive HVDC applications. These optimizations have been achieved
by maintaining the high performance and the high efficiency of the MMC. Not only the
imbalanced loading of the SMs has been prevented but also the number of fast temperature
changes for long and reliable operation of the semiconductor devices.
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Figure 6.30: Switching states and junction temperatures in three MMC SMs (no. 61, 94, 122)
recorded by IR (P, = 300MW, cos ¢ =0.95): (a) Conventional CVB balancing
(o = 0). (b) Thermal management (¢ = 50).
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Figure 6.31: Switching states and junction temperatures in three MMC SMs (no. 67, 141,
146) recorded by infrared camera (Qg = 300 Mvar, cos ¢ = 0): (a) Conventional
CVB balancing (& = 0). (b) Thermal management (¢« = 50).
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6.3.2 BC-MMC

For the BC-MMC there is a strong motivation to benefit from the high number of redundant
switching states, as well. The BC-MMC does not only provides a high degree of redundancy
for selecting the SMs but also an additional degree of freedom within each SM due to both
redundant zero switching states. In Chapter 3 two different NLM switching sequences with
minimum number of commutations have been defined for the BC-MMC. For both suggested
NLM sequences the waveform generation and quality are equivalent.

The temperatures of all semiconductor devices (one arm) are depicted in Fig. 6.32 for both
NLM sequences at nominal reactive power injection (Qg = 30Mvar). The semiconductor
junction temperatures among the different SMs are already well balanced by the conven-
tional CVB. However, for an improved thermal management the temperatures within each
SM need to be better regulated. For the NLM sequence 1 the highest junction temperatures
are identified in diodes D1, corresponding to 101.2°C. Different to this, the maximum junc-
tion temperatures in diodes D; are reduced by almost 15K to 86.5°C by the applied NLM
sequence 2. Instead of the diodes Dy, the IGBTs T are more heavily loaded for sequence 2,
reaching temperatures of up to 96.2°C. All other semiconductor junction temperatures are
kept within a comfortable range below 92°C.

In accordance to this, the power losses, thermal stress and hotspot temperatures can be man-
aged up to a certain degree between the semiconductor devices depending on the applied
switching sequence and the applied load profile. For the shown study case the heavy load
has been shifted from diode D; to IGBT T just by changing the NLM sequence. In addition
to this, the maximum junction temperatures of the system have been reduced from 101.2°C
to 96.2°C, providing an additional margin for design optimizations, overload capability and
reliable operation.

On the one hand, the sequence 1 is linked to very high temperatures in the diodes D;. On
the other hand, the sequence 2 causes high temperatures in the IGBTs T;. For an improved
thermal regulation a mixed sequence is proposed, alternating both switching sequences after
each grid period. In this way a trade-off becomes possible to more equalize the stress in the
IGBTs Ty, Ty, T3, T4 and diodes Dy, D,, Dy, D».

The junction temperatures of the semiconductor devices are depicted in Fig. 6.33a where the
maximum occurring temperatures have been reduced compared to both conventional NLM
switching sequences. Compared to sequence 1 the maximum temperatures have been re-
duced from 101.2°C (D) to 95°C (D). Accordingly, the maximum temperatures also have
been reduced compared to sequence?2 (96.2°C, Ty) for more flexible and reliable opera-
tion.

For an optimized thermal management, the maximum junction temperatures in IGBT T; and
D; would be similar for an economical design and for effective thermal stress regulation.
For this purpose, the weighting of the switching sequences can be further optimized. In Fig.
6.33b the junction temperatures are depicted for alternating sequence 1 and sequence 2 after
one and after two grid periods, respectively. The temperatures are regulated very well in
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both, IGBT T; and diode D. The obtained maximum junction temperatures of 92.2°C (T})
and 92.7°C (D) are almost identical. The junction temperatures of all other semiconductor
devices are even kept below 90°C.

The introduced thermal management for the BC-MMC provides additional temperature mar-
gins. For instance, this margin can be used for an increased power rating of the system. This
is demonstrated in Fig. 6.34a where the nominal power has been increased by 10 %. Al-
though, the current increase also induces additional power losses in the system, the maximum
junction temperatures are kept below 96°C. Accordingly, not only the maximum tempera-
tures have been reduced by the introduced thermal management but also the semiconductor
power rating has been increased. By allowing maximum junction temperatures of 100°C,
even an overload capability of 20 % becomes possible. This is demonstrated in Fig. 6.34b,
where the junction temperatures are still kept lower than for conventional sequence 1 at nom-
inal power. Accordingly, an additional reactive power of up to 6 Mvar has been achieved just
by software, profiting from the redundant switching states of each single SM.

The electrical behavior of the BC-MMC during a three-phase-to-ground fault is depicted
in Fig. 6.35. On the one hand, the MMC provides full nominal power for stabilizing the
voltages. On the other hand, an overload capability of 20 %, corresponding to 6 Mvar, is
provided during the grid fault for additional grid support.

The junction temperatures of the semiconductor devices at nominal power are depicted in
Fig. 6.36 for both NLM sequences. The transients during the fault conditions also have an
impact on the semiconductor stress and temperatures. Compared to steady-state operation
the maximum temperatures can increase during the fault conditions, leading up to 102.7°C
in D (sequence 1) and 97.1°C in IGBT T, (sequence 2), respectively.

The proposed thermal management for the BC-MMC also provides an overload capability
during grid faults where a strong reactive power supply is very important for safe and stable
operation. The optimized mixed switching sequence is able to provide an additional power
of 20 % for grid support, maintaining the maximum temperatures at around 97.5°C in the
diodes and the IGBTs T as demonstrated in Fig. 6.37. Accordingly, the thermal stress is
effectively regulated within all SMs, enabling a significant overload capability also during
grid fault conditions.

The improved thermal management for the BC-MMC can be used for a more economic
converter and cooling design and for safer and more reliable operation, as well. Since the
introduced algorithms are only acting on the zero voltage states, the waveform quality and
the number of commutations are not affected. The system performance and efficiency are
not affected.

The switching sequences can be optimized for different operation points and for different
grid fault conditions. On the one hand, this can be done online by monitoring the junction
temperatures by real-time estimations or low-cost sensors. On the other hand, an offline
implementation is also possible to cover the most relevant operation profiles by look-up
tables to limit the computation effort.
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Figure 6.32: Thermal behavior of the BC-MMC (STATCOM, Q, = 30Mvar, NLM): (a) Se-
quence 1. (b) Sequence 2.
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Figure 6.33: Thermal behavior of the BC-MMC (STATCOM, Q, = 30Mvar), mixed NLM
sequences: (a) Sequence 1/ sequence 2 (evenly alternating: 50 % / 50 %). (b)
Sequence 1 / sequence 2 (optimized: 33.3 % / 66.7 %).
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Figure 6.34: Thermal behavior of the BC-MMC (STATCOM, optimized NLM sequence),
overload conditions: (a) Oy = 33Muvar (= 110%). (b) Q; = 36 Mvar (= 120 %).
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Figure 6.35: Electrical behavior of the BC-MMC in case of a three-phase-to-ground grid
fault: (a) Nominal power (Qg = 30Mvar). (b) Overload capability (20 %).
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Figure 6.36: Thermal behavior of the BC-MMC (STATCOM, Q, = 30Mvar) in case of a
three-phase-to-ground grid fault: (a) NLM sequence 1. (b) NLM sequence 2.
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Figure 6.37: Thermal behavior of the BC-MMC (STATCOM) in overload conditions (20 %)
with optimized NLM sequence in case of a three-phase-to-ground grid fault.

The optimization of the switching sequences can be done offline for different operation points
and different grid conditions to limit the implementation and computation effort. Instead, it
is also possible to calibrate the switching sequences online based on available temperature
information (e.g. by real-time estimators) to manage the thermal behavior in real time. Addi-
tional information as expected remaining semiconductor lifetimes can be taken into account,
as well.

6.4 Thermal Management of Capacitor Storages

Beside the semiconductor devices the capacitor storages are the most important and most
expensive components in MMC applications. Therefore, it is proposed to also take into
account the thermal stress of the capacitors. Four cost functions are introduced in (6.15)-
(6.18) for an effective thermal management. In these cost functions the capacitor voltage
of each SM is combined with the occurring capacitor losses, being averaged over five grid
periods (100 ms). Since the thermal time constants of bulky capacitors are very high and
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temperature changes very slow, it is sufficient to simply take into account the averaged power
losses for an effective thermal management of the capacitor storages. Consequently, also the
weighting factors can be selected in a very sensitive way since it is even sufficient to balance
the capacitor losses over hundreds or thousands of grid periods due to the high thermal time
constants.

¢1 = (Veap —Min{Veap }) + Olcap  (P1,cap — Min{Pycap}) (6.15)
¢z = (max{veap } — Veap) + Ccap - (Max{Pj cap} — Picap) (6.16)
¢3 = (max{Veap } — Veap) + Otcap - (P1.cap — Min{ P cap}) (6.17)
¢4 = (Veap — Min{veap }) + Olcap - (Max{Pi cap } — Pi,cap) (6.18)

All capacitor banks of the CC-MMC and BC-MMC are equipped with the film capacitor
B25620B1198K103 from TDK. Each capacitor provides a capacitance of 1.9 mF, an ESR
of 1.3mQ and a thermal resistance of 1.4K-W~!. The expected lifetime is approximated
with 100,000 h at an operating temperature of 75 °C. Each capacitor is rated for voltages up
to 1100V and for currents up to 34.4 A in continuous operation. An overall capacitance of
30.4 mF and a nominal current of 550.4 A is obtained by parallel connection of 16 capacitor
units to fulfill the requirements of the MMC STATCOM study cases.

The instantaneous power losses of the capacitor banks in each CC-SM can be calculated
based on the overall ESR, the arm current and the switching state according to (6.19). Only
inserted SMs (Scc = 1) are loaded by the arm current. Accordingly, the BC-SMs are loaded
for the switching states Sgc = 1 and Sgc = —1.

Pl,cap - SCC 'Resr : igrm (6.19)

The introduced thermal management for the storage capacitors can be applied for both the
CC-MMC and the BC-MMC. The effectiveness is exemplary demonstrated for the CC-MMC
whose arm current spectrum is exemplary shown in Fig. 6.38 for nominal STATCOM oper-
ation. The most significant components can be identified at 50 Hz (half of the grid current)
and at 100 Hz (circulating current).

For the ideal case the capacitance and the ESR are completely identical for each SM capaci-
tor, neglecting tolerances which can occur due to manufacturing and degradation processes.
The parameter distribution is depicted in Fig. 6.39 for all SMs in one arm.
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Figure 6.38: Spectrum of the arm current (Qy = 30Muvar): (a) Linear scale. (b) Logarithmic
scale.
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Figure 6.39: Idealized distribution of capacitances and ESR in the SM capacitor banks (CC-

MMO).

The main goal for the thermal management of the capacitors can be seen in the stress regula-

tion among the different SMs to also balance the relative lifetimes for prolonged maintenance

intervals. The distribution of the normalized losses for the conventional CVB is depicted in

Fig. 6.40. Taking into account longer time intervals, the losses become more and more

similar among the SMs due to the identical parameters. Different to the semiconductor de-

vices the thermal time constants of bulky capacitor storages are much higher and therefore

short-term deviations among the SMs would be filtered up to a certain degree.
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Figure 6.40: Normalized losses (CC-MMC, standard operation), time intervals: (a) 2s. (b)
5s.(c) 10s. (d) 15s.

The relative lifetimes based on time intervals of 5s and 15s are depicted in Fig. 6.41. Al-
though the lifetimes are balanced up to a certain degree, small differences can still be ob-
served even after time intervals of 15 s and more, since the power losses are not effectively
regulated. Compared to this, the balancing of the power losses and of the relative lifetimes
can be further improved and accelerated as exemplary demonstrated in Fig. 6.42 for a time
interval of 5 s.
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Figure 6.41: Relative lifetimes (CC-MMC, standard operation) for time intervals of: (a) 5.
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Figure 6.42: Relative lifetimes (CC-MMC, time interval: 5s): (a) Standard operation. (b)
Thermal management.

In a realistic practical application, the capacitance is not equal for each single SM. Instead,
there is a small spread in the capacitance due to manufacturing tolerances being illustrated
in Fig. 6.43 where a tolerance of up to +5 % is assumed among the SMs.

In standard operation the capacitor banks with higher capacitances are more loaded than
capacitor banks with lower capacitances since the capacitor voltages are changing slower.
Therefore, the conventional CVB algorithms are acting later on SMs with high capacitances
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Figure 6.43: Distribution of capacitances and ESR in the SM capacitor banks (CC-MMC)
with manufacturing tolerances (capacitances: 95 %...105 %).
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Figure 6.44: Normalized losses (CC-MMC, time interval: 5s): (a) Standard operation.
(b) Thermal management.

as long as no further useful decision criteria is taken into account. Consequently, the nor-
malized losses tend to be higher as illustrated in Fig. 6.44.

Instead, by the introduced thermal management the differences in the normalized losses
can be neutralized since not only the capacitor voltages but also the capacitor losses are
balanced among all SMs. Consequently, also the lifetime expectations are further equalized
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Figure 6.45: Relative lifetimes (CC-MMC, time interval: 5s): (a) Standard operation. (b)
Thermal management.
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Figure 6.46: Capacitor voltages in one arm: (a) Standard operation. (b) Thermal manage-
ment

by the thermal management as shown in Fig. 6.45. The power losses of the SM capacitor
storages are effectively regulated by the thermal management without affecting the spread
of the capacitor voltages as demonstrated in Fig. 6.46. This is particularly important for
film capacitors since the applied voltage profile is one of the main degradation parameters
beside the temperature and the humidity. It becomes obvious that the system performance
and stability are not affected at all with the selected weighting factors.
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Figure 6.47: Distribution of capacitances and ESR in the SM capacitor banks (CC-
MMC) taking into account aging processes (capacitances: 95 %...100 %, ESR:
100 %...105 %).

In the next step the aging of the capacitors is taken into account. Aging mechanisms are
mainly linked to a decrease of the capacitance and an increase of the ESR. Tolerances of up
to 5 % are assumed for the capacitance and it is assumed that the capacitor storages will be
replaced after reaching this threshold. The relation between the capacitance and the ESR
can differ depending on the selected capacitor type and the predominant aging mechanisms.
Tolerances of up to 5 % and of up to 20 % are considered to evaluate its impact on the thermal
behavior.

First, the distribution of the capacitances and the ESR are depicted in Fig. 6.47 with toler-
ances up to 5 %. The power losses of the capacitors are properly regulating by the thermal
management as demonstrated in Fig. 6.48. Consequently, the expected lifetimes are perfectly
balanced by the approach as illustrated in Fig. 6.49.
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Figure 6.48: Normalized losses (CC-MMC, time interval: 5s): (a) Standard operation. (b)
Thermal management.
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Figure 6.49: Relative lifetimes (CC-MMC, time interval: 5s): (a) Standard operation. (b)
Thermal management.

ESR values with tolerances of up to 20 % are depicted in Fig. 6.50. The spread in the
distributed losses and the relative lifetimes are depicted in Fig. 6.51. Independent from
the ESR parameter tolerances the thermal management of the capacitors is working very
effectively.

In general, the thermal management of the capacitors is not affecting the system performance
and efficiency at all if the weighting factor is selected carefully. Even if the temperatures and
the lifetimes of the capacitor storages are already balanced up to a certain degree due to long
thermal time constants the performance has been further improved by equalizing the thermal
stress of the components. The thermal management approach becomes particularly effective
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Figure 6.50: Distribution of capacitances and ESR in the SM capacitor banks (CC-
MMC) taking into account aging processes (capacitances: 95 %...100 %, ESR:
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Normalized losses

0.95
0.9
0.85
0.8
10 20 30 40
Number of SM
(a)

1.05

Relative lifetime

0.95

10 20
Number of SM

©

30 40

Normalized losses

Relative lifetime

1.2
1.15
11}
1.05
1
0.95
0.9
0.85
0.8
10 20 30 40
Number of SM
(b)
1.05
1
0.95
10 20 30 40
Number of SM
(d)

Figure 6.51: Normalized losses and relative lifetimes (CC-MMC, time interval: 5s): (a,c)
Standard operation. (b,d) Thermal management.
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for higher tolerances in the system. However, also for very small tolerances the suggested
approach provides high potential, e.g. for active thermal control approaches. For instance,
in a real application different health conditions of the capacitors can be assumed already
due to different physical ages after having replaced the first SMs after commissioning. In
a practical application the expected remaining capacitor lifetimes could be monitored by its
electric behavior (capacitance, ESR) and could be controlled by the load of the capacitors.

6.5 Thermal Management of Submodules

For an optimized thermal management not only either the semiconductor stress or the capaci-
tor stress should be balanced. Instead, the thermal management should be applied to both the
semiconductor devices and the capacitor storages. For the semiconductor devices it is worth
to note that the thermal time constants are relatively small. Therefore, its thermal manage-
ment needs to be properly weighted to react fast enough without affecting the performance
of the system. Instead, the capacitor storages are linked to very high thermal time constants
and the weighting of its thermal management can be selected very small. Both optimization
goals can be combined very well due to the different time constants.

6.5.1 CC-MMC

For the CC-MMC all optimization goals can be combined in each of the cost functions
according to (6.20)-(6.23).

= (Veap — min{Vcap}) + Olcap (Fl,cap - min{ﬁl,cap}) + Op1 (Y],Dl - min{]}.,Dl }) (6.20)

c1=(

¢z = (max{veap } — Veap) + Otcap - (Max{Py cap} — Pl cap) + 12 (T 12 — min{Ti12})  (6.21)
c3 = (max{veap } — Veap) + Ocap * (Pi.cap — Min{Py cap}) + 0tr1 (11 —min{T; 11 })  (6.22)
(

C4 = (Vcap — min{"cap}) + Olcap - (max{ﬁl,cap} _Fl,cap) + OCD2<7},D2 - min{]}pz}) (6.23)

As demonstrated in Fig. 6.52 both the semiconductor temperatures as well as the capacitor
losses have been optimized.

6.5.2 BC-MMC

For the BC-MMC it is advantageous to combine the thermal management of the semicon-
ductor devices by the optimized mixed NLM switching sequences with the SM selection
based on the capacitor voltages and the capacitor losses. As demonstrated in Fig. 6.53 the
thermal behavior of the semiconductors and the capacitors have been optimized, as well and
can be used for an economical design, overload capability and reliable operation.
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Figure 6.52: Combined thermal management for semiconductor devices and capacitor stor-
ages (@ = 50, Ocap = 0.5) for the CC-MMC (STATCOM, Q, = 30Mvar): (a)
Junction temperatures of semiconductors. (b) Normalized losses and relative
lifetimes of capacitor storages.
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6.6 Summary and Conclusions of the Section

A thermal management for the MMC has been introduced in this chapter, taking profit from
the huge number of available redundant switching states for multi-objective optimization.
The introduced approaches are not only taking into account the capacitor voltages of each
SM but also the most relevant strain parameters of all semiconductor devices and capacitor
storages. For the thermal management of the semiconductor devices two independent ap-
proaches have been introduced for the CC-MMC and for the BC-MMC. For the CC-MMC
the thermal stress is shifted between the upper and lower semiconductor devices in each CC-
SM by adopting the CVB algorithms by multi-objective cost functions for profiting from the
highly redundant switching states in each MMC arm. Instead for the BC-MMC the ther-
mal management is optimizing the modulation sequences to shift the thermal stress by the
redundant switching states in each single BC-SM.

The extensive potential of the introduced approaches has been demonstrated for a MV STAT-
COM application as well as for an HVDC application. The maximum semiconductor tem-
peratures have been reduced by up to 5K in each single SM. Furthermore, thermal cycles
have been reduced by up to 22 K (80 %) and fast strenuous temperature changes have been
eliminated without affecting the overall system performance. The capacitor voltages are well
balanced and the efficiency kept constant. It has been demonstrated that the achieved thermal
optimizations cannot only be used for a more efficient design of all SMs but also to provide
overload capability during normal or grid fault operation of up to 20 % at limited junction
temperatures and strongly reduced thermal cycles. The expected semiconductor lifetimes
have been approximately doubled at nominal power, enabling less semiconductor failures
and extended maintenance intervals.

In addition to this, an own thermal management approach for the capacitor storages has
been introduced, taking into account the averaged power losses, being directly linked to the
temperatures and expected lifetimes. The capacitor losses have been perfectly balanced in-
dependent from parameter variations for both the CC-MMC and the BC-MMC. In this way,
also the expected relative lifetimes have been equalized for enhanced reliability and service
intervals. For an effective thermal management and high reliability of all crucial components
the thermal management of the semiconductors and of the capacitors have been combined. In
this way, the thermal stress of all SMs have been improved, enabling an economical design,
overload capability and long component lifetimes without affecting the overall performance
of the system. For real-time condition monitoring the modeling of power losses and tem-
peratures have been introduced as well and the use of additional sensors can be completely
avoided.

For practical evaluation and flexible cycling tests a universal experimental bench has been
developed and introduced. By the presented experimental bench, the testing of huge MMC
systems with hundreds or thousands of semiconductor devices can be avoided which would
be neither practical nor economical. Instead, the mission profiles can be adopted to the dif-
ferent SMs and the practical evaluation and condition monitoring becomes even possible
for HVDC applications as demonstrated. Both the electrical behavior and the temperature
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distributions even on the semiconductor chips are monitored and recorded. The introduced
experimental bench enables cycling tests of existing and future MMC systems for design op-
timizations as well as for improved temperature and lifetime modeling. Furthermore, testing
of SMs under severe conditions as during fault or overload conditions and the detection of
thermal hotspots becomes possible at high safety and limited costs.
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7 Summary, Conclusion and Future Research

7.1 Summary and Conclusion

In this work modular power converters have been proposed for integration of high-power
applications into the electric grid. They especially profit from their high modularity, multi-
level waveform generation and high scalability to different power levels. A main potential
for modular power converters has been identified in the proper use of the high number of
available switching states, providing a high potential for reducing both, investment and op-
erational costs of the converter systems. Based on the knowledge in terms of modular power
converters, its controllability and reliability, the detailed behavior of huge converter systems
have been investigated. Based on the provided analysis different approaches and algorithms
have been proposed for multi-objective optimization by optimized modulation techniques
and the introduced thermal management for highly efficient and highly reliable systems at
very high power quality.

In Chapter 2 suitable inverter topologies for high-power applications have been reviewed for
LV connection to a step-up transformer and for direct connection to the MV and HV grid.
For LV connection the three-level NPC inverter has been identified as the preferred solution
due to multilevel generation and increased blocking capability. Instead, for direct MV and
HYV connection the MMC has been selected, being scalable to different power levels. A wide
variety for wind energy, STATCOM, DC transmission and grid impedance analysis have
been considered and presented for further optimization.

Suitable multilevel modulation techniques have been investigated in Chapter 3 for both the
three-level NPC inverter and the MMC. For the MMC the NLM has been identified as the
preferred choice for highly efficient operation and suitable waveform generation. The NLM
has been investigated for both the CC-MMC and the BC-MMC. Based on a deep analysis
suitable switching patterns have been derived for a minimum number of commutations and
taking into account the redundant switching states of the BC-SMs. For the application of
parallel NPC inverters the well-established PD-PWM has been identified as the best choice
for minimum harmonic distortion. However, this choice is not valid anymore for interleaved
NPC inverters with a common DC link where the APOD-PWM has been introduced as the
preferred modulation technique since circulating currents between both inverters has been
strongly reduced at a comparable power quality.

In Chapter 4 one wind energy application and one grid impedance analyzer have been in-
vestigated based on parallel NPC inverters for LV connection to classical step-up transform-
ers. The considered MV grid analyzer is a new and unique application, being able to inject
monofrequent currents in a broad frequency range. The design process for the practical real-
ization and the performance has been elaborated. Both applied systems have been optimized
by interleaving modulation, achieving very low switching frequencies and a very small filter
design. For very high powers the connection of NPC inverters reaches its limits because the
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LV currents become huge. Therefore, especially for higher powers direct connection to the
MYV or HV grid can be seen as beneficial.

For direct connection to the MV and HV grid the MMC has been investigated and opti-
mized in Chapter 5 for a STATCOM application and for DC transmission systems. For deep
analysis, each single SM has been modeled, taking into account up to 150 SMs per arm.
Both the electrical behavior of the CC-MMC and the BC-MMC for STATCOM have been
investigated and compared from system level down to component level. It has been demon-
strated that the capacitor storage sizes can be decreased a lot by the BC-MMC compared to
the well-established CC-MMC. For all systems the NLM has been applied and fundamental
switching frequencies have been achieved even for MV applications without additional AC
filters. As an additional feature active power filtering capability has been implemented and
investigated, properly generating currents up to 1000 kHz where the use of fast-switching
PWM techniques also has been avoided.

In Chapter 6 a thermal management for the MMC has been introduced for further optimiza-
tion just by the use of redundant switching states. Different algorithms have been developed
for both the CC-MMC and the BC-MMC to minimize and to equalize the thermal stress
within each semiconductor device and each capacitor. For the thermal management both the
modulation and the CVB for SM selection can be optimized. For the semiconductor devices
the modulation switching sequences have been optimized for the BC-MMC to profit from
the redundant switching states in each SM. Instead for the CC-MMC the CVB has been
optimized to also take into account the thermal stress of the semiconductor devices. Fur-
thermore, the SM selection has been optimized for both MMC configurations to equalize the
capacitor stress among all SMs.

By the introduced thermal management, the temperatures, thermal cycles and fast temper-
ature changes have been significantly reduced just by software without any need for addi-
tional sensors. It has been demonstrated that the achieved optimizations can be exploited for
a more economical design, significant overload capability and strongly increased lifetimes
of the components. All the presented algorithms do not affect the system performance or
efficiency of the system.

For experimental validation an experimental bench has been developed and introduced to
emulate and monitor the behavior of single modular building blocks under reasonable, eco-
nomical, safe and flexible conditions. The system can be used not only for SM emulation,
thermal and lifetime modeling but also for testing under severe conditions, e.g. during faults
or overload conditions. In Chapter 6 the experimental bench has been exemplary used for the
evaluation and validation of an HVDC system with 150 SMs in one arm. Both the electrical
and the thermal behavior have been recorded. Temperature hotpots and thermal cycles have
been identified and optimized by thermal management algorithms.
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7.2 Research Contribution

Contribution in the field of high-power applications

One unique medium voltage grid impedance analyzer has been developed, being able
to cover frequencies up to 10 kHz.

Overload capability and active power filtering capability have been achieved for con-
ventional STATCOM applications by control optimizations.

An experimental bench has been developed and realized for flexible and safe testing
of modular building blocks at a reasonable effort, which has been demonstrated for a
high voltage application as a study case.

Contributions in the field of parallel NPC inverters

A general design approach has been developed to provide high powers within a wide
frequency range, e.g. applicable for grid analyzers and active power filters.

The common-mode voltages and the circulating currents between parallel NPC in-
verters with common DC connection have been strongly reduced by proposing the
APOD-PWM instead of the PD-PWM.

Contributions in the field of the MMC

The MMC has been modeled for a flexible number of half-bridge (chopper-cells) and
full-bridge (bridge-cells) submodules, taking into account the electrical and thermal
behavior of each single component.

Detailed comparison has been provided for both submodule configurations, highlight-
ing the high potential for a more economical design by the latter one.

Fundamental switching modulation techniques have been implemented with both sub-
module topologies for full-scaled system.

Thermal management approaches based on redundant SM selection have been intro-
duced for the MMC for an economical design and long service times without affecting
the system performance and having opened a highly regarded new research field.

Several algorithms have been introduced for the thermal management of the MMC
with half-bridge (chopper-cells) and full-bridge (bridge-cells) submodules, taking into
account not only the semiconductor devices but also the capacitor storages.

7.3 Future Research

Modular power inverters provide high potential for advanced control in renewable energy

systems, STATCOM applications and transmission solutions at highly efficient and highly

reliable operation. For these purposes, the thesis has proposed new strategies and concepts

for improved modulation and thermal management approaches.
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The following research topics are proposed for potential future research:

* The proposed and realized MV grid impedance analyzer is able to strongly extend the
amount of available data for the MV grid. A second version of the MV grid impedance
analyzer could be realized based on new insights, optimizing the frequency range and
the required current injection for a tailored grid excitation. Furthermore, the system
could be further optimized by direct connection to the MV grid to avoid high voltage
drops and the usage of bulky transformers. With the help of wide-band gap devices a
more compact design and higher switching frequencies could be achieved to minimize
the pollution of the grid which would be particularly beneficial for possible commer-
cialization.

* The applied modulation techniques for modular power inverters could be further opti-
mized, e.g. by discontinuous modulation, space vector modulation or hysteresis bands,
allowing higher degrees of freedoms for multi-objective optimization. Further poten-
tial can be also exploited by model predictive control, taking into account the future
behavior of the system.

* For the thermal management of the MMC expected component lifetimes could be
taken into account as control parameters. Condition monitoring could be applied by
using advanced methods for the detection of the collector-emitter voltages (semicon-
ductors) or impedance spectroscopy (energy storages). In addition, further stress pa-
rameters can be taken into account for evaluating the degradation processes, e.g. the
humidity for offshore applications. Thermal cycling can be applied by the experimen-
tal bench to optimize the temperature and lifetime models. The SM selection could be
further optimized by artificial intelligence and reinforced learning approaches.

* For the design of multilevel inverters WBG devices provide future potential. SiC
MOSFET technology potentially enables significantly higher blocking voltages, lower
conduction losses at partial load and strongly reduced switching energies. Accord-
ingly, the number of cascaded semiconductor devices could be reduced to achieve a
specific grid voltage level. Furthermore, power inverters with limited number of volt-
age levels could profit from high switching frequencies to achieve high power qualities
and very small filters, even for harmonic injection. For the MMC the application of
low-switching modulation techniques could be avoided to limit the variations in the
capacitor voltages and in the semiconductor temperatures by the modulator itself.
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