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Abstract
Among the policies to reduce the consequences of greenhohuse gas missions, the decarbonization of
the electrical, transport, and manufacturing sectors has profoundly changed how the electricity is
produced, transmitted, distributed, and consumed, particularly imposing several complex technical
challenges to power electronics-based technologies. Future power converter solutions are called to
fulfill increasingly demanding requirements of efficiency, power quality, cost, volume, and reliability,
foreseeing that next generation of high-power converters might be based on modern concepts such
as the modular multilevel converter (MMC).

Although the MMC exhibits extraordinary characteristics, namely, full modularity, voltage-current
scalability, and high efficiency, its development is still in an early stage of maturity, and different
topics such as reliability improvement are still research subjects. Around 40000 parts composing
the 96 submodules (SMs) used in the two medium voltage (MV) 250 kVA MMCs to form the power
electronics laboratory (PEL) MMC research platform illustrates the reasonable concern about technol-
ogy reliability. Condition health monitoring (CHM) arises as an attractive concept to prevent failure
events improving reliability and availability of power electronics-based converters. When intended
for MMC, CHM development and deployment face several challenges, mainly due to the existing
technique’s demand for additional hardware, modification of control schemes, particular operating
conditions, and complex algorithms. Consequently, MMC CHM state-of-the-art is narrowed to SM
power capacitors and power semiconductors.

This thesis aims to provoke and contribute to the CHM body of knowledge by investigating three
alternatives applied to the PEL medium-voltage MMC. The first is a simple, accurate, and costless
online strategy to monitor the SM electrolytic capacitor’s condition. The method is based on the
relationship between the capacitor’s degradation and capacitance level. Thus, the SM capacitance
is estimated by employing measurements commonly used for necessary control and protection
algorithms and the recursive weight least squares (RWLS) technique. Real-time hardware-in-the-
loop (RT-HIL) simulations and experimental results show the method’s performance under different
capacitor aging levels and converter operating conditions.

A second alternative responds to the difficulties in gathering information about components other
than power capacitors and power semiconductors, as cost, space, and data processing restrictions
are common barriers. The strategy uses the single switch flyback-based auxiliary submodule power
supply (ASPS) consumption monitoring to observe simultaneously different SM sub-circuits instead
of a particular component and the fault dictionary concept to detect the SMs drifting from expected
healthy conditions. The scheme settles on the idea that small changes in the circuits loading the
ASPS secondaries can be seen and used to evaluate their deterioration level. A practical example
is provided based on the developed SM and experimental data. It is demonstrated that minor and
significant power consumption variations can be noticed and used for health monitoring.

Envisioned in future MMCs, the handling, processing and extraction of valuable information from
massive amounts of data coming from different CHM techniques is an open issue and certainly
a challenge for the health assessment. Inspired by the data fusion framework and multi-criteria
decision-making (MCDM) problems, a scheme to integrate various SM health indicators is proposed
to compose a comprehensive health index. Systematic approaches considering objective data from the
SM and subjective information from expert knowledge are presented and verified through numerical
examples based on experimental data. It is demonstrated that entropy, fuzzy-TOPSIS, and game
theory-based methods are superior solutions for the SM and converter-level health assessment in the
context of multiple information sources.
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Résumé
Parmi les politiques visant à réduire les conséquences des émissions de GES, la décarbonation des
secteurs de l’électricité, des transports et de la fabrication a profondément modifié la façon dont
l’électricité est produite, transportée, distribuée et consommée, imposant notamment plusieurs défis
techniques complexes aux technologies basées sur l’électronique de puissance. . Les futures solutions
de convertisseurs de puissance sont appelées à répondre à des exigences de plus en plus exigeantes
en matière d’efficacité, de qualité de l’énergie, de coût, de volume et de fiabilité, prévoyant que la
prochaine génération de convertisseurs haute puissance pourrait être basée sur des concepts modernes
tels que le convertisseur modulaire multi-niveaux (MMC).

Bien que le MMC présente des caractéristiques extraordinaires, à savoir une modularité complète,
une évolutivité tension-courant et un rendement élevé, son développement est encore à un stade
précoce et différents aspects tels que l’amélioration de la fiabilité sont encore des sujets de recherche.
Environ 40000 pièces composant les 96 cellules (SMs) utilisé dans les deux MMC MV 250 kVA pour
former la plate-forme de recherche laboratoire d’électronique de puissance (PEL) MMC illustrent le
souci raisonnable de la fiabilité de la technologie. Le surveillance de l’état de santé (CHM) apparaît
comme un concept attrayant pour prévenir les événements de défaillance, améliorant la fiabilité et
la disponibilité des convertisseurs basés sur l’électronique de puissance. Lorsqu’ils sont destinés à
MMC, le développement et le déploiement de CHM sont confrontés à plusieurs défis, principalement
la nécessité de matériel supplémentaire pour la technique existante, la modification des schémas de
contrôle, des conditions de fonctionnement particulières ainsi que des algorithmes complexes. Par
conséquent, la technologie de pointe du CHM de MMC se limite aux condensateurs de puissance SM
et aux semi-conducteurs de puissance.

Cette thèse vise à provoquer et à contribuer au corpus de connaissances du CHM en étudiant trois
alternatives appliquées au PEL MV MMC. La première est une stratégie en ligne simple, précise et
gratuite pour surveiller l’état du condensateur électrolytique SM. Cette méthode repose sur la relation
entre la dégradation du condensateur et le niveau de capacité. Ainsi, la capacité SM est estimée
en utilisant des mesures couramment utilisées pour les algorithmes de contrôle et de protection
nécessaires et la technique moindres carrés pondérés récursifs (RWLS). Les simulations matériel dans
la boucle en temps réel (RT-HIL) et les résultats expérimentaux montrent les performances de la
méthode sous différents niveaux de vieillissement des condensateurs et conditions de fonctionnement
du convertisseur.

Une deuxième alternative répond aux difficultés de collecte d’informations sur les composants autres
que les condensateurs de puissance et les semi-conducteurs de puissance, car les restrictions de coût,
d’espace et de traitement des données sont des obstacles courants. La stratégie utilise la surveillance de
la consommation alimentation du cellules auxiliaire (ASPS) basée sur le flyback à commutateur unique
pour observer simultanément différents sous-circuits du SM au lieu d’un composant particulier et le
concept de dictionnaire de défauts pour détecter un changement du SM par rapport aux conditions
saines attendues. Le schéma repose sur l’idée que de petits changements dans les circuits chargeant les
secondaires ASPS peuvent être vus et utilisés pour évaluer leur niveau de détérioration. Un exemple
pratique est fourni sur la base du SM développé et des données expérimentales. Il est démontré que
des variations de consommation d’énergie mineures et significatives peuvent être remarquées et
utilisées pour la surveillance de la santé.

Envisagé dans le futur MMC, la manipulation, le traitement et l’extraction d’informations précieuses
à partir de quantités massives de données provenant de différentes techniques CHM est un problème
ouvert et certainement un défi pour l’évaluation de la santé. Inspiré du cadre de fusion de données et
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des problèmes prise de décision multicritères (MCDM), un schéma d’intégration de divers indicateurs
de santé SM est proposé pour composer un indice de santé complet. Des approches systématiques
prenant en compte des données objectives du SM et des informations subjectives issues de connais-
sances d’experts sont présentées et vérifiées à l’aide d’exemples numériques basés sur des données
expérimentales. Il est démontré que l’entropie, le TOPSIS flou et les méthodes basées sur la théorie des
jeux sont des solutions supérieures pour l’évaluation de la santé au niveau du SM et du convertisseur
dans le contexte de multiples sources d’information.

Mots clés fiabilité, surveillance de l’état de santé, moyenne tension, haute puissance, convertisseur
modulaire multi-niveaux.
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Resumen
Entre las medidas para reducir las consecuencias de las emisiones de gases de efecto invernadero a
nivel mundial, las políticas de descarbonización del sector eléctrico, transporte y manufactura han
cambiado profundamente la manera en que la electricidad es generada, transmitida, distribuida y
utilizada, imponiendo una variedad de desafíos técnicos a los sistemas eléctricos, particularmente, a
aquellos que utilizan intensivamente dispositivos de electrónica de potencia. Las actuales y futuras
soluciones basadas en electrónica de potencia están cada vez más presionadas a cumplir exigentes
estándares y requerimientos de eficiencia, calidad de la potencia y confiabilidad, mientras aspectos
como costos, volumen y peso se intentan mantener al mínimo. En consecuencia, se espera que el
mercado de convertidores de media tensión y alta potencia evolucione de la mano de conceptos
modernos como los convertidores modulares multi-nivel (MMCs).

Aun cuando los MMCs presentan extraordinarias características técnicas, como por ejemplo, alta
modularidad, fácil escalabilidad en tensión y corriente, y alta eficiencia, el desarrollo de esta tecnología
aún está en una etapa temprana de madurez. Por lo tanto, aspectos como la reducción de costos y
volumen, su utilización en nuevas aplicaciones o, de particular interés para este trabajo, el incremento
de su confiabilidad, despiertan una alta atención por parte de la comunidad científica y la industria
especializada. Una de las razones principales para investigar la confiabilidad de de este tipo de
equipos radica en el alto número componentes necesarios para su construcción. Por ejemplo, y a
modo de ilustración, la plataforma de investigación desarrollada en el Power Electronics Laboratory
(PEL) requiere de 40000 partes para formar sus 96 submódulos (SMs) y así componer dos unidades
MMC de 250 kVA cada una. En virtud de lo expuesto anteriormente, se ha vuelto especialmente
atractivo utilizar conceptos como monitoreo del estado de salud (CHM) para alertar tempranamente
la degradación de componentes específicos y, así, prevenir fallos catastróficos, permitiendo mejorar
considerablemente los indicadores de confiabilidad y disponibilidad de las unidades de potencia.
Ahora bien, cuando el concepto CHM es aplicado a MMC, su desarrollo e implementación enfrentan
diversos desafíos técnicos, principalmente, debido a que los métodos desarrollados hasta la fecha
usualmente requieren la adición de hardware (sensores y circuitos), modificaciones en los esquemas
de control, condiciones particulares de operación del conversor y algoritmos con un alto número de
instrucciones. En consecuencia, las técnicas más comunes de CHM aplicado a MMC están fuertemente
enfocadas en los condensadores y semiconductores de potencia de los SMs, cuya tasa de fallas es
relativamente alta comparada con otros componentes utilizados en este tipo de aplicaciones.

El objetivo de esta tesis, por lo tanto, es estimular y contribuir en el desarrollo de la tecnología MMC
mediante la investigación y desarrollo de tres estrategias de CHM aplicadas al MMC desarrollado
en PEL. La primera estrategia se enfoca en los condensadores de potencia y busca proponer una
mejora respecto a otros métodos existentes. La idea se basa en la estrecha relación que existe entre el
nivel de degradación de un condensador y su cambio en la capacitancia, por lo que se propone un
método en línea, de relativo bajo costo computacional, con buenas características de precisión, y sin
la necesidad de componentes adicionales para estimar la capacitancia del banco de condensadores de
potencia del SM. El método se lleva a cabo utilizando las mediciones comúnmente encontradas en el
SM para las acciones de control y protección, en conjunto con la técnica recursive weight least squares
para mejorar la precisión de la estimación. A través de simulaciones en tiempo real y resultados de
laboratorio se demuestra el desempeño de esta idea bajo diferentes condiciones de degradación de los
condensadores y operación del conversor.

La segunda estrategia responde a las restricciones existentes de costo, espacio y capacidad de proce-
samiento para obtener información útil sobre la degradación de componentes diferentes a los conden-
sadores y semiconductores de potencia. El esquema se basa en la idea de que cambios en los circuitos
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conectados en los secundarios de la fuente de poder auxiliar del SM (ASPS), producto de una falla o la
degradación de uno o varios componentes, pueden ser detectados y monitoreados en el lado primario,
permitiendo, finalmente, evaluar su nivel de deterioro. De esta manera, el método planteado consiste
en la estimacón del consumo de potencia de la ASPS y la utilización del concepto de diccionario de
fallas para detectar los SMs cuyas ASPS muestran un consumo de potencia diferente a lo esperado para
un SM no deteriorado. Un ejemplo práctico aplicado al SM desarrollado en este trabajo y en conjunto
con datos obtenidos experimentalmente es presentado y analizado detalladamente, concluyendo que
esta idea es viable para desarrollar nuevas e interesantes estrategias de CHM aplicados a MMC.

A través de la experiencia obtenida de este trabajo y bajo el supuesto de que los futuros MMCs
presenten diversas técnicas de CHM, es de esperar que el manejo, procesamiento y extración de
información relevante sea un problema abierto y desafiante para la evaluación del estado de salud
de este tipo de conversores. Inspirado en el concepto de fusión de datos y en los problemas de
toma de decisión con múltiples criterios (MCDM), se propone un esquema para integrar diferentes
indicadores de salud con el objetivo de componer un único y representativo indicador a nivel de SM
y/o conversor. Diferentes técnicas que consideran información cuantitativa, desde los sensores del
SM, e información cualitativa, proveniente de una evaluación experta, son presentados y verificados
a través de ejemplos numéricos alimentados con datos obtenidos experimentalmente. Se concluye
que los metodos basados en entropía, fuzzy-TOPSIS y teoría de juegos son soluciones suficientes para
unificar múltiples indicadores de salud y evaluar el estado de salud del conversor.

Palabras clave confiabilidad, monitoreo del estado de salud, media tensión, alta potencia, conversor
modular multi-nivel.
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1
Introduction

1.1 Renewable energy transition

The adverse effects of climate change on a global scale have led to unprecedented transversal agree-
ments among country leaders, the scientific community, the private sector, and society, in general, to
tackle greenhouse gas (GHG) emissions and mitigate the effects of climate change over the population.
The Paris Agreement in 2015, the most recent and important country-level agreement, congregated
195 nations to accord reducing global GHG emissions to limit the global temperature increase during
this century to 2 °C above pre-industrial levels [1]. Since then, different country policies towards
accomplishing the Paris Agreement have been implemented, mostly related to the energy sector as
it is responsible for around three-quarters of global CO2 emissions (transport, heat and electricity
sectors) [2]. Example of actions have been decarbonization of energy systems through economic
incentives for the incorporation of renewable energy sources (RES) [3]; the introduction of energy
storage systems to manage volatility in the electrical systems [4]; and the electrification of the energy
used by transport [5] and industrial sectors [6].

The transition from oil & gas-based system to a RES-based as a primary energy source, together with
the electrification of different carbon-based applications is already happening, it is widely recognized
that to move forward into a completely sustainable system is not a simple task and it comes with
complex emerging economic and technical challenges. The current and expected increment of RES
and the connection of complex loads such as prosumers and electric vehicles in the electrical system
brings with it one of the most challenging issues during frequency regulation as generation and
consumption present an inherent stochastic intermittent nature. Other aspects of concern are: low
short-circuit levels, which increases voltage instability and complicates fault detection/protection
systems; power quality at the point of connection, as RES generators are feed-in via power electronics-
based converters; and low-inertia as RES generators provide significantly less inertia compared with
synchronous solutions [7], [8]. When electricity is understood as a commodity produced in multiple
points spread on a vast geographical surface with different sources and technologies, transmitted
through long power lines interconnected between them and served into various applications, the
power system has to be as reliable as possible. The reliability concept applied to power networks might
be understood as the ability to deliver electricity to all consumption points and receive electricity
from all supply points within accepted technical standards and in the desired amount. For a power
system to be reliable, it must comply with adequacy requirements, i.e., the ability to meet the electric
power and energy requirements within acceptable technical limits, and security, i.e., the ability to
withstand disturbances [9].

It is becoming clear that the transition to a sustainable energy system is not an easy task, involving
different actors from power system regulators, planners and operators to power plants owners and
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Chapter 1. Introduction

operators. During the past two decades, many of these challenges have been faced employing the
power electronics-based converters operating as an interface between a power source or load and the
grid and operating as grid support for stability improvement and power quality. However, present
and future challenges in large-scale RES integration require that current power converter technology
evolve to address system reliability adequately, transforming it into a key technology.

1.2 Modular multilevel converter reliability

The next generation of high-power converters for large-scale RES, massive transportation, and
storage systems integration is expected to employ an increasing number of modular multilevel
converters (MMCs) [10]. A MMC is a modern concept in which several modular (small power) units
are interconnected to form a whole converter, exhibiting several advantages such as full modularity,
voltage scalability, current scalability, high efficiency, low harmonic voltage distortion, redundancy,
control flexibility, and transformer-less operation [11]. The modular units, namely submodules (SMs),
can be connected in series with an inductor forming a branch [11]–[13]. Depending on how the
branches are connected, different topologies for various applications are devised. For instance, a
three-phase dc-ac MMC is formed with a set of three legs in parallel, being a leg the series connection
of two branches as it is depicted in Fig. 1.1 [14]. On the other hand, an ac-ac MMC (also known as
direct MMC, matrix MMC or triple-star bridge cells) can be formed with nine branches interfacing
two three-phase ac systems (cf. Fig. 1.1) [15].

Since the introduction of the MMC concept [10], different studies have presented new configurations
and control schemes, being some of them suitable and promising solutions not only for high-power
wind [16] and photovoltaics (PV) energy conversion [17] but also for other relevant applications
needed for further advances in the sustainable energy transition such as solid-state transformers [18],
flexible distribution networks [19], railway interties [20], medium voltage (MV) motor drives [21],
flexible ac transmission systems (FACTS) [22], and hydropower applications [23].

Even more, some of these ideas have made their way to the industry, finding practical applications.

iA

iB

iC

Lbr

(+)

(−)

A B C

a

b

c

Fig. 1.1 Generic MMC structure. Left side: rectifier/inverter ac-dc configuration. Right side: ac-ac direct
MMC configuration. Building block might be full-bridge (FB), half-bridge (HB) or a combination of them.
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1.2. Modular multilevel converter reliability

(a) (b) (c)

Fig. 1.2 Commercial MMC HVdc solutions. a) Siemens HVDC PLUS [27], b) ABB HVDC LIGHT [28], c) GE
HVDC VSC [29].

For instance, in 2021, Hitachi ABB commissioned the first two MV direct-MMC units, each rated
for 80MW, intended for converter-fed synchronous machine pumped-hydro power plant in Austria
[24]. In 2020, Siemens commissioned a ±300MVA MMC-based static synchronous compensator
(STATCOM) in Haltern am See, Germany [25]. In 2017 Hitachi Energy commissioned a 916MW
MMC-based high voltage dc (HVdc) offshore wind connection in Germany [26].

Despite the extraordinary characteristics of the MMCs, the amount of research done around them
and the industry transformation willing to invest in this solution, the MMC technology is still in an
early stage of maturity, and different topics such as control schemes [30], power scalability [31], and
more importantly reliability [32]–[34] are still under investigation.

In general, a power electronics converter is an electronic device that uses power semiconductors
operating in switching mode to convert and control the electrical power to meet a specific needs
efficiently [35]. The latest advancements in power semiconductor devices, digital control systems,
and communication have accelerated the evolution of this technology, becoming highly attractive not
only for RES power conversion but also for other broad range of applications.

In the power electronics field, reliability might be understood as the ability of an item to perform a
required function under stated conditions for a stated period [36]. Historically, reliability has been
assessed using statistical curve fitting of field failure rate; however, this approach has proven to be
not very effective [37]. The drawback of this method is that those past failure events might not be
repeated in the future as stress environments, material properties, product quality, and product use
and misuse vary widely between applications. Instead, the new understandings of components and
materials root-cause of failure mechanisms, failure sites, failure modes, and failure-causing stresses
have allowed developing more accurate degradation models to prevent, detect effectively, and correct
failures associated with the design, manufacturing, and operation of a device [38]. Despite such
improvements in the field and its application to the reliability prediction and assessment in power
electronics, latest reliability studies have suggested that more research effort has to be done in order
to improve power converters reliability [39]. Different unexpected situations related to the operating
or environmental conditions, not necessarily considered during the design phase, might increase
the accumulated damage of some components, decreasing their expected lifetime; or lead converter
failure, increasing converter failure rate. For example, different experimental data sets, surveys, and
studies have concluded that the most critical components with the highest failure rates in a power
converter are the controllable power semiconductors (switches) and capacitors, contributing to more
than 50% of the faults [39], [40]. These components’ leading causes of failure are their exposition
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to thermal, electrical, and mechanical stress, e.g., due to long-term or frequent transient overload
conditions or heavy environmental conditions, such as extreme temperatures, moisture, mechanical
vibration, and chemical erosion radiation, and lightning [41].

As the majority of the power electronics-based converters, several power capacitors and switches
are used; however, in the MMC, due to a large number of SMs the number of these components and
many other electronic devices are dramatically higher compare with traditional converters. The EPFL
power electronics laboratory (PEL) MMC research platform made of several SMs is not the exception.
The Fig. 1.3 shows the EPFL PEL SM, which comprises a full-bridge 1.2 kV 70A insulated gate bipolar
transistor (IGBT) module, six 1.5mF electrolytic capacitors, a 20W (peak power) auxiliary submodule
power supply (ASPS) with multiple isolated outputs, a digital signal processor (DSP)-based local
controller and a variety of low power integrated circuits, resistors, capacitors, semiconductors and
connectors for measurement, protection, communication and control, which will be described in
detail on Chap. 3. Consequently, it is a complex power electronics circuit with many elements that
require comprehensive studies, holistic design considerations, and proper operation under various
operating conditions to achieve a more reliable MMC functioning while working in the field.

The probability of failure in an MMC depends on the reliability of its subsystems (e.g., branches) and
SMs [42], which depends on converter topology, operation mode, maintenance, SM structure and
number, components quality, among other factors. Commonly, MMC reliability is addressed at the
production level by considering proper electric circuit design and strict quality control procedures
performed before and after the converter is installed [37]. At the operational level, reliability is
faced through active fault-tolerant control systems, in which a fault is detected and localized using
fault-detection methods [43], [44]. Once a fault is detected, the damaged SM is isolated to reduce
consecutive failure and extra damage to the converter. Depending on the fault-tolerant method, the
converter may operate with reduced voltage and power quality [45] or at full capacity if redundant
SMs are available [46]. From the reliability and availability point of view, SM redundancy is visibly
more favorable; nevertheless, it represents a higher investment cost and increases converter volume
[33].

Low-voltage
components

Power & protection
components

Fig. 1.3 EPFL PEL MMC SM. Upper board contains all the low-voltage components while the lower part
contains power and protection components.
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Up to this point, it is important to stress that the ideas behind fault-tolerant methods propose a
post-fault reaction, allowing to manage the fault situations up to some extent to keep the converter
operating. However, reliability might be improved further if, in addition, other preventive techniques
of some sort could indicate the deterioration at the components or SMs or converter-level in order to
decide a course of actions such that a fault might be avoided.

1.3 Condition health monitoring and its application to MMCs

Condition health monitoring (CHM) arises as an attractive strategy to predict and prevent failures to
improve the reliability of power electronics-based converters, particularly of MMCs. The main idea
behind CHM concept is to periodically monitor selected critical components utilizing failure precursor
parameters monitoring in such a way that changes and trends of the monitored characteristic can be
used to estimate the component health condition (or state of deterioration) and trigger preventive
maintenance alarms before severe deterioration, or significant failure occurs [47].

Before condition monitoring techniques, scheduled maintenance was the primary maintenance
strategy. Scheduled maintenance refers to inspecting and fixing a device during a non-operating time,
either according to schedule or running hours. This idea might prevent many failures; however, it
causes unnecessary shutdowns, and unexpected events will still happen between two maintenance
periods.

In general, in power electronics applications, condition monitoring has been implemented through the
following three approaches: 1) device parameters indicative of degradation and captured through the
changes in the operational characteristic at a device or converter system level, for instance, ON-state
voltage 𝑉𝑐𝑒,𝑠𝑎𝑡 or resistance 𝑅𝑜𝑛, threshold gate voltage 𝑉𝑔𝑒,𝑡ℎ, and internal thermal resistance 𝑅𝑡ℎ using
thermo sensitive electrical parameters in the case of the IGBTs; 2) dedicated sensors embedded in the
device to monitor the physical degradation directly, for example, mechanical stress monitored using
strain gauges or local resistance measurement to detect bonding wire off in IGBTs; and 3) model-based
condition monitoring, in which the expected response of the converter to the stimulus, applied
externally or available internally during regular operation, is dependent on the device condition, and
degradation can be detected by comparing the measured response to the predicted by the model [48].

Despite that condition health monitoring ideas have been used in the power systems and power
electronics field, the limitations of the existing condition monitoring techniques are still significant
and have largely prevented its adoption in the field. The main limitations are summarized hereafter
[47]:

• significant research is needed to reduce or avoid the use of internal-device sensors or sensors
beyond those required for regular control and protection, as in new high-density power modules
the available space is very tight, and additional hardware might be in opposition to reliability
improvement and cost reduction,

• considerable research is needed to improve the condition monitoring techniques, mainly to
increase their sensitivity to aging indicators signals due to the fast-switching transient and the
relatively insignificant changes of device characteristics due to degradation. The research has
to address several challenges regarding sensor techniques and signal processing,

• additional effort is needed to capture the collective effect of aging indicators over a significant
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period, for example, the effect on converter efficiency and level of harmonics or electromagnetic
emissions.

Similar conclusions are raised regarding CHM techniques in MMCs as the research in this area is
recent and limited. In fact, the authors of [49] presented the first work where a CHM technique was
used in anMMC just eight years ago. Consequently, several challenges remain still open implementing
a reliable CHM technique on MMCs and that are addressed in this thesis.

1.4 Objectives and contributions of the thesis

Efficiency, power quality, power density, and voltage/current levels, among other characteristics
of power electronics converter, have led to the developing and adoption of promising conversion
technologies such as the MMC. Despite its several advantages and research, reliability issues related
to the number of components, significantly those more sensitive such as power capacitors and IGBT,
place the MMC as an immature technology. The early estimation of the degradation of the converter
and its components using CHM techniques of some sort might improve its reliability, allowing alarms
are triggered before a catastrophic fault occurs. Hence, this thesis focuses on developing CHM
strategies applied to the MMC-level, SM-level, and SM components-level and their experimental
validation using the PEL MMC research platform. Its main objectives and contributions can be
summarized as:

• some of the existing CHM strategies found in MMC applications require either additional hard-
ware (sensors or SMs) or modifications on control algorithms or specific operating conditions
of the converter such as start-up or shut-down. In some applications, where these conditions
are not allowed, it is of great interest to have a simple, accurate, and costless CHM method to
monitor a specific component. This work proposes a feasible online CHM to monitor the SM
electrolytic capacitors as they are some of the most critical and expensive components in the
converter,

• even though typical SM contains two sensitive components (IGBTs and power capacitors), there
is the need to monitor other components/circuits equally crucial for the proper operation of the
converter, such as the SM local controller hardware, IGBT gate-drivers, and power supplies. This
thesis aims to fill this gap by developing a CHM strategy using the ASPS power consumption
as a means to estimate the health status of the whole SM,

• to assess the health status of an SM, it is common that different CHM strategies are performed for
some particular components; however, specific research efforts is required toward integrating
that available information to build a unique health indicator. In consequence, this thesis
proposes a systematic approach in which all the existing CHM of an SM are integrated to create
an indicator that comprehensively represents the health status of all the SMs.

• development of a SM and test platform so that all results are experimentally validated. One
of the major difficulties in developing CHM methods for MMCs is the lack of a test setup in
which experimental validation can be carried out, as its design and construction are complex
and expensive. This work’s contribution is the development of two 250 kVA MMC units based
on the SM from Fig. 1.1, as par of medium voltage dc (MVdc) power supply.
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1.5 Outline of the thesis

Following the Chapter 1, the thesis is structured as follow:

Chapter 2 discusses widely the CHM concept and how it has been applied in power electronics field.
Particular emphasis is put in CHM strategies developed to assess health state of MMC at converter, SM
and components level. Through a thorough literature review, the concept and a variety of approaches
are presented, classified and compared, providing a complete overview of the state-of-the-art.

Chapter 3 introduces the main principles and equations that rule the operation of studied MMC,
providing the basis for the development of this work. From simple voltage and current loop equations
to more complex description of how energy is transferred, distributed and controled during converter
operation. In addition, complete description is presented of the achieved PEL SM, emphasizing main
components sizing and overall functionality. Experimental test results of its operation during the
charging / operating and discharging process, protection actuators, and ASPS output regulation are
provided.

Chapter 4 presents a CHM strategy for the MMC SM power capacitors. The method leans in the idea
that capacitance reduction reflects the degradation level of the device, thus the proposed technique
aims for the SM dc-link capacitance estimation. The strategy is deployed in the SM local controller.
In each sampling period, the capacitance is estimated using the typically available SM terminal
current, dc-link voltage, and the IGBT control signals, together with the recursive weight least squares
(RWLS) parameter estimation technique. The method is introduced and validated thoroughly through
offline and real-time hardware-in-the-loop (RT-HIL) simulations and experimental tests, showing its
effectiveness in identifying actual and changes in the SM capacitance.

Chapter 5 introduces a new approach for a SM-level CHM. The strategy is based on observing
different SM subcircuits by monitoring its single switch flyback-based ASPS consumption. The
method settles on the idea that small changes in the circuits loading the ASPS secondary side can be
detected and used to assess the deterioration level of an important portion of the SM circuits instead
of a particular component. The ASPS consumption is estimated considering a simplified ASPS model,
the SM dc-link voltage measurement and the ASPS switch pulses. Then, input power estimation
at SM-level is compared against a fault dictionary to assess the SM (or a set of them) drifting from
expected operation. The presented concept is deployed in a SM and validated experimentally.

Chapter 6 discusses and proposes a MMC CHM concept based on the integration of existing SM
local CHM methods to compose a comprehensive converter or SM-level CHM strategy. A systematic
approach to consider both expert and objective information coming from the SMs is presented.
Through collected experimental data, numerical examples and offline simulations, it is discussed
and demonstrated method performance and viability for its deployment on the PEL MMC research
platform.

Chapter 7 summarizes the findings, contributions, and future work related to this thesis.
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2
Condition Health Monitoring and its

Application to MMCs

This chapter presents the state of research on the condition health monitoring techniques in the modular
multilevel converter. Key concepts such as degradation, reliability, and prognosis and health management
are introduced and used to present the main characteristics of the condition health monitoring concept
and how it has been utilized to improve the reliability of power electronics devices and, particularly, the
modular multilevel converter.

2.1 Devices degradation

In general, human-engineered artifacts, devices or system are conceived to fulfill one or multiple
purposes. From a simple metallic knife to cut a piece of bread to very complex spacecraft rockets
to support interplanetary exploration. Artifacts construction demand for particular materials or
compounds to build their forming parts and sustain the required tasks. Intuitively and by everyday
experience, materials present phenomena of loss of some quality or functionality along time and under
certain conditions. For instance, the car tire wear due to its friction with road or the performance
reduction in the photovoltaic modules due to thermal cycling. This phenomenon has been labeled
as degradation, aging, deterioration, devolution, or wear-out [50]. Fundamentally, degradation is
described by the second law of thermodynamics, where entropy, a measure of disorder, tends to
increase with time in a closed system. The initial order created during device manufacturing (so that
the device might be useful) decreases in a random manner (entropy increase) and becomes visible in
the macroscopic world (aging) due to irreversible dissipative processes and forces, such as friction,
chemical reactions, plasticity, dislocation movements, and corrosion [51]. If no external action is
done to reduce or stop this process, eventually the degraded material fails and not useful work is able
to perform.

Engineers and many other specialists, therefore, are confronted with a challenging situation in which
they must manage the degradation rate of a device to prevent failure. For instance, aeronautic
engineers have to ensure that aircraft do not fail during flying through extensive designing, testing,
and quality manufacturing. Similarly, medical doctors are encouraged to maintain, restore, improve
and prolong human health by administrating and performing appropriate treatment and counsel
to patients. By recognizing that inevitably materials age with time calls up to quantify if a specific
device will be able to perform the intended task it was made for, allowing, for instance that its design
and/or the manner in which it is used might be corrected. This quantification has been made through
the concept of reliability, i.e., the probability than an object system will perform its intended function
for a specific interval under stated conditions [52]. Historically, reliability engineering emerged
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as a military or space oriented discipline where long lifetime and harsh environmental conditions
are expected, and in which is usually expensive to replace or repair a faulty component. Through
test-to-pass approach based on standardized stress-based tests, devices were examined to withstand a
set of specific conditions (application characteristics) for a specific period of time (expected lifetime)
with no performance reduction (expectation). Then, characterized from several test resulted from
test-to-pass approach, the first version of the US Military-Handbook-217 was published by the US
Navy in 1962. It became quickly the standard by which reliability analysis was performed based
on constant failure rate models [53]. After 1990s, an important amount of evidence suggested that
reliability prediction of complex systems e.g., electronics circuits made of several integrated circuits
(ICs), was not appropiate described by using constant failure rate models [38] so new releases of the
US Military-Handbook-217 were officially canceled in 1995. Consequently, during 1990s, the concept
of physics-of-failure (PoF), first presented in the 1960s, started to gain attention shifting the reliability
assessment from pure empirical-based method to more scientific-based approach. The idea behind
PoF is to reveal and analysis the root-cause of failure mechanism of components [54] by the analytic
development of degradation models.

As per today, PoF concept is highly accepted in both industry and academy to assess devices relia-
bility, however the idea of developing degradation model for each device part (or selected ones) is
not sufficient neither advantageous when highly complex system is considered. Thus, three other
concepts have been taken into account when one talks about reliability in power electronics as it
was presented in [37]: Design for reliability (DFR), in which during the design phase of a component
or system the required reliability level is ensured using mission profile technique (i.e., to use accu-
mulated field experience, operating data and multiphysics-based simulation tools to simulate device
degradation process); verification methods, such as accelerated tests (i.e., investigated component is
overestressed in order to characterize its lifetime in the shortest period of time); and prognosis and
health management (PHM).

2.2 Prognostic and health management

PHM, as it is presented in [55], can be understood as an engineering discipline to provide users/decision-
makers with an integrated view of the health state of a device, machine or a system, focusing on
assessing and minimizing the operational impact of failures. An effective PHM system is expected to
provide early detection and isolation of the precursor and/or incipient fault of components or sub-
elements; to have the means to monitor and predict the progression of the fault; and to autonomously
trigger maintenance schedule and asset management decisions or actions. The detected, incipient
fault condition should be monitored, trended from a small fault as it progresses to a larger fault, until
it warrants some maintenance action and/or replacement. By employing such a system, the health of
observed element can be known at any point in time, and the eventual occurrence of a failure can be
predicted and prevented, enabling the achievement of near-zero downtime performance, avoidance
of unnecessary and costly preventive maintenance, maintenance scheduling can be optimized, and
lead-time for spare parts and resources can be reduced — all of which can result in significant cost
savings. Please note that in this work the meaning of fault is the same as found in [52], i.e., an
anomalous condition that can cause a device failure (unacceptable reduction in the required function).

Despite the idea of PHM seems very broad, it comes from merging two topics that are interesting in
their own right, health management and prognostics (also known as prognosis). Health management
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has been described by several authors [56], [57]; however, a complete and up to date definition
can be found in the IEEE Std 1856-2017 [52]. It is stated that health management is the process of
decision-making and implementation of actions based on the estimate of the state of health derived
from health monitoring (current condition) and expected future use of the system, and includes the
decision of what response actions to take and the actions themselves, which may include continuing
operating, repair, replacement, reallocation of resources, re-prioritize functions/change system goals,
and remove/ shutdown device.

On the other hand, the concept of prognostics, which feed-in the health management system, is known
for coming from the medicine field and stand for the doctor’s judgment of the likely or expected
development of a disease or of the chances of getting better [56]. In the electrical engineering field, for
instance, prognostics is considered as the process of forecasting for an object or system the time (or
alternatively the remaining useful life (RUL)) at which will not longer perform its intended function
within the desired specification, by means of predicting the progression of a fault given the historical
available information, the current degree of degradation, and the anticipated future operational
and environmental conditions. Deeper analysis and explanation of PHM, prognostics and health
management can be found in [58]–[60].

What is relevant for this work is to recognize that implicit in the definitions of PHM, health manage-
ment and prognostic, two foundational concepts, diagnostics (also known as diagnosis) and condition
monitoring, are encountered. The term diagnostics refers to the action of determining the cause of an
error in location (fault isolation) and nature (fault identification). Conversely, condition monitoring
concept, which is the main topic of this thesis, is presented in detail in the following section.

An illustration of how each main concept operate is presented in Fig. 2.1, while Fig. 2.2 shows PHM
framework.
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Fig. 2.1 Main concept differences with respect to time. CHM estimates the current degradation level of a
component and result is compared with a degradation threshold to trigger an alarm. Prognostics uses CHM to
perform a prediction of the future degradation state of a device. Ideally, prediction time is before the maximum
degradation level of the component is reached. Diagnostics recognizes the cause and source of failure.
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Fig. 2.2 PHM framework, adapted from [52]. Physical sensors convert real-world phenomena into electrical
signals that are digitalized by an acquisition unit (data capture and processing). Then, information is analyzed
at different levels: CHM uses a parameter threshold comparison; diagnostics detects, identifies, and isolates a
failure; and prognostics predicts the future state. The analysis block outcome feeds the health management
unit that defines and executes a response.

2.3 Condition health monitoring

According to [47], [52], [61] condition monitoring or condition health monitoring CHM concept is
described as a technique or process of supervising the operating characteristic of a device in order that
changes and or trends of the monitored characteristics can be used to predict the need for maintenance
before serious/catastrophic deterioration or breakdown occurs.

The importance of CHM might be well understood from maintenance philosophies [62]. Typically,
maintenance can be broadly classified as reactive (unplanned or unscheduled) and proactive (also
known as scheduled or planned). Historically, reactive maintenance is performed mainly after device
failure; however, logistic issues due to spare parts storage, highly trained labor force requirement,
and downtime costs make this strategy economically non-attractive. Instead, proactive perspectives,
such as preventive maintenance, i.e., to perform maintenance actions at predetermined intervals to
reduce the probability of failure or performance reduction, are more convenient. The problem with
the preventive maintenance philosophy is that considering past failure events will repeat in the future,
used to determine maintenance intervals, is not necessarily true. Some of these events are random
and highly affected by new and unexpected operating conditions. Thus, the PHM concept, driven by
the idea of CHM, fills the uncertainty gap by constantly monitoring the device’s health condition.

For this reason, the concept of condition monitoring is highly investigated and has gained relevancy
in the electrical engineering field as well as in other scientific and industry areas. For instance, in
the railway industry, condition monitoring techniques based on wireless sensor are employed to
observe the state of bridges and tunnels (structural cracks and fatigue, static and dynamic loads,
and ambient conditions), rail tracks and track beds (metal crack, displacement, twist and tilt), track
equipment (e.g., fixations of actuators and sensors) along with vehicle health monitoring such as
chassis, bogies, wheels, wagons (vibration) and locomotive engines (internal sensors) [63]. Another
interesting example is the condition monitoring in wind farms, in which, vibration, acoustic emission,
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strain, torque, temperature, and lubrication oil sensors along with electrical and supervisory data are
used to estimated the mechanical and electrical state of wind turbines [64], [65]. It has been proposed
to use fiber-optic acoustic sensor array for partial discharge monitoring in SiC-based MV converters
as potential change of air properties and insulation degradation might happen [66]. In [66] it has
been reported different strategies for condition monitoring of high voltage (HV) circuit breakers,
namely, coil current during tripping, tracking of travel curve of breaker contacts, dynamic resistance
measurement in main terminals, contacts mass loss estimation based on energy measurement during
current interruption and mechanical vibration. In the healthcare field, it is possible to find examples
where the human body is the observed ”device”. For instance, in [67]–[69], biomedical parameters e.g,
body temperature, heart rate, respiration, and blood pressure to estimate medical conditions such
as heart attack, tachycardia, bradycardia, myocardial infarction, atrial, ventricular fibrillation, atrial
ventricular flutters and premature ventricular contractions. Similarly, in [70] by using a wearable
acoustic sensor, diseases recognition, post-treatmeant monitoring and healthy habits improvement are
achieved in children at day-care centers. Finally, authors in [70] presents a monitoring and prediction
scheme of driver fatigue based on facial recognition (eyelid and gaze movement, head movement, and
facial expression).

In order to achieve CHM goals, commonly found strategies are formed by the following sections [61],
[71]:

• Sensor technology to convert a physical quantity (thermal, electrical, mechanical, chemical,
humidity, biological, magnetic, or optical) to an electrical signal. Selection of sensor types
and numbers depends on monitoring strategy, and vice verse, available sensors might define
monitoringmethod. In addition, sensors should be suitable for onlinemeasurement (for instance,
embedded in the observed system) and present good accuracy, sensitivity, precision, resolution,
range, linearity, response time, stabilization time, size, weight, shape, and cost. Other forms of
indirect sensing, such as duty cycles and pulse-width modulation (PWM) pulses in the case of
power electronics-based converters, can be considered in this classification.

• Data acquisition unit to perform amplification and pre-processing of sensor’s output signal,
for instance, analog filtering, scaling and offsetting, analog-to-digital conversion, and digital
signal processing. Data acquisition is commonly performed in DSP, field-programmable gate
array (FPGA), or a combination.

• Data analysis tool to recognize degradation signs appearing in the device so that alarm can
be triggered and further analysis can be exerted. There are two significant streams for data
analysis method classification, model-based [62], and data-driven.

Model-based methods focus on constructing mathematical models to comprehend systems’
behaviors using physical laws or probability theories. Using such amodel, a comparison between
estimated and measured systems fed by the same input provides a residual or difference. How
residual is created and analyzed will indicate the information to track the system degradation.
For instance, using an observer-based approach such as Kalman filters, the system is considered
aged-free if the discrepancy between the actual system state and estimated is zero. In another
case, if parameter estimation techniques such as recursive least-square estimation are used, the
system is considered degraded if the estimated parameter drifts from the expected value.

On the other hand, data-driven methods are preferred when there is a lack of understanding of
the dynamics of the observed system; thus, black-box modeling schemes fed by input/output
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data are usually adopted, such as neural networks.

• Failure mechanisms knowledge so that abnormal behavior of observed degradation signals
are post-processed, outcoming a clear indication of whether to perform a maintenance event or
continue operating.

A CHM strategy should consider following aspects:

• Gathered information should ideally be acquired without disturbing regular device/system
operation.

• depending on the application, online methods, i.e., performed during device operation, or offline
methods, i.e., that require that device is completely off, starting up or shutting down is possible;
however, the former is considered less practical as usually devices are required to operate
uninterrupted;

• usability of existing hardware (sensors) and processing power units, generally utilized for
system control and protection, should be preferred over the addition of extra components, as
simple, cheaper, lighter, and smaller systems are preferable, mainly, for instance, in high-power
density applications; and

• CHM method performance should be insensitive to the device operating conditions such as
temperature, mechanical vibration, or electrical load so that related PHM sub-systems, for
instance, prognostics, can be performed accurately at any given condition.

2.3.1 Major challenges

Even though CHM is a promising alternative to detect the early degradation state of a component, it
still presents some challenges that have delayed its massive adoption, especially in industry. These
challenges are summarized in this section.

Previously presented, CHM strategy relies on one or more parameters accounting for component
degradation; however, this condition does not always hold as it might be that some degradation
mechanisms are still not fully validated, complete, or are not applicable in every application. One
example is the collector-emitter voltage in IGBTs. It is affected not only by the semiconductor junction
temperature but gate oxide integrity, the quality of electrical connections, and metallization. [72].

For those applications that have overcome the previous scenario, numerous CHM implementations
proposed in the literature have not found their way to be adopted in field applications. Complexity,
cost, design constrictions, accessibility, and effectiveness under field operation environment might
explain this behavior. Particularly, sensors technology or any other indirect measurement technique
are challenging as several proposed CHM strategies are based on detecting relatively insignificant
changes of device characteristics. Consequently, the acquired information is either not helpful or
requires a considerable effort in signal conditioning (complex algorithms to process large amounts
of data), requiring more powerful processing units. Thus, robust, cost-effective and straightforward
condition monitoring methods are required.

Interestingly, little effort has been seen to capture the collective effect of the degradation process of
a device, e.g., efficiency, consumption, harmonic content, delays, or electromagnetic emissions in
the electrical engineering field. Most condition monitoring methods are limited to a single type of
component or an individual component [72]. Nevertheless, simultaneous degradation could occur at
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the application level on multiple components. Therefore, CHM methods based on the assumption
that a single component degrades at a time might not reflect the actual device condition. Moreover,
in some cases, a complete device is replaced in the presence of component fault or failure, which is
not economically convenient as the remaining parts are still functional. Thus, further development of
ideas such as system-level health precursors, system-level signal measurements [73], and data fusion
techniques [74] might be required.

2.4 Condition health monitoring in power electronics

Previous examples illustrate that despite power electronics-based converters have been widely used,
and technology is mature, scientific evidence of reliability issues can still be found in specialized
literature.

In 2007 the Institut fur Solare Energieversorgungstechnik (ISET) released a study comprising the
downtime caused by themalfunction of 1500wind generators in Germany during 15 years of operation.
The study concluded that for medium (rated power between 500 kW and 999 kW) and high-power
generators (rated power above 1MW) the annual failure rate is significantly higher than low-power
generators (rated power below 500 kW) even though for those with more than ten years of operation
(half of the expected lifetime). This is especially true for early failures in the first years of operation.
Moreover, the study pointed out that half of the failures were due to mechanical malfunctions and
the other half were due to electrical component issues distributed between sensors (10%), electronic
controllers (18% ), and electrical systems (23%) [34].

In [75] authors analyzed the failure information collected during 27 months between 2010 and 2012
from more than 600 PV plants installed in four continents operated by SunEdison. These systems
range from a few kW to 70MW, with more than 1500 power converters from 16 vendors. The study
showed that 43% of failure events were from power inverters.

The problems with power converters might be even worse, as a study carried out in Chile, one of the
countries with significant RES adoption in South America (around 10% of its energy mix in 2020) [76].
It is shown that PV plants comprising the 42% of the total installed capacity at the time of the study
(around 585MW in 2016), 85% of the failures were originated in the main power converters mainly
due to the environmental and climate conditions, specially for the plants located in the Atacama
desert where extreme weather, high solar radiation, high UV index and the salinity are present.

As suggested in [39], 56 responders of a survey carried out among component manufacturer, aerospace,
automotive, motor drives and utility power companies identified power devices (31%) and capacitors
(≈17%) as the most fragile components. The likely causes are environment (ambient temperature,
moisture, lighting, humidity, and mechanical vibration), system transient and overload (severe electri-
cal or thermal stress), and component design/manufacturing (packaging) [77], [78]. Thus, it can be
recognized that most research about CHM (as well as many other reliability improvement techniques)
applied to power electronics focuses on IGBT (and modules) and power capacitors.

The following part of this chapter focuses on the most classical failure precursors used for IGBT and
power capacitors CHM.
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2.4.1 CHM in IGBT technology

In IGBT (multichip and modules) technology, failure mechanisms are predominantly due to thermome-
chanical stress. Therefore, die-attach and bond wires are usually degraded; however, direct detection
of these faults (due to encapsulated chips or detectable at microscopical level) is possible mainly
by very invasive techniques such as scanning electron microscopy. Thus, more practical strategies
considering monitoring key-sensitive parameter variation are needed and described hereafter.

• On-state collector-emitter voltage-based strategy: Bond wire fatigue (bond lift-off and
flexure of wire heel) and die-attach are recognized as significant failure sites in wire-bond power
modules as well as multichip IGBT modules for high-power applications. The leading cause
is a significant coefficient of thermal expansion mismatch and temperature swings imposed
both by the power dissipation in the silicon and by the ohmic self-heating of the wires. Several
authors have investigated the relationship between VCE,on, die-attach degradation and bond
wire fatigue, resulting in different levels and trends of the device being considered degraded.
For instance, in [79] VCE,on drops during the thermal overstress test (accelerated aging test) due
to die-attach degradation. A VCE,on decrease of 8-25% range is considered a degraded device,
and it should be replaced before latch-up failure mechanism triggering (i.e., parasitic p-n-p-n
thyristor structure inherent in the device is activated, producing loss of collector current control
by the gate). On the other hand, a 3% VCE,on increase was identified as a fault, being the aging
of wire bonds during power cycle tests as its primary cause [80]. Even though VCE,on can reflect
the degradation state of the IGBT module, its use as a failure precursor is still challenging due to
measuring complexity (signal noise or disturbance during switching might lead to uncertainties
in the range of the parameter variation) and because at least two failure mechanisms may
compete, nullifying overall effect.

• Gate-emitter threshold voltage-based methods: VGE,th is the gate voltage at which the
IGBT turns on, and the collector current starts flowing. Its increase has been observed during
thermal stress tests, attributed to the gate oxide degradation. Authors in [79] detected threshold
voltage increases during tests and claimed that a maximum rise of 11% is considered a fault.
Similarly, in [81], a 300mV increase variation was found. In [82], several experimental tests
were carried out for different IGBT technologies, validating the increasing trend found before.
Authors suggested that VGE,th is a more stable parameter to detect IGBT degradation than
VCE,on. However, it is worth mentioning that VGE,th measurement at the chip level is very
impractical due to the closed encapsulation of the IGBT module.

• Switching time-based methods: use the change of waveforms, namely VCE, VGE, ICE, and
or IGE, during IGBT turn-on or turn-off [83]–[85] to detect device degradation. In [84] is
monitored VGE during turn-on to detect bond wire failure. It was shown that already failed
components present a faster rise rate of VGE than healthy devices, limiting its application as a
failure precursor. Similarly, in [85], the gate current IGE is observed, showing little variation
during the degradation test (bond wire lift-off). However, both proposals might be applicable
in high-power modules where several IGBT chips are present. In [86], toff is defined as the
amount of time for VCE to increase from 10% to 90% of its final value during turn-off. The
study demonstrated the ability to distinguish the difference between aged and healthy IGBTs
using measurements of toff within an operating temperature range of 305K to 315K. VCE rising
slope is bigger for healthy components, allowing the authors to claim that toff value might be
considered an early indicator of latch-up failure caused by damage in the die attach layer.
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• Temperature-based methods: rely on the idea that device thermal resistance Rth raises due to
cracks and voids between the silicon die and base plate (heatsink), reducing the effective area for
heat dissipation produced during the repetitive thermomechanical load application, and leading
to junction temperature increment. Thus, at higher junction temperature, the die becomes
susceptible to secondary breakdown, delamination of the metallization layers on the ceramic
substrate and brittle fracture of the substrate itself [87]. The challenge with this approach is
that measurement of the crack or void sizes, device thermal resistance, and exact junction
temperature is not easy to address. Instead, their indirect monitoring by measuring other
available parameters is more convenient. A simple way to estimate the junction temperature is
to use a temperature sensor near the junction with a thermal model [88]. This approach enables
online measurement without interrupting IGBT operation; however, it is invasive, and the
sensor location affects the measurements’ accuracy. Another method is to deduce the junction
temperature from measurements of a temperature sensitive electrical parameter (TSEP) such
as VCE,on. This approach consists of two steps, an offline characterization of IGBT under test
(VCE,on versus junction temperature); and an online estimation using VCE,on measurements
to retrieve junction temperature [88]. As stated before, real-time measurement of VCE,on is
challenging, especially in cases where the switching frequency is high. Another more feasible
approach was presented in [89]. The die attache damage was monitored by measuring the
device case and the ambient temperatures. The power loss producing the temperature gradient
is estimated from a thermal model. A lookup table that provided power loss information of
healthy IGBT modules was subsequently incorporated, enabling the estimation of solder layer
damage under various operating conditions. In the analysis, thermal transient within the
module was assumed to be much faster than the variation of the electrical operating point.
This assumption may limit the use of the method in, for instance, wind power and traction
applications, where the environmental and operating conditions can change faster than the
duration required for IGBT dies to reach their steady-state temperature. Authors in [90] propose
a technique for real-time monitoring of power module thermal response through a thermal
observer structure that combined with a loss injection algorithm, manipulates gate resistance
and switching frequency for small signal device loss excitation, creates a device self-sensing
unit, i.e., it enables the adaptive calibration of the device loss model, and it can conduct in-situ
thermal impedance spectroscopy of the power module over multiple frequency decades.

• Others: Alternatively, several works have proposed using application-level measurements
to identify semiconductors’ state of health. For instance, in [91], the authors proposed that
non-ideal switching (affected by device junction temperature) in a voltage source inverter, is
reflected in the output low-order harmonic content. Similarly, the authors in [92] observed
high-order oscillatory responses in the voltage amplitudes and currents during switching. This
response was related to the changes in parasitic capacitances in IGBTs after thermoelectrical
aging. In [93], a spread spectrum time domain reflectometry-based approach was described.
The idea is to use the reflectometry approach to measure IGBT collector-emitter impedance (an
indirect measurement of VCE,on).

Additional interesting information about the IGBT failure mechanism and related parameters can be
found in [77], [94], [95], while Tab. 2.1 summarizes main employed IGBT parameters for CHM.
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Fig. 2.3 Cross-section of the structural scheme of a bond wire IGBT module. Please note that module heatsink
and thermal grease are elements commonly added by the user.

Tab. 2.1 Overview of main IGBT CHM parameters

CHM parameter Degrad. threshold Main stressor Site Failure mechanism Failure mode

VCE,on
↓8-25% Electrical overstress, high

temperature
Silicon die-
attach

Latch-up, secondary break-
down

Loss of gate control, short
circuit

↑3% Thermomechanical Bond wire fa-
tigue

Mechanical fatigue Open circuit

VGE,th ↑11%, 300mV Over voltage, high temper-
ature, high electric field

Gate oxide layer Time dependent dielectric
breakdown

Increase leakeage current,
loss of gate control, short cir-
cuit

𝑑
𝑑𝑡
VGE(𝑡𝑜𝑛),

𝑑
𝑑𝑡
IGE(𝑡𝑜𝑛)

↑ Thermomechanical Bond wire fa-
tigue

Mechanical fatigue Open circuit

𝑑
𝑑𝑡
VCE(𝑡𝑜𝑓 𝑓) ↑ Electrical overstress, high

temperature
Silicon die attach Latch-up, secondary break-

down
Loss of gate control, short
circuit

Rth ↑20% High temperature Silicon die
attach, solder
layer

Secondary breakdown, ther-
mal runaway

Short circuit, delamitacion
of metallization

↑: increase, ↓: decrease

2.4.2 CHM in power capacitors

Power capacitors in power electronics-based applications are extensively and mainly used in convert-
ers dc-link to balance the instantaneous power difference between input/output terminals [78]. The
most common technologies are aluminum electrolytic capacitor (Al-cap), metallized polypropylene
film capacitor (MPPF-cap), and multilayer ceramic capacitor (MLC-cap). The three types exhibit
different advantages and disadvantages. The Al-caps achieve the highest energy density and lower
cost per Joule; however, relatively high equivalent series resistance (ESR) (cf. Fig. 2.4), low ripple
current levels, and wear out problems due to electrolyte evaporation. The MLC-caps have smaller
sizes, a wider frequency range, and higher operating temperatures; however, they present higher cost
and mechanical sensitivity. The MPPF-caps present an excellent performance for HV applications in
cost and ESR, capacitance, ripple current, and reliability. Nevertheless, they present large volume and
moderate high operating temperature. Authors in [96] thoroughly described and compared these
three technologies.
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Fig. 2.4 Capacitor lumped model and its impedance characteristic. C is the ideal capacitance; R𝑝 is the
insulation resistance; ESR is the equivalent series resistance and represents all ohmic losses ; and equivalent
series inductance (ESL) is the equivalent series inductance due to capacitor’s leads connection path.

As power capacitors are considered the secondmost sensitive (i.e., present higher failure rate compared
to other elements) component found in power converters, this section focuses on presenting major
failure precursor parameters used for capacitor CHM strategies.

Due to intrinsic and extrinsic factors, such as design defects, the material wearing out, operating
temperature, voltage and current, moisture, and mechanical stress, capacitors could fail. In the
case of MLC-caps, the primary failure mechanisms are dielectric breakdown due to microcracks,
delaminations, and impurities in the ceramic and flex cracking [78], [97]. In the case of MPPF-caps,
dielectric breakdown and reduction in electrode area due to electrical overstress (e.g., overvoltage)
and corrosion (e.g., atmospheric moisture) are the principal mechanisms of failure. In Al-caps, the
primary failure mechanism is the electrolyte vaporization, caused by their relatively high ESR and
limited heat dissipation surface (small size capacitors), and an increase of leaking current flowing in
the electrolyte due to cathode foil deterioration (big size capacitors) [98]. Even though the capacitor
technologies are quite different, it is expected that all these three types of devices degrade in a regular
application, showing similar failure precursors: capacitance reduction, ESR increment, and dissipation
factor increment. The only exception is MLC-caps, which instead of ESR variation, it is the insulation
resistance R𝑝 found to change while the device degrades (cf. Fig. 2.4). Tab. 2.2 summarizes the
failure precursor, degradation threshold, primary stressors, failure mechanisms, and failure mode for
all three technologies.

From the CHM point of view, as the failure precursors and their trend and threshold values are well
established theoretically and experimentally, the primary challenge is to identify the most practical
strategy to measure or estimate those parameters. Several strategies have been proposed depending
on the converter topology, capacitor technology, failure precursor target, sensor availability, and
computational power. For instance,[99] presented an offline method, i.e., the operation of the observed
system has to be interrupted, to estimate the ESR and C of the output capacitor of a buck converter.
A signal generator exciting the device and a scope measuring its response is used to calculate the
capacitor impedance at 120Hz and 1 kHz to estimate the capacitance and ESR, respectively. Despite
the promising results provided for this method, the converter has to be not operating, and the
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Tab. 2.2 Overview of main capacitor CHM parameters

Technology CHM parameter Degrad. threshold Main stressor Failure mechanism Failure mode

Al-caps C ↓20% Vcap, Tamb, Icap Self-healing
dielectric break-
down

Open circuit

ESR ↑200-250% Vibration Disconnection of
terminals

DF ↑200 % Vcap, Tamb, Icap Dielectric break-
down of oxide
layer

Short circuit

Tamb, Icap Electrolyte vapor-
ization

Parameter drift

Vcap, Tamb, Icap Electrochemical
reaction

MPPF-caps C ↓5% Vcap, Tamb,
𝑑
𝑑𝑡
Vcap Self-healing

dielectric break-
down

Open circuit

ESR ↑150% Tamb, Icap Connection insta-
bility by heat con-
traction of a di-
electric film

DF ↑300% Humidity Reduction in elec-
trode area (mois-
ture)

Vcap,
𝑑
𝑑𝑡
Vcap Dielectric film

breakdown
Short circuit
(with resistance)

Humidity Moisture absorp-
tion by film

Vcap, Tamb, Icap,
humidity

Dielectric loss Parameter drift

MLC-caps C ↓10% Vcap, Tamb, Icap Dielectric break-
down

Short circuit

DF ↑200% Vibration Cracking, body
damange

Rp <107Ω Vcap, Tamb, Icap, vi-
bration

Oxide vacancy
migration, di-
electric puncture,
insulation degra-
dation

Parameter drift

↑: increase, ↓: decrease, Vcap: capacitor voltage stress, Icap: capacitor ripple current stress, Tamb: ambient temperature, DF: dissipation factor
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procedure has to be repeated for each capacitor; thus, it is not practical for continuous operation
applications and those with a large number of capacitors such as MMC.

On the contrary, online methods, i.e., the monitored system operating while health indicators are
obtained, are considerably more convenient. In this case, precursor failure extraction is relatively
more complex as electrical noise conditions, sensor availability/addition, system modeling, and
computational power play an important role. For instance, authors in [100] proposed an online
strategy to estimate the capacitance of the dc-link of a three-phase ac-ac converter in a back-to-back
configuration. By injecting a 30Hz voltage component in the dc-link using the converter control
algorithm, knowing the system’s input/output active power, and using the recursive least squares
(RLS) method, the capacitance was estimated with less than 0.4 % error. The result and concept are
auspicious; however, two main drawbacks might be considered further. The first is that input/output
power in such a system is not always accurate (two ac current sensors, assuming balanced currents)
or available (ac voltage measurement or current in the dc-link). The second issue is that additional
voltage harmonic injection might increase dc-link voltage and current ripple, increasing losses and
voltage stress in the device.

A similar approach is proposed in [101]; however, no harmonic injection is employed. Instead, it is
used the dc-link voltage and current harmonics that naturally appear due to the input/output power
transfer in a single-phase grid-connected PV inverter. The authors claim that capacitance can be
estimated by simply dividing the integral of dc-link current and associated voltage ripple during half
of a fundamental period, obtaining a maximum error of 2.56%.

The main characteristic of previously presented strategies is that they are model-based methods, i.e.,
a minimum knowledge of the system dynamics and its operation is required. When this condition is
impossible to meet, approaches like [102] and [103] are attractive. In [102], it is proposed to use an
artificial neural network (ANN) for the condition monitoring, and its application is illustrated using
a FB diode rectifier. The ANNs are intelligent tools that view the circuit as a black box and do not
consider the circuit level details. Well-established training algorithms enable these intelligent systems
to map the input(s) of the circuit to the corresponding output(s) at any point in time, over a wide
range of operating conditions. By using this method, in particular, it is possible to recognize a 0.5 Ω
resistance placed in series connection with the dc-link capacitor. In [103], the authors propose an
ANN to estimate the dc-link capacitance of the same topology tested in [100] (back-to-back converter).
Simulation results show that a maximum error of 0.5% is achievable. This technique’s challenges are
the amount of training data used to adjust the ANN gains and the extra computational burden.

2.5 Condition health monitoring in modular multilevel converter

As will be extensively introduced in the following chapter, the MMC is formed by several SMs,
each made of power semiconductors devices, power capacitors, printed circuit boards (PCBs), ICs,
magnetics, mechanics, connectors and passive components. Thus, due to the large number of parts,
among other factors such as operating conditions, design considerations, and control strategy, it is
that MMC reliability might be of concern and the use of a CHM strategy of some sort becomes a
highly desirable feature. This section presents the latest advances in CHM methods applied to the
MMC.

Despite the MMC concept is known for more than 20 years, the development of CHM techniques
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Fig. 2.5 State-of-the-art summary of the CHM concept applied to MMCs. Each layer represents a method
classification category. From the inner layer: component/technology (Al-cap, MPPF-cap and IGBT); availability
(online/offline); precursor parameter (Capacitance (C), ESR, IGBT collector-emitter resistance (R𝑐𝑒), and partial
discharge event (PD); and data analysis strategy (M-I, M-II, and M-III).

applied to its components is relatively recent and modest. Based on the IEEE Xplore database, only 28
scientific publications were found addressing the topic, the first published in 2014 [49]. A complete
cadastre of found publications is presented in App. A and summarized in Fig. 2.5.

Aligned with the development of CHM in other power electronics-based applications, the two
most sensitive components, the SM power semiconductors, typically IGBT (7%) and, notably, power
capacitors, typically Al-cap (79%), and MPPF-cap (14%), are those of the most interest. Introduced
early in this chapter, CHM strategies can be broadly classified online and offline. In this sense, only
[104] is considered offline as it estimates the SM capacitance during the system start-up. During
the passive charging of the SMs, the branch current, the SM dc-link voltages, and charging time are
used to solve the well-established circuit formed by the converter dc-port, the pre-charge resistor
and the SMs within a leg. This idea achieves high accuracy (1% estimation error); however, in some
applications, where the converter requires permanent operation, it is not practical.

Observed failure precursors are capacitance (C) and ESR for capacitors, collector-emitter resistance
(Rce), and partial discharge events in the case of IGBT. For instance, in [105], a tunnel magnetore-
sistance is used to estimate the capacitance of the MPPF-cap. The idea consists of measuring the
capacitor current in an HB SM through this sensor technology. Then, the parameter is extracted
using the well-known capacitor model and RLS method. The advantage of the proposed sensor is
high current capacity, high response (it can feed a current protection scheme), and low cost (10% of
equivalent commercial solution).

Authors in [49] estimate the HB SM Al-cap capacitance by injecting a second harmonic current
component in the leg circulating current path, inducing the same voltage and current frequency
component in the SMs capacitors. Then, a band-pass filter and the RLS methods are employed to
extract the impedance and the capacitance, respectively. Even though the proposed idea achieves a
1.3% estimation error, the required injected signal and digital filters might impose additional losses
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and computational burden, respectively. In [106], both C and ESR are estimated. The idea is based
on measuring capacitor voltage and current (reconstructed from switches state) during SM inserted
period. To deal with short inserted periods, the authors selected consecutive periods to apply the
method. It is achieved a 3.3% and 0.01% estimation error for ESR and C, respectively. The presented
idea promises high accuracy and estimation time (1.5ms); however, it is validated only by simulations,
and limited to control strategies based on sorting algorithms.

In the case of IGBT, in [107] is proposed to estimate on state resistance (Rce). The parameters
are calculated from branch voltage and current, SMs switches states, and diodes forward voltages,
corrected by junction temperature. Finally, a Kalman filter is utilized to improve estimation accuracy.
Authors claim a 3% estimation error; however, the method relies on junction temperature, voltage
sensor accuracy, and the assumption that diode forward voltage is constant; in addition, results are
validated only through simulations. On the other hand, in [108], the authors propose a method to
detect partial discharge events to monitor the IGBT state of health. By sensing the capacitor current
of an HB SM and employing wavelet analysis, the current associated with a partial discharge event
in the turned-off IGBT is recognized. The idea seems novel in this context; however, sensors and
acquisition units with high bandwidth, accuracy, and sensitivity are required. A further experimental
investigation should be done to validate this idea entirely.

The last layer of Fig. 2.5 classifies the publications according to the employed data analysis strategy.
Three categories are presented: model-basedwith direct calculation (M-I), model-basedwith parameter
identification technique (M-II), and data-driven (M-III). Model-based methods, as introduced before,
mean that mathematical models to comprehend the system’s behavior are known. In particular, M-I
is an estimation using analytic equations that are solved using parameters (assumed constant) and
variables from the acquisition system. On the other hand, in M-II classification it is considered the
use of a more advanced technique to manage the uncertainties produced by the inherent noise in the
measurements, such as the Kalman filter. On the contrary, M-III refers to methods that do not use
mathematical models but input/output data.

An example of M-I classification is found in [109], where the voltage difference during the charging
process of a reference and observed SM is used to compute the capacitance difference between them.
This method is straightforward; however, it presents several implementation drawbacks. For instance,
the capacitance of the reference SM has to be known beforehand, typically estimated by a different
method. Additionally, twelve SMs (the reference and observed SM per branch) must be shut down for
several hours (as the capacitors discharging process is time consuming) to perform the method.

Work presented in [110] is an example of M-II classification. Like other publications, capacitance
is first calculated by integrating reconstructed capacitor current (using switches state) divided by
voltage variation. Due to inherent noise in both acquired current and voltage, capacitance estimation
can be significantly distorted; thus, the RLS method is employed for parameter identification, reducing
estimation error to 0.86% (a substantial improvement compared with a 1.7% obtained using a low-pass
filter).

Finally, [111] and [112] are examples of M-III classification. Authors in [111] propose using a back
propagation neural network to recognize SM capacitance variations as a function of switching
frequencies (a consequence of nearest level modulation). A maximum estimation error of 1% is
achieved, and the authors claim that implementation is simple. However, significant data training
is required and centralized switching frequency measurement (at least per branch). In the case of
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[112], the reliability-guided one-class classification method is introduced, in which, after training, the
classifier computes the probability of the current system operation being within the normal range
(capacitance).

Considering the presented state-of-the-art works, it is interesting to highlight the following conclu-
sions:

• M-III methods are slowly entering the field, promising fast, accurate and straightforward
solutions for CHM. The bottleneck might reside in the limited available computational power,
especially in those methods implemented locally in the SM (main tasks are data acquisition,
protection scheme, and communication) and the amount of data required to train and test the
methods. It is expected that future M-III methods will consider more than just capacitors and
semiconductors, providing a more comprehensive indication of the state of the SM.

• Just little effort has seen monitoring the power semiconductor and technologies different than
IGBT, despite the important number of publications covering this topic in other applications.
A reason might be the technical limitations of the commonly available sensors in the SM,
as parameters such as Vce present slight variations while component degrades. In addition,
with the improvement of mathematical tools, for instance, state observers, the trend is to use
fewer sensors, mainly to perform control strategies, interfering even more with the CHM
development.

• MMC CHM is completely focused on nothing more than capacitors and IGBTs, even though
several other components exist at the SM and converter level. This trend might be explained
considering the evidence of the relatively high failure rate of capacitors and power semicon-
ductors compared with other components such as gate-drivers or DSP, despite failing and
producing converter shut-down.

• No effort was found to monitor the state of health at the SM level, by integrating existing CHM
indicators or using a different approach to observe the whole unit. A similar conclusion might
be found at the converter level.

• More than 50% of revised methods were validated only by simulations, neglecting the non-
ideal conditions and practical issues detected during laboratory experiments and inducing
the idea that some schemes are highly accurate. For instance, the minimum estimation error
claimed using simulation was 0.01% [106], [113], 26 times better than the minimum found using
laboratory experiments [105].

• Current state-of-the-art does not reflect the application of other related topics such as PHM
and prognostics applied to MMC, which might be explained considering the lack of maturity
in developing CHM techniques. This observation matches MMC technology’s maturity and
encourages further investigation into this topic.

2.6 Summary

In this chapter, the CHM concept is thoroughly presented, starting from a comprehensive contextu-
alization through introducing the ideas of PHM, prognostics, health management, and diagnostics.
A variety of cases in which CHM is applied are presented in electrical engineering, power electron-
ics, and other areas to illustrate and demonstrate the importance and complexity of the concept.
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2.6. Summary

In particular, a complete review is presented and discussed on how different CHM strategies are
formulated and implemented in the MMC. It is shown that the topic of this thesis still is an early stage
of development and, therefore, additional research has to be made on proposing and validating novel
CHM strategies, for instance, at components, SM, and converter level. Following chapter presents
the fundamental principles that explain classical MMC operation, and it is introduced the PEL MMC
research platform where MMC CHM research is carried out.
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3
Modular Multilevel Converter and Submodule

Although MMC can be found in different applications and topologies or modeled and controlled using
various techniques, this chapter focuses on the classic three-phase ac-dc MMC and the full-bridge SM as
its building block. Theoretical description of these two elements with particular stress on SM description,
main characteristics and functionalities, and selected illustrative experimental results expose the hardware
conditions and assumptions in which this thesis is elaborated.

3.1 MMC operating principles

The MMC, first introduced in [114], belongs to the high-power MV cascaded topologies and it is
founded in the use of multiple low-voltage low-power power electronics building blocks, namely
SMs, with a single-phase ac terminal and an energy storage element, commonly capacitors. The ac-dc
MMC depifcted in Fig. 3.1 is the classical configuration in which bidirectional ac-dc conversion is
possible.

The series connection of the SMs with an inductor form a branch. The inductor is needed to filter
the high order harmonics of branch current, to allow parallel branch connection, and to limit branch
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Lbr Lbr Lbr
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Fig. 3.1 Classical ac-dc MMC scheme and common nomenclature. Highlighted in red, the SM is the building
block of the converter. The series connection of several SMs with an inductor form a branch (highlighted
purple), and finally, the connection of two branches form a leg (highlighted green). The three-phase port can
be recognized in the picture’s left side while in the right side is the dc port (for the sake of completeness, the dc
port also can operate as ac port).
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short circuit current in case of faults. Two series-connected branches form a leg whose midpoint is
connected to the converter ac port. Finally, the three legs connected in parallel form the converter.
The main advantage of this idea is that employing an arbitrary number of identical SMs within a
branch (modularity) it is possible to achieve an arbitrary output voltage while harmonic performance
and efficiency are high.

The MMC operation is based on controlling the six branches such that the MMC ac and dc port
voltage magnitudes are as desired, irrespectively of current polarity or magnitude; thus, the converter
might operate as a rectifier or inverter with leading or lagging power factor. The sum of branch
voltages (upper and lower) is approximately equal to the dc port voltage, while the voltage difference
can be set at any point within dc port voltage. Thus, the three legs can provide a set of three
symmetrical alternating voltages while the dc port is kept constant, meaning that the MMC can act
as voltage-source converter (VSC) in both the ac and dc terminals.

In order to derive the MMC main equations and without loss of generality, one can consider the
simplified scheme of Fig. 3.2, where only leg 1 is detailed and used hereafter for analysis purposes. For
simplicity, it is assumed that all the SMs are identical, and the branch inductors have the same value
𝐿𝑏𝑟 without any magnetic coupling between them. In addition, it is considered that the converter’s
ac port terminals are connected to a three-phase source with neutral point 𝑛 and without source
impedance, while the dc port is represented by two series connected dc sources with a midpoint
𝑂 and without source impedance. Accordingly, Loop 1 and Loop 2 circuits can be identified. Loop
1 comprises the upper or positive branch, the positive dc source (𝑣𝑑𝑐1), and the ac source. Loop 2
comprises the lower or negative branch, the ac source, and the negative dc source (𝑣𝑑𝑐2). Then, using
the Kirchhoff’s voltage law (KVL) for each loop yields

Leg3 Leg2

vp1

vn1

ip1

in1

Lbr

Lbr

vsm1 v
dc
sm1

v
dc
smN

vsmN

Loop1

vdc1

vdc2

vg1

n

O
vnO

Loop2

ig1

idc1

idc2

VDC

Fig. 3.2 MMC leg 1 equivalent circuit and nomenclature. 𝑁 series connected SMs with the inductor 𝐿𝑏𝑟 form
the positive branch. Similarly, another set of 𝑁 SMs and an inductor in the bottom part form the negative
branch. The 𝑖-th SM synthesizes a voltage 𝑣𝑠𝑚𝑖

using its dc-link voltage 𝑣 𝑑𝑐𝑠𝑚𝑖
, with 𝑖 = {1, ..., 2𝑁 }. The leg 1

midpoint is connected to the line source voltage 𝑣𝑔1, while the other two terminals are connected to the dc port
of the converter. In order to facilitate the mathematical analysis, the dc port is modeled by the two dc sources
𝑣𝑑𝑐1 and 𝑣𝑑𝑐2, with midpoint 𝑂.
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3.1. MMC operating principles

−𝑣𝑑𝑐1 + 𝑣𝑝1 + 𝐿𝑏𝑟
𝑑𝑖𝑝1
𝑑𝑡

+ 𝑣𝑔1 + 𝑣𝑛𝑂 = 0 (3.1)

−𝑣𝑑𝑐2 + 𝑣𝑛1 + 𝐿𝑏𝑟
𝑑𝑖𝑛1
𝑑𝑡

− 𝑣𝑔1 − 𝑣𝑛𝑂 = 0 (3.2)

By summing and subtracting these two equations it is obtained

𝑣𝑑𝑐1 + 𝑣𝑑𝑐2 = 𝑣𝑝1 + 𝑣𝑛1 + 𝐿𝑏𝑟
𝑑(𝑖𝑝1 + 𝑖𝑛1)

𝑑𝑡
(3.3)

𝑣𝑑𝑐1 − 𝑣𝑑𝑐2 = 𝑣𝑝1 − 𝑣𝑛1 + 2𝑣𝑔1 + 2𝑣𝑛𝑜 + 𝐿𝑏𝑟
𝑑(𝑖𝑝1 − 𝑖𝑛1)

𝑑𝑡
(3.4)

On the other hand, applying the Kirchhoff’s current law (KCL) in the dc positive and negative terminals
yields

𝑖𝑑𝑐1 = 𝑖𝑝1 + 𝑖𝑝2 + 𝑖𝑝3 (3.5)

𝑖𝑑𝑐2 = 𝑖𝑛1 + 𝑖𝑛2 + 𝑖𝑛3 (3.6)

In order to simplify the following analysis, it is common to utilize the linear transformation (3.7) for
the branch voltages and (3.8) for the branch currents

𝑣𝑠1 =
𝑣𝑛1 − 𝑣𝑝1

2

𝑣𝑐1 =
𝑣𝑝1 + 𝑣𝑛1

2

⟺ 𝑣𝑝1 = 𝑣𝑐1 − 𝑣𝑠1
𝑣𝑛1 = 𝑣𝑐1 + 𝑣𝑠1

(3.7)

𝑖𝑠1 = 𝑖𝑝1 − 𝑖𝑛1

𝑖𝑐1 =
𝑖𝑝1 + 𝑖𝑛1

2

⟺ 𝑖𝑝1 = 𝑖𝑐1 +
𝑖𝑠1
2

𝑖𝑛1 = 𝑖𝑐1 −
𝑖𝑠1
2

(3.8)

then, equations (3.5) and (3.6) can be rewritten as

𝑣𝑑𝑐1 + 𝑣𝑑𝑐2
2

= 𝑣𝑐1 + 𝐿𝑏𝑟
𝑑𝑖𝑐1
𝑑𝑡

(3.9)

𝑣𝑑𝑐1 − 𝑣𝑑𝑐2
2

= −𝑣𝑠1 + 𝑣𝑔1 + 𝑣𝑛𝑜 +
𝐿𝑏𝑟
2

𝑑𝑖𝑠1
𝑑𝑡

(3.10)

where 𝑖𝑠1 is the leg 1 ac terminal current (equivalently 𝑖𝑔1) and 𝑣𝑠1 is the inner electromotive force
(EMF) of leg 1 driving this current. Correspondingly, 𝑖𝑐1 is the current that flows through the leg
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Chapter 3. Modular Multilevel Converter and Submodule

1, whereas 𝑣𝑐1 is the voltage driving this current. It is important to highlight that 𝑖𝑐1 is found with
different names and interpretations among scientific publications, thus to avoid misleading concepts,
in this work, the current 𝑖𝑐1 already considers one-third of the dc port current and the circulating
current of the leg 1 named 𝑖𝑐𝑖𝑟 𝑐1 as it will be addressed in more detail later in this chapter.
In most practical cases, there is no dc port midpoint connection, implying that 𝑣𝑑𝑐1 + 𝑣𝑑𝑐2 is equal
to the dc port voltage 𝑉𝐷𝐶, and 𝑣𝑑𝑐1 − 𝑣𝑑𝑐2 equals zero, thus 𝑣𝑑𝑐1 = 𝑣𝑑𝑐2 =

𝑉𝐷𝐶
2 , and 𝑖𝑑𝑐1 = 𝑖𝑑𝑐2 = 𝐼𝐷𝐶.

Then, by observing equations (3.9) and (3.10) can be concluded:

• for a constant value of 𝑉𝐷𝐶 the current 𝑖𝑐1 is controllable by the voltage 𝑣𝑐1. This can be extended
to the legs 2 and 3,

• for a constant magnitude of the voltage 𝑣𝑔1, the current 𝑖𝑠1 is controllable by the voltage 𝑣𝑠1.
This can be extended to the legs 2 and 3,

• the voltage 𝑣𝑛𝑜, also known as common-mode voltage, accounts for any imbalance between the
upper and lower dc side voltages. It is considered zero in this work, but it might be used for 3rd
harmonic injection.

• equation (3.9) describes all the dc side magnitudes, while equation (3.10) the ac side magnitudes,
implying that both ac and dc port power can be controlled independently, as it is illustrated in
the equivalent circuits of Fig. 3.3(a) and Fig. 3.3(b).

3.1.1 Steady-state analysis

Considering the previous derived equations, resulted from the converter voltages and currents analysis,
this section focuses on the energy transfer mechanisms between converter ports, branches and SMs.

Let consider the simplified case where the converter is in steady-state and 𝑣𝑛𝑜 = 0, then the ex-
pressions (3.9) and (3.10) simplify to 𝑣𝑐1 = 𝑉𝐷𝐶

2 and 𝑣𝑠1 = 𝑣𝑔1, respectively. By retrieving the linear
transformations (3.7) and (3.8), the branches voltage and current can be written as

MMCac

Lbr/2

nO
Lbr/2

Lbr/2

vs1

vs2

vs3

vg1

vg2

vg3

is1

is2

is3

(a)

MMCdc

O

Lbr Lbr Lbr

2vc1 2vc2 2vc3

ic1 ic2 ic3VDC

(b)

Fig. 3.3 (a) represents the MMC equivalent ac circuit. It is recognized that the converter behaves as a
controllable three-phase source with half of the branch inductance connected to the three-phase grid. (b)
represents the MMC equivalent dc circuit, where the converter dc port output is the parallel connection of
three dc sources with series inductance 𝐿𝑏𝑟.
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3.1. MMC operating principles

𝑣𝑝1 =
𝑉𝐷𝐶
2

− 𝑣𝑠1 (3.11)

𝑣𝑛1 =
𝑉𝐷𝐶
2

+ 𝑣𝑠1 (3.12)

𝑖𝑝1 =
𝐼𝐷𝐶
3

+
𝑖𝑠1
2

+ 𝑖𝑐𝑖𝑟 𝑐1 (3.13)

𝑖𝑛1 =
𝐼𝐷𝐶
3

−
𝑖𝑠1
2

+ 𝑖𝑐𝑖𝑟 𝑐1 (3.14)

Previous expressions show that both branches within the leg 1 can provide simultaneously ac and dc
voltage and current components. Similar result is found for the legs 2 and 3. Evidently, the magnitude
of these components are bounded by the capacities and limitations of the SMs as they synthesize
the branch voltage using their dc-link. This can observed better by deriving the maximum ac and dc
voltage components that a branch can produce. Let consider 𝑁 FB SMs within a branch, with dc-link
voltages 𝑣𝑑𝑐𝑠𝑚𝑖=1..𝑁 then, ideally, the branch equivalent dc voltage is the sum of the SM dc-link voltages
∑𝑁

𝑖 𝑣𝑑𝑐𝑠𝑚𝑖 . Consequently, one branch can produce a maximum dc component ±∑𝑁
𝑖 𝑣𝑑𝑐𝑠𝑚𝑖 while the ac

component is zero and, vice versa, the magnitude of the ac component is maximum when the dc

component is zero. In addition, both components ( ̂𝑣𝑐1 and ̂𝑣𝑠1) get their maximum when ̂𝑣𝑐1 =
∑𝑁

𝑖 𝑣 𝑑𝑐𝑠𝑚𝑖
2

and ̂𝑣𝑠1 =
∑𝑁

𝑖 𝑣 𝑑𝑐𝑠𝑚𝑖
2 . Since both, positive and negative branches have to operate simultaneously, it can be

deduced that the maximum converter dc terminals output is ∑𝑁
𝑖 𝑣𝑑𝑐𝑠𝑚𝑖 and the maximum converter ac

phase-voltage magnitude is
∑𝑁

𝑖 𝑣 𝑑𝑐𝑠𝑚𝑖
2 (cf. 3.7). Similar analysis can be done in the case of HB SMs. Both

analyses are illustrated in Fig. 3.4. Additional details about how the SM synthesizes terminal voltage
is provided later in this chapter. Please note that the hat symbol �̂� represents the magnitude of 𝑥.

Having defined an expression for the branch voltage and current, let us turn to derive an expression
for its energy in terms of its evolution between branches and within a leg (as energy analysis might
be more intuitive in that form).
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∑
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Fig. 3.4 Comparison of the branch voltage generation boundaries for the HB and FB SM.
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One can define the total leg 1 energy 𝑊Σ1 and the differential leg 1 energy 𝑊Δ1 as:

𝑊Σ1 ≡ Δ𝑊𝑝1 + Δ𝑊𝑛1 = ∫
𝑇

𝑡=0
𝑃𝑝1(𝑡)𝑑𝑡 + ∫

𝑇

𝑡=0
𝑃𝑛1(𝑡)𝑑𝑡 (3.15)

𝑊Δ1 ≡ Δ𝑊𝑝1 − Δ𝑊𝑛1 = ∫
𝑇

𝑡=0
𝑃𝑝1(𝑡)𝑑𝑡 − ∫

𝑇

𝑡=0
𝑃𝑛1(𝑡)𝑑𝑡 (3.16)

Where 𝑝𝑝1 (calculated multiplying (3.11) and (3.13)) and 𝑝𝑛1 (calculated multiplying (3.12) and (3.14))
are the positive (upper) and negative (lower) branch power, respectively; and 𝑇 is a fundamental period.
Assuming that the three-phase voltage and current of the ac grid at which the converter is connected
are balanced and without distortion, then 𝑣𝑠1 can be considered pure sinusoidal of magnitude ̂𝑣𝑠1 and
angular frequency 𝜔 (system angular frequency) as in (3.17). On the other hand, by considering a
three-phase balanced and without distortion current flowing between the converter ac port and the
ac grid, then, in particular, 𝑖𝑠1 can be expressed as (3.18), where 𝜑 is the phase-shift between 𝑣𝑠1 and
𝑖𝑠1. It is important to note that this angle can take any value.

𝑣𝑠1 = ̂𝑣𝑠1𝑐𝑜𝑠(𝜔𝑡) (3.17)

𝑖𝑠1 = ̂𝑖𝑠1𝑐𝑜𝑠(𝜔𝑡 − 𝜑) (3.18)

Then, the time evolution of the total and differential leg energy is

d𝑊Σ1
d𝑡 = 𝑃𝑝1 + 𝑃𝑛1 =

𝑉𝐷𝐶𝐼𝐷𝐶
3

−
̂𝑣𝑠1 ̂𝑖𝑠1
2

cos(𝜑)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

dc component

−
̂𝑣𝑠1 ̂𝑖𝑠1
2

cos(2𝜔𝑡 − 𝜑)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

second-harmonic component

+𝑉𝐷𝐶𝑖𝑐𝑖𝑟 𝑐1 (3.19)

d𝑊Δ1
d𝑡 = 𝑃𝑝1 − 𝑃𝑛1 =

𝑉𝐷𝐶 ̂𝑖𝑠1
2

cos(𝜔𝑡 − 𝜑) − 2
3
𝐼𝐷𝐶 ̂𝑣𝑠1 cos(𝜔𝑡)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

fundamental component

−2 ̂𝑣𝑠1 cos(𝜔𝑡)𝑖𝑐𝑖𝑟 𝑐1 (3.20)

Please note that terms 𝑉𝐷𝐶𝑖𝑐𝑖𝑟 𝑐1 in (3.19) and 2 ̂𝑣𝑠1 cos(𝜔𝑡)𝑖𝑐𝑖𝑟 𝑐1 in (3.20) are described in detail later in
this section. For now, let assume the circulating current 𝑖𝑐𝑖𝑟 𝑐1 is zero. Then, the dc component of
(3.19) might be positive or negative, thus to avoid the energy storage elements being over-discharged
or over-charged, the mean value of (3.19) within a fundamental period must be controlled to zero.
In the analyzed case, the zero mean value of (3.19) retrieves the power balance equation between
the ac and dc port of the converter (3.21), and a constant term 𝑊 0

Σ1 (a constant term resulted from
the integration 3.19), which represents the initial o previous amount of energy stored in the leg SM
capacitors, the only meaning of energy storage in the converter. 𝑊 0

Σ1 can take any positive value;
however, in practical applications, this value is chosen as the nominal energy stored in a leg or, in
other words, a third of the nominal total stored energy in the converter (the same conclusion can be
deduced for legs 2 and 3).
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3.1. MMC operating principles

𝑉𝐷𝐶𝐼𝐷𝐶
3

=
̂𝑣𝑠1 ̂𝑖𝑠1
2

cos(𝜑) (3.21)

The fundamental component in (3.20) and the second-harmonic term in (3.19) show the inherent
power oscillation within the leg 1 due to the interaction between the ac and dc ports. It is important to
note that the magnitude of the oscillating energy components has to be stored/delivered by the branch
SM capacitors within a fundamental period, directly impacting its size and cost. This relationship will
be covered in more detail later in this chapter.

Up to this point, the main equations governing the MMC and the natural mechanisms in which
the energy is transferred between the ac and dc ports have been presented. Furthermore, it was
concluded that the primary condition so that the SMs can operate adequately is that the total energy
stored within the converter has to be kept stable accordingly to the storage technical limitations by
achieving power balance between the converter ac and dc ports. However, it is not difficult to notice
that the total energy stored in the converter might be unevenly distributed among legs, branches
and SMs due to the inherent impedance differences between them. In addition, the oscillating energy
components derived in (3.19) and (3.20) produce extra power losses [115] and higher SM capacitor
voltage/capacitance requirements, especially at low frequency as it has been pointed out in [116]
and illustrated later in this chapter. In technical literature, it is commonly found that some of these
issues are addressed through the mitigation, elimination or manipulation of the circulating currents,
omitted in the previous analysis. For instance, some authors have proposed methods for circulating
current suppression [117], [118] in order to reduce converter losses and improve SM capacitor voltage
stabilization. Other authors have proposed the circulating current optimization to mitigate/shape
the branch energy oscillations to a certain extent to reduce the SM capacitance requirement, thus
reducing capacitors’ size and cost [119]–[121]. Authors in [115], [122] proposed that circulating
current can be used to achieve the internal energy balancing of the converter, i.e energy balancing
between branches within a leg and between legs. This last strategy is considered in this work and
used for MMC simulations and experimental results validation, so its main principle is presented
hereafter.

The internal energy balancing is based on the idea that even though the dc component in (3.19) could
be controlled to zero so that 𝑊Σ1 = 𝑊 0

Σ1 and, in average, the oscillating components of (3.19) and
(3.20) do not contribute to the energy unbalance, small energy re-balancing action between legs and
between branches might be required due their inherent impedance differences. Let consider that the
circulating current can be freely chosen (as no particular restriction has been imposed to it so far),
in particular, it can be expressed as (3.22), where ̄𝑖𝑐𝑖𝑟 𝑐1 and ̃𝑖𝑐𝑖𝑟 𝑐1 are the magnitude of its dc and ac
component, respectively, and 𝜃 its phase-shift angle chosen to be in phase with 𝑣𝑠1, so 𝜃 = 0. Then,
the mean value of (3.19) and (3.20) results in (3.23) and (3.24).

𝑖𝑐𝑖𝑟 𝑐1 = ̄𝑖𝑐𝑖𝑟 𝑐1 + ̃𝑖𝑐𝑖𝑟 𝑐1 cos(𝜔𝑡 − 𝜃) (3.22)

𝑑𝑊Σ1
𝑑𝑡

= 𝑉𝐷𝐶 ̄𝑖𝑐𝑖𝑟 𝑐1 (3.23)

33



Chapter 3. Modular Multilevel Converter and Submodule
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Fig. 3.5 MMC vertical and horizontal energy balancing action of circulating currents. The magnitude of the
ac component of the circulating current is proportional to the differential leg energy and can be controlled
to exchange energy between branches withing a leg. The the dc component of the circulating current is
proportional to the total leg energy and can be controlled to exchange energy between legs. To avoid any
disturbance of the circulating currents in the dc ports terminals, it is required that 𝑖𝑐𝑖𝑟 𝑐1 + 𝑖𝑐𝑖𝑟 𝑐2 + 𝑖𝑐𝑖𝑟 𝑐3 = 0.

𝑑𝑊Δ1
𝑑𝑡

= − ̂𝑣𝑠1 ̃𝑖𝑐𝑖𝑟 𝑐1 (3.24)

From expressions (3.23) and (3.24), it can be concluded that only by means of controlling the cir-
culating current, both the total and differential leg energy can be manipulated to perform energy
balancing correction actions. As it is shown in Fig. 3.5, while the dc component of the circulating
current achieves energy transfer within the converter dc port, commonly known as horizontal energy
balancing, the ac component allows energy transfer within the leg, commonly known as vertical
energy balancing. Finally, it is important to stress that to maintain the circulating current of each
leg within the converter (not seen by the converter dc port terminals), it is necessary that the three
circulating currents sum zero. This condition is achieved by the proper circulating current reference
selection and control, as it has been proposed in [123], [124] and [125].

Despite the details about MMC control strategy are beyond the scope of this thesis, Fig. 3.6 presents
a overview of the control layers commonly used in the considered converter. Fig. 3.6, shows five
main control blocks, divided in two main levels:

• Higher-level control

– ac port control, that achieves power exchange with the grid, and

– dc port control, that achieves power exchange with the dc port through dc current or
voltage control.

• Internal MMC control

– total energy control, used to keep the energy balance between the ac port, dc port and the
converter,
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3.1. MMC operating principles

– internal energy control, to perform the horizontal and vertical energy distribution among
branches and legs,

– circulating control, used for energy balancing actions.

For the MMC operating as a rectifier, the main goal of the control strategy is to deliver the desired dc
power and voltage while the converter operates within its limits and does not affect the grid power
quality. Firstly, the higher-level control contains the ac port control which internal structure is the
well-known synchronous reference frame (SRF) current control, and the dc port control performs
the actions to deliver the required dc voltage or current. The second level, the internal MMC control,
contains all the control loops to assure constant converter total energy, i.e., the power balance between
the ac and dc port, and the horizontal and vertical energy balancing actions to keep the legs and
branches energy within the desired levels. The total energy block outputs the ac port control block
reference so that the required ac active power 𝑃∗𝐴𝐶 equals the dc port output power 𝑃∗𝐷𝐶 plus the
power to maintain the MMC total energy 𝐸∗𝑀𝑀𝐶 ≈ 𝑞 (𝐶2 ∑

𝑁
𝑖 𝑣𝑑𝑐∗𝑠𝑚𝑖

2
), where 𝑞 is the number of branches.

The internal energy control block outputs the circulating current references so that 𝑊∗
Σ{1,2,3} =

𝐸∗𝑀𝑀𝐶
3

and 𝑊∗
Δ{1,2,3} = 0. Then, the circulating current control is achieved utilizing a proportional integral

(PI) regulator for the dc component and a proportional resonant (PR) regulator for the ac component,
in the circulating current control block. The calculated control actions for the ac port, dc port and
circulating current control block are used to retrieve the voltage references for each branch. Finally, the
modulation technique adopted in this work is the phase-shifted carrier PWM (PS-PWM), introduced
in [126] which details are omitted as they are out of the scope of this thesis.
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Fig. 3.6 Rectifier MMC control scheme overview and required measurements at the converter level. Two main
levels are highlighted, the higher-level control, related to the converter ac and dc port control, and the internal
MMC control, which covers the converter total and internal energy, and the circulating current regulation.
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3.2 MMC research platform description

3.2.1 Overview

A multipurpose MMC research platform based on the classic ac-dc MMC topology and FB SMs,
depicted in Fig. 3.1, was envisioned and built for the PEL research-related topic activities. In this
section, a description of the MMC research platform is presented with particular emphasis on the
SM’s main characteristics and functionalities.

The MMC research platform is a PEL development made of two 250 kVA MMCs. Each converter
comprises 48 FB SMs with rated voltage of 650V and 73A nominal current, allowing operation at
3.3 kV phase-voltage in the ac port and ±5 kV in the dc port. By re-configuring the dc port connections
enables combined operation: 3.3 kV/3.3 kV ac-ac conversion in a back-to-back configuration, 500 kVA
3.3 kV/±10 kV ac-dc rectifier/inverter or 500 kVA 3.3 kV/±5 kV ac-dc rectifier/inverter. In any case,
the ac side of the converters are interfaced to the grid by a twelve pulse transformer with star-delta
secondary windings, as it is shown in Fig. 3.7.

As it is depicted in Fig. 3.8, the branches are made of 8 SMs in series connection while the legs are
formed using two coupled air-core inductors rated at 2.5mH. Each converter has an ABB AC 800PEC
controller, where the converter-level control strategy, protection and monitoring are performed. The
ABB power electronics controller measurement interface (PEC-MI) acquires converter-level mea-
surements such as grid voltage (𝑣𝑔{1,2,3}), grid current (𝑖𝑠{1,2,3}), and dc port voltage (𝑉𝐷𝐶) and current
(𝐼𝐷𝐶), while the ABB combined input-output (COMBI-IO) is in charge of operate relays, switches
and other user-defined auxiliary signals. Both devices communicate with the controller employing a
proprietary protocol through fibre optic link (FOL). On the other hand, the Control Hub unit handles
the communication between the controller and each SM using a FOL and universal asynchronous
receiver-transmitter (UART)-based protocol to exchange SM status signals, operating reference, pa-
rameter values, PWM synchronization signals, and local measurements. This configuration allows
the controller to send/receive information to each SM every 25 µs. Another AC 800PEC unit works as
a master controller (subordinating the AC 800PEC of each converter) to handle general (application)

PEL
ac grid 0.4/3.3/3.3kV

MMC1

MMC2

reco
n
�
g
u
ratio

n

VDC

250kVA
48SMs

±5kV

±5kV

250kVA
48SMs

Fig. 3.7 MMC research platform scheme. Two 250 kVA three-phase ac-dc MMCs are interfaced to the PEL ac
grid by a twelve pulse transformer with star-delta secondary windings. The ac port of each unit is rated to
3.3 kV phase-voltage while each dc port is rated to ±5 kV. Each converter is made of 48 FB SMs, rated at 73A,
650V.
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Fig. 3.8 MMC research platform scheme, detailing control, measurement and communication units. Each
converter possess the industrial-level controller unit ABB AC 800PEC, which performs the control strategies
depicted in Fig. 3.6. The PEC-MI acquires all the converter-level measurements and transmits them to the
controller unit. The COMBI-IO handles all the auxiliary signals. The control hub manages the communication
between the controller and each SM. Finally, a third AC 800PEC works as a master unit monitoring and setting
the references for each MMC controller unit (slave).

state machine and references for each MMC. Finally, it is important to mention that a pre-charge
system connected between the PEL ac grid and the MMC research platform transformer allows to
passively charge each SM dc-link enough to power up their local controllers and be ready to start the
active charge process in which each SM gets a nominal charge (additional details about MMC start-up
are provided in the following section). Main electric parameters of the converters are summarized in
Tab. 3.1.

Tab. 3.1 Single MMC characteristics

Parameter Symbol Value

Rated power 𝑆 250 kVA
Grid voltage 𝑣𝑔 3.3 kV

Fundamental frequency 𝑓 50Hz
Branch inductance 𝐿𝑏𝑟 2.5mH
Max. output voltage 𝑉𝐷𝐶 5 kV

Number of SMs per branch 𝑁 8

3.2.2 SM description

The SM is the basic building block of the MMC and can be found in a variety of configurations [127],
however, the HB and FB SMs are the most commonly used due to their simplicity. In this work, the
FB SM is preferred over the HB as it can produce more levels and negative voltage at its terminals. In
the following part of this section, the developed PEL SM is presented, highlighting technical choices,
electrical and mechanical characteristics as well as main functionalities.

In its basic form, the FB SM is composed of four semiconductor power switches, forming an H-bridge
topology and an energy storage component, commonly a capacitor (or an array of them forming
a bank), as it is depicted in Fig. 3.9. The technological choice of these components depends of
different factors such as the application, voltage/current rating, switching frequency, cost, volume,
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Tab. 3.2 FB SM switch states, possible output and capacitor status.

S1 S2 S3 S4 𝑣𝑠𝑚 𝑖𝑝1 > 0 𝑖𝑝1 ≤ 0 SM (capacitor) status

0 0 0 0 𝑠𝑔𝑛(𝑖𝑝1)𝑣 𝑑𝑐𝑠𝑚 𝑣 𝑑𝑐𝑠𝑚 ↑ 𝑣 𝑑𝑐𝑠𝑚 ↑ IDLE (passive charge)
1 0 0 1 𝑣 𝑑𝑐𝑠𝑚 𝑣 𝑑𝑐𝑠𝑚 ↓ 𝑣 𝑑𝑐𝑠𝑚 ↑ INSERTED (active charge/discharge)
0 1 1 0 −𝑣 𝑑𝑐𝑠𝑚 𝑣 𝑑𝑐𝑠𝑚 ↑ 𝑣 𝑑𝑐𝑠𝑚 ↓ INSERTED (active charge/discharge)
1 0 1 0 0 𝑣 𝑑𝑐𝑠𝑚 ≈ 𝑣 𝑑𝑐𝑠𝑚 ≈ BYPASSED (passive discharge)
0 1 0 1 0 𝑣 𝑑𝑐𝑠𝑚 ≈ 𝑣 𝑑𝑐𝑠𝑚 ≈ BYPASSED (passive discharge)

1 1 0 0

forbidden0 0 1 1
1 1 1 1

↑:charge, ↓:discharge , ≈:no change, 𝑠𝑔𝑛 :sign function

availability, among others. However, in this project the selected semiconductor device is IGBTs, while
the electrolytic capacitors are selected.

When the semiconductor devices or switches are ”on” or ”closed” it is denoted by a logic ”1”, whereas
”off” or ”open” is denoted by logic ”0”. Thus, the FB SM can be found in only eight admissible states
since the switches forming a terminal have to operate in complementary mode, i.e., when the switch
S1 is 1, S2 must be 0, and when S3 is 1, S4 must be 0. The SM switch states are presented in Tab. 3.2.

According to the above possible states, the SM can be inserted, bypassed or idle. The inserted state
refers to the SM voltage terminals and the current flow are consequence of the active action of the
power switches. The bypass state means that the SM output voltage is zero and the SM capacitor
is passively discharged by internal losses (or any other load connected to it) and connected loads
such as the ASPS. The idle state refers to the SM output voltage determined by the direction of the
observed terminal current, producing the SM capacitor to be charged by the free-wheeling diodes
acting as a passive rectifier.

It is important to highlight that unipolar PWM scheme [128] is adopted in this work and occurs
locally in the SM driven by a local digital controller.

S2
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S4
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v
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dc
sm

vsm
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+

vsm

0

v
dc
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Fig. 3.9 Left: FB SM electrical scheme. Right: the three-level feasible output voltage. When no voltage drop
is considered, the SM can be either 𝑣𝑠𝑚 = ±𝑣 𝑑𝑐𝑠𝑚 or 𝑣𝑠𝑚 = 0. S𝑥 is the set IGBT𝑥 and corresponding freewheeling
diode, where 𝑥 = {1, 2, 3, 4}
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Tab. 3.3 H-bridge module selected

Parameter Value Unit

IGBT
𝑉𝑐𝑒𝑠 1200 V

𝐼𝑐 @ 𝑇𝑗 =175 °C 73 A
𝑅𝑡ℎ(𝑗−𝑠) 0.55 KW−1

DIODE
𝑉𝑓 @ 𝐼𝑓 = 75A, 𝑇𝑗 =150 °C 2.1 V

𝑅𝑡ℎ(𝑗−𝑠) 0.75 KW−1

3.2.2.1 Power semiconductors

The power semiconductors are actively responsible for the power transfer between the SM capacitor
and its terminals. Their selection depends mainly on the voltage, current, and thermal capability
matching the operating conditions in the converter. In addition, other considerations such as dimen-
sion, terminals connection, cost, and market availability also play an important role in determining
the best power device. In some practical applications, power semiconductors are used in the form
of a module to provide electrical connection between one or more devices and the circuit, reducing
cost and size. A standard IGBT module comprises a direct cooper bonded substrate soldered to a
base plate. The substrate provides insulation between power components and cooling system and
contains cooper tracks to conduct the current and connect IGBTs and diodes. Bond wires commonly
connect IGBT chips to the substrate and substrate to module terminals. Finally, all these elements
are covered by silicone gel or epoxy resin for protection and insulation [129]. Bond wire fatigue
is one of the common failure mechanisms in power IGBT modules. The presence of elements with
various coefficients of thermal expansion, heat sources due to semiconductor losses during operation
(switching and conducting), and ambient conditions produce thermomechanical stress in bond wires,
leading to bond wire lift-off or crack failures [77]. Similarly, solder joint fatigue is another dominant
failure mechanism. IGBT to substrate and substrate to base-plate solders are degraded due to the
coefficient of thermal expansion mismatch between the two materials and temperature variations,
producing solder cracks, delamination, and voids. Both failure modes might lead to module malfunc-
tion, wear-out, or accelerate other failure modes. The following part of this section demonstrates that
the H-bridge IGBT-based SEMIKRON module SKiiP26GH12T4V11, which main characteristics are
presented in Tab. 3.3, fits the designed SM, and no voltage, current or thermal limits are exceeded.

The first part of this analysis starts considering that the current flowing through the IGBTs of a
SM within a branch is the branch current (3.13) (positive branch current of the leg 1) following the
possible paths described in Tab. 3.2. Assuming the converter line current as in (3.18), the branch
current can be expressed as (3.25), which is illustrated in Fig. 3.10 for different phase-shift angles,
and considering the converter operating at rated values and zero circulating current.

𝑖𝑝1 =
𝐼𝐷𝐶
3

+
̂𝑖𝑠1
2

cos(𝜔𝑡 − 𝜑) + 𝑖𝑐𝑖𝑟 𝑐1 (3.25)

A maximum SM terminal current of 47.6A is achieved at 𝜑 =0°, demonstrating that selected module
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(cf. Tab. 3.3) is a good choice. In addition, it is noted that at least 30% of current limit is available for
the circulating current during energy balancing correction actions.

The open question now is to assess that power semiconductors’ thermal limit will not be exceeded dur-
ing expected operation. A simple manner is to verify that power switches (IGBTs and diodes) junction
temperature 𝑇𝑗 is limited to below 150 °C or 175 °C, depending on the manufacturer recommendation,
using an IGBT module thermal model fed by semiconductors power losses.

Semiconductor power losses are calculated considering the commutation process (switching losses)
and the conduction period (conduction losses) [130]. Mathematically, the set IGBT + diode power
losses are expressed as

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 =
1
𝑇 ∫

𝑇

0
(𝑣𝐶𝐸(𝑠𝑎𝑡)𝑖𝐶𝐸 + 𝑣𝐹𝑖𝐹) 𝑑𝑡

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
IGBT+diode conduction losses

+ (𝐸𝑜𝑛 + 𝐸𝑜𝑓 𝑓 + 𝐸𝑟 𝑟)
𝑣𝑑𝑐𝑠𝑚
𝑣 𝑟𝑒𝑓𝐶𝐸

𝑓𝑠𝑤
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
IGBT+diode switching losses

(3.26)

where 𝑣𝐶𝐸𝑠𝑎𝑡 and 𝑖𝐶𝐸 are the IGBT collector-emitter voltage and current during conduction, respectively;
𝑣𝐹 and 𝑖𝐹 are the diode forward voltage and current, respectively; 𝑇 is the fundamental period; 𝐸𝑜𝑛 and
𝐸𝑜𝑓 𝑓 are the IGBT energy loss during the turn-on and turn-off, respectively; 𝐸𝑟 𝑟 is the diode energy

loss during the turn-off; 𝑣 𝑟𝑒𝑓𝐶𝐸 is the IGBT collector-emitter voltage at which the switching energy
losses were defined. Then, the SM power losses can be calculated as:

𝑃𝑆𝑀𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑃𝑆1𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑃𝑆2𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑃𝑆3𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑃𝑆4𝑙𝑜𝑠𝑠𝑒𝑠 (3.27)

A classical approach for thermal modeling is the use of a Cauer model in steady-state, as it is presented
in Fig. 3.11.

In practice, junction temperature might differ among the devices as power losses and thermal resistors
differ; thus, a conservative thermal criterion during thermal analysis it to consider the maximum
junction temperature among them. Another approach derives from the fact that commonly IGBT
manufacturers provide a thermal-resistor embedded in the module so that a reference temperature
𝑇𝑠 (representative of the devices’ junction temperature) can be measured and used, for instance, for
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Fig. 3.10 MMC positive branch current (or equivalently SM terminals current) for different current phase-shift
angles. A maximum current of 47.6A is achieved at 𝜑 =0°.
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thermal protection. In addition, manufacturers provide module thermal limit with respect to 𝑇𝑠, which
significantly simplifies the thermal assessment when total power losses are known. In the case of the
studied module, the manufacturer recommends 𝑇𝑠 ≤ 150°𝐶 and 𝑇𝑠 ≤ 70°𝐶 to operate up to 50A and
70A collector-emitter current, respectively. From Fig. 3.11, 𝑇𝑠 is easily calculated using the expression
(3.28).

𝑇𝑠 = 𝑅𝑡ℎ𝑠−𝑎𝑃𝑆𝑀𝑙𝑜𝑠𝑠𝑒𝑠 + 𝑇𝑎 (3.28)

Where 𝑅𝑡ℎ𝑠−𝑎 counts for the thermal resistance of all the thermal interfaces between the thermal-
resistor and the ambient, and 𝑇𝑎 is the ambient or room temperature. In this work, the Fischer
Elektronik SK135 aluminum heatsink is considered as the only interface between the thermal-resistor
and the ambient, with a thermal resistance of 𝑅𝑡ℎ𝑠−𝑎 = 0.65K/W. A PLECS simulation considering
the parameters of the IGBT module, the converter operation, and expressions (3.26), (3.27) and (3.28)
resulted in the plot of Fig. 3.12.

With the converter operating at nominal voltage and 𝜑 = 0°, different SM operating currents were
studied to estimate module power losses and resulting temperature 𝑇𝑠. At 𝑖𝑝1 = 47.6A, no extra
effort has to be done to dissipate the module heat as it operates under manufacturer recommendation
(𝑇𝑠 ≈ 123 °C and 𝑇𝑚𝑎𝑥𝑗 ≈ 149 °C). Conversely, if module nominal current is required, 𝑅𝑡ℎ𝑠−𝑎 has to be
decreased to 0.1K/W, which can be achieved by adding a forced-air cooling system. The conservative
decision is to install a 1865m3 h−1 fan per branch so that each SM can dissipate its losses under any
circumstances.

3.2.2.2 Power capacitors

TheSM capacitors are themain energy storage component required tomitigate any energy fluctuations
between converter dc and ac ports. Depending on the converter topology, technical characteristics,
operating point and environmental conditions, SM capacitor capacitance, voltage rating, and tech-
nology among other characteristics can be found. Typically in power electronics applications, three
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Fig. 3.11 Considered thermal model of the IGBT module. The diagram represents the main thermal compo-
nents in the module. Each power switch is composed of an IGBT and a diode. The heat produced by the IGBT
and diode power losses is transmitted to the module case through the thermal resistance 𝑅𝑡ℎ𝐼𝐺𝐵𝑇𝑗−𝑠 and 𝑅𝑡ℎ𝑑𝑖𝑜𝑑𝑒𝑗−𝑠 ,
respectively. Then, the heat is transferred to the ambient through the thermal resistance 𝑅𝑡ℎ𝑠−𝑎. The ambient
temperature 𝑇𝑎 is considered constant.
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Fig. 3.12 Module power losses estimation for different operating peak current at 𝜑 = 0°. In addition, 𝑇𝑠
estimation is presented considering the module heatsink with forced-air cooling system (𝑇 𝑓 𝑎

𝑠 ) and without
(𝑇 𝑛𝑓 𝑎

𝑠 ). The SM to operate at the required 47.6A almost no forced-air cooling system is required (𝑇 𝑛𝑓 𝑎
𝑠 = 123 °C

@ 47.6A and 𝑇 𝑛𝑓 𝑎
𝑠 = 131 °C @ 50A), however to operate at 70A (module nominal current, 𝑇 𝑛𝑓 𝑎

𝑠 = 200 °C, 𝑇 𝑓 𝑎
𝑠 =

66 °C) forced-air must flow so that the thermal resistance 𝑅𝑡ℎ𝑠−𝑎 has to decrease to 0.1K/W.

types of capacitor technologies are used: Al-cap, MPPF-cap and MLC-cap. Despite in MV and HV
MMC applications the MPPF-caps are largely preferred [131], [132], in this work it is considered the
Al-cap technology due cost and volume restrictions.

From the leg total and differential energy expression found in (3.19) and (3.20) it was stated that in
steady state, an arbitrary amount of energy𝑊 0

Σ1 has to be stored in the leg capacitors. In addition, a first
and second harmonic energy components oscillate between branches within a leg and between legs,
respectively, whose magnitudes depend of converter operating point, having an effect on capacitors
voltage and current ripple. Thus, proper SM capacitor sizing is fundamental so the converter can
operate as required and capacitors can operate within their technical limits avoiding premature
catastrophic or wear out failures. Several publications have dealt with MMC capacitor sizing using
different mathematical expressions and assumptions. There is a general agreement that the converter
required stored energy is approximately 45 kJ/MVA with a voltage ripple factor 𝜖𝑣𝑟𝑓 = 10%, which is
mostly true when neither common mode voltage and circulating current are considered, representing
the worst case scenario besides transient or anomalous operation [133]–[136]. A simple approach to
capacitor sizing is to deduce SM dc-link voltage and current expressions so that capacitance can be
found as a function of converter operating conditions and ripple requirements. The analysis starts
assuming zero power losses within a SM during a fundamental period so that ac and dc power are
equal, condition expressed as (3.29).

𝑣𝑠𝑚𝑖𝑠𝑚 = 𝑣𝑑𝑐𝑠𝑚𝑖𝑑𝑐𝑠𝑚 (3.29)

Then, considering 𝑁 SMs within a branch, and adding both sides of the previous equation, it turns in

𝑁
∑
𝑖=1

(𝑣𝑠𝑚𝑖 𝑖𝑠𝑚𝑖) =
𝑁
∑
𝑖=1

(𝑣𝑑𝑐𝑠𝑚𝑖 𝑖
𝑑𝑐
𝑠𝑚𝑖) (3.30)

As the SMs are series connected, their terminal current 𝑖𝑠𝑚 equals the branch current 𝑖𝑝1. On the
other hand, if it is assumed that the branch power is equally distributed among the SMs, then
∑𝑁

𝑖=1 (𝑣𝑑𝑐𝑠𝑚𝑖 𝑖
𝑑𝑐
𝑠𝑚𝑖) = 𝑁𝑣𝑑𝑐𝑠𝑚𝑖𝑑𝑐𝑠𝑚, yielding
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𝑖𝑝1
𝑁
∑
𝑖=1

𝑣𝑠𝑚𝑖 = 𝑁𝑣𝑑𝑐𝑠𝑚𝑖𝑑𝑐𝑠𝑚 (3.31)

Expression (3.31) can be rewritten as (3.32), considering that 𝑁𝑣𝑑𝑐𝑠𝑚 can be approximated by 𝑉𝐷𝐶, and
using (3.11) and (3.13) for branch power 𝑝𝑝1.

𝑖𝑝1𝑣𝑝1
𝑉𝐷𝐶

=
𝑝𝑝1
𝑉𝐷𝐶

= 𝑖𝑑𝑐𝑠𝑚 =
𝐼𝐷𝐶
6

−
̂𝑣𝑠1 ̂𝑖𝑠1
4𝑉𝐷𝐶

cos 𝜑+
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Then, using ideal capacitor equation (3.33), it is obtained (3.34).

𝑣𝑑𝑐𝑠𝑚 = 1
𝐶 ∫

𝑡

0
𝑖𝑑𝑐𝑠𝑚𝑑𝑡 (3.33)

𝑣𝑑𝑐𝑠𝑚 = 1
𝐶
(

̂𝑖𝑠1
4𝜔

sin(𝜔𝑡 − 𝜑) −
̂𝑣𝑠1𝐼𝐷𝐶

3𝜔𝑉𝐷𝐶
sin(𝜔𝑡) +
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sin(2𝜔𝑡 − 𝜑)) + 𝑣𝑑𝑐𝑠𝑚0 (3.34)

Where 𝐶 is the SM capacitance and 𝑣𝑑𝑐𝑠𝑚0 is the SM dc-link initial voltage. Please note that previous
expressions were found considering both zero common mode voltage and zero circulating currents,
power balance between converter ports and no ESR (first order approximation). Finally, to retrieve the
capacitance requirement, it is considered that during a fundamental period 𝑇, 𝑣𝑑𝑐𝑠𝑚0 is the SM dc-link
mean voltage so that 𝑣𝑑𝑐𝑠𝑚 = (1 + 𝜖𝑣𝑟𝑓)𝑣𝑑𝑐𝑠𝑚0, with 𝜖𝑣𝑟𝑓 ∈ (0, 1), thus
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(3.35)

Fig. 3.13 presents the SM minimum required capacitance with respect to converter phase-shift, so
that desired voltage ripple factor is met. The cases 𝜖𝑣𝑟𝑓 5 in which 𝜖𝑣𝑟𝑓 = 5% and 𝜖𝑣𝑟𝑓 10 in which
𝜖𝑣𝑟𝑓 = 10%, and converter nominal operation were considered.

Fig. 3.14 shows SM estimated current ripple for different power factors and nominal operation of
the converter. From (3.32) it can be noted that current ripple does not depend on capacitance, but
converter input/output voltage, power factor and power levels. It is found that maximum ripple
current (circulating in the SM dc-link) is 20.6A.

A conservative design strategy is to select the maximum value of the case 𝜖𝑣𝑟𝑓 5, i.e., 𝐶𝜖𝑣𝑟𝑓 5 =1.92mF
and a minimum of 15% extra capacitance margin to take into account modeling simplifications and
transients during operation. Accordingly, it was chosen the Al-cap A714272 from Exxelia which
main characteristics are listed in Tab. 3.4. Using this selection, the SM dc-link is made of six units
configured 2s3p (three groups in parallel of two series connected capacitors) as it is shown in Fig. 3.15,
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Tab. 3.4 Chosen SM capacitor (single unit) characteristics

Characteristic Value Unit

Part number A714272 -
Capacitance 1500 µF

Voltage (rated/peak) 400/450 V
Current ripple @100Hz, 40 °C 12 A

ESR @100Hz, 20 °C 100 mΩ
Dimension (diam/height) 40/75 mm

Tab. 3.5 SM capacitor (bank) characteristics

Value Unit

Capacitance 2.25 mF
Voltage (rated/peak/max) 650/800/900 V

Max. current ripple @100Hz, 40 °C 36 A
ESR @100Hz, 20 °C 66.7 mΩ

and achieved the parameters presented in Tab. 3.5. In addition, Fig. 3.15 shows the scheme of the
active balancing circuit in charge of keeping voltage distribution between series connected capacitors.

Fig. 3.16 presents the SM dc-link voltage simulated for different converter power factor and ca-
pacitance. Fig. 3.16(a) is the simulation results with the chosen capacitance, resulting a voltage
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Fig. 3.13 SM minimum capacitance requirement for 𝜖𝑣𝑟𝑓 5 and 𝜖𝑣𝑟𝑓 10, the voltage ripple factor set at 5% and
10%, respectively. MMC parameters at nominal value.
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Fig. 3.14 SM dc-link current ripple simulation results. Converter is set at nominal values while results are
shown for different power factors. Absolute maximum value is the same for all cases.
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Fig. 3.15 SM capacitor dc-link scheme. Three groups in parallel connection, each one made of two series
connected units form a 2.25mF, 36A current ripple and 900Vmaximum voltage. The series connected capacitors
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Fig. 3.16 SM capacitor voltage for different power factors and capacitance. (a) capacitance chosen 𝐶 =2.25mF,
(b) capacitance calculated at 𝜖𝑣𝑟𝑓 5, and (c) capacitance calculated at 𝜖𝑣𝑟𝑓 10.

ripple factor below 5%. On the other hand, Fig. 3.16(b) and Fig. 3.16(c) show the SM voltage for
the capacitance resulted for 𝜖𝑣𝑟𝑓 5 and 𝜖𝑣𝑟𝑓 10, respectively. It is not difficult to deduce that a more
restrictive voltage ripple factor will demand a bigger capacitance and a lower voltage requirement,
while a more permissive voltage ripple factor will reduce capacitance needs but increasing voltage
requirement. The fundamental frequency is another factor with an important effect on capacitance
sizing, as frequency close to zero implies prohibitive capacitance values. This topic is of special interest
in machine drives applications. Thus, an optimal capacitor selection might be made by weighting
factors such as voltage/current ripple performance, cost, size, weight and insulation, in addition to, for
instance, voltage ripple reduction by circulating current optimization [119]–[121]; however, further
discussion about this topic is beyond the scope of this work.

3.2.2.3 Sensing

Different circuits and sensors are required locally in the SM so that control strategies, protection
logic and CHM methods can be feed-in. As surface and cost were design constraints, the simple and
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Fig. 3.17 SM sensing circuits and their transfer function. Circuit (a): for the SM dc-link voltage is used a
voltage divider and a capacitor forming a first order low-pass filter. Circuit (b): for the SM terminal voltage,
two voltage divider in cascade to a second-order low-pass filter is used. One circuit per terminal with respect to
ground. Circuit (c): for SM current, it is used a first order low-pass filter. Circuit (d): for the SM IGBT module
temperature 𝑇𝑠, it is used a voltage divider which input is fixed at 3.3V and the variable resistor 𝑅𝑡ℎ,𝑠(𝑇 ) is the
thermal-resistor provided by the manufacturer.

effective solutions depicted in Fig. 3.17 were selected.

The SM dc-link voltage measurement circuit is presented in Fig. 3.17(a), which is composed of a
voltage divider and a first-order low-pass filter. The input voltage is up to 900V while the output
voltage is in the 0V to 3.3V range. The cut off frequency is set at 1.5 kHz. The SM terminal voltage
measurement circuit is shown in Fig. 3.17(b). Two identical circuits are employed to measure each
terminal voltage with respect to the local ground (the negative pole of the SM dc-link). Similar
to the dc-link voltage measurement, this circuit is able to measure up to 900V while the output
voltage is in the 0V to 3.3V range. In addition, this configuration is a second-order low-pass filter at
16 kHz, thus pulses with cleaner rising/falling edges are obtained at the output. It is important to
mention that these measurements take part in the protection strategy as they allow to determine if,
for example, SM terminal voltage is present when bypass protection has been triggered. The circuit
of the Fig. 3.17(c) is used to measure the SM terminal current. It is employed the Hall-effect-based
linear current sensor ACS759 from Allegro, which converts the primary current (−100A to 100A) to
0V to 3.3V range. In addition, the signal is filtered by a low-pass filter set to 30 kHz cut off frequency.
Finally, Fig. 3.17(d) depicts the circuit to measure the SM IGBT module temperature. The module has
embedded a thermal-resistor which characteristic with respect to the temperature, is provided by the
manufacturer. Accordingly, this circuit allows to measure temperature in the −190 °C to 200 °C range,
converting it to the 0.16V to 1.61V range.
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Fig. 3.18 SM protection logic scheme. Once the monitored value overpasses the set maximum value, a trigger
signal to activate THY and/or REL is released. Local controller triggers the thyristor (THY𝑜𝑛) when ±𝑖𝑚𝑎𝑥𝑠𝑚 or 𝑣 𝑑𝑐𝑚𝑎𝑥𝑠𝑚
are reached. On the other hand, an independent OVDC triggers the REL and THY when ±𝑣𝑚𝑎𝑥𝑠𝑚 is overpassed in
SM terminals. At any case, the SM will be completely discharged.

3.2.2.4 Protection devices

The SM protection scheme is composed of two main parts: protection devices and protection logic.
The protection devices aim to bypass the SM (terminals short circuit) so that the branch current
might continuing flowing but the SM stops exchanging power with the rest of the system. Two
devices are used for this purpose: two thyristors in antiparallel connection (THY) pulsed with 10 kHz,
10% duty cycle current pulses once activated, and a bi-stable electromechanical relay (REL). As the
bypass process is expected to occur fast, the THY reacts first within µs providing temporary path
to the branch current. The REL takes longer to close (in the order of several ms), however, will
permanently bypass the SM even though after some time the SM is completely discharged. On the
other hand, the protection logic is configured in the software of the local controller and by hardware
using an overvoltage detection circuit (OVDC). By software, the THY is triggered when 𝑣𝑑𝑐𝑠𝑚 ≥ 𝑣𝑑𝑐𝑚𝑎𝑥𝑠𝑚
or |𝑖𝑠𝑚| ≥ 𝑖𝑚𝑎𝑥𝑠𝑚 , while the REL is triggered when it is detected a malfunction in the THY. On the other
hand, the OVDC uses analog components to detect SM terminals overvoltage (either positive or
negative value) to trigger REL. Under any protection logic, when the REL is triggered, automatically
the THY is triggered as well. The protection scheme is depicted in Fig. 3.18.

The protection devices used in this work are the Semikron SK70KQ12 antiparallel thyristor module,
rated for 1200V and 72A at 125 °C junction temperature, and the Hongfa miniature latching relay
HFE22, rated for 100A. It is important to mention that the THY is mounted on the same IGBT module
heatsink, however, since it is expected to operate only under fault condition, any extra heat due to
THY losses can be totally absorbed by the heatsink without impacting the thermal behavior of the
IGBT module.

3.2.2.5 Local controller and communication

As in the majority of the modern power electronics based converters a digital means to carry out
control calculation and acquire measurement signal is found. Common choices are DSP and/or
FPGA along with other specialized ICs to perform control calculations, analog-to-digital conversion,
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protection logic, system monitoring, communication among other application-related activities. In
this work, the SM was envisioned having its own processor unit so that some critical task can be
handled locally. The DSP TMS320F28069PN from Texas Instrument was chosen to support this
purpose. The main activities of the SM local controller are:

• State machine management (power up, active charging, operating, fault detection, testing and
new code deployment),

• sensors and digital signals acquisition, monitoring and protection triggering,

• condition health monitoring,

• SM capacitor balancing controller,

• PWM generation, and

• upper layer communication

The main signals involved on previous tasks are depicted in Fig. 3.19.

The communication is one of the key element of the SM as it is used to, besides of exchange information
with the MMC upper layer controller (Control hub and ABB AC 800PEC), synchronize the PWM
carrier, analog-to-digital converter (ADC) and tasks execution as it is depicted in Fig. 3.20. Using
this strategy, 40 kHz sampling frequency, PS-PWM implementation and fast protection actions are
allowed. The physical medium to transmit information is a FOL, the protocol was chosen UART
operating at 5 Mbps and the information allocation in every package responds to an ABB proprietary
protocol.

3.2.2.6 Auxiliary submodule power supply

As presented in this section, the SM comprises different mechanisms and circuits to operate within the
converter. Moreover, circuits need to be supplied with different voltage and power levels while high
voltage isolation, reliability, safety, practicality, efficiency and cost-effectiveness requirements have to
be achieved. A variety of solutions have been proposed to supply the SM [137]–[139], however, the
isolated, non-centralized internal power supply based on the flyback converter is a popular choice
[140]–[142]. In particular, it was chosen an isolated, flyback-based ASPS with planar magnetic, PCB
with integrated windings and multiple isolated outputs as the solution to supply with low power
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Fig. 3.20 SM communication diagram. All the information exchanged is divided in four frames, each one
executed every 25 µs. An additional empty frame of 25 µs is used to synchronize the communication with
control hub thus, a total of 125 µs is required to transmit/receive new information with the control hub.

and low voltage the SM sub-circuits. A scheme of the designed ASPS is presented in Fig. 3.21, while
Tab. 3.6 presents its main parameters.

The ASPS primary side is supplied from the SM dc-link, implying a 900V isolation between the
primary and each secondary winding. The UCC28C44 low-power current mode PWM controller
regulates the flyback switch (MOSFET) duty cycle based on the current (isense) and Vout,5V feedback.
The MOSFET pulses are sensed and sent to the SM local controller (S𝑀𝑂𝑆𝐹𝐸𝑇) for monitoring purpose.
As only one output is controlled, the other outputs are cross-regulated. A minimum of 290V in the
SM dc-link is required so that the PWM controller can be initially supplied through a series R-C
bias circuit, allowing output regulation and self-supplying operation from the Vout,15V terminal. The
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Fig. 3.21 Flyback-based ASPS scheme. Five outputs are completely isolated from the primary side (protection
and gate-drivers outputs), while Vout,15V and Vout,5V share the same ground with the primary side (SM dc-link
negative pole). On this way, the UCC28C44 low-power current mode PWM controller is self supplied from
Vout,15V, and Vout,5V is used as voltage feedback. The remaining outputs are cross-regulated through the magnetic
coupling.
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Tab. 3.6 ASPS main parameters

Parameter Value Unit

Primary winding voltage 200 − 900 V
Primary winding turns 120 -
Primary magnetizing ind. 12.5 mH
MOSFET switching freq. 20 kH
Snubber C𝑠𝑛 2.7 nF
Snubber R𝑠𝑛 196 kΩ
Sec. wind. turns Vout,15V 9 -
Sec. wind. turns Vout,5V 3 -
Sec. wind. turns Vout,GD 9 -
Sec. wind. turns Vout,prot 48 -

initial SM charge is achieved by the converter pre-charge system depicted in Fig. 3.8. Each secondary
winding comprises a rectifying diode and an electrolytic capacitor as part of a low-pass filter, and
their function are summarize as follow:

• 1 x 5V, 4Wmax for the local controller and communication.

• 4 x 15V, 1.5Wmax for the IGBT gate drivers (VGD1..4). An additional 900V isolation is required
between the upper and lower GDs windings.

• 1 x 80V, 15Wmax for 15 s operation when protection circuit is activated. The voltage is on
purpose high in order to obtain a sufficiently large energy buffer with a relatively low storage
capacitance.

As the required ASPS is specific for the developed SM, the coupled inductor was designed, built and
tested at PEL. A planar multiwinding coupled inductor with PCB integrated windings was chosen
over a wound one to minimize the electrical parameters drifting among the SMs. Two E-shape ferrites,
custom gapped and glued by hand formed the magnetic core. Every coupled inductor was tested
to verify final impedance and dielectric properties. The impedance was measured with an Omicron
Bode 100 network analyzer and it was found a main resonance at 228 kHz (which corresponds to a
capacitance of 37.6 pF) and mean value magnetizing inductance of 12.9mH. On the other hand, the
PCB with the integrated windings was tested in a Faraday cage with a single-phase high step-up line
frequency test transformer and an Omicron MPD600 partial discharge measurement system in order
to assess if any breakdown occurs in the substrate. A trapezoidal voltage profile test according to the
IEC 61800-5 standard was applied and tests were passed.
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3.2.2.7 Enclosure

Decided all the main electrical components of the SM, a proper metallic enclosure was designed. The
main considerations were:

• electric shielding, as PCBs contain parts with sharp edges that might be sensitive to partial
discharge (PD),

• shaping of the surrounding E-field to avoid air breakdown between the enclosure and other
close elements,

• mechanical support for PCBs and heatsink,

• air-flow path definition, as forced-air has to be used to operate the SM at full current capacity,
and

• access to SM terminals and connectors.

Due to the SM is a low voltage device, both UL 840 and IEC 61800-5-1 were considered. By assuming
a maximum expected voltage inside of the SM enclosure of 1 kV, OVC2 and FR-14 (glass-reinforced
epoxy laminated material) for PCBs, the minimum clearance and creepage distances are 3mm and
6.3mm, respectively. To reduce the electrical field intensity along the enclosure, the sharp angles
were avoided. Considering a maximum theoretical air breakdown threshold of 3 kVmm−1, all the
enclosure corners were restricted to a minimum of 3mm radius (value obtained by FEM simulations).
This value also complains with manufacturer limitations. The heatsink, dc-link capacitors and PCBs
are the elements with the biggest weight and volume in the designed SM. Thus, to keep the enclosure
design in simple, it is decided to organize these components to match a rectangular shape. Two
stacked rectangular PCBs of same total dimension hold the low-voltage components and the power
and protection devices, respectively. The PCB containing the IGBT module, the power capacitors and
the THY, it is hold by the enclosure (internal rails) and the heatsink (mechanically connected to the
bottom PCB through the IGBT and THY body). Similarly, the heatsink lies down in the enclosure.
Due to the heatsink is inside of the enclosure, and the enclosure has a rectangular shape, the air to
flow through the heatsink needs proper openings in both the inlet and outlet sections. Finally, the
leads containing the air-flow openings consider the aperture for SM terminals, FOL, status LED and
auxiliary connector. The designed enclosure is presented in Fig. 3.22. Additional information about
enclosure design and test can be found in [143].

3.2.3 Submodule - final design

Having presented the SM’s main characteristics, it is shown built device and experimental results
of its operation. A total of 120 units were fully assembled and tested before final placement of 96 of
them into the MMC research platform; however, this section is focused on illustrating a single unit’s
final appearance and main functionality.

Different perspectives of constructed SM are presented in Fig. 3.23 and Fig. 3.24, highlighting the
main parts. The left side of Fig. 3.23 shows an exploded view of the bottom section of the SM where
power components are revealed. The heatsink and power capacitors (heaviest elements) can be
recognized from bottom to top, then the THY and IGBT modules. As THY heat contribution during
protection triggering is modest, it is screwed on the heatsink due to mechanical reasons rather than
thermal. The THY, IGBT module, and power capacitors are electrically connected through a PCB,
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Fig. 3.22 Exploded view of a three dimensional SM metallic enclosure model. Three main parts are presented:
the front cover, the main body and the back cover. In the front and back covers are highlighted the openings
functionality, while the main body presents main dimensions.

which holds, in addition, the REL, a film capacitor (for dc-link straight inductance decoupling), active
balancing circuit, voltage divider resistors for voltage measurements, current sensor (placed in the
bottom side of the PCB), a section of the OVDC and terminals (cf. right side of Fig. 3.23). On top of
the bottom PCB, it is found a second PCB which holds the low-voltage components (cf. right side of
Fig. 3.23), namely, the ASPS circuitry, the four gate-drivers circuitry, the protection circuitry, and
the DSP-based local controller, formed by the DSP, logical ICs, passives components, an auxiliary
connector and FOL connectors.

It is worth highlighting three aspects of the presented design:

• the SM internal ground reference is the negative pole of its dc-link. Although the heatsink
touches the enclosure (internal enclosure floor), the ground connection is improved by con-
necting the dc-link negative pole with the THY screw (using a wire) and with the enclosure
rail (using a naked copper trace in the bottom PCB);

• after the enclosure is assembled (SM inside and front and back covers are in place), only four
elements are visible/accessible from the front cover: the FOL connectors, status light emitting
diodes (LEDs), auxiliary connector, and terminals. The FOL is used to communicate the SM
with the control hub; the status LEDs are used to indicate, visually, basic SM states, e.g., Vout,5V
output is active, SM operating (switching), and SM in fault; the auxiliary connector is a five-pins
component to provide fast access to the SM specific features and parts. A pin is used to DSP
reboot (usually needed during debug and flashing process), two pins are employed to REL
opening (mechanically permanent bypass that can be reset using an external power supply), and
another two pins are used to supply the DSP-based local controller (Vout,5V circuit) externally.
The two copper terminals are strategically placed in the front of the enclosure so that external
measurements and connections can be easily made; and

• the front and back cover openings and main body shape allow the air to flow through the IGBT
module heatsink and between power capacitors and top PCB components, improving overall
heat dissipation.
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Fig. 3.23 Left side: SM exploded view, revealing power and protection devices. In addition, the PCB containing
the low-power components is shown on top. Right side: top view of the low and high-power components
PCBs. It is highlighted specific components and circuitry sections.

Results for a single SM mimicking an operating cycle within the converter, i.e., passive charging (start-
up), operating (steady-state), and shutdown process, are presented in Fig. 3.25. These experimental
tests do not precisely reproduce the SM operating conditions within the MMC; however, they illustrate
SM main circuits and components functionality. Joined results with respect to time are shown in
Fig. 3.25 for SM dc-link voltage (𝑣𝑑𝑐𝑠𝑚), terminal voltage (𝑣𝑠𝑚), terminal current (𝑖𝑠𝑚), ASPS Vout,15V
(ASPS IC controller self-supply voltage), and Vout,5V (ASPS regulated output voltage).

At the start-up, the MMC is connected to the grid through precharge resistors, allowing the passive
charging of the SM using their freewheeling diodes. The experiment was performed supplying
the SM terminals with dc 300V and a limited current, emulating the expected voltage of the slow
charge process. During this period, the Vout,15V circuitry is supplied directly from the SM dc-link
through a bias R-C circuit which output is clamped to 15V, allowing the ASPS PWM IC controller to
activate at 𝑣𝑑𝑐𝑠𝑚 = 298V or equivalently Vout,15V =14.54V. At this point, the ASPS regulates the Vout,5V
output while the remaining outputs are cross-regulated, enabling the DSP-based local controller

Low-power components

High-power components

Front cover Back coverMain body

Assembled SM

Fig. 3.24 Left side: side view of the SM showing the assembling procedure of the low and high-power
components PCBs. Both PCBs are stacked through several low-voltage connectors. Right side: side view of the
assembled SM inside of the metal enclosure, and closing procedure of the front and back covers.
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Fig. 3.25 SM functional experimental test results. From top to bottom: SM dc-link voltage 𝑣 𝑑𝑐𝑠𝑚, terminal
voltage 𝑣𝑠𝑚, terminal current 𝑖𝑠𝑚, ASPS Vout,15V output voltage and regulated Vout,5V output voltage. From left to
right, passive charge process, operating state and discharge process.

(measurements, logic, and communication), ASPS self-supplied operation (Vout,15V), gate-drivers, and
protection circuit.

The SM can continue in the passively charged state while terminal voltage is present, thus to get
operating state, the active charging process has to be employed, i.e., to use the SM power switches so
that a small and controlled amount of power can be absorbed from ac terminals. In the presented
experiment, this process is skipped by connecting the dc power supply in the SM auxiliary dc terminals
and setting voltage to 𝑣𝑑𝑐𝑠𝑚 = 650V, reaching the operating state where PWM is activated. This state
allows checking the gate-drivers and their supply circuits, and current sensor functionality. In
addition, the OVDC, protection devices, and their supply were tested by increasing the dc-link voltage
up to 900V, the level at which they are expected to operate. The OVDC detected overvoltage at 898V,
triggering both THY and REL.

Finally, the last section shows SM discharging after the active power source (dc power supply) is
disconnected. Through the ASPS consumption (loading the dc-link), the SM is discharged in less than
a minute. At approximately 𝑣𝑑𝑐𝑠𝑚 =133V, the Vout,15V output reduces its voltage, making it difficult
to regulate Vout,5V output. At 9.58V, the ASPS PWM IC controller is turned off, and all the outputs.
It is important to mention that the shutdown process is about safely discharging the dc-link and
having enough time to the DSP communicate upstream status or any other relevant information to
the converter controller before SM is entirely off.

3.3 Summary

In this chapter, the classical ac-dc MMC configuration is presented along with the derivation of its
main mathematical operating principles. The MMC to be able to serve desired terminals’ voltage and
current, total and internal energy has to be controlled to a specific range while power is transferred
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3.3. Summary

between the ac and dc ports. Moreover, the fundamental principles governing the MMC impose
several technical challenges in SM sizing, designing, and manufacturing process, as well as in its
operation, topics that have been comprehensively presented, explained, and illustrated.

The built MMC research platform, a PEL effort to contribute with further research on this topic, has
been largely presented, paying particular attention to the power semiconductors and capacitors;
sensing, protection, DSP-based local controller, communication, ASPS circuitry, and metallic enclosure
that forms the SM.

Inspired by the complexity of the MMC, its large number of SMs (and forming components), and
the aim to improve its reliability, the developed SM is used as a subject of study to investigate and
elaborate different CHM strategies. Notably, the following chapter deals with SM capacitor aging
supervision by estimating and monitoring its capacitance changes.
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4
SM Capacitance Estimation

In the modular multilevel converter, the submodule capacitors represent one of the most critical compo-
nents, strongly impacting the overall converter cost and performance. This chapter presents a method for
the submodule capacitor condition health monitoring, which is deployed directly on the local submodule
controller and operates without disturbing or impacting the regular converter operation. Mathemat-
ical derivation, offline and real-time simulations, and experimental results introduce, illustrate, and
demonstrate the effectiveness of the proposed strategy.

4.1 Motivation

Already presented in Chap. 2, power electronics-based equipment reliability, particularly the MMCs,
can be improved further by utilizing different strategies such as those proposed in the PHM framework.
CHM, prognostics, diagnostics, and health management concepts allow the converter owner to have
valuable information about its current and future health state and guidelines or procedures actions if
an incipient fault or failure occurs. Specifically, CHM methods are relevant as they fed in PHM units
and enable the triggering of preventive maintenance alarms before severe deterioration or major
failure occurs [47].

The power capacitor’s failure rate is higher compared to other power electronics devices [39]. This is
particularly important in MMC SM, where dc-link power capacitors are put under different stressors,
for instance, high current and voltage ripple and high temperature, among other degradation factors
related to environmental conditions such as humidity and mechanical vibrations high ambient
temperature [78]. Several publications have addressed the MMC SM power capacitor CHM proposing
online methods to monitor capacitance reduction of the Al-cap using model-based methods with
parameter identification techniques; however, as was concluded in Chap. 2, more effort has to be
made to simplify and demonstrate through experiments new CHM strategies.

This chapter presents an alternative and simple approach for the MMC SM dc-link capacitor CHM
based on the RWLS technique to estimate and track its capacitance value and changes within time.
Such a technique assures relatively high accuracy when sensors, acquisition systems, power switching
events, and other sources of noise and error are present. In contrast with the previous works based
on RLS methods and capacitance monitoring, the proposed idea does not require current injection
(control modification or external device) or band-pass filters, significantly reducing complexity and
processing burden. Also, the proposed scheme does not need to modify the MMC or the SM’s existing
control strategy, no SM is bypassed, no extra hardware is required as the branch current, and the SM
dc-link voltage measurements are commonly available.

The proposed method is introduced by first presenting preliminary considerations about SM dc-link
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Chapter 4. SM Capacitance Estimation

current and impedance. Then, the strategy is fully described and validated through simulation studies,
RT-HIL simulations, and experimental tests.

4.2 SM dc-link capacitor current

Already presented in (3.32), the SM dc-link current 𝑖𝑑𝑐𝑠𝑚 is a direct consequence of the MMC control
strategy keeping its terminal voltages (or currents) as the desired reference. Simultaneously, the
energy stored in the SM dc-link capacitors is kept constant within a fundamental period and equally
balanced between SMs within a branch, between branches belonging to the same leg, and between
legs. In addition, expression (3.32) reveals that its frequency component’s amplitudes depend on the
converter operating point. Assuming power balance between the converter’s ac and dc terminals, i.e.,
the dc component in (3.32) is zero, the dc-link current can be rewritten as a function of the converter’s
active and reactive power as:

𝑉𝐷𝐶𝐼𝐷𝐶 = 𝑃𝐷𝐶 = 3
2
𝑣𝑔1𝑖𝑔1 cos 𝜑 = 𝑆3𝜙 cos 𝜑 = 𝑃3𝜙 (4.1)

𝑖𝑑𝑐𝑠𝑚(𝑃3𝜙, 𝑄3𝜙) =

√𝑄
2
3𝜙 + 𝑃23𝜙
6

(
cos(𝜔𝑡 + arctan(𝑄3𝜙/𝑃3𝜙))

𝑣𝑔1
−

cos(2𝜔𝑡 + arctan(𝑄3𝜙/𝑃3𝜙))

𝑉𝐷𝐶
)

−
𝑃3𝜙𝑣𝑔1 cos𝜔𝑡

3𝑉 2
𝐷𝐶

(4.2)

Where 𝑆3𝜙, 𝑃3𝜙 and 𝑄3𝜙 are the converter apparent, active, and reactive power, respectively. As
an illustration, Fig. 4.1 shows the dependency of the 𝑖𝑑𝑐𝑠𝑚 maximum amplitude with respect to the
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Fig. 4.1 The SM dc-link peak current with respect to considered MMC active and reactive power. The current
is maximum when the active power is zero, and the reactive power is maximum. The bigger the current (first
and second harmonic), the bigger the extractable information to estimate the capacitance.
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4.2. SM dc-link capacitor current

converter’s active and reactive power, where it is used the parameters of the considered converter
(cf. Tab. 3.1). It becomes straightforward that the lower the load, the lower the SM dc-link current
amplitude. This analysis is relevant to consider since presented strategy uses, in part, dc-link current
to extract information about the SM capacitance, suggesting that the MMC operating point might be
considered in the decision process related to activation of the calculations of the method.

As the considered SM does not possess a sensor to measure its dc-link current and expression (3.32)
does not take into account its switching nature, 𝑖𝑑𝑐𝑠𝑚 can be reconstructed from the measured 𝑖𝑝1 (for
the SMs in the positive branch 1) and the SM switch states presented in Tab. 3.2 (available in the DSP
registers), yielding:

𝑖𝑑𝑐𝑠𝑚(𝑡) = 𝑖𝑝1(𝑡)(𝑆2 ∧ 𝑆3) ∨ −𝑖𝑝1(𝑡)(𝑆1 ∧ 𝑆4) (4.3)

An illustration of the signals involved in the reconstruction of 𝑖𝑑𝑐𝑠𝑚 is presented in Fig. 4.2. During
MMC operation each SM within a branch receive the corresponding voltage reference which is
compared with the DSP-based local controller PWM carrier signal, producing the pulse signals 𝑆1, 𝑆2,
𝑆3 and 𝑆4. Accordingly to Tab. 3.2, only two switch states allow to the SM to be actively charged
or discharged, depending of branch current sign. When 𝑆1 = 𝑆4 = 1 (consequently 𝑆2 = 𝑆3 = 0),
if 𝑖𝑝1 is positive (leaving the SM), 𝑖𝑑𝑐𝑠𝑚 is negative, discharging the SM. If 𝑖𝑝1 is negative, the SM is
charged. On the other hand, when 𝑆2 = 𝑆3 = 1 (consequently 𝑆1 = 𝑆4 = 0), if 𝑖𝑝1 is positive, the SM is
charged and when negative, the SM is discharged. An example is highlighted green in Fig. 4.2. Plot
d) shows current 𝑖𝑝1. While positive, 𝑆2 = 𝑆3 = 1 state charges the SM capacitors, and 𝑆1 = 𝑆4 = 1
state discharge it.
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Fig. 4.2 SM main waveforms during two fundamental periods. From top to bottom: a) SM PWM triangular
carrier at 𝑓𝑠𝑤 and the corresponding output voltage reference signal (red) coming from the MMCmain controller,
b) the term 𝑆2 ∧ 𝑆3 from (4.3), c) the term 𝑆1 ∧ 𝑆4 from (4.3), d) the SM ac terminal current 𝑖𝑝1 sampled at 𝑓𝑠 ≫ 𝑓𝑠𝑤,
and e) SM dc-link current reconstructed 𝑖𝑑𝑐𝑠𝑚. Highlighted green, a zoom of the involved signals.
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4.3 SM dc-link impedance

The capacitance estimation problem based on the impedance measurement, as it is proposed in this
work, faces not only the issue related to its parameters changing due to the aging process but also
the effect of the surrounding components connected to the SM dc-link and the frequency response
of the current flowing through it. Let us start analyzing the SM dc-link impedance considering the
scheme depicted in Fig. 4.3. Zc represents the power capacitors impedance, and Zaux represents the
impedance of the auxiliary components connected to it, such as the ASPS (cf. Fig. 3.15 and Fig. 3.21).
Zc can be modeled as (4.4) (cf. Fig. 2.4).

Z𝑐(𝑠) =
1
𝑠𝐶

+ ESR + 𝑠ESL (4.4)

When the SM is operating, Zaux can be modeled as a constant power load Paux since the ASPS keeps
its output voltage regulated while its input voltage might change; thus, the dc-link equivalent load
can be represented by (4.5).

Zaux =
Paux
𝑖2𝑎𝑢𝑥

(4.5)

Where 𝑖𝑎𝑢𝑥 is the ASPS primary-side power supply current consumption. In consequence, the SM
dc-link impedance ZSM can be written as

ZSM(𝑠) =
(𝐶 · ESL · Paux)𝑠2 + (𝐶 · Paux · ESR)𝑠 + Paux

(𝐶 · ESL · 𝑖2𝑎𝑢𝑥)𝑠2 + 𝐶(ESR · 𝑖2𝑎𝑢𝑥 + Paux)𝑠 + 𝑖2𝑎𝑢𝑥
(4.6)

Fig. 4.4 shows the bode diagram of ZSM. The continuous black line is the impedance magnitude (top
plot) and phase-shift (bottom plot) curve using Paux = Ps, 𝐶 = 𝐶nom = 2.25mF, ESR = ESRnom =
66.6mΩ, and ESL = ESLnom = 66.6 nH values. Color-dashed lines illustrate the sensitivity of the
nominal curve when those parameters vary. As expected, Zaux behaves as a linear high-impedance in
the zero-frequency range. In the low-frequency range (few Hz to few hundred Hz), ZSM is dominated
by the ideal capacitor impedance. In the medium-frequency range (few kHz to few MHz), ZSM is
influenced by the ESR. Finally, in the high-frequency range (above a few tens of MHz) ESL, dominates
ZSM. This diagram shows that the extractable information is limited to the SM dc-link current
frequency components that excite the SM dc-link impedance. The expression (3.32) exposes the
oscillating nature of 𝑖𝑑𝑐𝑠𝑚 at fundamental 𝜔 = 2𝜋𝑓0 and 2𝑓0, while the previous section, together
with the unipolar modulation scheme adopted, reveals the oscillating component in the SM dc-link
current at the switching frequency 𝑓𝑠𝑤, and the 2𝑓𝑠𝑤 ± 𝑓0 side-band components around the 2𝑓𝑠𝑤
apparent switching frequency component (vertical green lines in the frequency axis). Consequently,
the primary information extractable is likely the 𝐶 value due to the 𝑓0 and 2𝑓0 current components
close to the ideal-capacitive zone. On the other hand, the ESR estimation is theoretically possible to
carry out but challenging to implement since it needs both high measurements sampling frequency
and high accuracy measurement, especially the 2𝑓𝑠𝑤 ± 𝑓0 SM dc-link voltage component due to it is
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Fig. 4.3 The SM dc-link impedance scheme. Two impedances parallel connected represent the capacitor bank
(Zc), and any additional load connected to the dc-link (Zaux), respectively.
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plot the phase. The nominal curves (continuous black line) are created considering dc-link nominal parameters,
while the color curves show the trend when those parameters are changed.

highly attenuated. Even more, with the considered Ps and ESLnom, it is deduced that Zaux and ESL do
not play an essential role in the capacitance estimation. It is important to mention that when the SM
dc-link capacitor bank ages or some of its components fail, the 𝐶 value will be reduced, increasing
the impedance magnitude and moving the phase-shift curve to the right, improving the 𝐶 estimation
even though, at the same time, the ESR increases its participation in the impedance composition since
ESR ≪ 1/𝑠𝐶. In consequence, ZSM for the estimation can be re-written as:

𝑣𝑑𝑐𝑠𝑚(𝑠)
𝑖𝑑𝑐𝑠𝑚(𝑠)

= ZSM(𝑠) = 1
𝑠𝐶

(4.7)

4.4 Proposed SM capacitor CHMmethod

In the previous chapter and sections, all the considerations and operating principles related to the
converter and the SM were presented as they are needed to analyze and describe the proposed scheme.
The MMC SM dc-link capacitor CHM method relies on extracting the capacitance value from the
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Chapter 4. SM Capacitance Estimation

low-frequency SM dc-link impedance, taking advantage of the existing sensed variables of the SM and
the oscillating nature of the SM dc-link current. Fig. 4.5 shows the scheme of the proposed method.
In each sampling period the DSP discretizes the sensed 𝑣𝑑𝑐𝑠𝑚 and 𝑖𝑝1 and retrieves the switching signals
𝑆1(𝑘) and 𝑆3(𝑘) (or equivalent 𝑆2(𝑘) and 𝑆4(𝑘)) calculated in the unipolar modulation. The dc-link
current 𝑖𝑑𝑐𝑠𝑚(𝑘) is reconstructed using the discrete quantities 𝑖𝑝1(𝑘), 𝑆1(𝑘) and 𝑆3(𝑘) in (4.3). Then,
both 𝑖𝑑𝑐𝑠𝑚(𝑘) and 𝑣𝑑𝑐𝑠𝑚(𝑘) together with the same signals from the previous iteration (𝑘 − 1) are used to
estimate a new parameter �̂�(𝑘), using the RWLS technique. This procedure is repeated 𝑀 iterations
or until the difference between two consecutive found parameters is less than a defined limit, as
expressed in (4.8).

SC = 𝑘 ≤ 𝑀 ∨ |�̂�(𝑘) − �̂�(𝑘 − 1)| ≤ 𝜀 (4.8)

When the stop condition is met, the parameter estimated is sent to the MMC main controller.

Generally, the RWLS is a mathematical tool used in the parameters estimation problem of gray-box
models that can handle the measurement uncertainties introduced by sensors and the digitalization
process. Given a system that can be modeled as a linear function of a set of unknown parameters in
general, the main principle of any least-squares method is to determine the unknown parameters
by minimizing the sum of the squared error between the actual system output (measured) and
linear system model output (calculated) while they are stimulated with the same input. In particular,
the RWLS solves the minimization problem recursively, advantageous in a field application where
computing capacities might be limited. Please, see App. B for more details about the mathematical
development of the RWLS algorithm. For the case of the presented method, the RWLS is applied as
described hereafter:

Using the Bilinear transform the transfer function proposed in (4.7) is discretized, yielding

𝐺(𝑧−1) =
𝑣𝑑𝑐𝑠𝑚
𝑖𝑑𝑐𝑠𝑚

=
𝑇𝑠
2𝐶 (𝑧

−1 + 1)

1 − 𝑧−1
(4.9)

which resembles (B.1) in App. B. Then, the data vector 𝜓 𝑇(𝑘) and the parameter vector ̂𝜃𝑇(𝑘) are
written as:

𝜓 𝑇(𝑘) = [𝑣𝑑𝑐𝑠𝑚(𝑘 − 1)
𝑇𝑠

2𝐶𝑛𝑜𝑚
(𝑖𝑑𝑐𝑠𝑚(𝑘) + 𝑖𝑑𝑐𝑠𝑚(𝑘 − 1))] (4.10)

̂𝜃𝑇(𝑘) = [𝑎(𝑘) 1
�̂�(𝑘)

] (4.11)

Please note that the estimated �̂�(𝑘) from the above equation, represents the normalized values respect
to 𝐶𝑛𝑜𝑚 and 𝑎(𝑘) reflects the past value of 𝑣𝑑𝑐𝑠𝑚. Finally, one has to calculate iteratively (B.4), (B.5) and
(B.6) as it is explained in App. B.
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Algorithm 1 idcsm reconstruction
1: Ism ← ism
2: Idc ← 0

� S1,S2 states
3: if PWM1ref ≥ PWM1counter then
4: S1 ← 1
5: S2 ← 0
6: else if PWM1ref < PWM1counter then
7: S1 ← 0
8: S2 ← 1

� S3,S4 states
9: if PWM2ref ≥ PWM2counter then
10: S3 ← 1
11: S4 ← 0
12: else if PWM2ref < PWM2counter then
13: S3 ← 0
14: S4 ← 1

� current calculation
15: if S1 ∧ S4 then
16: Idc ← –Ism
17: else if S2 ∧ S3 then
18: Idc ← Ism

1

Algorithm 2 C estimation
1: Vdc(k) ← vdcsm
2: ψ1(k) ← Vdc(k – 1)
3: ψ2(k) ← Ts

2Cnom
(Idc(k) + Idc(k – 1))

� γ(k) calculation
4: γgain(k) ← 1

ψ(k)T PW (k–1)ψ(k)+ 1
w

5: γ1(k) ← PW1(k – 1)ψ1(k)
6: γ2(k) ← PW2(k – 1)ψ2(k)

� θ̂(k) calculation
7: θ̂1(k) ← θ̂1(k – 1) + γgain(k)γ1(k)

(
Vdc(k) – ψT (k)θ̂(k – 1)

)

8: θ̂2(k) ← θ̂2(k – 1) + γgain(k)γ2(k)
(
Vdc(k) – ψT (k)θ̂(k – 1)

)

return Ĉ ← Cnom
θ̂2(k)

� PW (k) calculation
9: PW1(k) ← PW1(k – 1) – γgain(k)γ1(k)ψ1(k)
10: PW2(k) ← PW2(k – 1) – γgain(k)γ2(k)ψ2(k)

� Variables updating
11: Vdc(k – 1) ← Vdc(k)
12: Idc(k – 1) ← Idc(k)
13: θ̂1(k – 1) ← θ̂1(k)
14: θ̂2(k – 1) ← θ̂2(k)
15: PW1(k – 1) ← PW1(k)
16: PW2(k – 1) ← PW2(k)
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4: S1 ← 1
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6: else if PWM1ref < PWM1counter then
7: S1 ← 0
8: S2 ← 1

� S3,S4 states
9: if PWM2ref ≥ PWM2counter then
10: S3 ← 1
11: S4 ← 0
12: else if PWM2ref < PWM2counter then
13: S3 ← 0
14: S4 ← 1

� current calculation
15: if S1 ∧ S4 then
16: Idc ← –Ism
17: else if S2 ∧ S3 then
18: Idc ← Ism

1

Algorithm 2 C estimation
1: Vdc(k) ← vdcsm
2: ψ1(k) ← Vdc(k – 1)
3: ψ2(k) ← Ts

2Cnom
(Idc(k) + Idc(k – 1))

� γ(k) calculation
4: γgain(k) ← 1

ψ(k)T PW (k–1)ψ(k)+ 1
w

5: γ1(k) ← PW1(k – 1)ψ1(k)
6: γ2(k) ← PW2(k – 1)ψ2(k)

� θ̂(k) calculation
7: θ̂1(k) ← θ̂1(k – 1) + γgain(k)γ1(k)

(
Vdc(k) – ψT (k)θ̂(k – 1)

)

8: θ̂2(k) ← θ̂2(k – 1) + γgain(k)γ2(k)
(
Vdc(k) – ψT (k)θ̂(k – 1)

)

return Ĉ ← Cnom
θ̂2(k)

� PW (k) calculation
9: PW1(k) ← PW1(k – 1) – γgain(k)γ1(k)ψ1(k)
10: PW2(k) ← PW2(k – 1) – γgain(k)γ2(k)ψ2(k)

� Variables updating
11: Vdc(k – 1) ← Vdc(k)
12: Idc(k – 1) ← Idc(k)
13: θ̂1(k – 1) ← θ̂1(k)
14: θ̂2(k – 1) ← θ̂2(k)
15: PW1(k – 1) ← PW1(k)
16: PW2(k – 1) ← PW2(k)

2

Fig. 4.5 Proposed method scheme respect the main time-events in the SM. The top picture shows the 𝑆1 and
𝑆3 DSP PWM output signals as a consequence of the comparison of the modulation index 𝑚(𝑡) (𝑆1) and −𝑚(𝑡)
(𝑆3) respect to the PWM triangular-waveform carrier signal. The straight arrows represent the DSP sampling
instant, where 𝑖𝑝1 and 𝑣 𝑑𝑐𝑠𝑚 are acquired. During this period (𝑇𝑠) one iteration of the RWLS is performed resulting
in a preliminary �̂�(𝑘) estimation. This procedure is repeated until the stop condition (4.8) is met.

4.5 Method validation

In order to validate the proposed CHMmethod, three different steps are followed: a) offline simulations
considering the MMCmodel from Fig. 3.2, b) MMC RT-HIL simulations where the method is deployed
in the actual SM’s control and communication environment (hardware and software) while the power
components are simulated in real-time (cf. top scheme in Fig. 4.7), and c) MMC test setup where the
method is deployed in the developed SMs (cf. bottom scheme in Fig. 4.7).

4.5.1 Practical considerations

Independently of the validation method, the proposed method is validated considering the following
details:

1. Both MMC RT-HIL and MMC test setup aim to make the SMs and its controller operate under
similar conditions as they would be exposed to during a regular MMC operation. To do so, an
MMC reduced branch circuit is considered and presented in the central part of Fig. 4.7. Four
SMs and an inductor are connected in series to form the reduced MMC branch (MMC-branch).
The MMC-branch is connected to an external voltage source, made of four series-connected
SMs forming the so-called source-branch (S-branch). Each SM of the S-branch has available
dc-link terminals, and they are connected to four isolated dc sources. The S-branch operates as
a voltage source; thus, the MMC-branch operates by modifying its terminal voltage (3.11) to
induce the desired current through the SM terminals (3.13).

2. All the measurements used in the offline and MMC RT-HIL simulations were distorted using
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additive white Gaussian noise ∼ N (𝜇 = 0, 𝜎 = 0.5).

3. Parameter vector initial condition: It is chosen as the result of the previous estimation process.
When previous result does not exist then the parameter vector initial condition is chosen as
̂𝜃𝑇(0) = [1 1]. In other words, the RWLS assumes 𝐶𝑛𝑜𝑚 as initial guess of the first iteration

and previous 𝑣𝑑𝑐𝑠𝑚.

4. Covariance matrix initial condition: Choosing a large covariance value for each unknown
parameter can be interpreted as the RWLS assumes that the parameters initial condition are
not close to the real values, increasing the parameters’ searching range and the convergence
speed. However, large covariance values might cause numeric instability as the calculated
variables might overflow or underflow in a limited data type size implementation. Thus, the
initial covariance was chosen as 𝑃𝑤(0) = 10−4𝐼2𝑥2.

5. Solving the capacitance estimation problem:

5.1. First it is reconstructed 𝑖𝑑𝑐𝑠𝑚 using 𝑖𝑝1 and the switching signals 𝑆1 and 𝑆3 in (4.3). 𝑆1 and 𝑆3
are retrieved from the DSP’s PWM module.

5.2. Using 𝑖𝑑𝑐𝑠𝑚 and 𝑣𝑑𝑐𝑠𝑚 together with (4.10) and (4.11) it is applied the RWLS technique presented
in App. B, following the next order of the equations: (B.4) → (B.5) → (B.6).

5.3. Check the stop condition considering 𝑀 = 4𝑥103 (approximately 5 s at 𝑓𝑠) and 𝜀 = 10−3.

5.4. Retrieves the estimated capacitance physical values using �̂�(𝑚𝐹) = 𝐶𝑛𝑜𝑚�̂�(𝑘).

5.5. Report found parameter value to the MMC main controller.

4.5.2 Offline simulation studies

Parameters of the simulated MMC were already presented in Tab. 3.1. The modeled MMC utilizes
the classical d-q frame grid current control (GCC) and outer layer controller for the dc terminals (cf.
Fig. 3.6). The total energy control and the internal energy balancing control are based on [144]. Then,
the simulation is carried out considering the next scenario:

• The SM dc-link capacitance CHM is performed while the MMC operates as a rectifier fully
loaded on its dc side.

• Each SM dc-link actual capacitance is initialized randomly in the range of 𝐶𝑛𝑜𝑚 ± 20% (to
simulate the manufacturing tolerance). On the other hand, ESR is set nominal.

• Between 𝑡 =5 s and 𝑡 =5.5 s the CHM method is stopped, each dc-link capacitance is reduced to
80% of its initial condition, and ESR is increased 2.5 times.

• At 𝑡 = 5.5 s the method is started again using the last estimated parameters as starting point.

The top part of Fig. 4.6 shows the parameter estimation results for each SM expressed as the error
with respect to their real value, while the bottom part presents the result for the SM1 expressed in
physical units. The error is calculated using 𝑒𝑟 𝑟𝑜𝑟(%) = 100|�̂� − 𝐶𝑟𝑒𝑎𝑙|/𝐶𝑟𝑒𝑎𝑙. At the beginning of the
simulation the error is high due to the initial conditions and the simulation start transient. After
100ms it starts to converge and after 2 s it settles down. At 𝑡 =5 s the method is stopped and initialized
at 𝑡 =5.5 s finding a big error as the real capacitance was reduced 20%. The maximum error found is
4.6%.
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Ĉ

Error

C and ESR change

Fig. 4.6 Offline simulation results. Top plot: estimation error for each SM dc-link capacitance. In the first
part of the simulation (𝑡 <5 s) the real capacitance for each SM is set randomly and ESR is set nominal. In the
second part (𝑡 >5.5 s) the real capacitance is set to 80% of its initial value and ESR is set 2.5 times its nominal
value. Bottom plot: the estimated parameter for the 𝑆𝑀1 (leg A, upper branch). The continuous red line is the
estimated capacitance �̂�1 while the dashed red line is the real value.

4.5.3 MMC RT-HIL simulations

Following successful verification of the model in offline simulations, the complete algorithm is
deployed on the DSP of the actual MMC SM. In order to extensively verify its performances under
various test cases that are not easy to achieve in the experimental setup, the RT-HIL system is
developed. The MMC RT-HIL simulator, depicted in the top part of Fig. 4.7, comprises eight SM
control boards, each with a replica of the prototype SM local controller, a Plexim real-time simulator
RT-Box 1, and an interface board to adapt the signals between them. Consequently, the RT-Box
simulates the MMC-branch SMs power components, S-branch SMs power components, inductors
between them and S-branch dc sources. In order to show the method’s capability to estimate the SM
dc-link capacitance under different capacitor aging states, each SM capacitor impedance was set with
different values and time dependency. Also, each initial capacitance condition was set randomly in
the range 𝐶𝑛𝑜𝑚 ± 20%, and ESR initial condition was set 𝐸𝑆𝑅𝑛𝑜𝑚, thus:

• SM1: Both parameters are kept constant along with the simulation as it would be the case with
capacitor parameters at the beginning of its lifespan,

• SM2: The capacitance and ESR are set at 80% and 250% of its initial condition, respectively, as it
would be the case with capacitor parameters at the end of its lifespan,

• SM3: capacitor bank is reduced one third at 𝑡 =2000 s as emulating artificially loss of capacitance
in order to verify performance of the method, representing a 33.3% capacitance reduction and
50.1% ESR increase,

• SM4: capacitance and ESR are linearly changed to 80% and 250% from their initial condition
respectively, emulating ageing.
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Fig. 4.7 Central picture shows the scheme of the MMC reduced branch. The top part presents the elements of
the MMC RT-HIL setup. The DSP in each SM control board receives and sends the same signals as it would be
operating in the SM prototype. Four DSP are loaded with the proposed CHM method as they are emulating the
MMC-branch SMs controller. The RT-box simulates in the real-time the power components such as the IGBTs,
dc-link capacitors, branch inductance and S-branch dc sources. The bottom part presents the components of
the MMC test setup, where four SMs, loaded with the proposed CHM method, form the MMC-branch and
other four SMs prototype form the S-branch.

It is important to highlight that ohmic losses in the capacitors foils, tabs, terminals, and electrolytes,
mainly responsible for their temperature rise, are included in the ESR term, and its effect in the
proposed method is taken into account as ESR is considered in the simulation conditions.

The MMC RT-HIL simulator was set at the equivalent MMC rated values, and the experiment was
performed during 60min. Every 5 s, a new capacitance estimation was available to be sent to the
MMCmain controller. Fig. 4.8 presents the parameter estimation results for the conditions mentioned
above, while Fig. 4.9 presents the parameter estimation results for the equivalent MMC operating at
different switching and ac port frequencies.

Results show that the CHM method performs satisfactorily for the different capacitors states, even
when applied to a capacitance step-change. It is observed that variations in the switching and terminals
frequencies have a moderate impact on the performance of the estimation, being the worst case when
the switching frequency is reduced to half and the terminals frequency is double. In addition, it can be
deduced that the switching frequency reduction has less impact than ac terminals frequency increase.
This outcome can be explained by observing Fig. 4.4. As the fundamental frequency increases, the
ESR component of the impedance increases while the capacitive part decreases, and the impedance
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Fig. 4.8 Parameter estimation results for the MMC RT-HIL simulator. The dashed red lines is the reference
capacitance value. The continuous red lines is the estimated capacitance, respectively. The continuous yellow
line is the estimated percentage error. Each SM is set with different reference capacitance and ESR to demonstrate
the proposed method capacitance track capability.
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Fig. 4.9 Parameter estimation results for the MMC RT-HIL simulator under different MMC switching and
equivalent ac terminals frequencies. The dashed red line is the reference capacitance value. The colored
continuous and dashed lines are the estimated capacitance, and its error, respectively.

magnitude is reduced. On the other hand, a reduction in the switching frequency increases the ESR
component; however, the impedance magnitude is still highly attenuated. Finally, the presented
results prove that the proposed method does not interfere with other routines running in the SM
local controller, and it is numerically stable within time, frequency, and impedance variations, as no
divergence nor undefined values were found.

4.5.4 MMC experimental test

The MMC test setup, depicted in the bottom part of Fig. 4.7, comprises four series-connected SMs in
series with a 2.5mH inductor to form the MMC-branch. The S-branch is made of four SMs series-
connected. The S-branch dc sources are made of an isolating transformer with one primary and four
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secondary windings supplying four full-wave diode rectifiers. The primary side of the transformer
is supplied by a single-phase autotransformer (VARIAC). The MMC main controller is based on
the industrial controller ABB AC 800PEC, a custom-made serial protocol and a fiber-optical link to
exchange information with either the developed SMs or SM control boards.

Four experiments were conducted with the SMs operating close to nominal. In the first two experi-
ments, all the SMs were with the full dc-link capacitor bank; however, one experiment was carried
out with 𝜑 = 90° and the other with 𝜑 varying from 0° to 90°. In the last two experiments, one-third of
the capacitors were removed from the SM1 dc-link. In addition, to reduce the temperature effect on
the measurements, the experiment was running for an hour prior to the data being taken. Fig. 4.10
shows the parameter estimation results for the MMC test setup. Plot a) presents the S-branch and
MMC-branch voltage, and the branch current waveforms. Plot b) presents 𝑣𝑑𝑐𝑠𝑚 measurement and
reconstructed 𝑖𝑑𝑐𝑠𝑚 retrieved from SM1. Plots c) and e) show the results considering all the SMs capacitor
bank fully populated, while plots d) and f) show the results considering that one-third of the SM1
capacitor bank was removed. Plots c) and d) show the results with 𝜑 = 90°, while plots e) and f) the
results with 𝜑 varying from 0° to 90°.

Consistent with the results found in the MMC RT-HIL simulator, the proposed CHM detected, in
average, 32% capacitance drop which matches with the one-third of capacitors removed (plot d)). On
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Fig. 4.10 MMC test setup results. Tests were carried out during 60min, branch current set at 65A peak-
to-peak, 𝑚(𝑡) = 0.7 and 𝑣 𝑑𝑐𝑠𝑚 = 600V. a), the S-branch, MMC-branch and branch current waveforms recorded
from scope with the SMs capacitor bank fully populated. b), the measured 𝑣 𝑑𝑐𝑠𝑚 and reconstructed 𝑖𝑑𝑐𝑠𝑚 retrieved
from SM1 DSP, with the capacitor bank fully populated. c), the SMs dc-link capacitance estimation results for
capacitor bank fully populated and 𝜑 = 90°. d), the SMs dc-link capacitance estimation results for capacitor
bank reduced one-third and with 𝜑 = 90°. e), the SMs dc-link capacitance estimation results for capacitor bank
fully populated and 𝜑 varying from 0° to 90°. f) presents SMs dc-link capacitance estimation results for capacitor
bank reduced one-third and with 𝜑 varying from 0° to 90°.
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the other hand, when the power factor is changed, it can be seen that the capacitance estimation
reduces its accuracy, speciallywhen 𝜑 < 60° aswas suggested in Sec. 4.2; however, the error concerning
the cases where 𝜑 = 90° is less than 5 %.

4.6 Conclusions

Despite the extraordinary features of MMC topology, reliability could be of concern since several
sensitive and expensive components are present in the SM. The CHM technique might improve
converter reliability by monitoring state conditions over selected critical components before severe
deterioration or significant failure occurs. This chapter presented an MMC SM dc-link capacitor CHM
method, addressing its mathematical development, application scope, and practical considerations. In
addition, offline simulations and MMC RT-HIL and MMC experiments were carried out to validate
the proposed scheme under different SM dc-link impedance conditions and power factors. Results
showed that using available SM measurements and the RWLS simple technique, it is possible to
extract the SM dc-link capacitance with a maximum error below 5%, even under extreme capacitance
change conditions and different converter power factors.

Continuing with the goals of this thesis, the following chapter presents a strategy to extract relevant
information about SM sub-circuit states, enabling the path toward new SM-level CHM methods.
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5
Estimating the ASPS Power Consumption

The previous chapter presented a method for the MMC SM CHM of power capacitors to improve converter
reliability, as capacitors are usually considered one of the most sensitive components in power electronics
applications. However, despite the FB SM is a well-known and straightforward power converter topology, in
practice, it is a complex device composed of several parts presenting perhaps, lower failure rates compared
to capacitors and power semiconductors, but equally important for the SM to operate appropriately. The
limitations to monitoring their health conditions are, at least, the volume/cost impediments to consider
more sensors/acquisition system, and computational power resources. Thus, exploring alternatives in which
valuable information can be extracted from the SM using the same existing means becomes interesting
for increasing CHM value when applied to MMC. This chapter presents a novel strategy to observe
simultaneously different SM sub-circuits condition through the ASPS power consumption monitoring.
The fundamental idea is that ASPS secondary circuitry changes produce a power signature different from
the one during regular operation in the primary side. A CHM strategy using this information is proposed,
illustrating how new prospective condition health monitoring schemes might be created. Presented ideas
are mathematically developed, simulated and experimentally tested in the context of the considered MMC.

5.1 Motivation

As presented in Chap. 2, CHM applied to power electronics devices is mainly focused on power
semiconductors and capacitors, leaving out of the scope many other electronic components that
are less sensitive; however, of the same importance for the proper operation of any equipment. In
the case of MMC, this trend is not different and can be illustrated considering the SM presented in
Chap. 3 (cf. Fig. 3.23 and Fig. 3.24). Apart from the IGBT module and six power capacitors, the
SM comprises an electromechanical component (REL), several low-voltage capacitors (electrolytic
and tantalum), resistors, low-current inductors, low-power semiconductors (MOSFET, thyristors,
transistors and diodes), optical-based (optoisolators, gate-driver ICs), LEDs, magnetics (ASPS multi-
windings coupled inductor and THY pulse transformer), ICs (processor, memory, OPAMPs, logic-gates
and PWM controller), oscillator (DSP clock), connectors (connection between PCBs and from PCB to
components, e.g., REL), mechanics (screws and cooper terminals), and PCBs (ASPS multi-windings
coupled inductor, power PCB and control PCB). As summarized in Tab. 5.1, the elements per SM sum
414 and approximately 20000 parts per MMC (considering only SM’s parts).

The fundamental reason these components not being monitored might be the extra cost, volume,
and complexity of adding more elements to the SM to gather and process information about them.
Moreover, reliability may worsen due to the counter-effect of having more parts prone to failure.
On the other hand, seeking cheap and straightforward solutions, classical MMC SM (either HB or
FB) usually considers a minimum set of electronics (sensors and computational power) such that
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Tab. 5.1 Summary electronics components per SM

Component/circuitry Full-bridge Dc-link Balancing Protection Gate-drivers Local con-
troller

Measurement ASPS

Power semiconductors 4 1
Power capacitors 6
Electro-mechanics 1
Low-power capacitors 1 20 20 46 9 25
Resistors 9 38 24 24 37 45
Low-current inductors 2 4
Low-power semiconductors 2 27 14
Optical-based 2 4
LEDs 3
Magnetics 1 1
ICs 1 10 6 1
Oscillator 1
Connectors 3 4 5 2 2
Mechanics 5 1
PCBs 1 1 1

N° components 10 7 11 95 52 92 54 93
N° components per SM 414
N° components per MMC (48 SMs) 19872

the device performs as expected, limiting drastically what can be done regarding CHM. In this
scenario, it is interesting to explore alternatives to improve CHM techniques considering acquiring
new and valuable information about the SM condition, ideally, using common available SM resources
(sensors and computational power), and then processing it accordingly to correctly recognize that a
degradation threshold is over passed.

In this chapter, the presented problem is addressed considering two layers. The first layer is an alter-
native to procure SM sub-circuits information that can be linked to to their component’s degradation
level. It is proposed to use the power consumption of the ASPS as a measurable signature able to
reflect the parametric fault of the circuits being supplied by it. The parametric fault (also known as
soft fault or parametric shifting) is the deviation in circuit component parameters from their initial
values and beyond their acceptable tolerance range [145], [146]. As discussed later in this chapter,
the potential use of the first layer outcome to create a CHM method is explored and implemented
as the second layer. Depending of chosen technique to analyze first layer output, different second
layer solutions might be provided. In particular, to illustrate second layer options, a CHM method is
developed using a tailored fault dictionary at the SM level to recognize that observed SM is degraded.

In what follows, both layers are introduced in detail and validated through offline simulations and
experimental results in the developed SM.

5.2 First layer: ASPS power consumption estimation

As a recourse to fully utilize the available SM sensing and processing hardware, it is proposed to use
the ASPS power consumption as a measurable signal able to capture the parametric changes of the
circuits connected to its outputs, enabling that several components might be monitored at the same
time. Already presented in Chap. 3, the considered ASPS is a single switch flyback-based converter
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Fig. 5.1 Highlighted yellow, the proposed method for ASPS power consumption estimation and its integration
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components and acquired with the DSP ECAP) are utilized. Result is the mean power PASPS.

with multiple isolated outputs. This section introduces a simple strategy to estimate changes in the
ASPS power consumption and its validity as first layer is demonstrated through several experimental
tests.

The principles of flyback converter operation are well known, and it is not difficult to establish a
link between control duty cycle, supply voltage and input power. When the flyback power switch is
conducting, the ASPS input voltage 𝑣𝑑𝑐𝑠𝑚 produces a voltage 𝑣𝐿𝑝 in the primary inductor (cf. Fig. 5.1).
As a consequence, a current 𝑖𝐿𝑝 flows through the primary coil, which is limited by its magnetizing
inductance 𝐿𝑝 and increases linearly with 𝑣𝐿𝑝(𝑡)/𝐿𝑝 slope (cf. Fig. 5.2). As it is intended to detect
power consumption changes and for the sake of analysis simplicity, it is assumed that flyback primary
side power losses and voltage drop due to input filters and MOSFET are negligible then ,𝑣𝐿𝑝 and 𝑖𝐿𝑝
can be approximated by 𝑣𝑑𝑐𝑠𝑚 and the ASPS input current 𝑖ASPS, respectively. Then, 𝑖ASPS can be written
as (5.1).

𝑖ASPS ≈
𝑣𝑑𝑐𝑠𝑚
𝐿𝑝

𝑡 , 𝑡 ∈ [0, 𝑡𝑜𝑛], (5.1)

where 𝑡𝑜𝑛 is the total time the MOSFET is conducting. Due to SM dc-link large capacitance C𝑠𝑚, 𝑣𝑑𝑐𝑠𝑚(𝑡)
can be considered constant during the whole MOSFET switching period 𝑇𝑠𝑤. Until 𝑡 = 𝑡𝑜𝑛, the output
diodes are reverse polarized, preventing the current to flow from the secondary windings to the
output capacitors, thus an input energy 𝐸𝑝 = 0.5𝐿𝑝𝑖2𝑝 is delivered to the magnetic circuit and stored,
mainly, in the core air gap, where 𝑖𝑝 is 𝑖𝐿𝑝 at 𝑡 = 𝑡𝑜𝑛. Considering discontinous conduction mode, when
the MOSFET is off, the secondary windings reverse their polarity and a large portion of the energy
stored in the magnetic circuit is transferred to the secondaries before the MOSFET switching period
is reached, charging the output capacitors and supplying the load. Then, the ASPS stored energy can
be approximated by
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Fig. 5.2 Main ASPS primary waveforms. Secondary side waveforms are not shown as they are not used for
power consumption calculation. Once MOSFET starts conducting (SMOSFET = 1), a voltage 𝑣𝐿𝑝 is applied to
the inductor primary side and, consequently, a current 𝑖𝐿𝑝 flows through it until 𝑡 = 𝑡𝑜𝑛. 𝑣𝐿𝑝 and 𝑖ASPS can be
approximated by 𝑣 𝑑𝑐𝑠𝑚 and 𝑖𝐿𝑝 , respectively.

𝐸𝑝 = 1
2
𝐿𝑝𝑖2𝑝 ≈ 1

2
𝐿𝑝 (

𝑣𝑑𝑐𝑠𝑚
𝐿𝑝

𝑡𝑜𝑛)
2

≈ PASPS𝑇𝑠𝑤 (5.2)

where PASPS is the ASPS mean input power over the switching period 𝑇𝑠𝑤. Finally, rewriting (5.2)
yields

PASPS ≈
1
2
(𝑣𝑑𝑐𝑠𝑚𝑡𝑜𝑛)2

𝑇𝑠𝑤𝐿𝑝
. (5.3)

Due to the imperfect magnetic coupling between the primary and secondary coils, a small portion of
the energy transferred to the magnetic core during 𝑡𝑜𝑛 is not captured by the output windings, but it
is still present in the magnetic circuit. This is represented through a leakage inductor in series with
the primary coil. Then, right after the MOSFET stops conducting, this leakage magnetic energy is
returned to the primary side, reflected as a negative 𝑣𝐿𝑝 and the current 𝑖𝑠𝑛, and dissipated by the
𝑅𝑠𝑛-𝐶𝑠𝑛 snubber circuit. Thus, expression (5.3) already considers this effect and no extra energy has to
be taken into account.

It is important to mention that despite the signal isense is measured through a shunt resistor and
might help estimating the ASPS consumption, it is only used as a feedback by the PWM controller
and the DSP does not acquire it. Instead, 𝑣𝑑𝑐𝑠𝑚 (available in the SM local controller for specific control
and protection actions), and 𝑡𝑜𝑛, are used to estimate the ASPS consumption according to (5.3). 𝑡𝑜𝑛 is
estimated measuring the active time of the MOSFET firing pulse (𝑆MOSFET) using the DSP capture
module (ECAP) (cf. Fig. 5.1). Please note that theMOSFET pulse measurement circuit is not commonly
available in the SM designs, however can be easily implemented with few low-cost components.
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5.2. First layer: ASPS power consumption estimation

5.2.1 Method validation

To validate proposed ASPS consumption estimation method, it is considered the experimental setup
presented in Fig. 5.3. A single SMwhose dc-link is connected to two series connectedDelta Elektronika
SM600-10 dc power supplies through auxiliary dc terminals, and a 10mH inductor, connected to its
ac terminals. The SM synthesizes terminal voltage using unipolar modulation at 1 kHz switching
frequency, and the output current is not controlled, but simply circulates through the inductor. It is
considered that the equivalent converter operates at nominal values, balanced and without distortion
ac port currents, input/output steady-state power balance and zero circulating currents. In addition,
due to the pure inductive load in the experimental setup, no active power can be delivered, thus the
current flowing through the SMs terminal within a branch of any leg, e.g., 𝑎 of the upper branch,
(3.13) (derived in Chap. 3), contains only the ac component and 𝜑 is close to 𝜋/2.

The MOSFET firing pulses are acquired every 50 µs (20 kHz) by the DSP-based local controller using
its ECAP and used to estimate 𝑡𝑜𝑛, while the SM dc-link voltage is sampled at 40 kHz by the DSP.
Despite the DSP ADC and ECAP sampling time are not the same and results are not necessarily
synchronized, the difference between the voltage value during 𝑇𝑠𝑤 and the one stored in the memory
is negligible as 𝑣𝑑𝑐𝑠𝑚 variation is much slower compared to 𝑆𝑀𝑂𝑆𝐹𝐸𝑇 duty cycle changes. Once 𝑡𝑜𝑛 is
available, 𝑛 = 10 PASPS estimations are performed, averaged and sent to the main controller through
the communication system. On the other hand, a scope monitoring the ASPS input voltage (𝑣𝑑𝑐𝑠𝑚) and
current is used to compare actual and estimated consumption.

The presented configuration allows to the SM to operate in the states depicted in Fig. 5.4. During
passive charging none of the sub-circuits can operate as the ASPS has not reached the minimum
input voltage to turn on. Once 𝑣𝑑𝑐𝑠𝑚 ≥ 𝑣𝑑𝑐𝑠𝑚min , the SM is in passively charged state, allowing the ASPS to
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Fig. 5.3 Experimental setup. (a) electrical diagram: a single SM supplied through auxiliary dc terminals
and loaded with an inductor at the ac terminals. Highlighted in orange, the scope voltage (V) and current (A)
probes. The ASPS power consumption is varied choosing different SM states and connecting a resistive load in
the 𝑉out,5V. (b) laboratory experimental setup: two series connected Delta Elektronika SM600-10 as dc power
supply, SM, a 10mH inductive load and an ABB AC 800PEC controller (not visible in the picture).
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Fig. 5.4 SM sub-circuits use with respect to its state and dc-link voltage. A single check mark means the
associate sub-circuit is available for operation. The double check mark means the associate sub-circuit is
operating. During converter start-up, the pre-charge system allows the SMs to reach 𝑣 𝑑𝑐𝑠𝑚 ≈ 𝑣 𝑑𝑐𝑠𝑚min

(passively
charged state), powering up the ASPS. The ASPS supplies the DSP-based local controller and enables protection
and gate drivers circuits. By using the power switches, the SM is actively charged, taking power from the
associated branch until 𝑣 𝑑𝑐𝑠𝑚 ≈ 𝑣 𝑑𝑐𝑠𝑚nom

, and activating the operating state in which the SM is ready to follow
voltage references from MMC main controller.

supply the DSP-based local controller and the communication circuitry (gate-drivers and protection
circuitry are available). Afterward, SM modulation, and basic control actions are enabled permitting
the active charging of its dc-link until 𝑣𝑑𝑐𝑠𝑚nom is reached. Then, the SM is in operating state, ready
to receive a voltage reference and operates exchanging power within the converter. It is important
to mention that protection circuitry is considered as it can be triggered any time during the SM
operation.

It is important to mention that this experimental setup does not mimic precisely the conditions of the
SM operating in the MMC; however, for what is sought to be demonstrated, any difference can be
neglected.

5.2.2 Results

In order to assess the ASPS power consumption variation when electrical changes occur in its
secondary windings, and taking into consideration the presented experimental setup, the following
conditions are investigated:

¬ P̄ASPS at baseline condition. DSP-based local controller and communication are active,

 P̄ASPS when a small resistive load is added to the Vout,5V circuit,

® P̄ASPS when the PWM is activated and 𝑖𝑠𝑚 =10A, and

¯ P̄ASPS when protection is triggered (THY and both THY + REL).

Each one of these conditions is explored in passively charged and operating states. In passively
charged, 𝑣𝑑𝑐𝑠𝑚𝑚𝑖𝑛 is set to 300V, while in the operating state, 𝑣𝑑𝑐𝑠𝑚𝑛𝑜𝑚 is set to 650V. Fig. 5.5 and Fig. 5.6
present the results for both conditions. The cases from ¬ to ® are concatenated to show the difference
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Fig. 5.5 Experimental results at passively charged state (300V) for each studied case. Top left plot shows the
ASPS average input power measured with the scope. Bottom left and right plots show the DSP ASPS average
input power estimated using the explained method. The results are presented as a raw data (blue) and moving
average (dash red line).
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Fig. 5.6 Experimental results at operating state (650V) for each studied case. Top left plot shows the ASPS
average input power measured with the scope. Bottom left and right plots show the DSP ASPS average input
power estimated using the explained method. The results are presented as a raw data (blue) and moving average
(dash red line).

between them, while case ¯ is presented in a different plot for clarity. Due to the characteristics of
SM protection devices, case ¯ shows results for THY and THY + REL activation. In addition, results
are presented together with their moving average.

In the passively charged state (cf. Fig. 5.5), on average, the power measured by the scope is approx-
imately 1W larger than the estimated by the method, representing a relative error between 22%
and 28% (cf. Tab. 5.2). Notably, the relative error in case ¯ decreases considerably to less than 6%
during THY or THY+REL activation. Another important observation is the sensitivity of the proposed
idea in case , where a resistive load of 48mW was added to the Vout,5V, and case ®, where the
Vout,GD1..4 outputs supply the IGBT gate driver circuits while the IGBTs are switching and supplying
the inductive load with 10A. According to Tab. 5.2, the power difference between cases  and ¬

matches the connected load in the Vout,5V.

Concerning case ®, interestingly, when PWM is activated, DSP measures slight power reduction,
which is consistent with scope measurements. The gate driver consumption is generally very low at
1 kHz switching, and noise appears to impact calculations performed in the DSP.

For operating state results, similar observations are found (power estimation trend with the proposed
idea for each case); however, a particular situation is highlighted. The proposed method results for
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Tab. 5.2 Results summary. Average value per case.

State Case ¬  ® ¯

Pas. charged

P̄ASPS scope (W) 3.20 3.34 2.95
THY 13.05

THY+REL 14.30

P̄ASPS DSP (W) 2.37 2.42 2.31
THY 12.59

THY+REL 13.49

Abs. error (W) 0.83 0.92 1.04
THY 0.46

THY+REL 0.81

Rel. error (%) 25.94 27.54 21.69
THY 3.52

THY+REL 5.66

Operating

P̄ASPS scope (W) 3.07 3.64 3.58
THY 13.39

THY+REL 14.38

P̄ASPS DSP (W) 1.54 1.80 1.50
THY 11.40

THY+REL 13.08

Abs. error (W) 1.53 1.84 2.08
THY 1.99

THY+REL 1.30

Rel. Error (%) 49.84 50.55 58.10
THY 14.86

THY+REL 9.04

the operating state, cases ¬, , and ®, are up to 58% lower than scope results, which combined with
up to 28% difference found in the previous state, make one considers two leading causes. The first is
that the proposed method does not consider primary side losses, especially those dependent on the
voltage, such as capacitor ESR, primary coil and snubber network. The second cause is the S𝑀𝑂𝑆𝐹𝐸𝑇
duty cycle reduction due to primary inductor current reduction when ASPS input voltage increases.
According to (5.2), 𝑡𝑜𝑛 has to be half when 𝑣𝑑𝑐𝑠𝑚 is double to transfer the same power. Then, shorter
pulses are more challenging to acquire by the DSP, especially when the duty cycle is lower than 5%
and switching noise, coming from MOSFET (higher dv/dt) and IGBT operation, distort the S𝑀𝑂𝑆𝐹𝐸𝑇
signal. Once ASPS load increases, as when protection devices are triggered (®), power estimation
improves considerably, showing that the method is, in fact, sensitive to duty-cycle.

Despite the considerable difference between the scope and method results, it can be claimed that
P̄ASPS estimation tracks the actual ASPS consumption trend reasonably well, recognizing a specific
power signature for each observed SM operating state. In the light of this outcome, more elaborated
SMmonitoring strategies performed locally in the SM or at the MMC-level fed by the SMs information
might be explored, enabling the second layer of the complete CHM scheme. Evidently, a second layer
might take different forms depending of the strategy to analyze the first layer outcome. For instance,
local strategies based on detecting abnormal ASPS consumption during passively charged or operating
state can help to detect incipient SM deterioration (or failure) before any power is actively exchanged
within the converter or during regular operation, respectively. Moreover, advanced approaches based
on machine learning techniques might recognize and provide specific information for each secondary
winding load, focusing on and facilitating maintenance and repairing of SM particular circuits or
components. On the other hand, a MMC-level approach, where simple information collected by the
SMs is sent to the converter controller, or a specialized processing unit to perform complex algorithms,
might be a solution as well. For instance, considering the 48 SMs of presented research platform, each
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one sending back the ASPS estimated consumption. Then, for a given SM state, one might expect that
the ASPS present a similar consumption signature, making it not difficult to recognize, employing an
appropriate mathematical tool, the SM or a set of them operating differently.

Independently of the selected strategy to analyze first layer outcome, one should consider, at least,
three aspects to elaborate the second part of the CHM scheme: a) first layer outcome threshold level
at which the SM is considered degraded, as ASPS secondary winding circuits present parameter
tolerances, b) ASPS consumption estimation noise, as direct comparison between threshold level and
noisy consumption estimation might result in a false alarm, and c) method complexity, so that chosen
strategy can be deployed in the SM or MMC controller.

Following section proposes an alternative to construct the second layer in order to complete the CHM
strategy.

5.3 Second layer: ASPS consumption based CHM

The construction of the second layer, for this case, might be compared with the analysis of an analog
circuit for fault detection. The study of parametric and hard faults in analog circuits has been largely
investigated since the 1970s, as analog circuits were considered the most unreliable and least testable
elements in electronics products [147]. Today, despite digital components dominating electronic
systems, analog elements are highly used, creating complex mixed devices that are difficult to analyze,
especially during manufacturing [146], [148]. The challenges settle in, similarly to power electronics
devices, measurement restriction (e.g., testing points and or appropriate sensing capacity), component
tolerances, the lack of proper fault models, and the non-linearity nature of circuits [147]. Proposed
approaches are mainly based on circuit theory and signal processing [148]–[150], various branches of
mathematics [151]–[153] and artificial intelligence concepts [154]–[156]. For instance, the authors
in [148] propose a method for a single fault diagnostic of different linear analog circuits, including
both parametric and catastrophic faults. The deviations of the parameters of the passive and active
faulty elements are represented by extra current and voltage sources. The unknown sources are
determined in the frequency domain using measurements of two circuit nodes at two different
frequencies. Then, parameters deviation are derived and compared with the nominal (healthy) circuit.
In [151], a technique for degradation detection in an electronic product’s performance is proposed
using Mahalanobis distance. The Mahalanobis distance is a classification technique capable of
system-level anomaly detection in multivariate, data-rich environments [157] which uses normalized
performance parameters of a healthy system to create a correlation matrix (Mahalanobis space)
representing a baseline for comparison with the Mahalanobis distance of the observed system. Using
this mathematical approach, a small Mahalanobis distance value represents a healthy system. On the
other hand, an ANN seems more appealing to deal with circuit modeling issues, component tolerances
and nonlinear effects as no circuit model or comprehensive understanding are required. Presented in
[154], a neural network is used for fault diagnosis, which has been previously trained with an optimal
set of information obtained from the wavelet decomposition [157] of the circuit output, reducing the
training and testing data considerably.

Despite the wide variety of techniques to detect circuit faults, the majority of them require conditions
and assumptions not necessarily available in the case of studied ASPS, for instance, a minimum number
of testing points, circuit reconfiguration, input/output signal injection, or enough computational
power to run complex algorithms, making these strategies not suitable solutions for the described
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Tab. 5.3 ASPS consumption analysis

ASPS sub-circuit Component type Quantity Voltage (V)
Current (mA) Power (mW)

Min. Typical Max. Min. Typical Max.

VVout,5V DSPIC 5 5 19 20 21 475 500 525
DSPEEPROM 1 0.9 1 1.1 5 5 6
DSP 1 206 242 277 1030 1210 1385
COMTX 1 15 20 30 75 100 150
COMRX 1 15 20 30 75 100 150
COMIC 1 19 20 21 95 100 105

Vout,GD1..4 GD𝑝𝑟𝑖𝑚
IC 4 5 0 2.5 5 0 50 100

GD𝑠𝑒𝑐
IC 4 16 0 2.5 5 0 160 320

Total ASPS consumption (mW) 1755 2225 2741

problem. However, the presented ideas are interesting and inspiring. For instance, in [145], [152],
[158], different methods have been used to extract abnormal circuit signal patterns and compare them
with values or patterns stored in a fault dictionary to recognize component/circuit faults and failure.
A fault dictionary is a look-up table consisting of fault-free and or faulty cases of the observed circuit,
created by simulations and or experimental tests [159]. The advantage of the fault dictionary approach
is that expert knowledge of the analyzed circuit might be used to recognize likely fault situations,
facilitating dictionary construction. However, pattern recognition is more challenging as, for instance,
parameter variation of single or multiple components might result in slightly or non-linear changes
in the analyzed signal, requiring complex mathematical techniques. In the case of studied ASPS,
the idea of a fault dictionary can be easily introduced since analyzed signal (P̄ASPS), compared with
common analog circuit fault detection state-of-the-art, is quite simple (dc) and contaminated mostly
with electrical noise coming from the SM power stage and ASPS flyback switching events (high
frequency). Moreover, a fault dictionary, for instance, might be constructed directly from sensitivity
analysis of studied circuits and states.

Therefore, the first example of a second layer for the ASPS consumption estimation consists of its
direct comparison to a threshold level. The P̄ASPS is first filtered using a moving average filter (pattern
recognition equivalent) and compared to a predefined limit (fault dictionary equivalent). Then, the
second layer reduces to find a reasonable ASPS consumption range in which the SM can be considered
operating normal (or degraded). The ASPS consumption range might be found through testing the
SMs (as presented in the previous section, where power consumption estimation is not accurate
but similar among SMs) or using the technical documentation of the components and assuming
power consumption estimation is accurate as it is explained hereafter. Let us consider the ASPS
extended circuit in Fig. 5.7. The VVout,5V output supplies two sections: DSP and communication
(COM). Both sections possess ICs (e.g., logic gates) and passive components. In the DSP section, the
DSP is the element consuming the most power. As one might expect, its consumption is strongly
related to the peripherals and settings defined for a specific application. According to its technical
documentation, the DSP current consumption range is 236mA to 307mA; however, in the studied
case, a more acceptable range is 206mA to 277mA due to, for instance, CAN, USB, I2C, eQEP along
other modules are not used. ICs, on the other hand, can be considered in the 19mA to 21mA range,
which is typical consumption for CMOS logic gates. FOL connectors (COMTX and COMRX) operate in
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Fig. 5.7 ASPS scheme with Vout,5V and VVout,GD1..4 simplified sub-circuits connected. In the Vout,GD1..4 circuits,
the gate-driver IC is supplied on its primary (5V) and secondary (15V) sides. When switching, an extra
consumption exists due to primary side pulses and gate charging. Both effects are negligible compared to DSP
consumption. On the other hand, the VVout,5V circuit is loaded with ICs, FOL terminals and, DSP. The protection
circuit in the VVout,prot output is not considered during regular operation.

the range 15mA to 30mA. Then, the power seen from the VVout,5V output ranges from 1755mW to
2321mW. In the case of VVout,GD1..4 circuits, each possess a gate-driver IC which supply consumption
(whether is switching or not) is in the range of 0mA to 5mA for both primary (at 5V) and secondary
(16V) sides. By assuming that power transfer from ASPS primary to secondary side is lossless, the
calculated ASPS consumption at the primary side is in the range of 1700mW to 2700mW, with a
typical consumption of 2208mW, consistent with Tab. 5.2 in the passively charged state. In the case
of the operating state, it is considered that two gate-driver circuits are extra loading the circuit with
the corresponding IGBT gate power (average). In the designed SM, the average gate power per IGBT
is approximately 6.5mW (considering 1 kHz switching frequency, VGE =16V gate-emitter voltage,
and Q𝐺 =410 nC gate charge), which is marginal compared with the other components’ consumption
and difficult to estimate when SM is in the operating state.

Finally, it is commonly utilized in circuit analysis that a 50% parameter value drifts from its nominal
value, irrespective of its tolerance range, is considered degraded [160]. Similar logic is applied in this
case, as presented in Tab. 5.4 and depicted in Fig. 5.8, where an hypothetical situation is shown.
From 𝑡 = 0 to 𝑡 = 𝑡1, P̄ASPS is close to the expected (typical) value within its tolerance range. At
𝑡 = 𝑡1, a component in the SM starts degrading. At 𝑡 = 𝑡2, estimated consumption enters a warning
zone where maintenance might be not mandatory but desirable. At 𝑡 = 𝑡3, scheduled maintenance is
performed, and the damaged component is replaced, returning P̄ASPS to its initial condition. At 𝑡 = 𝑡4,

Tab. 5.4 ASPS consumption thresholds

Deg. Thresholdmin Tolerancemin Typical Tolerancemax Deg. Thresholdmax

P̄ASPS (mW) 1113 1755 2225 2741 3338
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Fig. 5.8 Fault dictionary-based second layer illustration. Highlighted green is the P̄ASPS tolerance range
(device operating as expected). In the highlighted red section, the device is considered degraded. In between,
highlighted yellow, is a warning zone that might be considered during preventive maintenance. Device starts
degrading at 𝑡 = 𝑡1 and enters the warning zone at 𝑡 = 𝑡2. At 𝑡 = 𝑡3 device is repaired during scheduled
maintenance before maximum degradation threshold is reached returning to original consumption. At 𝑡 = 𝑡4
device degrades again; however, maintenance was delayed until 𝑡 = 𝑡7 as no scheduled one was performed
between 𝑡 = 𝑡5 and 𝑡 = 𝑡6. In both situations, failure was avoided.

a similar situation occurs; however, the damaged element is replaced at 𝑡 = 𝑡7 as no maintenance was
scheduled between 𝑡 = 𝑡5 and 𝑡 = 𝑡6. In both cases, SM failure was avoided. Considering the presented
approach, the following conclusions can be made:

• Proposed idea is simple and easy to implement as ASPS consumption is a constant value for a
given SM state.

• Presented degradation thresholds allow to have a warning range in which SM is not considered
degraded but out of expected operation range, providing additional information, for instance,
to plane next maintenance task.

• A parametric fault in the Vout,5V circuit is more likely to be detected compared to fault in one
of the gate-driver circuits. This observation does not mean that, by means of another analysis
technique, parametric fault detection in the gate-driver circuits might be performed with good
results.

• The proposed idea does not provide degradation information about ASPS condition; however,
might provide information whether it is operating or not using SMOSFET pulses. Early detection
of pulses loss gives enough time to the SM, for instance, to trigger local protections and or
inform MMC main controller.

• Although protection circuit consumption is easily recognized by the proposed method, it only
can happen when protection devices are triggered, making difficult to use this information as
part of a preventive method. Instead, similarly to previous point, information collected during
protection devices activation might be used to improve SM protection scheme. For instance,
from the SM controller point of view, there is no means to judge whether the THY, REL or both
where activated when the DSP or OVDC triggers the REL (please, keep in mind that the REL is
always fired together with the THY).
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5.4 Summary

CHM techniques applied to converter SM are gaining attention as monitoring failure precursor
parameters can help estimate some selected components’ deterioration state. Nevertheless, monitoring
components usually require additional hardware and processing power, thus increasing the SM’s cost,
volume, and complexity, unless existing hardware and measurement capabilities are used differently.

This chapter presented a new approach to monitor the MMC SM condition based on observing the
power consumption of the ASPS. A simple methodology was implemented in the SM DSP-based local
controller and tested under different SM operating conditions. It was found that the proposed idea can
recognize ASPS secondary power change satisfactorily. The method takes full advantage of observing
the flyback regulator control pulses directly to recognize even small ASPS output power variations.

Compared with more classical alternatives such as adding a current sensor at the ASPS input or in
series with the primary coil, this idea might represent a lower cost option and less processing power
requirement as no digital filter to remove commutation noise or no extra calculations have to be done
to remove ASPS primary side losses effect.

By using this information, a CHM strategy is proposed based on the concept of fault dictionary, where
a look-up table consisting of fault-free and or faulty cases of the observed circuit is created. Through
this simple example, it is claim that ASPS power consumption estimation to detect changes in the
circuits loading its secondary side might enable new MMC SM CHM methods.
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Towards MMC Condition Health Monitoring

Along with this thesis, it has been argued that CHM applied to MMC is mainly focused on selected
components such as capacitors or power semiconductors. In order to utilize better measurement and
processing power, the previous chapter presented a strategy to gather new information about the SM
sub-circuits by monitoring the ASPS consumption, opening new CHM perspectives at the SM-level at a
meager cost of hardware addition and computational burden. However, although existing methods provide
valuable information about the SM condition, it is insufficient to assess the overall SM state of degradation
as their nature, range, dynamic, and relevance, among other characteristics, are not subject to direct
comparison. This chapter addresses the integration of existing health indicators to create a comprehensive
converter and SM-level CHM strategy. The topic is tackled considering that health indicators merging is a
featured-level data fusion problem that can be solved using multi-criteria decision-making techniques.
Different methods are introduced and evaluated through collected experimental data, numerical examples,
and offline simulations.

6.1 Motivation

Capturing weak light and waves with high resolution (sharpness and clarity) has been a centuries-long
astronomers’ problem, forcing them to seek telescopes with larger apertures. However, there are
technical limitations in making large size telescopes as materials and mechanical constraints make the
problem unaffordable beyond a certain diameter. One of the ideas to break through such impediments
is to spread out multiple small-sized antennas over a large area and make them work together to
function as a giant unit. A remarkable example is found at 5000m over the sea level in the Chajnantor
plateau in the Atacama desert, Chile, where the Atacama large millimeter/submillimeter array (ALMA)
project, themost expensive ground-based telescope in operation, takes place. It uses 66 radio telescopes
(54 twelve-meter antennas and 12 seven-meter antennas) to jointly observe electromagnetic radiation
at millimeter and submillimeter wavelength under the principle of interferometry. When two antennas
observe an object in the sky, they view it slightly differently, i.e., light from the object reaches one
antenna before it reaches the other. When combined, they would overlap or interfere, blurring the
signal. Nevertheless, by precisely timing the signal from each antenna, astronomers can correlate
them, avoiding interference and allowing signals unification from many antennas and even many
telescopes to create an image that is considerably brighter and sharper than what is possible from a
single dish [161].

Like astronomers collect and integrate information from different sources (antennas) to achieve
and improve observations of a distant object, this chapter seeks to present and discuss different
techniques to merge multiple data sources (health indicators) to improve the assessment of SMs
and or converter’s health condition, providing a new condition monitoring perspective. Along with
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this thesis, different health indicators have been introduced and investigated, such as the Vce, Tj,
C, and ASPS consumption, providing a rich set of data about observed devices. However, a single
indicator or several of them without a proper analysis strategy is not necessarily sufficient to assess
SM or converter’s condition. This concern comes from the indicators presenting different natures
and representing components (or sections of a device) whose degradation level might have different
impacts on the device performance, making their comparison and merging a challenging problem (cf.
Fig. 6.1(a)). For instance, a simple comparison between capacitor (capacitance) and IGBT (collector-
emitter voltage) health indicators reveals that their sampling time, dynamic, trend, and threshold can
differ. Capacitance is expected to decrease with time, its estimation might be performed once per
day, and the degradation threshold is a 20% reduction. On the other hand, Vce measuring could be
performed every switching period, and, depending on the failure mechanism, its value might increase
or decrease by just a few mV. Now, consider that capacitor and IGBT module health indicators are
50% and 80%, respectively (after normalization, 100% means healthy and 0% degraded). In this case, it
is not clear if the SM-level health indicator is 65% (average), 50% (worst case), or another metric that
might reflect that IGBT degradation has a higher impact on the system than capacitors (or vice versa).
Another example is when information that can not be measured in the field, such as experience from
technicians, operators, or suppliers, is considered. For instance, let one consider the case where the
health indicator of an IGBT is 50% and, at the same time, the dc-link capacitor health indicator is
just at 80%, but there is a global shortage that makes it difficult to buy new parts. In this context, it
might be convenient to assign to the capacitor a health status lower than the IGBT module or, at the
SM-level, a health indicator lower compared with the other SMs so that degradation alarm could be
triggered earlier, prioritizing capacitor replacement.

The previous line of reasoning suggests that concentrated component-level health indicators in a
single SM-level index can considerably improve and facilitate the decision-making process of an
operator or the health management system. A complex multi-variable decision problem (e.g., under
which indicators and circumstances trigger the degradation alarm or plan the next maintenance
is convenient?) is converted to a simple single variable problem (cf. Fig. 6.1(b)). Similarly, the
converter-level health assessment also might be simplified as it could be, for instance, just the sum of
the SM-level health indicators weighted by the number of SM (each one has the same importance for
the converter operation).
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Fig. 6.1 Envisioned SM and converter-level CHM strategy. Scheme a) shows the current situation in which
CHM methods is focused in a single component and it is not possible or highly difficult to assess the SM health
condition. Scheme b) shows envisioned situation where one or more component-level and comprehensive
health indicators coexist and are utilized to create SM and converter-level health indicators.
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In the case of electrical engineering, the concept of data fusion arises as an interesting conceptual
framework to develop this topic. Data fusion techniques combine data from multiple sources and or
sensors (raw and processed data) and related information from databases to improve accuracy and
achieve more specific inferences than a single origin [162]. For a multi-sensor system, data fusion can
be categorized into three types or levels: data-level fusion, feature-level fusion, and decision-level
fusion. In data-level fusion, also called low-level fusion, the raw data from multiple sensors are
combined to produce a new set of more informative information than data from a single sensor.
Feature-level fusion, also known as intermediate-level fusion, uses features from various sensors or
the same sensor (applying different feature extraction techniques) so that the most relevant ones
contribute more to the fused outcome. Finally, decision-level fusion is the highest level of data fusion.
Each source can provide an independent decision based on its raw data and features.

There are numerous engineering cases in which this framework has been applied, but it is trendy
in fields where high reliability and accuracy resulting from fused information is required, namely,
aircraft, medical diagnostics, and environmental monitoring [162]. For instance, authors in [163]
propose a data-level fusion model to construct a health index for prognostic analysis of a turbofan
engine. The method basis on the idea that data is filtered such that the outcome health indicator must
be monotonic. In [164] is presented a feature-level data fusion approach for an aircraft gas-turbine
engine health management system. Multiple sensor data, such as inlet debris, engine distress, stress
wave, and the high-frequency mechanical vibration, extract gas path anomalies using ANN. Then,
features are sent to a fusion layer where fuzzy belief networks combine them. In the case of [165],
the authors use decision-level fusion to assess the health condition of a vehicle. Vibration signals are
processed using power spectrum, wavelet analysis, and entropy spectrum, while oil debris information
analysis uses spectrographic and particle distribution data changing rate. Then, normal/abnormal
operation is recognized by employing neural networks. Once the decision of whether the vehicle is
healthy or not, Bayesian inference, Dempster-Shafer evidence inference, and neural networks are
used to fuse them, providing the final condition of the vehicle.

It is well accepted that a data-level fusion structure could produce more accurate results; however,
large data systems (several sensors and or high sampling rate) require more processing power. On
the other hand, higher-level structures such as feature and decision level data fusion are simpler to
process, but the outcome might be less accurate as noise and information loss may affect feature
extraction or health level decision. Therefore, several data fusion techniques have been proposed
for the three different structure types [166]–[169]; however, there is no clear evidence on choosing
the best fusion scheme and data fusion technique. Instead, experience and testing are common
approaches [170]. To the best of the author’s knowledge, in the case of MMC, there are no previous
works addressing this problem, and neither are experiences on the framework, structures, or method
selection and application.

Considering revised state-of-the-art and studied SM health indicators, this work investigates the
feature-level fusion structure, and it is proposed to solve the information fusion as a multi-criteria
decision-making (MCDM) problem. In what follows in this chapter, the concept of MCDM is intro-
duced, and different methods are presented and tested through offline simulations.
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6.2 Multi-criteria decision making concept

People deal with MCDM problems in daily life (at work, at home, or even on vacation) whenever a
choice has to be made. Usually, the choice is performed by considering the available alternatives
against multiple criteria rather than a single criterion. Sometimes, unimportant criteria are eliminated
to consider the available options against the most important criterion, with a potential decision error
risk. The certain is that the more alternatives and criteria, the more difficult it is to decide. In scientific
or industry fields, one person rarely does such practices. Even deciding with a group of experts might
be difficult, especially when high-impact decisions are at stake, suggesting a need for a multiple
criteria decision-making tool or strategy to come up with the best possible decision [171].

MCDM refers to choosing the best alternative from a finite set of decision alternatives in terms
of multiple, usually conflicting, criteria [172], using a collection of methodologies for comparison,
ranking, or selection [173]. The use of MCDM methods has been highly reported in the literature,
namely, in material selection [174], environmental analysis [175], financial and economics [176]
among other applications in the engineering field. In the case of conditions monitoring is less common
but of increasing interest. For instance, in [177], the authors use a hierarchical MCDM approach to
assess patients’ health conditions. Linguistic attributes organized as a hierarchical model, such as
oxygenation, body temperature, nutrition, and physical activity, can be evaluated from bad to good
(with five different levels). Then, a set of rules are used to calculate the final health score. In [178]
is used evidential reasoning approach to decide between different condition monitoring techniques
for ship turbines. The work presented in [179] shows the use of entropy to weigh different health
indicators to assess a power transformer’s condition.

So far and to the best of the author knowledge, there is no specific research reported in the case of
CHM applied to MMC; nevertheless, its application can be understood as ranking the SM (alternatives)
based on their health level. The health condition comes from different sources, namely, CHM strategies
at component and or sub-circuit level (criteria) and expert experience. Each health indicator provides
a fraction of the SM condition; however, not necessarily can be considered that each provides the
same amount of information for the health assessment. In the case of the experience-based source, it
is also interesting to consider that a more comprehensive assessment might be done if information
not measured in the field is taken into account, for instance, historical failure and cost and time of
repairment.

In typical MCDM approaches, criteria weights reflect relative importance in the decision-making
process. Because the evaluation of criteria entails diverse opinions, meanings, and quantities, it can
not be assumed that each evaluation criterion is of equal importance. There are two categories of
weighting methods: subjective and objective methods. The subjective methods determine weights
solely according to the preference or judgments of decision-makers, for instance, from experience.
Then, some mathematical methods such as the SMART, Simos, fuzzy, MDL, AHP, eigenvector, or
weighted least square models are applied to calculate the overall evaluation of each decision-maker.
The objective methods, on the contrary, determine weights by solving mathematical models without
any consideration of the decision maker’s preferences, for instance, mean weighting, standard
deviation, criteria importance through inter-criteria correlation (CRITIC), or entropy method [180].
Moreover, combined weighting methods outcomes (objective and subjective) are claimed by some
authors that provide more reliable results in the selection of weights and the final decision process
[181].
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In what follows in this chapter, two objective weighting methods, CRITIC and entropy; a subjective
weighting method, fuzzy the-order-preference-by-similarity-to-an-ideal-solution (TOPSIS); and two
merging methods based on game theory and least-squares strategies, are introduced and applied to
solve the SM health indicators fusion at feature-level as it would be a MCDM problem.

6.3 Objective weighting methods

The objective weight (OW) methods are mathematical techniques to quantify the importance of
an alternative based on system inherent information and behavior; therefore, no human opinion is
considered. In order to introduce the OW methods, let us start defining the decision matrix Χ𝑖,𝑗(𝑘),
whose components represent the numerical value of the criteria 𝑗 assigned to the alternative 𝑖 at the
instant 𝑘, as:

Χ𝑖,𝑗(𝑘) =

⎛
⎜
⎜
⎜
⎜
⎝

𝑥1,1 𝑥1,2 ⋯ 𝑥1,𝑗
𝑥2,1 𝑥2,2 ⋯ 𝑥2,𝑗
⋮ ⋮ ⋱ ⋮

𝑥𝑖,1 𝑥𝑖,2 ⋯ 𝑥𝑖,𝑗

⎞
⎟
⎟
⎟
⎟
⎠

(6.1)

where 𝑥𝑖,𝑗 ∈ ℝ𝑎𝑥𝑐, 𝑖 = {1, … , 𝑎} the alternatives, 𝑗 = {1, … , 𝑐} the criteria, and 𝑘 = {1, 2, ..., 𝑡} the sampled
periods. To clarify the terms alternative and criteria, let us consider the problem of choosing a car
as an example. In this case, the different models are the alternatives, and the features, such as color,
number of seats, performance (e.g., liters per 100 km in Europe), safety and cost, are the criteria. In
the case of this work, the alternatives are the SMs, and the criteria are their health indicators.

6.3.1 Criteria importance through inter-criteria method

The CRITIC method determines the weights by applying the standard-deviation concept combined
with the Pearson [182] correlation between a given set of criteria. The OW for the criterion 𝑗 is defined
as:

OW𝑗
CRITIC =

𝛽𝑗
∑𝑐

𝑗=1 𝛽𝑗
(6.2)

where the following expressions are used:

𝛽𝑗 = 𝜎𝑗
𝑐
∑
𝑟=1

(1 − Cor𝑗,𝑟) (6.3)

Cor𝑗,𝑟 =
∑𝑎

𝑖=1 (𝑥𝑖,𝑗 − 𝜇𝑗) (𝑥𝑖,𝑟 − 𝜇𝑟)

√∑𝑎
𝑖=1 (𝑥𝑖,𝑗 − 𝜇𝑗)

2
∑𝑎

𝑖=1 (𝑥𝑖,𝑟 − 𝜇𝑟)
2

(6.4)
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𝜎𝑗 = √

∑𝑎
𝑖=1 (𝑥𝑖,𝑗 − 𝜇𝑗)

2

𝑎
(6.5)

𝜇𝑗 =
∑𝑎

𝑖=1 𝑥𝑖,𝑗
𝑎

(6.6)

and it is considered 𝑖 = {1, … , 𝑎}, 𝑗 = {1, … , 𝑐}, and 𝑟 = {1, … , 𝑐}. The Pearson correlation measures the
linear correlation between two sets of data, and yields a number in the range −1 to 1. The correlation
increases the closer the value is to 1 or −1. If positive, both data sets have a positive slope. If negative,
both sets of data have a negative slope. If correlation equals 0, there is no agreement between the
information set. Then, the larger 𝛽𝑗 is, the more information the criterion 𝑗 contains; thus, the weight
of this criterion is greater than that of other criteria. Finally, the weighted health indicator is calculated
as (6.7).

HI𝑖CRITIC =
𝑐
∑
𝑗=1

𝑥𝑖,𝑗OW𝑗
CRITIC (6.7)

6.3.2 Entropy-based method

In information theory, the information entropy or Shannon’s entropy reflects how much information
there is in a data source. Used first for telecommunication purposes, it was derived in different fields
such as cryptography, economy, and image recognition, among others, and it is one of the most used
and oldest OW methods [183]. The OW for the criterion 𝑗 is defined as:

OW𝑗
ENTROPY =

1 − Ε𝑗
𝑐 − ∑𝑐

𝑗=1 Ε𝑗
(6.8)

where Ε is the entropy of the criterion 𝑗 and is defined as follow:

Ε𝑗 =
−1
ln(𝑎)

𝑎
∑
𝑖=1

𝑓𝑖,𝑗 ln (𝑓𝑖,𝑗) (6.9)

𝑓𝑖,𝑗 =
𝑥𝑖,𝑗

∑𝑎
𝑖=1 𝑥𝑖,𝑗

(6.10)

Suppose the information provided by criterion 𝑗 is the same among all the alternatives; then the
entropy reaches 1, and the associated weight is zero, indicating that criterion 𝑗 does not provide any
useful information and can be canceled from the decision making process. On the contrary, if entropy
is small, the associated criterion provides relatively more information and should be considered with
a higher weight. Finally, the weighted health indicator is calculated as (6.11).

HI𝑖ENTROPY =
𝑐
∑
𝑗=1

𝑥𝑖,𝑗OW𝑗
ENTROPY (6.11)
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6.4 Subjective weighting method

Subjective weight (SW) methods are purely based on expert opinion. In order to perform a subjective
analysis, there is one or more experts who evaluate a set of alternatives among different criteria.
The assessment can be provided/extracted, for instance, from a survey or by filling a decision matrix
using linguistic terms (e.g., low, medium, or high). In this case, a strategy would be for an expert
to assess the health condition of each SM; however, this approach might present more difficulties
as an expert would require to perform some additional tests, such as visual inspection. For this
reason, the subjective analysis in this work is focused on an additional weighting of the health
indicators (criteria) provided by experience-based and or measurable information that is not measured
in the field, such as the historical failure, replacement cost, and performance effect of the associated
component/sub-circuit. Hereafter, the fuzzy TOPSIS method is presented as the SW strategy.

6.4.1 Fuzzy TOPSIS

TOPSIS is one of the most classic methods for solving MCDM problems and is based on the principle
that the chosen alternative should have the shortest distance from the positive-ideal solution and the
longest distance from the negative ideal solution. The positive solution is the solution that maximizes
the benefit criteria (i.e., the larger the value, the greater the preference) and minimizes the cost criteria
(the smaller the value, the greater the preference), while the negative-ideal solution is the opposite, it
maximizes the cost criteria and minimizes the benefits criteria [184].

Let us start the method by creating the mapping between linguistic ratings for the alternatives
concerning the criteria. Fuzzy numbers and their membership functions provide the semantics of
the elements of the linguistic terms. The fuzzy numbers come from Fuzzy theory [185] to represent
vague, imprecise, and uncertain information that can be handled using fuzzy rules. In this work, a
fuzzy number is defined as the set 𝑧 = {𝑎, 𝑏, 𝑐}, with 𝑎, 𝑏, 𝑐 ∈ and 𝑎 ≤ 𝑏 ≤ 𝑐. Then, the preference is
represented by the membership function depicted in Fig. 6.2(a).

The linguistic variable for preferences are represented as follow: very low (VL)(0,1,3), low (L)(1,3,5),
medium (M)(3,5,7), high (H)(5,7,9) and very high (VH)(7,9,10), and it is depicted in Fig. 6.2(b).

Then, similarly to the matrix defined in (6.1) for the OW methods, in (6.12) is defined ΧFUZZY
𝑖,𝑗 the

Fuzzy number

1

1 30 5 7 9 10

L M H VHVL

(a)
Fuzzy number

1

b ca

(b)

Fig. 6.2 Fuzzy number represented by a triangular membership function. The smallest preference for a given
alternative with respect to a given criterion is represented by the value 𝑎, while the highest preference is
represented by the value 𝑐.
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fuzzy decision matrix, where the rows represent the alternatives (𝑖 = {1, … , 𝑎𝑓}), the columns the
criteria (𝑗 = {1, … , 𝑐𝑓}), 𝑥𝑖,𝑗 is the rating of the alternative 𝑖 with respect to the criterion 𝑗 and it is a
fuzzy number. In addition, it is defined W = {𝜔1, 𝜔2, … , 𝜔𝑐𝑓} the normalized weight of the criterion 𝑗.
Both, the elements of ΧFUZZY

𝑖,𝑗 and 𝑊 can be represented by fuzzy numbers.

ΧFUZZY
𝑖,𝑗 =

⎛
⎜
⎜
⎜
⎜
⎝

𝑥1,1 𝑥1,2 ⋯ 𝑥1,𝑗
𝑥2,1 𝑥2,2 ⋯ 𝑥2,𝑗
⋮ ⋮ ⋱ ⋮

𝑥𝑖,1 𝑥𝑖,2 ⋯ 𝑥𝑖,𝑗

⎞
⎟
⎟
⎟
⎟
⎠

(6.12)

It follows that raw data is normalized to reduce the irregularities due to different units of measurement
and scales. To avoid complicated normalization formulas, linear scale transformation is used in this
work. Thus, the normalized fuzzy decisionmatrix is RFUZZY = [𝑟𝑖,𝑗]𝑎𝑓𝑥𝑐𝑓 , 𝑖 = {1, … , 𝑎𝑓}, and 𝑗 = {1, … , 𝑐𝑓},
where 𝑟𝑖,𝑗 is defined in (6.13).

𝑟𝑖,𝑗 =

⎧
⎪

⎨
⎪
⎩

(
𝑎𝑖,𝑗
𝑐∗𝑗
, 𝑏𝑖,𝑗𝑐∗𝑗

, 𝑐𝑖,𝑗𝑐∗𝑗
) , 𝑐∗𝑗 = max

𝑖
𝑐𝑖,𝑗 benefit criteria

(
𝑎−𝑗
𝑐𝑖,𝑗
,
𝑎−𝑗
𝑏𝑖,𝑗
,
𝑎−𝑗
𝑎𝑖,𝑗
) , 𝑎−𝑗 = min

𝑖
𝑎𝑖,𝑗 cost criteria

(6.13)

Please note that with the benefits and cost attributes it can be discriminated between criteria that
the decision-maker aims to maximize or minimize, respectively. Now, having a normalized fuzzy
decision matrix and the different weights for each criterion 𝑗 (vector W), it is calculated the weighted
normalized fuzzy decision matrix V = [𝑣𝑖,𝑗]𝑎𝑓𝑥𝑐𝑓 , 𝑣𝑖,𝑗 = 𝑟𝑖,𝑗 ⊗ 𝜔𝑗. The operator ⊗ accounts for the
multiplication of two fuzzy numbers and it is defined in (6.14).

𝑔 ⊗ ℎ = (𝑔1, 𝑔2, 𝑔3) ⊗ (ℎ1, ℎ2, ℎ3) = (𝑔1ℎ1, 𝑔2ℎ2, 𝑔3ℎ3) (6.14)

As V = [𝑣𝑖,𝑗]𝑎𝑓𝑥𝑐𝑓 is normalized, the distance between each alternative from the fuzzy positive-ideal
solution (𝑣+𝑗 = (1, 1, 1)) and fuzzy negative-ideal solution (𝑣−𝑗 = (0, 0, 0)) is given by (6.15) and (6.16),
respectively.

𝑑+𝑖 =
𝑐𝑓
∑
𝑗=1

𝑑(𝑣𝑖,𝑗, 𝑣+𝑗 ), 𝑖 = 1, 2, … , 𝑎𝑓 (6.15)

𝑑−𝑖 =
𝑐𝑓
∑
𝑗=1

𝑑(𝑣𝑖,𝑗, 𝑣−𝑗 ), 𝑖 = 1, 2, … , 𝑎𝑓 (6.16)

where 𝑑(⋅, ⋅) is the distance measured between two fuzzy numbers, defined in (6.17).
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𝑑(𝑔, ℎ) =
√
1
3
((𝑔1 − ℎ1)

2 + (𝑔2 − ℎ2)
2 + (𝑔3 − ℎ3)

2) (6.17)

The ranking of the alternatives is determined by calculating the closeness coefficient CC𝑖 as:

CC𝑖 =
𝑑−𝑖

𝑑+𝑖 + 𝑑−𝑖
(6.18)

An alternative with a closeness coefficient close to one is close to the fuzzy ideal-positive solution
and far from the fuzzy ideal-negative solution. The subjective weighting values for the criterion 𝑗 is
provided by (6.19).

SW𝑗
F-TOPSIS =

CC𝑖

∑
𝑎𝑓
𝑖=1 CC𝑖

, 𝑗 = 1, 2, … , 𝑐 (6.19)

Finally, for completeness, the weighted health indicator for the alternative 𝑖 is calculated using (6.19).

HI𝑖F-TOPSIS =
𝑐
∑
𝑗=1

𝑥𝑖,𝑗SW
𝑗
F-TOPSIS (6.20)

It is important to emphasize that despite (6.19) being an expression reflecting expert knowledge
weighting the health indicators of the decision matrix presented in (6.1), in this work, the SWs are
intended to soften or enhance the OW found in the previous section. This is because calculated SW
are based on information not directly from a health assessment of the SMs but from sources that
might affect the decisions made only considering OW. Therefore, to fully utilize this new information,
it is necessary to combine OWs and SWs, an issue that is addressed in the next section.

6.5 Merging methods

The subjective weighting assignment methods and the objective weighting assignment methods
are based on different principles and calculation methods. Therefore, the weighting assignment of
attributes from the same problem may be quite different, and the results comprehensively calculated
by simple arithmetic or weighted average may significantly differ from the actual situation. Hereafter,
least squares-based and game theory-based methods are presented to solve the merging of OWs and
SWs.

6.5.1 Least squares-based method

The determination of the combined weights (CWs) can be seen as an optimization problem where its
square distance to OWs and SWs has to be minimized; subject to that, found weights have to add one
to retrieve the health indicator associated with the alternative. Mathematically, it is expressed as:
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min
𝑐
∑
𝑗=1

((CW𝑗 − OW𝑗)
2
+ (CW𝑗 − SW𝑗)

2
) (6.21)

𝑠.𝑡 .
𝑐
∑
𝑗=1

CW𝑗 = 1 and CW𝑗 ≥ 0

This optimization problem can be solved using Lagrange multipliers, and the solution is given in (6.22)

CWLS
𝑗 =

2 − ∑𝑐
𝑗=1 (OW𝑗 + SW𝑗) + 𝑐 (OW𝑗 + SW𝑗)

2𝑐
(6.22)

with 𝑗 = {1, … , 𝑐}, the number of criteria. Finally, the weighted health indicator for the alternative 𝑖 is
calculated using (6.30).

HI𝑖LS =
𝑐
∑
𝑗=1

𝑥𝑖,𝑗CWLS
𝑗 (6.23)

6.5.2 Game theory-based method

A second approach to finding a compromise between OW and SW might be found in game theory.
Game theory is a mathematical framework to address problems with conflicting or cooperating parties
who can make rational decisions. In particular, the problem of finding the CWs might be understood
as a zero-sum game, in which choices by players can neither increase nor decrease the available
resources. In other words, considering OW and SW as players, each one will try to maximize its
participation in the final weight until an equilibrium is reached, maximizing the expected payoff of
both participants (also known as Nash equilibrium). For mathematical derivation, let us consider the
matrix Ω = [𝜔𝑗,𝑘]𝑐𝑥𝑑 = [𝜔𝑗,1, 𝜔𝑗,2, … , 𝜔𝑗,𝑘], with 𝑐 the number of criteria and 𝑑 the number of weighting
method results (players); then, the result R of the game can be written as a linear combination of the
vectors in Ω, where 𝛼𝑘 represents the decision of the 𝑘 − 𝑡ℎ participant:

R =
𝑑
∑
𝑘=1

𝛼𝑘𝜔𝑗,𝑘, 𝑗 = 1, … , 𝑐 (6.24)

In order to find the Nash equilibrium, the result of the game R has to be such that its distance to the
result of each participant is minimum. This can be expressed as the optimization problem stated in
(6.25).

min ‖
𝑑
∑
𝑘=1

(𝛼𝑘𝜔𝑗,𝑘) − 𝜔𝑗,𝑟‖
2

, 𝑟 = 1, … , 𝑑 (6.25)
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The minimization can be solved by applying the first derivative equals zero and using differential
property of the matrix, resulting in:

𝑑
∑
𝑘=1

(𝛼𝑘𝜔𝑗,𝑘𝜔𝑇
𝑗,𝑘) = 𝜔𝑗,𝑘𝜔𝑇

𝑗,𝑘 (6.26)

or equivalently, to solve the liner equations of (6.27).

⎛
⎜
⎜
⎜
⎜
⎝
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(6.27)

Then, the result (decision of each player) is normalized using (6.28).

𝛼𝑛𝑘 =
𝛼𝑘

∑𝑑
𝑘=1 𝛼𝑘

(6.28)

Finally, the combined weights are calculated using (6.29), and the weighted health indicator for the
alternative 𝑖 is computed using (6.30).

CWGT
𝑗 =

𝑑
∑
𝑘=1

𝛼𝑛𝑘𝜔𝑗,𝑘 (6.29)

HI𝑖GT =
𝑐
∑
𝑗=1

𝑥𝑖,𝑗CWGT
𝑗 (6.30)

6.6 Methods validation

Having introduced different approaches to calculating OWs, SWs, and CWs, this section investigates
their advantages and disadvantages through simulations. The hypothetical scenario is presented
where the studied converter is operating, and each SM computes two health indicators, the capacitance
and ASPS consumption. In addition, it is assumed that an expert provides information about the
health indicators and related components. A complete scheme of the proposed idea is provided in
Fig. 6.3.
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Fig. 6.3 Proposed method scheme. Highlighted in yellow is the calculation and normalization of the different
health indicators expected to exist in each SM (e.g., performed in the SM local controller). Normalized health
indicators are first weighted using an objective weighting method. On the other hand, the expert assessment is
performed offline (once), resulting in the weighting of the health indicators calculated in the SM (weighting of
the criteria). Then, both OWs and SWs are combined using a merging strategy resulting in the CWs. The found
CWs are utilized to create a weighted sum along all the health indicators of each SM, yielding an integrated SM
health indicator.

6.6.1 Input data and normalization

The input data is based on studied health indicators presented in Chap. 4 and Chap. 5, and converter
presented in Chap. 3. As depicted in Fig. 6.4(a), the 48 SMs are initialized with a capacitance which
value is a random number in the range [1.2 ∗ 𝐶nom, 0.8𝐶nom], with 𝐶nom = 2.25mF. Along with the
1000 samples, the capacitance decreases to 70%. At 𝑡 = 250, the 𝐶SM6 , the capacitance of the 6𝑡ℎ SM
reaches 75%, simulating premature failure of its capacitors. At 𝑡 = 350, 𝐶SM6 is reset to 100% assuming
the SM capacitors were replaced. Note that in this case, the new 𝐶SM6 at 𝑡 = 350 might be different
from the value at 𝑡 = 0.

On the other hand, as depicted in Fig. 6.4(c), each SM is initialized with a value of P̄ASPS that
takes a random number in the range [Tolerancemin,Tolerancemax], with Tolerancemin =1755mW and
Tolerancemax = 2741mW, accordingly toTab. 5.4. Alongwith the 1000 samples, the power is assumed
constant with the exception of the 12𝑡ℎ and 24𝑡ℎ SMs. At 𝑡 = 500, the ASPS consumption of the 12𝑡ℎ
SM increases linearly, entering to the warning zone described in Fig. 5.8. On the other hand, the ASPS
consumption of the 24𝑡ℎ SM decreases linearly at 𝑡 = 700, crossing Deg. Thresholdmin = 1113mW,
the minimum degradation threshold. At 𝑡 = 800, the SM is repaired, returning the ASPS consumption
to the typical range (cf. Fig. 5.8), not necessarily the same as at 𝑡 = 0.

Once raw data is set, the information is normalized to be comparable. In MCDM problems is common
practice to use the max-min method, a linear scale transformation defined in (6.31).

𝑥
′
𝑖,𝑗 =

⎧
⎪

⎨
⎪
⎩

1 − 𝑋 𝑖
max−𝑥𝑖,𝑗

𝑋 𝑖
max−𝑋 𝑖

min
, negative trend

1 −
‖ ̄𝑋 𝑖−𝑥𝑖,𝑗‖
‖ ̄𝑋 𝑖− ̄𝑋max‖

, average trend

(6.31)
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Fig. 6.4 Simulated raw and normalized data for each health indicator. Figures a) and b) show the capacitance
raw and normalized information, respectively. Figures c) and d) show theASPS consumption raw and normalized
information, respectively. For both normalized plots, 1 represents a healthy component, while 0 is a degraded
component.

The negative trend is used for capacitance data, while the average trend for ASPS consumption. In
addition, to represent each health indicator correctly, the normalization is with respect to its initial
value (including reset after component repairment or replacement). Thus, 𝑋 𝑖

max = 𝐶 𝑖SM0 and 𝑋 𝑖
min =

0.7𝐶 𝑖SM0 the initial and minimum capacitance values of the 𝑖𝑡ℎ SM, respectively. On the other hand,
̄𝑋 𝑖 = ̄𝑃 𝑖ASPS0, the initial ASPS consumption of the 𝑖𝑡ℎ SM and ̄𝑋max = Deg.Thresholdmax = 3338mW

if 𝑥𝑖,𝑗 ≥ ̄𝑋 𝑖 or ̄𝑋max = Deg.Thresholdmin = 1113mW otherwise. Please note that the initial values
for the capacitance and ASPS consumption are calculated by their respective CHM methods and
easily stored in either the SM local controller or converter main controller. Normalization results are
presented in Fig. 6.4(b) and Fig. 6.4(d) for the capacitance and ASPS consumption, respectively.

In the case of the subjective assessment, input information is assumed to come from an expert
evaluating two alternatives based on three criteria. Tab. 6.1 shows the expert’s preferences related to
capacitance and ASPS consumption-based condition monitoring methods, with respect to historical
failure (SM control board has been reported to fail more frequently than capacitors), replacement
cost (SM control board components are more expensive and challenging to acquire than capacitors),
and performance effect (degradation in the SM control board has a more significant impact in the SM
operation than capacitor degradation). Additionally, Tab. 6.2 presents the expert opinion regarding
the proposed criteria; in this case, all criteria are of the highest importance. Please note that the three
criteria are benefit criteria, i.e., the highest the preference, the more importance is expected to be
assigned.
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Tab. 6.1 Subjective assessment of components associated to both health indicators

Alternative/criterion Historical failure Replacement cost Performance effect
HI1 (capacitance-based) VL(0,1,3) L(1,3,5) L(1,3,5)
HI2 (ASPS-based) VH(7,9,10) VH(7,9,10) VH(7,9,10)

Tab. 6.2 Subjective assessment of proposed criteria

Historical failure Replacement cost Performance effect
Criterion assessment VH(0.7,0.9,1.0) VH(0.7,0.9,1.0) VH(0.7,0.9,1.0)

6.6.2 Objective assessment

The objective assessment is performed based on calculating the weighting factors (OWs) using CRITIC
and entropy methods. In this case, each method computes two weights that add one in every sample.
The OWs represent the preference for each criterion (capacitance and ASPS consumption-based CHM
methods) to evaluate each alternative (SM health). Based on input data presented in the previous
part, Fig. 6.5 shows the resulted OWs and health indicators for each strategy.

In the first part of the simulation, the capacitance of the 6𝑡ℎ SM is reduced to 75%, while the health
indicators in the other SMs are held constant. Both weighting methods recognize the pattern by
assigning a higher weight to the capacitance-based indicator, which reaches 1 at 𝑡 = 250 when the
capacitor is completely degraded. It is important to highlight two aspects of observed results during
non-fault situations (𝑡 < 100 and 350 < 𝑡 < 380). The first aspect is that the capacitance-based
indicator is assigned with a higher weight compared to ASPS consumption-based method, while
intuition suggests that both weights should be similar (close to 0.5) as nothing out of normal is
happening. This behavior might be explained due to the nature of the health indicators. In the case of
ASPS consumption-based, the data in the non-fault period is constant, which does not provide new
information, while the capacitance-based indicator is slowly dropping for each SM, producing newly
detected information. The second aspect is the assigned weighting value. It is clear that both methods
recognize capacitance changes; however, it is not straightforward why entropy weight is higher than
the CRITIC result. This might find an explanation in the nature of the methods. During the non-fault
periods, both health indicators present similar numerical values and trends, which are recognized by
the CRITIC method as highly correlated information, meaning a small weighting factor. On the other
hand, entropy measures the level of new information on each health indicator, which is particularly
high (low entropy) in the case of capacitance, represented with a high weighting value.

In the second part of the simulation (𝑡 > 500), the ASPS consumption of the 12𝑡ℎ SM is reduced
linearly to the warning zone ( power value suited between deg. Thresholdmin and Tolerancemin). In
this case, despite the capacitance-based indicator is constantly changing, the variation of the ASPS
consumption is higher, producing a more prominent weight for this indicator; however, similarly
to the previous analysis, entropy’s weight is more significant than CRITIC, as it is focusing mainly
in the indicator with more information. It draws the attention that for 600 < 𝑡 < 700, the CRITIC
weighting factor related to ASPS presents a negative slope (reduces its value) instead of maintaining
it, as the indicator has not changed. The problem with this trend can be recognized better in the
associated health indicator (cf. Fig. 6.5(b)), which increases, meaning that the associated components
are improving their health. For the period 700 < 𝑡 < 800, where the 24𝑡ℎ SM is degraded, both
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Fig. 6.5 Resulted OWs and associated health indicators for each SM. Plots a) and c) depict the OWs using
CRITIC and entropy, respectively, while plots b) and d) their respective health indicators.

methods recognize it and, consistent with previous cases, CRITIC weight is less than entropy, related
to ASPS indicator. This behavior is emphasized considering that capacitors are also degrading, so
CRITIC assigns a higher weight to capacitance-based indicator, reducing the importance of ASPS
consumption-based indicators. Such behavior might be considered correct; however, as the 24𝑡ℎ SM
is degraded and the others are partial, it makes more sense to reflect this as entropy does. Finally, for
𝑡 > 800, only the capacitance-based indicator starts reducing, which is recognized by both methods,
but differently. While entropy reduces the ASPS-related weight and increases the capacitance-related
as previous analysis and intuition suggest, CRITIC increases ASPS weight, despite the 12𝑡ℎ and 24𝑡ℎ
SMs are partially degraded and healthy, respectively, producing, again, the wrong result of Fig. 6.5(b)
where components are recovering.

6.6.3 Expert assessment

The expert assessment was performed considering the linguist preferences for two alternatives
(capacitance and ASPS consumption-based indicators) with respect to three criteria (historical failure,
replacement cost, and performance effect). First, it is revised that proposed method reflect correctly
the expert preferences. This is done by considering three scenarios:

• Scenario a), the alternatives are preferred equally with to respect all the criteria.

• Scenario b), one alternative is preferred maximum with respect all the criteria and the other
minimum.
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• Scenario c), the alternatives present same preferences (assigned to different criteria), but criteria
weights are different.

The results for the scenario a) are presented in Tab. 6.3. Independently of the preference values and
the criteria weights, both alternatives are weighted 0.5, indicating that share the same importance.

Tab. 6.3 Results for scenario a), W = [𝑌 , 𝑌 , 𝑌 ] and 𝑋, 𝑌 ∈ {𝑉𝐿, 𝐿,𝑀, 𝐻 , 𝑉𝐻}

Alternative/Criterion Historical
failure

Replacement
cost

Performance
effect

SW

HI1 (capacitance-based) X X X 0.5
HI2 (ASPS-based) X X X 0.5

In the case of the scenario b), the results (cf. Tab. 6.4) show that the maximum weight that can be
assigned to an alternative is 0.808 (and 0.192, the minimum). It can not be 1 and the complementary
0 as the membership function is 0 for the first component of the preference VL (0,1,3) and the last
component of the preference VH (7,9,10).

Tab. 6.4 Results for scenario b), W = [𝑉𝐻(0.7, 0.9, 1.0), 𝑉𝐻(0.7, 0.9, 1.0), 𝑉𝐻(0.7, 0.9, 1.0)]

Alternative/Criterion Historical
failure

Replacement
cost

Performance
effect

SW

HI1 (capacitance-based) VL VL VL 0.192
HI2 (ASPS-based) VH VH VH 0.808

Finally, results of scenario c) (cf. Tab. 6.5) show the effect of the criteria weights. Both alternatives
present same preferences (organized in different criteria); however, as the criterion historical fault
has a higher weight, it is assigned a higher importance to the alternative HI1. Otherwise, if criteria
weights would be the same, both alternatives would be 0.5.

Tab. 6.5 Results for scenario c), W = [𝐿(0.1, 0.3, 0.5), 𝑉 𝐿(0.0, 0.1, 0.3), 𝑉 𝐿(0.0, 0.1, 0.3)]

Alternative/Criterion Historical
failure

Replacement
cost

Performance
effect

SW

HI1 (capacitance-based) VH VL VL 0.557
HI2 (ASPS-based) VL VH VL 0.443

Presented scenarios, indicate that fuzzy TOPSIS outcomes is coherent to expected results and, reflect
properly the expert assessment. Then, for the considered input data (cf. Tab. 6.1 and Tab. 6.2),
resulted SWs are presented in Tab. 6.6. The ASPS consumption-based health indicator received a
higher value as preferences for all criteria were VH, as well as for criteria weights.

6.6.4 Merged assessment

The merged assessment was performed through two different methods. The first was based on the
least-squares method, and the second was on game theory. Each technique was utilized to combine
results from OW strategies and SW strategy, resulting in the plots of Fig. 6.6.
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Tab. 6.6 SWs based on fuzzy TOPSIS method

SW
HI1 (capacitance-based) HI2 (ASPS-based)

0.268 0.732

Two main observations are worth highlighting. The first one is that neither of the CW methods
distorts nor shifts the OW outcomes, resulting in their mere amplitude amplification or compression.
The second observation is the weights attenuation observed along with all the samples. On the
contrary of results presented in Fig. 6.5, weighting factors are lower, which is clear observing that,
for instance, CWs do not reach 1 (or 0) in any case. Moreover, a reversion in the CRITIC weights is
observed during the non-faulty periods (cf. Fig. 6.5(a) and Fig. 6.5(c)). This is because both methods
search for an agreement between the OWs and SW. For instance, in 250 < 𝑡 < 350, where capacitance
related weight was 1 and ASPS-related 0 for both objective weighting methods, the compromise is in
the 1 to 0.268 and 0.732 to 0 range for the capacitance and ASPS consumption-based health indicators,
respectively, producing a reduction in the first case and a rise in the second. In the case of the
reversion, the explanation is the same; however, as the lower OW presents the higher SW and is close
to 1, the CW is positioned above 0.5, forcing the other indicator to be placed below 0.5. In order to
corroborate previous observation, it is sufficient to invert the SW, i.e., HI1(capacitance-based) = 0.732
and HI2(ASPS-based) = 0.268 as it is depicted in Fig. 6.7.

From the SM-level health indicator perspective, the capacitance-based index is attenuated, showing
less degradation for 250 < 𝑡 < 350, being coherent with the intuition as subjective assessment
assigned less importance to this indicator. On the other hand, ASPS consumption-based health
indicators are slightly higher than objective assessment methods but close to 0 as associated SW
is preferred. Regarding the differences between least-squares and game theory-based combined
weighting strategies, it is straightforward to observe that the game theory-based method yields a
higher difference between CWs (cf. Fig. 6.6(c) and Fig. 6.6(g)), reducing the attenuating effect of the
SWs. This is mainly due to the different optimization problems solved. In the least squares-based
method, it is searched for the minimum square distance between SWs and OWs, which in this case is
the middle point between SW and OW; however, using game theory, the Nash equilibrium is found
where the distance to SWs and OWs assures that the result of the game is zero, providing a more
extensive excursion range to the CWs.

From the converter-level perspective, when comparing the four CW results as depicted in Fig. 6.8, it
is noted that no significant difference exists until 𝑡 > 800, where CRITIC-based OWs combined with
the SWs show a recover that actually does not occur. In addition, it is important to highlight that
converter-level health indicators based on entropy resulted similar to either using least squares or
game theory merging method and, as was suggested previously, there is not a significant reason to
choose one over the other. In such a case, other characteristics such as computing time might be a
decision point. Considering that both methods used the same input data and were executed using the
same processor, the elapsed processing time for the least squares-based strategy was 0.128 s, while
for game theory-based was 0.077 s, positioning the latter as the best option.

In light of previous results and analysis, it can be concluded that:

• The entropy-based method to calculate the OWs is able to represent properly the importance of
each health indicator accordingly to its information.
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• The fuzzy-TOPSIS method demonstrated to capture adequately the expert knowledge, convert-
ing vague linguistic information into numerical preferences.

• Both least-squares and game theory-based methods were able to find an acceptable agreement
between objective and subjective information sources; however, game theory-based strategy is
preferred to calculate the CWs as requires less computation power.

• It is important to highlight that when resulted weights from the expert assessment are close
to 0.5, the preference for the criteria is similar, and the merged assessment loses importance
(could be avoided).

• By means of presented techniques and the created SM-level health indicators, it is possible to
consider a converter-level indicator that represents in simple the actual condition of the unit,
allowing precise and quick actions when deterioration is detected.

• The converter level health indicator can be formulated in different manners; however, it should
be contemplated at least to have a well-defined degradation threshold indicating when the
converter might be considered degraded or prone to failure. A suitable approach to tackle this
problem is considering two aspects. The first is the converter-level health reduction ΔHIMMC
when a SM-level indicator is a minimum (individual worst case scenario). The second aspect
is to consider the number of SMs 𝑁 bp

SM that can be bypassed without needing to stop the
converter. For instance, if 𝑁 bp

SM equals zero, the maximum degradation level the converter can
withstand is ΔHIMMC, which is the case of studied MMC. However, different fault-tolerant
methods allow the converter to operate with two or more SMs bypassed, suggesting that it
might be more convenient to address the indicator definition considering the branch. The
authors in [186] proposed a fault-tolerant strategy where two SMs are bypassed per branch.
Then, 𝑁 bp

SM equals two and the maximum degradation level the converter can withstand would
be 3ΔHIMMC per branch, as the worst case is two SMs bypassed and a third degraded. Therefore,
the converter-level health indicator can be written as (6.32), and the degradation threshold is
zero.

HI𝑚branch = 1 −
∑𝑁SM

𝑛=1 (1 − HI𝑛)

𝑁 bp
SM + 1

(6.32)

HIMMC =
𝑁branch

∏
𝑚=1

HI𝑚branch (6.33)
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Fig. 6.6 CWs and health indicators using least squares and game theory-based methods applied to OWs
calculated using CRITIC and entropy techniques, and SW from expert assessment (cf. Tab. 6.6). The goal
of the combined assessment is to find CWsreflecting a compromise between the OWs and SW, translated as
an amplification/compression of the OWs. Basically, the excursion range of the CW was modified to a value
between the SW of the preferred criterion and the related OW.
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Fig. 6.7 CWs and health indicators using least-squares method applied to the CRITIC-based OWs and
reversed SWs. As expected, during the non-faulty periods, there is no reversion, and ASPS consumption-based
CW for 𝑡 > 500 is highly attenuated as the expert assessment prefers the capacitance-based indicator.
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Fig. 6.8 Converter-level health indicator based on combined assessment results. The indicator is calculated
assuming that the composite indicator for each SM has the same importance, i.e., each is multiplied by 1/48.
This simple strategy reflects the convenience of having a single health indicator per SM. The four methods
do not present a significant difference in the results until 𝑡 > 800, where CRITIC-based curves show that the
converter is recovering while it is actually showing signs of major degradation.
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6.7 Summary

The new sensor technologies and digital tools have made it possible to acquire a massive amount of
data to develop PHM to manage power electronics-based assets. Notably, the CHM concept appears
as an attractive strategy for gathering factual health information about electronics devices, allowing
that early degradation state to be easily recognized, avoiding major faults or failure. CHM techniques
applied to MMC are in an early stage of development, and until now, little research has been found to
develop and apply condition monitoring strategies to components different from SM capacitors and
semiconductors. However, as this work claims, this scenario is expected to evolve into a situation
where other components or sections of the SM are monitored, as presented in Chap. 5, enabling new
CHM strategies. In this scenario, rich in degradation information, a new problem arises. The more
information and data sources are available; the more difficult it is to assess the current state of the
SMs and or the converter as future health indicators might present a variety of characteristics, such
as dynamics, scale, sampling time, importance, and interpretation, among others, making difficult
their comparison.

Along with this chapter, the mentioned problem is addressed by introducing and investigating different
merging data techniques, inspired by the feature-level data fusion framework stated as a multi-criteria
decision-making problem. In this case, ranking the SMs’ health level (alternatives) considering the
existing health indicators (criteria) and expert knowledge can be solved by employing objective,
subjective, and combined weighting methods. It is found that the most prominent results are reached
using entropy as an objective weighting strategy and least-squares to merge the OWs and SWs
coming from subjective assessment. Consequently, this chapter comprehensively introduces a new
perspective to estimate the SM and converter-level health status.
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7
Summary, Overall Conclusions and Future

Works

This closing chapter aims to summarize and stress the main findings and conclusions of this work, giving
way to some light for future work.

7.1 Summary and contributions

Power electronics-based solutions are considered driving technologies for present and future electrical
systems. Apart from manipulating electrical energy using power switches and passive components,
power converters must fulfill various requirements such as high efficiency, high power quality, low
cost, low volume, and reliability, among others. Notably, the interesting structure of the MMC allows
for compliance with many of these needs; however, due to its exceptional large count of components,
reliability might be of concern, transforming it in a relevant research topic. The concept of CHM
appears as a central idea to improve the converter’s reliability further by monitoring a parameter
trend related to the degradation level of a selected component and or device. If observed parameter
traverses a degradation threshold, an alarm indicating the need for maintenance actions is activated,
avoiding or reducing the risk of failure. This simple but effective idea applied to MMC is the driving
force of this thesis and it has been developed as presented hereafter:

Chap. 2 presented and discussed the PHM framework, in which the idea of CHM takes its relevance
and characteristics. In order to predict future component’s state of health and define the best course
of actions to assure high reliability and availability of monitored asset, present health condition
knowledge is crucial. Consequently, through a thorough literature review, it is reviewed extensively
how CHM has been applied in the power electronics field, putting particular emphasis on strategies
developed to evaluate the health level of MMC. The idea and various approaches are presented,
classified, and compared, leading to the conclusion that majority of CHM research related to studied
topology had paid attention to the SM, specifically at the components level. Power semiconductors
and capacitors are the main monitored devices owing to the scientific evidence indicating that those
elements are the most sensitive and essential for the system, as well as, the cost-effective design
solutions reducing budget and volume to add measurement and computational means to monitor
additional components. Motivated by the PEL MMC research platform and its constrains, the scientific
interrogative formulated in this thesis is what achievable alternatives can be found to improve existing
CHM strategies and or propose novel techniques to observe the health condition of those devices less
sensitive but equally important for the proper function of the converter.

Step by step, the studied converter and its SM are dissected in Chap. 3. The main principles governing
theMMC are introduced, and a complete description of the achieved PEL SM is presented, emphasizing
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main components sizing, and overall functionality. Experimental test results of its operation during
the charging / operating and discharging process, protection actuators, and ASPS output regulation are
provided, pointing out that available components and software might be used strategically different
from the ideas presented in Chap. 2 to reveal new CHM opportunities.

Despite SM capacitance estimation for the capacitor CHM is a popular research choice, the devel-
opment of simple, efficient and effective methods can largely reduce its implementation barriers,
especially in commercial solutions. In Chap. 4, a CHM strategy for the MMC SM power capacitors
is introduced based on typically available SM terminal current, dc-link voltage, the IGBT control
signals, and the RWLS parameter estimation technique to estimate the SM dc-link capacitance. The
well known relationship between capacitance decreasing and degradation increment provides a
reliable health indicator of the capacitors. The strategy was deployed in the SM local controller and
validated thoroughly through offline and RT-HIL simulations and experimental tests. Its effectiveness
in identifying actual SM capacitance and changes is shown and an error of less than 5% is achieved
for different operating cases.

Considering that existing measurement hardware and processing power are intended to support
fundamental control and protection actions of the SM, their availability for additional purposes is
very limited, specially keeping in mind that methods as the one presented in Chap. 4 might be
implemented. Therefore, remaining resources must be carefully recognized and assigned and, in order
to monitor non-classical components, non-classical solutions should be considered. Chap. 5 presented
a novel alternative for the MMC CHM but focused on SM sub-circuits instead a single component.
The proposed strategy estimates the flyback-based ASPS consumption to observe simultaneously
different SM subcircuits instead of a particular component, settling on the idea that small changes in
the circuits loading the ASPS secondaries can be detected and used to assess their deterioration level.
The ASPS consumption is first estimated considering a simplified ASPS model, the SM dc-link voltage
measurement, and the ASPS switch pulses signals.

Experimental results showed that ASPS secondary consumption produces a recognizable signature in
the ASPS primary side; however, with a significant inaccuracy (up to 58% error with respect to scope
measurement). Thus, it is recognized that having this information, different strategies to determine
the faulty behavior of the SM can be implemented as the introduced fault dictionary, allowing the
easy recognition of the SM drifting from expected to degraded state.

Claimed along with this work, the envisioned future for the CHM applied to MMC considers, in
addition to power semiconductors and capacitors, observing other equally important components
present in the SM, as reduced resources utilization, and ideally no extra hardware requirements can be
achieved. Thus, a new problem and innovation opportunity arises as massive amount of information
coming from different techniques used to estimate the SM condition might be gathered at the SM or
converter control level, making its processing and the extraction of valuable information difficult
for the correct health assessment and asset management. Inspired by mathematical techniques
able to merge different measurements and observations to come up with an encompassing of a
particular phenomena, Chap. 6 discussed and proposed a CHM concept based on the integration of
existing SM local CHM methods to compose a comprehensive health monitoring strategy. Systematic
approaches to considering objective information from the SM and subjective knowledge, e.g., from
expert experiences, are presented and verified through numerical examples, and offline simulations
using collected experimental data and acquired experience though this work. Methods performance,
and characteristics were analyzed and discussed, demonstrating that entropy, fuzzy-TOPSIS and game
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theory-based methods to extract objective, subjective and combined information, respectively, are the
most prominent solutions to assess SM and converter-level health level.

7.2 Future work

Along with this thesis different MMC CHM strategies have been introduced, proposed and verified.
From more classical component-level capacitance estimation-based, to a more comprehensive and
wider strategy involving different data analysis techniques for the converter-level CHM, much more
effort has to be done in order to move forward this research topic. Thanks to the experience gained
during this work, some guidelines for future work are proposed hereafter:

• As presented in Chap. 2, majority of CHM research is focused on power semiconductors
and capacitors. Particularly, in MMC the investigation is limited to power capacitors, leaving
aside semiconductors. One of the main reasons is that CHM in IGBT technology, for instance,
observes parameters difficult to acquire with regular hardware available in the SM, such as
on-state collector-emitter voltage, gate-emitter threshold voltage, switching time and junction
temperature. However, for protection reasons, it is usual that SM terminal pulses, ambient
temperature, IGBT case temperature and other convenient measurements are available at the
local controller, as in the case of developed converter. Despite accuracy and precision of those
signals might be of concern, certainly they can not be discarded without the corresponding
research.

• Capacitance estimation for the CHM is a proven method to detect capacitors degradation.
However, there are two aspects worth to explore in this regard. The first is revisiting the
method proposed in Chap. 4 to search for an alternative to estimate, in addition to capacitance,
the ESR, as a jointly result could provide a better assessment of capacitor damage. The main
limitation is in the dc-link voltage measurement accuracy and bandwidth, impeding to observe
its high frequency components (close to 𝑓𝑠𝑤 and 2𝑓𝑠𝑤 ± 𝑓0). Work might start focusing on
minimizing systematically source of errors in the acquisition system e.g., sensors calibration,
anti-aliasing filters, data-type handling, among others. The second aspect is related to the
fundamental principle used to estimate the capacitance. Majority of works, including the one
presented here, are based on 𝑉𝑐 = 𝐶𝑑𝑖𝑐/𝑑𝑡, the relationship between current and voltage in
the capacitor. Thus, by the measuring the capacitor response (𝑉𝑐) to the variations of 𝑖𝑐, 𝐶 is
estimated. The disadvantage of this idea is that either a current sensor or a current estimation
of the dc-link capacitor is needed, consuming space and computing power. Instead, a plausible
research path might be considering energy and voltage relationship Δ𝐸𝑐 = 0.5𝐶Δ𝑉 2

𝑐 . During
steady-state, converter controller aims to maintain SMs average energy constant during a
fundamental cycle; however, it is not difficult to conceive a modification in the total or internal
energy control so that SM stored energy can be modified temporarily. Even more, a similar
perturbation might be achieved by considering changes in the SM local balancing control.

• The CHM scheme proposed in Chap. 5 was intended to embrace several components with
a single measurement method (first layer) and a fault dictionary (second layer). The fault
dictionary is a valid and simple option to recognize or set a clear degradation threshold;
however, other options might be considered. Having presented an alternative to acquire new
degradation information of the SM, processing this data is clearly challenging and depending
of the sought goal, more elaborated alternatives can be investigated. For instance, an ANN
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can be trained to recognize not only faulty SMs but also the specific sub-circuit and or the
component presenting problems; however, taking in consideration converter or SM processing
power limitations, ANN configuration, training data requirement and performance. A second
research path might be aimed by considering an accelerated degradation test. Even though,
consumption drifting is a recognized strategy to detect component fault, the particular case of
the PEL SM might be validated through an accelerated degradation test, looking for establishing
a relationship between proposed health indicator and actual health condition.

• The combination of subjective and objective information based on entropy, fuzzy-TOPSIS
and game theory method showed to be a reasonable strategy to solve the feature-level fusion
problem described in Chap. 6, tracking and reflecting the different health indicators trend and
importance to produce a comprehensive CHM strategy; however, a thorough comparison of
the scheme with a SM and converter degradation model might reinforce its applicability as
condition health strategy.

• Despite capacitance and ASPS-based CHMmethods were validated experimentally, still remains
open to confirm that both ideas alongwith the combined health assessment presented inChap. 6
give the same promissory results shown in this work when they are deployed at the converter,
i.e., on each SM and at converter main controller. The PEL MMC research platform is a unit
whose firmware and software are industrial level, making it a convenient environment for
testing characteristics such as performance, noise sensibility and software conflict with other
routines. Following the same argumentative line, it is suggested to consider deployment of the
presented ideas in other than ac-dc MMC topology, such as the matrix-MMC.
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𝐴
MMC CHM State-of-the-art summary

Tab. A.1 MMC CHM state-of-the-art summary: part I

Number Publication Year Country University Main author Component type Precursor pa-
rameter

Availability Classification Extraction
method

Method descrip-
tion

Validation Error % Limitations Advantages

1 [49] 2014 Korea Yeungman,
Univ.

Dong-Choon
Lee

Al-cap C Online M-II MB/Param.
Identification

Current injec-
tion, low-pass
filtering and RLS

Simulation 1.3 Complexity Accurate

2 [187] 2016 UK Newcastle Uni-
versity

D. Atkinson Al-cap C Online M-II MB/Param.
Identification

Ob-
server/Kalman
filter

Simulation - Complexity of
Kalman filter
implementation

Accurate

3 [188] 2018 USA Univer. Of On-
tario

S. Williamson Al-cap C Online M-I MB/D. calcula-
tion

second
harmonic
impedance
extraction/calcu-
lation

Simulation 3.5 It needs filtering Simple

4 [105] 2018 China Zhejiang Univer.
City College

Hui Chen MPPF-cap C Online M-II MB/Param.
Identification

Additionla
sensor/Tunnel
Magnetoresis-
tance / RLS
(capacitor equa-
tion)

Experiment 0.26 Requires addi-
tional hardware

Accurate

5 [107] 2019 China Jiaotong Univer. Lingyu Zhu IGBT Rce Online M-II MB/Param.
Identification

Model based
to estimate
Rce/Kalman
filter

Simulation 0.3 Requires junc-
tion tempera-
ture estimation

Accurate, simple
to implement if
Tj is available

6 [189] 2019 China Chongqing
Univer.

Li Ran MPPF-cap C Online M-II MB/Param.
Identification

Model reference
adaptive control
observer

Simulation/Ex-
periment

1 Complex Accurate

7 [190] 2019 China Huazhong
Univer. of
Science and
Technology

Yong Kang Al-cap C Online M-I MB/D. calcula-
tion

By bypassing ob-
served SM by-
pass and dischar-
gin cap. It used
the R-C circuit
and time to esti-
mated C.

Simulation/Ex-
periment

5 System is
intervened.
Redundancy
strategy is
needed, dis-
charge time
depends of
capacitance and
bleeding resistor

Simple

8 [106] 2019 UK Newcastle
Univer.

Hamza Khalfalla Al-cap C/ESR Online M-II MB/Param.
Identification

Fast affine pro-
jection

Simulation C:0.01/ESR:3.3 It works only
with NLM

9 [191] 2019 China Wuhan Univer. Kaipei Liu Al-cap C Online M-I MB/D. calcula-
tion

Using switch-
ing event and
comparing with
a reference SM,
capacitance
difference is
detected. In a
NLM scheme,
aged cap are
inserted more
frequently.

Simulation 2 It works only
with NLM

Simple

10 [192] 2019 China Southeast
Univer.

Zhe Chen Al-cap C Online M-I MB/D. calcula-
tion

Model, compar-
isson between
a known SM
capacitance and
the observed

Simulation 0.5 It requires an-
other method
to estimate first
capacitance, dif-
ference between
two SM voltage
might be small

Simple

11 [193] 2019 USA Univer. of On-
tario

S. Williamson Al-cap C Online M-I MB/D. calcula-
tion

second
harmonic
impedance
extraction/calcu-
lation

Simulation/Ex-
periment

2.5 Low-pass filter,
signal injection

Simple

12 [194] 2019 Spain Universitat
Rovira i Virgili

Josep Pou Al-cap C Online M-II MB/Param.
Identification

Adaptive ob-
server

Simulation - It needs central-
ized measure-
ments to feed-in
the observer

No need for ca-
pacitor current
or estimation

13 [104] 2020 Denmark Aalborg Univer-
sity

Frede Blaabjerg Al-cap C Offline M-I MB/D. calcula-
tion

Capacitance is
estimated based
on the R-C
circuit formed
by the converter
pre-charge
system

Simulation/Ex-
periment

1 Only during
start up

Simple

14 [195] 2020 Denmark Aalborg Univer-
sity

Wu Chen Al-cap C/ESR Online M-I MB/D. calcula-
tion

Model
based/sort-
ing algorithm

Simulation/Ex-
periment

C:0.7/ESR:2.4 Computationl
burden

Capture both
ESR and C
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Tab. A.2 MMC CHM state-of-the-art summary: part II

Number Publication Year Country University Main author Component type Precursor pa-
rameter

Availability Classification Extraction
method

Method descrip-
tion

Validation Error % Limitations Advantages

15 [109] 2020 Denmark Aalborg Univer-
sity

Frede Blaabjerg Al-cap C Online M-I MB/D. calcula-
tion

Model based Simulation/Ex-
periment

0.3 It needs ref-
erence SM (2
SMs are off, per
branch)

Accurate

16 [196] 2020 China Zhejiang Univer
City College

Xiangning He Al-cap C Online M-I MB/D. calcula-
tion

Model based Simulation/Ex-
periment

2 It needs central-
ized measure-
ments to feed-in
the observer,
steady state
opreation

Accurate

17 [197] 2020 China Shanghai Jiao
Tong University

Bin He Al-cap C Online M-I MB/D. calcula-
tion

Model based Simulation/HIL 0.6 It needs central-
ized measure-
ments

Simple

18 [198] 2020 USA University of
Ontario

S. Williamson Al-cap C Online M-I MB/D. calcula-
tion

Low frequency
impedance
(120Hz) estima-
tion.

Simulation/Ex-
periment

2.5 Rely on the sec-
ond harmonic
of the dc-link
(it might be
removed by
2nd harmonic
injection)

Simple

19 [108] 2020 China China Southern
Power Grid

Ting Hou IGBT PD Online M-I MB/D. calcula-
tion

Partial discharge
detection, using
terminal current,
switchihng
events and
wavelet decom-
position

Simulation - Requires high
sampling rate
sensors

Simple

20 [199] 2021 China Southeast Uni-
versity

Qiang Yu Al-cap C Online M-I MB/D. calcula-
tion

Modulation
intervention
so that capac-
itor voltage is
increased to im-
prove accuracy

Simulation/Ex-
periment

2 Capacitor
stressed by the
method

-

21 [200] 2021 Sweden KTH Royal Insti-
tute of Technol-
ogy

Hans-Peter Nee MPPF-cap C Online M-II MB/Param.
Identification

Impedance
estimation.
Parameter is ex-
tracted with RLS.
Estimation is
improved with
temp. model

Simulation 0 Additional ambi-
ent temp. Sen-
sor

Accurate

22 [111] 2021 China Shanghai Jiao
Tong University

Huaping Jiang Al-cap C Online M-III DD/ANN Swtiching fre-
quencies/Back
propagation
neural network

Simulation 0.01 It needs central-
ized measure-
ments

Accurate

23 [110] 2021 Sweden KTH Royal Insti-
tute of Technol-
ogy

Hans-Peter Nee Al-cap C Online M-II MB/Param.
Identification

Impedance esti-
mation. Param-
eter is extracted
with RLS.

Simulation/Ex-
periment

1 - Accurate

24 [113] 2021 China North China
Electric Power
Univer.

Guangyang
Zhou

Al-cap C Online M-I MB/D. calcula-
tion

Using switch-
ing event and
comparing with
a reference SM,
capacitance
difference is
detected. In a
NLC scheme,
aged cap are
inserted more
frequently.

Simulation 0.01 Switching sig-
nals have to
be known. It
assumes SM ca-
pacitor voltage
are exactly the
same within a
branch

If conditions are
met, then it is
easy to imple-
ment

25 [201] 2021 China Huazhong
Univer. of
Science and
Technology

Li Peng Al-cap C Online M-II MB/Param.
Identification

Grouping capac-
itor voltage ob-
server

Simulation/Ex-
periment

1 It needs central-
ized measure-
ments

Requires less
voltage sen-
sors (SMs
are grouped).
Method feed in
fault detection
and isolation
methods

26 [112] 2022 Germany Ruhr Univer.
Bochum

Dorothea
Kolossa

Al-cap C Online M-III DD/Mach.
Learning

machine-
learning-based
classifier

Experiment - It requires train-
ing data. Data
post-processed.
It is not clear
if method has
practical appli-
cation

No model is
required (black
box assumption)

27 [202] 2021 China Chongqing
Univer.

Yulong Hu Al-cap ESR Online M-I MB/D. calcula-
tion

Capacitance
impedance
estimation,
extraction with
wavelet analysis

Simulation 6.8 Not clear sensor
requirements.
Vulnerable
to noise and
sampling freq.
Method results
are not conclu-
sive

Based on high
freq. compo-
nents, so it does
not depend on
operating condi-
tions.

28 [203] 2022 China State Grid
Jiangsu Electric
Power

Yuting Sun MPPF-cap C/ESR Online M-I MB/D. calcula-
tion

Capacitance
impedance
estimation,
extraction with
FFT

Simulation 1.5 No noise treat-
meant, not clear
experimental
conditions

Middle complex-
ity
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𝐵
Recursive weight least square method summary

Considering the following discrete-time transfer function that represents a system

𝐺(𝑧−1) =
𝑦(𝑧)
𝑢(𝑧)

=
𝑏1𝑧−1 + ... + 𝑏𝑚𝑧−𝑚

1 + 𝑎1𝑧−1 + ... + 𝑎𝑚𝑧−𝑚
(B.1)

it is defined the data vector 𝜓 𝑇(𝑘) as

𝜓 𝑇(𝑘) = (−𝑦(𝑘 − 1)... − 𝑦(𝑘 − 𝑚)|𝑢(𝑘 − 1)...𝑢(𝑘 − 𝑚)) (B.2)

and, the parameter vector 𝜃𝑇(𝑘)

̂𝜃𝑇(𝑘) = (�̂�1...�̂�𝑚|�̂�1...�̂�𝑚) (B.3)

then, it is calculated the updating factor 𝛾 (𝑘)

𝛾 (𝑘) = 1
𝜓 𝑇(𝑘)𝑃𝑊(𝑘 − 1)𝜓 (𝑘) + 1

𝑤

𝑃𝑊(𝑘 − 1)𝜓 (𝑘) (B.4)

where 𝑃𝑊(𝑘 − 1) is the previous measurement covariance matrix and it reflects how reliable are the
measurements. 𝑊 is the weight factor that reflects how reliable the parameters are estimated, and it
is chosen constant for this application. Then, the new parameter estimated ̂𝜃 (𝑘) is given by

̂𝜃 (𝑘) = ̂𝜃(𝑘 − 1) + 𝛾(𝑘)(𝑦(𝑘) − 𝜓 𝑇(𝑘) ̂𝜃(𝑘 − 1)) (B.5)

finally, the covariance matrix 𝑃𝑊(𝑘) for the next iteration is calculated as follow

𝑃𝑊(𝑘) = (𝐼 − 𝛾(𝑘)𝜓 𝑇(𝑘))𝑃𝑊(𝑘 − 1) (B.6)

It is important to note that RWLS method performs optimum if the following conditions are met

• the input signal 𝑢(𝑘) is perfectly measurable (no noise, no error) and linearly independent,

• the input signal is such that it can excite the system to obtain sufficient information about itself.

• the perturbation is a zero-mean, constant variance, uncorrelated random variable.
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