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SUMMARY

This thesis focuses on advancing modular multilevel converters’ (MMCs’) reliability and
fault tolerance. MMC is a popular converter in high-power applications due to its scala-
bility, efficiency, and modular design. Despite their advantages, MMCs are susceptible to
reliability issues, which can compromise continuous operation. To address these chal-
lenges, the research introduces a series of strategies and methodologies to enhance the
resilience of MMCs through improved reliability assessments, optimized redundancy
strategies, and fault-tolerant reconfigurability techniques.

The work begins with a comparative analysis of reliability assessment methods, in-
cluding the Military Handbook, FIDES, and Mission Profile approaches. By examining
the strengths and limitations of each, the thesis provides a foundation for selecting the
most suitable method for evaluating MMC reliability in diverse operational contexts.
This step is crucial as it addresses the challenge of accurately predicting MMC lifespan
under variable conditions, paving the way for more reliable converter designs.

The Monte Carlo simulation framework is developed to evaluate the effectiveness
of different redundancy strategies. This framework allows for modeling complex, real-
world operational stresses and testing redundancy schemes. Through this approach,
the thesis explores various configurations, such as Fixed-Level Active Redundancy and
Standby Redundancy, demonstrating how each impacts overall reliability. The insights
from these simulations provide a data-driven foundation for optimizing redundancy
strategies tailored to specific application requirements.

The thesis proposes a cost-effective design methodology to address the trade-off
between modularity, redundancy, and cost. By optimizing switch voltage ratings, this
methodology balances capital and operational expenditures with reliability goals, allow-
ing for scalable, modular designs without compromising durability. This approach re-
duces the initial costs associated with MMCs and ensures that performance standards
are maintained under typical operating conditions.

To optimize the reliability of MMCs, a Mixed Redundancy Strategy (MRS) is intro-
duced, combining active and spare redundant submodules (SMs) within the converter
structure. This strategy offers an optimal balance between reliability improvement and
cost containment. Through sensitivity analyses and simulations, the MRS is validated
as a practical approach to enhancing MMC resilience, ensuring continuous operation
despite faults without high redundancy costs.

Finally, the thesis develops a reconfigurability method enabling MMCs to operate
continuously under fault conditions by dynamically bypassing faulty SMs or reconfigur-
ing. This fault-tolerant reconfiguration technique is experimentally validated, demon-
strating its effectiveness in detecting, localizing, and isolating faults in real-time. The
proposed method provides a practical solution to enhance fault tolerance, enabling the
MMC to maintain functionality with minimal impact on performance.

xi



xii SUMMARY

Overall, this thesis presents a comprehensive framework for advancing the reliability
and cost-efficiency of MMCs through targeted improvements in reliability assessment,
redundancy management, and fault-tolerant design. These contributions represent a
significant advancement for power electronic systems where robustness and continuous
operation are paramount, providing valuable insights and methodologies for developing
resilient power converters.



SAMENVATTING

Deze scriptie richt zich op het verbeteren van de betrouwbaarheid en fouttolerantie
van modulaire multilevel-omvormers (MMC’s). MMC is een populaire omvormer in
hoogvermogentoepassingen vanwege zijn schaalbaarheid, efficiëntie en modulaire on-
twerp. Ondanks hun voordelen zijn MMC’s vatbaar voor betrouwbaarheidsproblemen,
wat de continuïteit van de werking kan compromitteren. Om deze uitdagingen aan
te pakken, introduceert het onderzoek een reeks strategieën en methodologieën om
de veerkracht van MMC’s te vergroten door verbeterde betrouwbaarheidsbeoordelin-
gen, geoptimaliseerde redundantie-strategieën en fouttolerante herconfigureerbaarhei-
dstechnieken.

Het werk begint met een vergelijkende analyse van betrouwbaarheidsbeoordelingsmeth-
oden, waaronder de Military Handbook-, FIDES- en Mission Profile-benaderingen. Door
de sterke en zwakke punten van elk te onderzoeken, biedt de scriptie een basis voor het
selecteren van de meest geschikte methode voor het evalueren van de betrouwbaarheid
van MMC’s in diverse operationele contexten. Deze stap is cruciaal omdat het de uitdag-
ing aanpakt om de levensduur van MMC’s nauwkeurig te voorspellen onder variabele
omstandigheden, wat de weg vrijmaakt voor betrouwbaardere omvormerontwerpen.

Het Monte Carlo-simulatiekader is ontwikkeld om de effectiviteit van verschillende
redundantie-strategieën te evalueren. Dit kader maakt het mogelijk om complexe, real-
istische operationele spanningen te modelleren en redundantie-schema’s te testen. Via
deze benadering verkent de scriptie verschillende configuraties, zoals Fixed-Level Ac-
tive Redundancy en Standby Redundancy, waarbij wordt gedemonstreerd hoe elk de al-
gehele betrouwbaarheid beïnvloedt. De inzichten uit deze simulaties bieden een data-
gedreven basis voor het optimaliseren van redundantie-strategieën die zijn afgestemd
op specifieke toepassingsvereisten.

De scriptie stelt een kosteneffectieve ontwerpmethodologie voor om de afweging
tussen modulariteit, redundantie en kosten aan te pakken. Door het optimaliseren van
de spanningswaarden van schakelaars balanceert deze methodologie kapitaal- en op-
erationele uitgaven met betrouwbaarheidsdoelen, waardoor schaalbare, modulaire on-
twerpen mogelijk zijn zonder in te leveren op duurzaamheid. Deze aanpak vermindert
de initiële kosten die geassocieerd zijn met MMC’s en zorgt ervoor dat prestatiestandaar-
den worden gehandhaafd onder typische bedrijfsomstandigheden.

Om de betrouwbaarheid van MMC’s te optimaliseren, wordt een Mixed Redundancy
Strategy (MRS) geïntroduceerd, die actieve en reserve redundante submodules (SM’s)
combineert binnen de omvormerstructuur. Deze strategie biedt een optimale balans
tussen betrouwbaarheidverbetering en kostbeheersing. Door middel van gevoeligheid-
sanalyses en simulaties wordt de MRS gevalideerd als een praktische benadering om de
veerkracht van MMC’s te vergroten, waardoor continue werking ondanks fouten wordt
verzekerd zonder hoge redundantie-kosten.
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xiv PREFACE

Ten slotte ontwikkelt de scriptie een herconfigureerbaarheidsmethode die MMC’s
in staat stelt continu te werken onder foutcondities door dynamisch defecte SM’s te
omzeilen of te herconfigureren. Deze fouttolerante herconfiguratietechniek wordt ex-
perimenteel gevalideerd en toont zijn effectiviteit aan bij het detecteren, lokaliseren en
isoleren van fouten in real-time. De voorgestelde methode biedt een praktische oploss-
ing om de fouttolerantie te verbeteren, waardoor de MMC functionaliteit behoudt met
minimale impact op de prestaties.

Over het geheel genomen presenteert deze scriptie een uitgebreid kader voor het ver-
beteren van de betrouwbaarheid en kostenefficiëntie van MMC’s door gerichte verbe-
teringen in betrouwbaarheidsbeoordeling, redundantiebeheer en fouttolerant ontwerp.
Deze bijdragen vertegenwoordigen een significante vooruitgang voor vermogenselek-
tronische systemen waar robuustheid en continue werking van het grootste belang zijn,
en bieden waardevolle inzichten en methodologieën voor het ontwikkelen van veerkrachtige
vermogensomvormers.
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1
INTRODUCTION

This chapter aims to provide a framework for improving the reliability of power electronic
converters. In general, achieving higher reliability often incurs additional costs, either
in terms of increased capital expenditure (e.g., higher-quality components, redundancy)
or higher operational costs (e.g., maintenance, monitoring). Therefore, optimal design
requires a careful balance between improving reliability—such as reducing failure rates or
extending system lifetime—and managing both capital and operational costs.

A part of this chapter is published in:

• M. Ahmadi, A. Shekhar and P. Bauer, ”Reconfigurability, Modularity and Redundancy Trade-offs for
Grid Connected Power Electronic Systems,” in IEEE 20th International Power Electronics and Motion
Control Conference (PEMC), 2022.
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1.1. BACKGROUND
In recent years, alongside the power electronics devices development [1], voltage source
converters (VSC) such as modular multilevel converters (MMCs), two-level converter
(2L-VSC), three-level converters (3L-VSCs) among other types, showed a significant in-
crease of applications in power grids [2]. On the other hand, the penetration of dis-
tributed systems such as renewable energy sources (RES), charging stations, storage sys-
tems, etc., has risen considerably [3]. Additionally, the demand for electricity has in-
creased sharply—not only due to population growth, but also because of the electrifica-
tion of various sectors such as transportation, industry, and heating—highlighting the
growing need for a reliable power supply [4]. Therefore, a growing number of installed
electrical energy systems (load and supplier) increase the demand for reliable power sys-
tems to decrease the likelihood of blackouts [4].

It is important to modernize the grid-connected power electronics systems to in-
crease the system reliability and decrease greenhouse gas emissions by integrating RES,
e-mobility technologies, and storage units into the power systems [5, 6]. For such energy
transition goals, the role of power electronics is pivotal in enabling grid integration with
power electronic converters as efficient and reliable interfaces [7, 8].

It is worth mentioning that grid-connected power electronic converters play a key
role in advanced configurations such as meshed transmission systems with multiple
terminals [9]—including medium-voltage and high-voltage VSC-based multi-terminal
DC (VSC-MTDC) systems—which are becoming increasingly attractive due to their high
controllability, power transfer capability, and operational flexibility [10]. But, utilizing
more power electronic-based systems can pose challenges to reliable planning and op-
eration of the system [6]. Furthermore, power electronic converters are composed of
many components, including power switches, capacitors, etc., which can be a source
of failure and negatively affect the reliable operation of the power systems [11]. For in-
stance, in grid-connected power electronic converters, converters can contribute to un-
planned downtime of RES where the cost losses are significant [12].

Power electronic
components

Capacitor 
bank

MMC

DC AC

Lifetime model
(Nf, L, ...)

Availability, 
reliability (R, A, ...)

System reliability
( LOLE,LOEE, ...)

Figure 1.1: Physical layers of reliability from component to power system levels.

As shown in Fig. 1.1, the reliability analysis is gaining attention in grid-connected
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power electronic converters in which the reliability evaluation can be done at component-
level [5, 6, 13], converter-level [3, 9, 10, 14–18] and system level[4, 7, 19–24]. The most
common corresponding reliability indicators are also given at each level, where LOLE
is the loss of load expectation, LOEE is the loss of energy expectation, R is reliability, A
is availability, Nf is the number of thermal cycles to failure caused by temperature vari-
ations induced by fundamental (50 Hz) and low-frequency power cycles, and L is the
lifetime of the considered components.

Most studies regarding reliability analysis at the converter and system level only eval-
uate reliability without proposing how to enhance it. However, applying design strate-
gies such as redundancy, modularity, and reconfigurability (RMR) can significantly im-
prove the reliability of grid-connected power electronic converters. These strategies can
be implemented during the design, planning, and operational stages to enhance system
reliability in a cost-efficient manner. Therefore, this thesis provides an overview of how
RMR can be used to improve system reliability, particularly as the penetration of power
electronic converters in the grid continues to increase.

1.2. MOTIVATION
As summarized in Fig. 1.2, the development of MMC has revolutionized the field of
power electronics, particularly for medium and high-voltage applications. MMCs of-
fer numerous advantages, including improved power quality, scalability, and higher ef-
ficiency, making them an essential component in modern power electronic systems.
These converters are extensively used in applications such as renewable energy integra-
tion, high-voltage direct current (HVDC) transmission, and flexible alternating current
transmission systems (FACTS). However, as the demand for more reliable and efficient
power electronic systems grows, addressing the challenges associated with MMC relia-
bility becomes increasingly critical.

Introduction

1

Why Modular Multilevel Converter (MMC)?

Superior harmonic 
performance

High efficiency

low voltage and 
current rating 

demand

Various Applications 
(from MV to HV) 
due to modularity 

and scalability

Advantages

Complex control

High cost and less 
compact

High number of 
components

Disadvantages

Reliability and cost focus

Figure 1.2: Advantages and disadvantages of using MMC in different applications.

Reliability is a fundamental concern in the design and operation of MMCs due to the
significant impact of component failures on system performance, safety, and cost. In
power electronic systems, failures can lead to costly downtime, extensive maintenance
requirements, and potential safety hazards. The modular nature of MMCs, while pro-
viding flexibility and scalability, also introduces complexity in reliability assessment and
maintenance strategies. As a result, developing robust methodologies to predict and
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enhance the reliability of MMCs is essential for their successful deployment in critical
applications.

One of the primary challenges in ensuring the reliability of MMCs is the diverse range
of operating conditions and environmental factors they encounter. MMCs are exposed
to varying thermal, electrical, and mechanical stresses, as well as environmental stresses
such as moisture, dust, and contamination. These factors can significantly influence the
failure rates of their components. Traditional reliability assessment methods, such as the
Military Handbook (MIL-HDBK-217), have provided a baseline for reliability prediction.

The economic implications of MMC reliability cannot be overlooked. The cost asso-
ciated with system failures, maintenance, and downtime can be substantial, particularly
in large-scale power electronic installations. This highlights the need for a cost-effective
reliability assessment and enhancement approach, considering initial investment and
long-term operational expenses.

Hence, the concept of RMR is pivotal in achieving high reliability but cost-efficient,
as given in Fig. 1.3. To achieve this, firstly, a very brief insight into the concept of each
term in MMC is provided as follows:

Figure 1.3: General overview of RMR application for reliability improvement.

1.2.1. CONVERTER-LEVEL REDUNDANCY

The simple definition of redundancy means the inclusion of additional components
within the system’s structure that are not necessary to function, and they are used in
case of other components’ failure. So, redundancy is one of the approaches to embed the
fault-tolerance ability within the system structure. The MMC comprises SMs connected
in series to reach the desired DC-link voltage. In this type of converter, to increase the
converter reliability in case of SM failure and without degrading the post-fault operation,
redundant SMs are used in the MMC, as shown in Fig. 1.4.

Regarding the operation of MMC with redundant SM, various strategies are proposed
wherein, in each strategy, the redundant components can be operational or remain idle.
For example, in the non-redundant configuration of Fig 1.4 (a), if any one of the SMs
within the MMC fails, the converter should shut down (or, in some cases, it can operate
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Figure 1.4: The MMC configuration (a) without (b) and with redundancy.

at a derated power) whereas, in a redundant configuration, if an SM fails (open circuit or
short-circuit) it can be bypassed. As a result, the converter continues to operate at the
rated power [14].

1.2.2. CONVERTER-LEVEL MODULARITY
Modularity is the degree to which system components might be separated in power con-
verter applications, providing the system with flexibility and a higher number of choices
for component selection. Modularity can be applied at MMC’s arm level by consider-
ing the cost and reliability. Therefore, optimal choices could be based on the number
of levels or power switch rating, which essentially determines the modularity level. The
characteristics of various switches determine the system’s reliability, efficiency, and cost.
For example, Fig 1.5 represents the MMC with two modularity scenarios, which can be
obtained by applying [25]:

Nmin = cei l [
Vdc

Sf ×VIGBT
] (1.1)

where the safety factor Sf ranges from 0.4 to 0.75 [26] which are the voltage limits for the
design of SM for different applications. In this part, the value of 0.6 is assumed that is the
voltage limit for the safe switching. Nmin is the minimum number of levels and VIGBT is
the IGBT blocking voltage. Considering an applied voltage of Vdc = 28 kV to the DC link,
if the voltage rating of the power switch is 1.7 kV, the Nmin is 28. If the voltage rating of
the power switches is 3.3 kV, the Nmin will be 15.

As shown in Fig 1.5, many choices exist regarding the MMC modularity. Each mod-
ularity scenario has advantages and disadvantages, and the optimal configuration can
be selected based on assumptions, system requirements, reliability, cost, efficiency, etc.
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Figure 1.5: The MMC general configuration with two modularity scenarios.

For instance, in Fig. 1.5, if Nmin= 28, there are more SMs within the MMC compared
to Nmin= 15, and the reliability of such a system might be lower since there is a higher
number of components and the chance of SM failure is higher. Also, the efficiency of the
MMC with Nmin= 15 could be higher than Nmin= 28 since there are fewer power mod-
ules, and consequently, the lower conduction losses (higher efficiency) will be [14, 18].
However, the modularity of MMC with Nmin= 28 gives higher flexibility and smoother
modulation, consequently decreasing the harmonic distortion and filter size [25, 27, 28].
All these concepts will be detailed in chapter 4.

1.2.3. CONVERTER-LEVEL RECONFIGURABILITY

In general, the ability of the system to rearrange its various parts in case of failure is
called reconfigurability. This is another way of meeting fault tolerance capability. The
reliability of the converter can be improved if reconfigurability is embedded within its
structure [29] that in some cases is compulsory such as grid-connected converter for off-
shore wind turbines where maintenance could be challenging and not cost-efficient [30].
Hence, reconfigurability is required to increase the system’s reliability and availability.
For example, in [31], a three-level neutral-point-clamped (NPC) converter with an extra
flying capacitor (FC) is proposed, wherein, in case of fault, the FC leg will take over, and
the converter continues its operation. Other examples of the reconfigurable converter
are presented in [32, 33], in which reconfigurable DC-DC converters are proposed to
embed the fault tolerance within their structures.

It is worth mentioning that fault tolerance ability in various converter topologies has
been explored, and the converter is fault-tolerant because of redundancy and/or recon-
figurability. There are two ways of reaching fault tolerance: redundancy and reconfigura-
bility. However, there is a distinction between redundancy and reconfigurability. With
redundancy, the configuration of the converter after a fault and before a fault is iden-
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tical, whereas, with reconfigurability, the post-fault structure of the system is different
than before fault occurrence [31–36].

1.3. THESIS OBJECTIVES AND RESEARCH QUESTIONS
The main objective of this thesis is as follows:

"Enhancing the MMC reliability in a cost-efficient manner by applying Redundancy, mod-
ularity, and reconfigurability (RMR) through a comprehensive analysis of reliability meth-
ods, redundancy strategies, cost-optimized designs, and the integration of reconfigurabil-
ity, culminating in practical recommendations."

The objective of this thesis is divided into the following four research questions.

Q1: How can the reliability of MMCs be accurately assessed using comprehensive method-
ologies?

Chapters 2 and 3 address the need for accurate and comprehensive reliability as-
sessment methodologies for MMCs. Chapter 2 introduces and compares three distinct
methodologies: the Military Handbook (MIL-HDBK-217), FIDES, and the Mission Profile
Methodology. Each method is detailed for calculating failure rates by considering envi-
ronmental conditions, operational stresses, and specific mission profiles. The Military
Handbook method provides standardized failure rates, the FIDES methodology incor-
porates technical controls over manufacturing and operational processes, and the Mis-
sion Profile Methodology focuses on modeling the operational environment and specific
conditions of the MMC. Chapter 3 complements this analysis by applying Monte Carlo
Simulations (MCS) to these methodologies. MCS is used to evaluate the reliability of
MMC under different redundancy strategies. The MCS can quantify reliability outputs
where the analytical approach is challenging or unavailable. These chapters provide a
holistic approach to reliability assessment, combining traditional methods with MCS to
offer a more accurate and practical reliability prediction.

Key challenges:

• Each method will result in different reliability results, which makes it difficult to
determine which method gives the most realistic outputs due to the variability of
failure rate data.

• Calculating the MMC reliability under the mission profile method with specific re-
dundancy strategies is unavailable due to analytical challenges. So, an alternative
solution is required to solve the problem.

• The Monte Carlo Simulation method could be a valuable tool for reliability eval-
uation, but there is no literature on implementing it. Hence, it is desired to im-
plement the Monte Carlo simulation for reliability analysis as another valuable
method in scenarios where analytical methods are very challenging to apply.

Q2: How can the trade-offs between cost, modularity, and reliability be optimized in
the design of MMCs?
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Chapter 4 examines the cost-oriented design of MMCs, focusing on the trade-offs
between modularity, redundancy, and overall system cost. It begins by discussing the
importance of modularity and redundancy in achieving high reliability and flexibility in
MMCs. The chapter then presents a detailed analysis of different modularity options to
optimize the cost, reliability, and efficiency of MMCs. It includes case studies compar-
ing various design options’ capital investment and operational costs, considering switch
voltage ratings, SM configurations, and loading conditions. The chapter also explores
sensitivity analyses to evaluate the impact of different parameters, such as failure rates,
component lifetimes, and energy prices, on the overall cost and reliability of the system.
By comprehensively evaluating these trade-offs, the chapter offers practical guidelines
for selecting the optimal switch raring to have cost-effective and reliable MMCs, empha-
sizing the need to balance initial investment with long-term operational expenses.

Key challenges:

• Selecting the optimal modularity level is affected by many factors, including cap-
ital costs, operational loss, redundancy level, and reliability requirements. Hence,
providing an optimized switch rating selection method to consider all these as-
pects is not straightforward.

• Since there are different methods in reliability analysis, all lead to different relia-
bility outputs, which can significantly change the output. Hence, generalization
and sensitivity must be performed, which is difficult as the load and switch char-
acteristics differ for each scenario.

• For each switch rating, different available commercial choices are there. Each has
different characteristics and price considerations, which change the whole results.
This consideration is of importance for generalization.

Q3: How can a mixed redundancy strategy improve the reliability and cost-effectiveness
of MMCs?

Chapter 5 focuses on a mixed redundancy strategy (MRS) for MMCs, which combines
active and spare redundant SMs to enhance system reliability and cost-effectiveness.
The chapter introduces the MRS and its working principles. It details how MRS can be
implemented by integrating a combination of active redundant SMs that are always in
operation and spare SMs that only replace faulty SMs during maintenance. The chapter
includes comprehensive reliability assessments through analytical methods, and MCS is
applied to validate the effectiveness of such methodology. It also presents case studies
and sensitivity analyses to evaluate the impact of different configurations and operating
conditions on the system’s reliability and cost. The findings highlight the advantages of
MRS in providing a more balanced and flexible approach to redundancy, offering im-
proved reliability without significantly increasing costs. The chapter concludes by dis-
cussing the practical implications of implementing MRS and providing recommenda-
tions for optimizing its design and operation.

Key challenges:

• Almost all the literature evaluates the reliability of the MMC only by considering
redundancy. Still, after each maintenance, a system composed of newly replaced
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subparts and some parts operating for several years will change the reliability out-
puts. So, no analytical method exists to solve this problem; hence, a new method
is required.

• Since the analytical model is not available in the literature, how can we be sure it
is correct? Hence, another method should be developed to validate the results.

• The obtained concept should be generalized for different MMC characteristics to
make a valuable study for various systems. But, this requires the choice of switch
rating, costs, and other aspects, which is challenging.

Q4: How can reconfigurability be utilized to enhance fault tolerance and reliability in
MMCs, particularly during open-circuit faults (OCFs), while maintaining operational
efficiency and minimizing system downtime?

Chapter 6 addresses ensuring continuous operation in MMCs when component fail-
ures occur, specifically in IGBTs. The chapter investigates how reconfigurability, com-
bined with fault detection and localization algorithms, can provide a cost-effective solu-
tion to bypass faulty components or reconfigure the system without needing additional
hardware. By exploring the integration of fault tolerance into the control logic, this re-
search aims to develop methodologies to detect and recover from faults while minimiz-
ing system disruptions and maintaining optimal performance.

Key challenges:

• Detecting which specific IGBT has failed in an open-circuit manner is challenging,
particularly due to the identical characteristics of certain switch pairs.

• Ensuring continuous operation of the converter in the presence of an OCF is com-
plex, especially when maintaining original functionality without hardware modi-
fications.

• Setting up a lab-scale prototype to experimentally validate the purpose of this
chapter is another real challenge.

1.4. RESEARCH CONTRIBUTIONS
The main contributions of this thesis focus on enhancing the reliability and cost-efficiency
of MMCs through innovative approaches in reliability assessment, redundancy strate-
gies, design optimization, and fault tolerance. The contributions of the thesis are as fol-
lows:

• A comparative analysis of reliability assessment methods (Military Handbook, FIDES,
and Mission Profile) was conducted, highlighting each method’s unique strengths
(Chapter 2).

• Developed and implemented Monte Carlo simulations to evaluate different re-
dundancy strategies where an analytical approach is not feasible, offering a com-
prehensive reliability assessment under real-world operating conditions (Chapter
3).

• Proposed a methodology for cost-efficient MMC design by balancing modularity
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and redundancy, optimizing switch voltage ratings based on capital investment,
operational costs, and reliability (Chapter 4).

• Introduced a Mixed Redundancy Strategy (MRS), combining active and spare re-
dundant SMs to optimize reliability and cost, validated through sensitivity analy-
ses and Monte Carlo simulations (Chapter 5).

• Developed a reconfigurability method to enhance fault tolerance, allowing con-
tinuous operation by bypassing faulty components, validated experimentally to
ensure efficient fault detection, localization, and reconfiguration (Chapter 6).

1.5. THESIS OUTLINE
The thesis is structured to address the research questions and contributions outlined
above systematically as shown in Fig. 1.6. The following chapters are included:

Existing 
methods:

• MIL
• FIDES
• Mission

profile

Chapter 2

Monte
Carlo

Simulation

Chapter 3

Reliability assessments Cost-efficient converter-level reliability improvements by applying RMR  

Modularity

Chapter 4

Redundancy

Chapter 5

Reconfigurability

Chapter 6

Figure 1.6: Outline of the thesis: definitions of the parts, the chapters, and their connections.

Chapter 2: Reliability Assessment Methods
Introduces and compares Military Handbook (MIL-HDBK-217), FIDES, and Mission Pro-
file Methodology for reliability assessment of MMCs.
Chapter 3: Reliability Assessment for MMCs Using Monte Carlo Simulations
Explores various redundancy strategies and their evaluation through Monte Carlo simu-
lations.
Chapter 4: Cost-Oriented Redundancy and Modularity-Based Design of MMC
Discusses the trade-offs between cost, modularity, and reliability, providing optimal de-
sign solutions.
Chapter 5: Mixed Redundancy Strategy for MMCs
Introduces a mixed redundancy strategy, combining active and spare redundant SMs to
optimize system reliability and cost.
Chapter 6: Reconfigurability in MMC
Explores methods to integrate reconfigurability into MMCs to enhance their adaptability
and reliability.
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2
RELIABILITY ASSESSMENT

METHODS

This chapter delves into the reliability assessment methods of MMCs, an essential compo-
nent in modern power electronic systems. The primary objective is to compare and con-
trast three methodologies used for calculating reliability: the Military Handbook (MIL-
HDBK-217), FIDES (French acronym for "Reliability in Electronic Systems"), and the Mis-
sion Profile Methodology. Each method brings a unique perspective and set of tools to
reliability assessment, considering different factors such as environmental conditions, op-
erational stresses, and specific application requirements. This analysis aims to compre-
hensively understand how these methodologies can be applied to evaluate reliability in
various operational contexts.

This chapter is based on:

• M. Ahmadi, F. Kardan, A. Shekhar, P. Bauer, ”Reliability Assessment of Modular Multilevel Converters:
A Comparative Study of MIL and Mission Profile Methods,” in 13th International Conference on Inte-
grated Power Electronics Systems (CIPS), 2024.

• M. Ahmadi, A. Shekhar, P. Bauer, ”Comparison of Military Handbook and the FIDES Methodology for
Failure Rate Estimation of Modular Multilevel Converters,” in IEEE 17th International Conference on
Compatibility, Power Electronics and Power Engineering (CPE-POWERENG), 2023.

• M. Ahmadi, A. Shekhar and P. Bauer, ”Impact of the Various Components Consideration on Choos-
ing Optimal Redundancy Strategy in MMC,” in IEEE 20th International Power Electronics and Motion
Control Conference (PEMC), 2022.
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2.1. INTRODUCTION
In this chapter, three distinct methodologies for calculating the reliability of MMCs are
introduced and analyzed in detail. These methodologies are:

Military Handbook (MIL-HDBK-217):
The Military Handbook method provides a standardized approach to reliability predic-
tion, primarily used in military and aerospace applications. It considers the base failure
rates of components and adjusts them using various factors that account for environ-
mental conditions, quality levels, and specific stress factors. For instance, the failure
rate of film capacitors and Insulated Gate Bipolar Transistors (IGBTs) is adjusted based
on temperature, voltage, series resistance, and other operational parameters [1–5].

FIDES Methodology:
The FIDES methodology offers a more comprehensive approach by incorporating mission-
specific conditions and technical controls over manufacturing, field operation, and main-
tenance processes. It calculates the failure rates of electronic components by consider-
ing physical failures and specific environmental and operational stresses during differ-
ent mission phases. This method is recognized for providing a more accurate and cur-
rent estimation of failure rates, reflecting real-world conditions more closely than tradi-
tional methods [6–10].

Mission Profile Methodology:
This methodology uses detailed modeling of the MMC’s operational environment and
mission-specific conditions. It includes thermal modeling to estimate the power losses
and junction temperatures of components like IGBTs and capacitors. By using the rain-
flow algorithm and fitting the Weibull distribution, this method captures the stochastic
nature of the system, providing reliability estimates based on the actual thermal cycles
and stresses experienced during operation. The Mission Profile Methodology is particu-
larly practical in applications with detailed operational data [11–19].

2.2. MILITARY HANDBOOK
The probability of IGBTs and capacitors experiencing failure depends on the tempera-
ture and voltage they are subjected to. Hence, any formula used to calculate their failure
rate must consider these factors [20]. This holds true, especially for capacitors, as their
likelihood of failure can be notably impacted by these conditions:

λMIL-Cap =λbase-CapπTπVπSRπQπEπC (2.1)

In (2.1), film capacitors’ base failure rate is 0.000876 occurrences per year. The impact
of the capacitor’s series resistance is accounted for through the incorporation of the πSR

factor, which has a value of 0.1. The quality of the capacitor is represented by the factor
πQ , which assumes a value of 10 for commercially available capacitors. The environ-
mental factor πE, which is equal to 1 in controlled environments, is another factor that
influences the capacitor’s failure rate. The capacitance factor πC is determined by equa-
tion (2.2), while the voltage stress factor πV can be obtained by applying equation (2.3).
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The temperature factor πT is calculated using equation (2.4). All these factors with de-
tails on how to choose are provided in [20]. It is one of the shortcomings of the MIL
method that these coefficients can change the calculated failure rate greatly.

πC = (C )0.09 (2.2)

πV = [
Voperating

0.6×Vrated
]5 +1 (2.3)

πT = exp[
−0.15

8.617×10−5 [
1

Tv j +273
− 1

298
]] (2.4)

In which Tvj is the temperature of the capacitor, and C in (2.2) is in µF . The failure rate
of the IGBT is given by:

λMIL-IGBT =λbase-IGBTπTπSπAπRπE (2.5)

πT = exp[−2114× [
1

Tj +273
− 1

298
]] (2.6)

πS = 0.045×exp[3.1
Vapplied

Vrated
] (2.7)

Equation (2.5) provides the base failure rate of IGBTs, which is determined to be 0.000876
occurrences per year. The temperature factor πT required to calculate the failure rate of
IGBTs can be obtained by utilizing equation (2.6) [20]. Similar to capacitors, the voltage
stress factor πS is a variable factor that plays a crucial role in determining the actual
failure rate of IGBTs and is expressed by equation (2.7) [20]. IGBTs are utilized for various
applications, with the factor πA serving to represent the specific application. When used
for switching applications, πA is assigned a value of 0.7. The power rating of the IGBT
is represented by the factor πR , which is equal to 1 [20]. The surrounding environment
factor πE is another parameter that can impact the failure rate of IGBTs, with a value of
6 assigned to it for controlled environments [20].

2.3. MISSION PROFILE METHODOLOGY
Fig. 2.1 illustrates the half-bridge (HB) submodule (SM) integrated MMC layout. It com-
prises six arms in which n SMs are connected in series. Within the structure of SM,
there are several components, including two power electronics switch valves, a capac-
itor bank, gate drives, a thyristor, and a control system [14, 17].

2.3.1. MMC MODEL
In an ideal MMC, the DC side current (Idc) is evenly distributed in the three phases of the
MMC. By assuming the harmonic components on the AC side are compensated, the AC
side currents ix (x = a, b, c) and voltage vx (x = a, b, c) taking the phase a as an example,
can be as follows.

va =Vmsi n(ωt ) (2.8)

ia = Imsi n(ωt −Φ) (2.9)
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Figure 2.1: MMC layout with HB SM.

ω= 2π f (2.10)

where Vm and Im are the amplitude of voltage and current, ω is the angular frequency,
f is the fundamental frequency, and Φ is the power factor (PF) of the system. the upper
and lower arm current can be obtained as follows.

iau = Idc

3
+ ia

2
(2.11)

ial =
Idc

3
− ia

2
(2.12)

consequently the upper and lower arm voltages (vau, val) are caused by AC and DC cur-
rents. Also, according to the power balance, the AC and DC side power should be equal.
Hence, power equality can ideally be written as follows:

PAC = PDC → 3

2
VmImcosΦ=VdcIdc (2.13)

m = Vm

Vdc/2
(2.14)

where m is the modulation index to link the magnitude of AC and DC side voltages, PAC

is the output power, and PDC is the input power. By substituting the (2.14) in (2.13), Idc

can be written as (2.15).

Idc =
3mImcosΦ

4
(2.15)

Now, the voltage and current of each arm (upper, lower) can be obtained as follows.{
vau = Vdc

2 (1−msi n(ωt ))

val = Vdc
2 (1+msi n(ωt ))

(2.16)
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{
iau = Idc

3 + Im
2 si n(ωt −Φ)

ial = Idc
3 − Im

2 si n(ωt −Φ)
(2.17)

in the MMC, the voltage of the upper and lower arms can be written as (2.18).{
vau = nauVdc

val = nalVdc
(2.18)

where nau is the duty ratio of the upper arm and nal is the duty ratio of the lower arm.
In MMC, the DC link voltage should always remain equal to Vdc, so, by substituting the
(2.16) in (2.18), the duty ratio can be rewritten as follows.{

nau = 1
2 (1−msi n(ωt ))

nal = 1
2 (1+msi n(ωt ))

(2.19)

2.3.2. THERMAL MODELLING

POWER LOSSES MODEL

The current that passes through each element should be calculated individually to esti-
mate the thermal stresses of SM’s components (IGBT, diode, and capacitor). In Fig. 2.1,
taking the upper arm of phase a as an example, the estimated current is shown in Fig.
2.2 working in inverter mode; hence, the current is positive for a period of (θ,π+2φ−θ)
and negative in the period of (π+2φ−θ,2π+θ).

i
au

T2, D1 T1, D2

I
dc

/3

t

 + 2 + 2 +
0

Figure 2.2: Illustration of arm current of phase a.

In Fig. 2.3, the effective working range of each component is presented. If the current
is positive, T2 or D1 are working, while T1 or D2 are operational if the current is negative.
Hence, the average current (iave) and RMS current (iRMS) of each semiconductor is given
as (2.20) where the equation variables are specified for each switch in Table 2.1.{

iave,x1 = 1
2π

∫ b
a Y1 d(ωt )

iRMS,x1 =
√

1
2π

∫ b
a Y2 d(ωt )

(2.20)
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Figure 2.3: Current flow is inserted/bypassed SMs for different arm current directions, (a) positive current & SM
is bypassed, (b) positive current & SM is inserted, (c) negative current & SM in bypassed, (d) negative current
& SM is inserted.

Table 2.1: SPECIFICATIONS OF (2.20) FOR DIFFERENT POWER SWITCHES

x1 a b Y1 Y2

T1 π+2φ−θ 2π+θ nauiau naui 2
au

T2 θ π+2φ−θ naliau nali
2
au

D1 θ π+2φ−θ nauiau naui 2
au

D2 π+2φ−θ 2π+θ naliau nali
2
au

Regarding the capacitor bank, the ripple current can be obtained by (2.21).

icap = nauiau =1

6
(Idc −

3

4
mImcosΦ)+ 1

4
Imsi n(ωt −Φ)

− 1

6
mIdcsi n(ωt )+ 1

8
mImsi n(2ωt −Φ)

(2.21)

since the capacitor current’s DC component cannot pass through, the capacitor’s first
term in (2.21) is equal to zero. But, the RMS current of the capacitor can be evaluated as
(2.22), which is composed of 50 Hz (second and third terms of (2.21)) and 100 Hz (fourth
term of (2.21)) frequency components.iRMS,cap-50Hz =

√
1

2π

∫ 2π
0 icap-50Hzd(ωt )

iRMS,cap-100Hz =
√

1
2π

∫ 2π
0 icap-100Hzd(ωt ).

(2.22)

The power losses can be estimated after calculating RMS and the average current
passing through each component. The significant sources of power switch losses are
conduction loss of IGBT (Pcond,T), switching loss of IGBT (Psw,T), conduction loss of the
diode (Pcond,D), and reverse recovery loss of the diode (Prec,D). The conduction losses
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of IGBT (diode) are due to the voltage drop of VCE (VD), and it depends on the on-state
current (I ) and junction temperature (Tj) given by 2.23.{

VCE =VT(Tj)+RCE(Tj)I , IGBT

VD =VD(Tj)+RD(Tj)I ,diode
(2.23)

where VCE, VD, RCE, and RD are fitting parameters obtained from data-sheet given in
Table 2.3. Therefore, The power losses of IGBT (diode) due to conduction losses can be
written as (2.24). 

Pcond,T(Tj) = 1
T

∫ T
0 VCE(Tj)I d t

=VT(Tj)|iave.T|+RCE(Tj)i 2
RMS.T

Pcond,D(Tj) = 1
T

∫ T
0 VD(Tj)I d t

=VD(Tj)|iave.D|+RD(Tj)i 2
RMS.D.

(2.24)

As mentioned, the energy losses of IGBT’s turn-on (Esw,T) and the energy losses of
reverse recovery of the diode (Erec,D) are the other two major sources of losses calculated
as (2.25). {

Esw,T(Tj) = aT +bT|iave,T|+ cTiRMS,T
2

Erec,D(Tj) = aD +bD|iave,D|+ cDiRMS,D
2 (2.25)

where aT, aD, bT, bD, cT, and cD (in Table 2.3) are dynamic characteristics of the power
switches obtained from data-sheet by curve fitting. Moreover, the effect of the applied
voltage is considered for calculating the power losses of IGBT and diode due to switch
losses and reverse recovery, respectively.{

Psw,T(Tj) = fswEsw,T(Tj)
VSM,ave

Vnom

Prec,D(Tj) = fswErec,D(Tj)
VSM,ave

Vnom

(2.26)

where Vnom is the nominal voltage at the test condition. The total power losses of the
IGBT and diode can be obtained by summing the above losses as (2.27).{

PT = Pcond,T(Tj)+Psw,T(Tj)

PD = Pcond,D(Tj)+Prec,D(Tj).
(2.27)

For capacitor losses calculation, the equivalent series resistor (ESR) is the source of
losses. Hence, the total losses of the SM’s capacitor can be calculated by (2.28).

PC = RESR(50Hz)i 2
RMS,cap-50Hz +RESR(100Hz)i 2

RMS,cap-100Hz (2.28)

where the value of RESR is given in the data-sheet. Note that the exact value of RESR is
different at different frequencies. However, this is given in some capacitor data sheets;
in others, it is not. Hence, if it is not given, we can assume that RESR(50Hz) is equal to
RESR(100Hz).
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ELECTRIC-THERMAL MODEL

A. IGBTs
The power electronic components have switching and conduction losses, as was elabo-
rated prior in this section. By using the information given in the IGBT’s datasheet and
thermal equivalent network of the IGBT shown in Fig. 2.4, the average junction temper-
ature of the IGBT and diode can be estimated as given in (2.29).

Tj,T = PT(
∑4

i=1 RT,j-ci +RT,c-h)+Th

Tj,D = PD(
∑4

i=1 RD,j-ci +RD,c-h)+Th

Th = (PT +PD)Rh-a +Ta.

(2.29)

Zh c  Zc a  PC  

C
ap

ac
it

or

Ta  
Foster
Zj c  Zc h  

Foster
Zj c  Zc h  

PT  

PD  

IG
B

T
D

io
de

Zh a  Ta  
Heat sinkTj  

Tj  

Tc  

Tc  
Th  

Tcap  Tc  

Figure 2.4: Thermal equivalent network of the IGBT module, Zj-c and Zc–h represent junction-to-case and
case-to-heatsink thermal impedances, respectively, typically modeled using a Foster network to capture tran-
sient thermal behavior.

B. Capacitors
For capacitors, the equivalent series resistance RES represents the total losses in the ca-
pacitor. According to the capacitor thermal network (Fig. 2.5), the temperature of the
capacitor (TCap) can be estimated as follows.

TCap = PC(Rhc +Rca)+Ta (2.30)

where, for example, Rh-c = 0.10 and Rc-a = 0.08 are thermal resistance read from the
datasheet of AVX capacitors model DKTFM1#B3367.

Zh c  Zc a  PC  Ta  Tcap  Tc  

𝑇𝑎  

𝑃𝐶  

𝐶𝑐𝑎𝐶ℎ𝑐

𝑅ℎ𝑐 𝑅𝑐𝑎
𝑇𝑐  𝑇𝐶𝑎𝑝

Figure 2.5: Thermal equivalent network of the capacitor.

As it can be understood, the mission profile-based reliability process has many co-
efficients and constant values. The data given in the datasheet of FF450R33T3E3 from
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Infineon is used to guide the reader on how these values are calculated. Nevertheless,
the general method given in [21] can also be followed to estimate these constants and
coefficients. In Table 2.2, all the information regarding the values used for the thermal
model is provided, and the details on how to read this data are shown. From Fig. 2.6, the
thermal characteristics of the diode and IGBT module are given that could be used for
reliability analysis in the mission profile method.

(a) (b)

Figure 2.6: The thermal characteristics of the switch given in the datasheet of IGBT model: FF450R33T3E3 for
its (a) IGBT and (b) body diode.

Table 2.2: SEMICONDUCTOR THERMAL PARAMETERS OF THE SWITCH GIVEN IN THE DATASHEET OF IGBT MODEL:
FF450R33T3E3

i 1 2 3 4

Diode
ri (K/kW) 8.48 23.3 9.79 3.9
τi(s) 0.0026 0.0368 0.333 4.15

IGBT
ri (K/kW) 3.87 16.4 5.79 2.34
τi(s) 0.003 0.0411 0.415 5.51

To perceive the dynamics model of the IGBT and its body diode, it is required to cal-
culate the VCE, VD, RCE, and RD that are all fitting parameters obtained from data-sheet.
Fig. 2.7 is given to guide the reader on how these parameters are calculated from the
datasheet of the switch. Note that the same strategy can be applied to the body diode of
the switch as well, where the characteristics are provided in the datasheet. For instance,
to calculate the dynamic characteristics from the datasheet of the given switch model
FF450R33T3E3, the values are obtained by curve-fitting (red dashed-line in Fig. 2.7 (a)
for VC E , RC E and red solid-line in Fig. 2.7 (b) for aT, bT, cT) where in this case the val-
ues are provided in Table 2.3 for only the IGBT. An identical method can be used for the
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diode.

(a) (b)
𝑉𝑉𝐶𝐶𝐶𝐶 𝐼𝐼 = 0 = 1.5

∆𝐼𝐼
=

300
𝐴𝐴

𝑅𝑅𝐶𝐶𝐶𝐶 = ∆𝑉𝑉
∆𝐼𝐼

= 3.1 𝑚𝑚Ω

∆𝑉𝑉 = 0.95 𝑉𝑉

𝐸𝐸𝑇𝑇−𝑂𝑂𝑂𝑂 𝐼𝐼 = 𝑎𝑎𝑇𝑇 + 𝑏𝑏𝑇𝑇𝐼𝐼 + 𝑐𝑐𝑇𝑇 𝐼𝐼2

Figure 2.7: The dynamic characteristics of the switch given in datasheet of model: FF450R33T3E3 for the IGBT
wherein (a) the VC E and RC E are estimated and in (b) the curve fitting for required energy (aT, bT, cT) to turn
ON the IGBT at 125oC is shown and the values are given in Table 2.3.

Table 2.3: OBTAINED DYNAMIC CHARACTERISTICS SHOWN IN FIG. 2.7 FROM THE DATASHEET OF THE SWITCH

MODEL: FF450R33T3E3

aT/D bT/D cT/D VCE/D (V) RCE/D (Ω)
IGBT 0.175 0.372e−3 2.005e−6 1.5 3.1e−3

Diode 0.182 0.978e−3 −6.131e−7 1.5 3.8e−3

T and CE are for IGBT, D is for diode

In mission profile methodology, different lifetime models can be applied to estimate
the failure rate of the IGBT and capacitor, such as the Coffin-Manson and Bayerer mod-
els [22, 23]. Each model considers various factors that influence the lifetime of the com-
ponents. For example, the Coffin-Manson model focuses on the effects of temperature
variation and is utilized particularly when the primary failure mechanism in power de-
vices is bond wire fatigue. On the other hand, the Bayerer lifetime model considers ad-
ditional influential factors on device lifetime, like heating duration. This model is more
appropriate when Direct Bonded Copper (DBC) solder fatigue and bond wire fatigue are
the main causes of failure. The quantitative comparison of these lifetime models is ex-
amined in [24]. In this chapter, the Bayerer method is employed to estimate the end of
life of the IGBT module. This method considers factors such as junction temperature
(Tj), thermal cycle (∆Tj), on-time (ton), current per bond wire (Ib), voltage class, and the
diameter of the bonding wire (D) all specified in [17]. To estimate the thermal cycle to
failure (Nf), equation (2.31) is utilized.
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Nf = A∆T β1
j e

(
β2

Tjmin+273 )
tβ3

on Iβ4

b V β5 Dβ6 (2.31)

where the values of constants A, β1 −β6, are listed in Table 2.4.

Table 2.4: PARAMETERS FOR BAYERER LIFETIME MODEL

A β1 β2 β3 β4 β5 β6

9.3e14 -4.416 1285 -0.463 -0.716 -0.761 -0.5

For estimating the lifetime of the capacitor, the 10-kelvin rule obtained from Arrhe-
nius law is applied, which is widely used as follows:

L = L0

(
V

V0

)−n

2
T0−TCap

10 (2.32)

where L0 is the lifetime under test condition, n is between 7-9, V0 is the rated voltage
for the capacitor. In IGBTs, the thermal cycle causes damage, and the damage to the
capacitor bank is estimated by summation of the consumed lifetime. Hence, the damage
and lifetime are estimated in (2.33) [25].{

D =∑Nt
i=1

Ni
Nf,i

for IGBT and diode

DCap =∑Ns
i=1

∆t
L(TCap) for capacitor

(2.33)

The counts Nt and Ns are obtained using the rainflow algorithm, which is used to
analyze the cyclic loading of the system. Considering the physical performance and
concepts discussed earlier, the relationship between lifetime and degradation is trans-
formed into reliability by fitting the Weibull Distribution to estimate the reliability of
the MMC [26]. To accomplish this, Monte Carlo Simulation (MCS) is employed [27], as
it allows for considering parameter deviation, such as the Bayerer coefficients. MCS is
necessary to capture the stochastic nature of the system and obtain reliable estimates of
the MMC’s reliability.  f (t ) = β

η ( t
η )β−1e−( t

η )β

RMP(t ) = 1−∫ t
0 f (t )d t = e−( t

η )β
(2.34)

The failure probability density function, denoted as f(t), describes the probability of fail-
ure over time. The reliability of the SM denoted as RSM-MP(t ), as well as the shape factor
(β) and the scale factor (η), is obtained from MCS results. The SM’s failure rate is deter-
mined by its components, which include two IGBTs, two diodes, and a capacitor bank.
The successful operation of the SM requires that all these components remain healthy,
as expressed by equation (2.35).

RSM-MP(t ) =∏
Rk-MP(t ),k = T1,T2,D1,D2, Cap (2.35)
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2.4. FIDES
The FIDES method is a widely recognized standard for the calculation of the reliability
of electronic components. This method considers a range of factors that can affect the
reliability of electronic components, such as the conditions of manufacturing, the envi-
ronment in which the component will be used, and the expected lifetime of the compo-
nent [28]. By considering these factors, the FIDES method provides a more accurate and
up-to-date estimation of the failure rate of electronic components than previous meth-
ods like the MIL standard [28]. In FIDES, unlike λMIL, λFIDES considers loading profile
(similar to the mission profile method), the technical control over manufacturing (Πpm),
field operation and maintenance (Πprocess) and physical failure (λphysical) that is given
by (2.36) and (2.37).

λFIDES-x =λphysical ×Πpm ×Πprocess → x ∈ (IGBT,Cap) (2.36)

λphysical =
phases∑

i

[
tannual

8760

]
Πiλi (2.37)

where tannual represents the length of time for the i th phase of the mission profile over
one year. The factors Πi (2.38) and λi (2.39) are associated with specific environmental
and operational stresses for each phase i [6, 28]. These factors are considered when
calculating the overall failure rate of electronic components. The values ofΠi and λi are
determined by considering the conditions and stresses the electronic component will be
subjected to during each phase of the mission profile. By incorporating these factors, the
calculated failure rate is more accurate and representative of the actual performance of
the electronic component under real-world conditions [28].

Πi = (ΠPlacementΠAppΠRugg)0.511ln(CSensitivity) (2.38)

TheΠ factor is user-defined and application-specific, based on each mission phase’s en-
vironmental and operational stresses. The second term, λi , includes k physical contri-
butions for each component, as defined in equation (2.39). This considers factors such
as manufacturing quality, thermal, and vibration stress to predict the overall failure rate
more accurately.

λi =
∑
k
λ0kΠacceleration (k) (2.39)

the acceleration factors quantify how much physical limitations affect the component
during active or inactive stages. These limitations can be caused by factors such as heat
(including temperature stress), case and solder joints, humidity, and mechanical stress,
and impact the failure rate λi [28]. The acceleration factor for semiconductors and ca-
pacitors can be expressed using equations (2.40) and (2.42), respectively.

λi-IGBT =


λ0THΠThermal

+λ0TCyCaseΠTCyCase

+λ0TCySolderjointsΠTCySolderjoints

+λ0RHΠTRH

+λ0MechΠTMech


i

(2.40)
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where 

ΠThermal = e
11604×0.7×

[
1

293 − 1
Tmean+273

]
ΠTCyCase =

(
12×Nannual,cy

tannual

)
×

(
∆Tcycling

20

)4

×e
1414×

[
1

313 − 1
Tmax,cyclying+273

]

ΠTCySolderjoints =
(

12×Nannual,cy

tannual

)
×

(
mi n(Θcy,2)

2

) 1
3

×
(
∆Tcycling

20

)1.9 ×e
1414×

[
1

313 − 1
Tmax,cyclying+273

]

ΠTRH =
(

RHambient
70

)4.4 ×e
11604×0.9×

[
1

293 − 1
Ta+273

]
ΠTMech =

(
GRMS

0.5

)1.5

(2.41)

in [28], the details of these parameters are specified.

λi-Cap =λ0Cap

ΠThermo-electrical

+ΠTCy

+ΠMechanical


i

(2.42)

where 

ΠThermo-electrical = γTH-EL ×
(

1
Sreference

− Vapplied

Vrated

)3

×e
11604×Ea×

[
1

293 − 1
Tmean+273

]
ΠTCy = γTcy ×

(
12×Nannual,cy

tannual

)
×

(
mi n(Θcy,2)

2

) 1
3

×
(
∆Tcycling

20

)1.9 ×e
1414×

[
1

313 − 1
Tmax,cyclying+273

]

ΠMechanical = γMech ×
(

GRMS
0.5

)1.5

(2.43)

where the base failure rate λ0x and corresponding acceleration factors Πx are specified
in [28]. For calculating the reliability of the MMC using the FIDES methodology, the
flowchart shown in Fig. 2.8 is applied. It starts with reading the power mission of the
MMC and estimating the power losses of IGBT (switching losses, conduction losses) and
losses of the capacitor. Afterward, by applying equations (2.29) and (2.30), the IGBT’s
junction temperature and the capacitor’s core temperature can be estimated. By using
the rain-flow algorithm which its description is given in section 2.5, the values of ther-
mal cycle amplitude (∆Tcycling), cycle mean temperature (Tmean), cycle duration (Θcy),
and maximum cycle temperature (Tmax,cycling) are extracted. Therefore, these values are
substituted in (2.41) and (2.42) to estimate the failure rate of IGBT and capacitors. By
accumulating the failure rates, the total failure rate of the components can be estimated.
The details on choosing the coefficients are all provided in [28] and are not repeated.
Nevertheless, in the FIDES method, the selection of the constant and coefficients can
greatly affect the outputs, similar to the MIL method.
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Figure 2.8: FIDES-based and Mission profile-based flowcharts for the reliability-oriented design of power de-
vices.

2.5. CASE STUDY AND COMPARATIVE RESULTS

To compare the reliability of the MMC using these three distinctive methods, this chap-
ter considers an MMC with characteristics given in Table 3.1. Also, the impact of redun-
dancy is shown numerically to showcase its impacts. However, the details of applied
redundancy and the considered MMC will be all given in the subsequent chapters.
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Figure 2.9: Yearly distribution of temperature by rain flow algorithm for (a) D1, (b) D2, (c) T1, (d) T2, and (e)
capacitor where schematic for SM is provided in Fig. 2.3.

This chapter utilizes a mission profile adopted from [29], with an annual average
loading of 57%. The modulation technique employed is Phase-Shift Carrier (PSC) Pulse
Width Modulation (PWM), which is commonly used in MMC applications due to its abil-
ity to reduce harmonic distortion and improve modularity. To analyze the fatigue behav-
ior of the components, the rainflow algorithm is employed, a widely accepted tool for
cycle counting in fatigue analysis. The rainflow evaluates the reliability of MMC com-
ponents by identifying and quantifying the temperature cycles experienced during op-
eration. It calculates the mean temperature (Tmean) and the temperature fluctuations
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(∆Tj) for all critical components, including diodes (D1, D2), IGBTs (T1, T2), and capaci-
tor. These outputs are essential inputs for both the mission profile and FIDES reliability
assessment methodologies, as they provide the necessary parameters to predict compo-
nent lifetime accurately. The rainflow analysis results for components D1, D2, T1, T2,
and the capacitor are presented in Fig. 2.9.

From the rainflow analysis, it is observed that in inverter mode, component T2 ex-
periences the highest temperature fluctuations (∆Tj), indicating greater thermal stress
and, consequently, higher fatigue. In contrast, the temperature fluctuations across other
components (D1, D2, T1, and the capacitor) are relatively lower, suggesting less thermal
fatigue and stress in these parts. This observation highlights T2 as the most vulnera-
ble component in the system, warranting further analysis. The Monte Carlo Simulation
(MCS) results, presented in Fig. 2.10, provide additional insights by applying Weibull
Distribution fitting to the expected lifetimes of the components. The Weibull Distribu-
tion is a statistical tool that enables reliability predictions by modeling the probability of
failure over time. According to the MCS results:

• Component T2 is predicted to have the shortest expected lifetime, approximately
63 years, due to its high-temperature fluctuations and associated fatigue.

• The expected lifetimes of components D1, D2, T1, and the capacitor are signifi-
cantly longer, estimated at 1714 years, 3901 years, 3730 years, and 136 years, re-
spectively.

The shorter lifetime of T2 underscores the need for targeted design interventions to
mitigate its failure risks, such as improved thermal management or redundancy strate-
gies. In contrast, the extended lifetimes of D1, D2, T1, and the capacitor suggest these
components are less likely to be critical failure points under the given mission profile.

This section aims to compare the reliability of MMCs using three distinct method-
ologies: MIL, FIDES, and the Mission Profile. To achieve this, the reliability of an MMC is
analyzed without redundancy using all three methods, and the results are illustrated in
Fig. 2.11 (a). The analysis reveals significant discrepancies between the methodologies.
The MIL method estimates a B10 lifetime of approximately 0.2 years, substantially lower
than the FIDES method, which predicts a B10 lifetime -the B10 lifetime refers to the time
by which 10% of the population of the components are expected to have failed- of 0.98
years. Meanwhile, the mission profile method yields a considerably higher B10 lifetime
of 8.5 years.

To further examine the impact of incorporating one redundant SM in each arm, the
results are shown in Fig. 2.11 (b). With redundancy, the MIL method improves the B10

lifetime to around 1.7 years, while the FIDES method significantly enhances it to ap-
proximately 10.5 years. The mission profile method demonstrates the increasing B10

lifetime to 18.3 years. These variations in reliability predictions stem from several fac-
tors inherent to each methodology. First, the resolution of the mission profile plays a
critical role. The mission profile method uses a 1-hour resolution in this study, which,
according to [18], can underestimate the MMC’s failure rate by nearly a factor of seven.
A higher resolution, such as sub-hourly or even real-time data, could provide a more ac-
curate representation of operational stresses and environmental conditions, potentially
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Figure 2.10: MCS results and fitting with Weibull distribution for (a) D1, (b) D2, (c) T1, (d) T2, and (e) capacitor.

altering reliability predictions significantly. Beyond resolution, the methodologies differ
fundamentally in their approaches and assumptions:

1. MIL methodology: The MIL method relies on standardized failure rate models
derived from statistical data and empirical studies. These models often assume con-
stant failure rates and do not account for dynamic operating conditions or environmen-
tal variations. As a result, the MIL method tends to provide conservative and lower re-
liability estimates, especially for complex systems like MMCs operating under variable
loads [20].

2. FIDES methodology: FIDES incorporates technical controls over design, man-
ufacturing, and operational processes. It adjusts failure rates based on factors such as
quality management and process improvements. At the same time, this method pro-
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vides a more detailed assessment compared to MIL [6, 7, 28].
3. Mission profile methodology: The mission profile method, in contrast, models

the actual operating conditions of the system, including load variations, thermal cycles,
and environmental stresses. However, the accuracy of the mission profile method heav-
ily depends on the resolution and quality of the input data. A low-resolution mission
profile, such as the 1-hour resolution used in this study, averages out transient con-
ditions and peak stresses, leading to an overestimation of reliability. High-resolution
mission profiles could capture these variations more effectively, reducing the observed
discrepancy between mission profiles and other methods. Other contributing factors
include differences in the granularity of component-level failure data and assumptions
about maintenance strategies and failure mechanisms [11–13]. The MIL and FIDES method-

Figure 2.11: Reliability results of 10 MW 17 kV DC link MMC with the annual average of 57% loading for MIL,
FIDES, and Mission Profile with (a) no redundancy and (b) 1 redundant SM in each arm.

ologies are often based on the failure rate obtained by following the criteria provided in
their handbook. It is worth mentioning that the system’s mission profile is used in the
FIDES method, but guidance given in its handbook should still be followed. It can be
said that the FIDES method is an advanced version of the MIL. In contrast, the mission
profile method allows for a tailored analysis, incorporating the exact characteristics of
the system and its operational context. These findings highlight the importance of care-
fully selecting and calibrating reliability assessment methodologies based on the appli-
cation requirements and available data. The significant differences in B10 lifetime pre-
dictions underscore the need for caution when interpreting reliability metrics and the
value of high-resolution, context-specific analyses in accurately assessing the reliability
of MMCs.

2.6. CONCLUSION
This chapter has explored three distinct methodologies for assessing the reliability of
MMCs: the Military Handbook, FIDES, and Mission Profile Methodology. Each method
offers unique strengths and insights into the reliability assessment process. The Military
Handbook provides a well-established, standardized approach that is widely recognized
in military and aerospace applications. In contrast, the FIDES methodology incorpo-
rates more comprehensive factors, including manufacturing and operational controls,
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offering a more nuanced reliability estimation. The Mission Profile Methodology stands
out for its detailed environmental and operational modeling, making it highly suitable
for applications with specific mission data. The comparative analysis indicates that each
method will lead to very different absolute final results. Also, the great impact of redun-
dancy on reliability improvements was shown regardless of the fact that which method
is used for reliability evaluation.
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3
RELIABILITY ASSESSMENT FOR

MMCS USING MONTE CARLO

SIMULATIONS

This chapter introduces the reliability assessment methods for MMCs using Monte Carlo
Simulations (MCS). MCS is particularly valuable for considering the uncertainty of reli-
ability indices and validating theoretical outputs. This chapter shows how the MCS is a
strong tool for evaluating different reliability aspects of the system, which can be challeng-
ing when analytical methods are used.

This chapter is based on:

• M. Ahmadi, A. Shekhar, P. Bauer, ”Reliability Assessment for Modular Multilevel Converters using
Monte Carlo Simulations,” in International Journal of Electrical Power & Energy Systems, 2025.
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3.1. INTRODUCTION
Component failures within the MMC can lead to significant impacts in terms of cost
and overall system safety [1]. Hence, it becomes imperative to evaluate MMC reliability
during the design and development phase [2]. RMR is explored to enhance the reliability
of grid-connected MMC systems, as will be detailed in subsequent chapters. As shown
in chapter 2, various methodologies are employed to assess MMC reliability, including
the mission profile, FIDES, and MIL methods. The mission profile method is rooted
in the physics of a specific failure mechanism, focusing on time-to-failure or cycle-to-
failure within the system’s mission profile [3]. The latter methodology involves analytical
formulations, utilizing standards such as the FIDES Guide and Military Handbook (MIL-
HDBK) [4] to gauge system reliability [5]. Another valuable tool for reliability analysis is
Monte Carlo Simulation (MCS), which could help consider the uncertainty of reliability
indices [6, 7]. MCS converges to a specific value as the number of trials increases, settling
within the tolerance level range [8].

MCS finds diverse applications, serving as both a validation tool and a means to
account for parameter variations. In the context of [9], MCS is employed to validate
theoretical outputs. The study demonstrates that with 10,000 trials, MCS outputs align
closely with analytical results over a 40-year lifespan. However, specific details regarding
the implementation of MCS are not provided. Additionally, MCS is utilized to validate
the reliability of MMC, considering two redundancy strategies.

In [10], the authors focus on estimating the reliability of the DC/DC converter due to
electrothermal stresses on power electronic switches and capacitors. The MCS accounts
for variations in defined parameters. The study reveals that introducing redundancy
in such a converter can extend its lifetime from 4.5 to 7.5 years. Another instance of
MCS application is highlighted in [11], where vehicle behavior is simulated using MCS to
compare the service capacities and earnings of electric vehicle (EV) charging and battery
swapping.

In [12], three distinct MCS methods—static, semi-dynamic, and dynamic MCSs—are
introduced to evaluate the reliability of power electronics based on the mission profile.
However, MCS is primarily utilized to account for variations in applied parameters. The
study reveals that the static MCS exhibits the fastest calculation time. From an accu-
racy perspective, it is concluded that if the number of trials exceeds 1000, there is no
discernible difference among the outputs of various MCS strategies. In [5], MCS is em-
ployed to investigate the reliability of a photovoltaic (PV) power plant. The study derives
an estimation of failure rates from FIDES Guide standards, utilizing MCS to obtain the
probability of system failure. Moreover, in [13, 14], a reliability-based design method is
proposed for MMC. MCS is applied to consider a 5% variation in applied parameters by
acknowledging potential deviations in statistical analysis from actual values.

This chapter aims to establish MCS as a methodology for evaluating the reliability of
MMC across various redundancy strategies. MCS provides the flexibility to account for
improbable system effects that may not be captured by analytical approaches [15]. It’s
worth noting that this part of the thesis doesn’t prioritize a specific reliability methodol-
ogy (MIL, FIDES, or mission profile) for measuring component failure rates. Neverthe-
less, MCS is a valuable and highly accurate tool for estimating the converter’s failure rate.
Unlike much of the existing literature, which primarily focuses on parameter deviation
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[16], this chapter broadens the scope of MCS application [17]. The key contributions are
summarized as follows:

• Propose the approach for applying MCS to assess the reliability of the MMC em-
ploying all available redundancy strategies, as detailed in Section 3.3.

• Compare the MCS outputs with analytical equations to validate the effectiveness
of applying MCS (Section 3.3/3.2).

• Estimating the MMC’s reliability by applying the mission profile method where the
results are unavailable with two redundancy strategies (Section 3.4).

• Demonstrating the application of MCS in dynamic preventive maintenance (Sec-
tion 3.4).

• Compute the required time for performing MCS with different system configura-
tions (Section 3.5).

3.2. REDUNDANCY STRATEGIES OF MMC
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Figure 3.1: RBD model of MMC with FL-ARS.

The configuration of MMC is presented in Fig 2.1. MMC has three phases, and each
phase has two arms in which SMs are connected in series to reach the desired voltage
and power rating. As shown in Fig 2.1, SM comprises an IGBT module, capacitor bank,
and auxiliary components [18]. The minimum number of the required series connec-
tion of SMs is determined based on the required DC-link voltage and the IGBT rating
given by (1.1)[19, 20]. However, to increase reliability, extra SMs are used that enhance
the MMC reliability and availability time [21]. Redundant SMs can be implemented in
various ways, that are as follows:

3.2.1. FIXED-LEVEL ACTIVE REDUNDANCY STRATEGY (FL-ARS)
In FL-ARS, only Nmin SMs are operational while the redundant SMs are energized and
operate. But, in FL-ARS, the triggering signal is only sent to Nmin random SMs. Hence,
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all SMs will take turns to be triggered and operating. Note that operating SMs can be
either from original SMs or redundant SMs. All SMs will have constant voltage stress
throughout the MMC operation in this redundancy strategy. Based on the Reliability
Block Diagram (RBD) model of FL-ARS in [22], also shown in Fig. 3.1. The reliability of
an arm is obtained by the k-out-of-n probability model, in which Nmin SMs out of n SMs
are required for the arm’s success. In LS-ARS, the reliability of an arm is given by (3.1).

Rarm-FL(t ) =
n∑

i=Nmin

C i
nRSM(t )i (1−RSM(t ))n−i (3.1)

RSM(t ) = e−λSMt (3.2)

where RSM is the reliability of the SM, λSM is the total failure rate of the SM that is com-
posed of power switches, capacitor banks, power supply, gate drive, and bypass switch.
As mentioned, these components’ failure rates could be estimated by applying different
reliability methods. However, this chapter does not focus on calculating these failure
rates or which components should be considered [23]. So, it is assumed that these as-
sumptions are set and the failure rates are estimated with acceptable accuracy.

3.2.2. STANDBY REDUNDANCY STRATEGY (SRS)
In SRS, the number of operating SMs is always Nmin, and the redundant SMs are in idle
mode. In case of an SM failure, the failed SM is bypassed, and the first redundant SM
starts to operate. The redundant SMs are bypassed in SRS, so their failure rate is assumed
to be zero. In SRS, the voltage stress across the operational SMs is similar to FL-ARS.
Based on the RBD model of SRS shown in Fig. 3.2 [9]. The reliability of an arm is obtained
by applying the Homogeneous Poisson Process with a constant failure rate of λs where
it is the arm failure rate with Nmin a minimum number of required SMs per arm. The
reliability of an arm follows the Poisson Distribution, which can be obtained as (3.3) and
(3.4).

Rarm-SRS(t ) = P [N (t ) ≤ (n −Nmin)] =
n−Nmin∑

i=0

(λst )i

i !
e−λst (3.3)

λs =λSM ×Nmin (3.4)

3.2.3. LOAD-SHARING ACTIVE REDUNDANCY STRATEGY (LS-ARS)
In LS-ARS, all the n SMs, including redundant SMs within the arm, are operational and
share the load in normal conditions. Therefore, compared to the SRS and FL-ARS, the
voltage across the SMs will be lower, decreasing the risk of SM failure. In LS-ARS, if an
SM fails, the faulty SM will be bypassed, and the remaining SMs will continue to operate.
Nevertheless, in case of SMs failure in LS-ARS, the voltage across the operational SMs
will increase, consequently changing the SM’s failure rate. This fact is essential to be
considered. The RBD model of the MMC with applied LS-ARS is shown in Fig 3.3.
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Figure 3.2: RBD model of MMC with SRS.
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Figure 3.3: RBD model of MMC with active load-sharing redundancy.

According to the RBD model and the fact that in LS-ARS, the voltage across the SMs
changes in case of SM failure, the Markov Chain is used for calculating the reliability of
MMC’s arm shown in Fig 3.4.

In the Markov Chain shown in Fig. 3.4, state 0 is the initial state in which all the n SMs
are sharing the load, whereas state n-Nmin+1 is representative of the fail state in which
more than Nmin minimum required SMs failed. The differential equations obtained by
Markov Chain are as (3.5).
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Figure 3.4: Markov chain for an arm in LS-ARS mode.

dP0(t )

d t
=−nλSM,nP0(t )

...

dPj(t )

d t
= (n − j −1)λSM,n-j-1Pj-1(t )

− (n − j )λSM,n-jPj(t )

...

dPn-Nmin+1(t )

d t
= NminλSM,n-Nmin Pn-Nmin (t )

(3.5)

In which Pj(t ) is the state j, λSM ,n− j−1 is the failure rate of SM upon the condition that
n-j SMs are operational. The Laplace transform of (1.5) and then the inverse transform
will result in (1.6) as follows:

P0(t ) = e−nλSM,nt

...

Pj(t ) =
∫ t

0
(n − j −1)λSM,n-j-1e−(n− j )λSM,n-jτPj-1(t −τ)dτ

...

Pn-Nmin+1(t ) =
∫ t

0
NminλSM,n-Nmin Pn-Nmin (τ)dτ

(3.6)

In the Markov Chain, if state 0 is the initial state in which all the n = Nmin + Nred SMs
are sharing the load, whereas state n-Nmin+1 is representative of the fail state in which
more than Nmin minimum required SMs failed. So, the successful operation of the arm
can be obtained by summing successful states as in (3.7)

Rarm-LS(t ) =
Nred∑
j=0

Pj(t ) (3.7)
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after calculating the arm’s reliability considering various redundancy strategies, the reli-
ability of the MMC can be calculated as (3.8):

RMMC-x(t ) = (Rarm-x(t ))6 → x ∈ FL-ARS,SRS,LS-ARS (3.8)

3.3. MONTE CARLO MODELS OF MMC UNDER VARIOUS RE-
DUNDANCY STRATEGIES

MCS is a tool that assesses the reliability of a system by simulating its realistic func-
tions and random behaviors. In MCS, experiments (trials) are conducted to estimate the
probability of system failure or success. In contrast, analytical approaches describe the
system using mathematical equations, which are sometimes simplified. There are two
methods of applying MCS: time-independent (random) and time-dependent (sequen-
tial). The selected approach depends on the characteristics of the system. If the time
intervals in MCS impact the subsequent intervals, time-dependent MCS should be em-
ployed. In time-dependent MCS, uniform numbers between 0-1 should be converted
into the time distribution. As given in (3.2), the exponential distribution can be trans-
formed using the inverse transform method, outlined as follows [24]:

RSM(t ) = e−λSMt , (λSM > 0, t ≥ 0) (3.9)

so the unreliability function can be obtained as (3.10).

USM(t ) = 1−RSM(t ) → e−λSMt = 1−USM(t ) (3.10)

by applying the inverse transform function:

t =− 1

λSM
ln(1−USM(t )) (3.11)

where 1−USM(t ) is uniformly distributed over the interval [0, 1]. Therefore, the time
interval distribution for each SM can be determined. It’s crucial to emphasize that even if
the failure rate of the SM is estimated using the Weibull Distribution, which considers the
wear-out period and component degradation in the mission profile reliability method,
MCS remains applicable. However, when considering the wear-out period, the inverse
transform function for MCS can be derived, as expressed in (3.12).

t = η× β√−ln(1−USM(t )) (3.12)

where 1−USM(t ) is uniformly distributed over the interval [0, 1], with β and η represent-
ing the shape and scale parameters derived from the mission profile results. This will be
more elaborated in section 3.4 A. Throughout the remainder of this chapter, the method-
ology applied for MCS is demonstrated based on a single trial and by applying the failure
rate achieved according to the MIL method. Nevertheless, the same method applies to
mission profiles, which will be explained in section 3.5. However, it is imperative to re-
peat these trials to obtain results with acceptable accuracy by conducting 1000 trials.
Additionally, tM denotes the mission time, ranging from 0 to a specified time interval (30
years in this chapter) with specific time steps (0.05 years in this chapter). In each trial, all
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SMs (SM1,SM2,SM3, ...) will have random operational intervals (t1, t2, t3, ...), respectively
obtained from (3.11). Subsequently, the mission time is compared with the random op-
erational interval of each SM, indicated by the marker×. Each marker× shown in Fig. 3.6
is achieved through the repetition of these trials (number of simulations) at that specific
time.

This chapter assesses an MMC with the characteristics outlined in Table 3.1 across
various redundancy strategies. The configuration includes a minimum required num-
ber of SMs in each arm, denoted as Nmin = 9. The base failure rates for the capacitor
and IGBT are provided in Table 3.1. To account for voltage stress and other factors, the
equations from [25], initially derived from MIL-HDBK (detailed in chapter 2) [4], are im-
plemented. The methodology for applying MCS to the MMC with different redundancy
schemes is further elaborated below.

Table 3.1: MMC CHARACTERISTICS AND FAILURE RATES

Symbols Item Value
Nmin Minimum number of SMs 9
Vdc Pole-to-pole DC voltage 17 kV
SMMC Rated power 10 MVA
VIGBT Rated IGBT Voltage 3300 V
kmax Capacitors voltage ripple 10%
Sf Safety factor of IGBT 0.6
CSM SM capacitance 3.3 mF
fsw Switching frequency 313 Hz
Nred Redundant per arm 1
IGBT FF450R33T3E3(Infineon) -
Capacitor DKTFM1*#B3367(AVX) -
λbase-IGBT IGBT base failure rate (MIL) 100 FIT†[9]
λbase-Cap DC capacitor base failure rate (MIL) 100 FIT†[9]

†FIT (Failure In Time) is a reliability metric that indicates the number of expected
failures in one billion (109) hours of operation.

3.3.1. FL-ARS MCS
Each arm is configured with 10 SMs to assess the MMC with FL-ARS. The assumption
is made that the minimum required number of SMs per arm is Nmin = 9, and Nred = 1
represents the number of redundant SMs in each arm. The operational cycle of an arm
utilizing FL-ARS is illustrated in Fig. 3.5 (a).

In Fig. 3.5 (a), the FL-ARS involves the operation of all n SMs, where only 9 out of
10 SMs are necessary for an arm to succeed. In this stochastic trial, at failure time (Ts),
the second failure occurs, and Ts is equal to t1 of SM1. Consequently, if mission time
(tM) is less than Ts, it is considered a successful mission; otherwise, it is deemed a failed
mission. This experiment should be repeated, and the total number of successes (or
failures) divided by the total number of trials yields the success (or failure) probability, as
depicted in Fig. 3.6 (a). This representation demonstrates that the applied methodology
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of FL-ARS MCS output with 1000 simulations aligns with the output results of analytical
equations (3.1) used for calculating the reliability of MMC with FL-ARS. Note that 1000
trials are selected to show the sporadic distribution of trials. With a higher number of
trials, the MCS will exactly match the analytical outputs.
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Figure 3.5: Operating cycle of an arm of MMC with (a) FL-ARS; (b) SRS; and (c) LS-ARS.

3.3.2. SRS MCS
In the case of the MMC arm employing SRS, the same number of SMs is utilized. The
operating cycle of an arm with SRS is presented in Fig. 3.5 (b). As illustrated, the number
of operating SMs equals Nmin, and the redundant SM (SM1) remains in idle mode. In this
stochastic trial, the first failure occurs at t2 (in SM2), prompting the redundant SM1 to
start operating at t2. Consequently, at least nine operating SMs are required for the arm
to succeed. However, the second failure occurs in SM3 at t3, leading to the arm being
considered failed beyond that time. Therefore, in this trial, Ts is equal to t3, and if tM is
less than Ts, that trial is counted as a success. As previously mentioned, this trial should
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Figure 3.6: MMC reliability applying analytical and MCS methods (1000 trials) for (a) FL-ARS; (b) SRS; and (c)
LS-ARS.

be repeated. The ratio between the number of successful missions and the total number
of trials yields the success probability, as shown in Fig. 3.6 (b). The results presented
in Fig. 3.6 (b) validate the effectiveness of applying the SRS MCS methodology, as the
analytical and MCS (1000 trials) outputs align.

3.3.3. LS-ARS MCS
Fig. 3.5 (c) illustrates the operational cycle of an arm in the MMC employing LS-ARS. In
LS-ARS, the number of operating SMs includes the redundant SM, and unlike FL-ARS
and SRS, all SMs share the load. Consequently, the voltage stress is lower than both SRS
and FL-ARS. However, in LS-ARS, the voltage across operating SMs in healthy conditions
increases after each SM failure, leading to higher voltage stress over time. This factor is
crucial to consider. As shown in Fig. 3.5 (c) on the left side, if the voltage across each SM
is VSM = Vdc

Nmin+Nred
, the voltage stress is lower than the case where the voltage across each

SM is equal to VSM = Vdc
Nmin

. Therefore, in this stochastic trial, the operational time of SMs

in the former case (t1, t2, ..., t10) will be higher than in the latter case (t "
1, t "

2, ..., t "
10).

After calculating the first step, the second step for evaluating the MCS of an arm un-
der LS-ARS is presented in Fig. 3.5 (c) on the right-hand side. At time 0, all the SMs are
operational and share the load. When at t2, SM2 fails, the remaining SMs operate with
higher voltage stress. Hence, the remaining SMs’ lifetime reduction can be calculated, as
shown in Fig. 3.5 (c) on the right-hand side, such as for SM6 where the operational life-
time is equal to t2+ (t "

6 − t "
2). Then Ts is calculated, since at t1, SM1 fails in this stochastic

trial, Ts = t2 + (t "
1 − t "

2). After obtaining the operation cycle of MMC under LS-ARS, tM is
compared with Ts.

3.3.4. ERROR ASSESSMENT: MCS VS. ANALYTICAL METHODS

This section assesses the difference between MCS and analytical methods given by (3.13).
The outcomes of this evaluation are visually depicted in Fig. 3.7, which indicates that if
the number of trials exceeds 10,000, it can be inferred that the error between analytical
and MCS results is approximately 1%, which can be neglected.
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Figure 3.7: Examining uncertainty of MCS results compared to analytical methods.

Error(%) = |RMMC-MCS −RMMC-analytical

RMMC-analytical
|×100 (3.13)

3.4. IMPLEMENTATION OF MCS IN GRID SPECIFIC APPLICA-
TIONS

This section will explain how the MCS solves several problems where providing an ana-
lytical solution is challenging or unavailable in the literature.

3.4.1. REDUNDANCY STRATEGIES FOR MISSION PROFILE METHOD
Conventional reliability evaluation methods for MMCs have analytical solutions when
considering diverse redundancy strategies and applying MIL methods. The mission pro-
file methods struggled to accommodate the complexity of different redundancy strate-
gies beyond FL-ARS. Specifically, the mission profile method restricted evaluation to FL-
ARS due to analytical constraints, leaving the reliability of MMCs with SRS and LS-ARS
unaddressed. This gap in methodology hindered a comprehensive assessment of MMC
reliability under varying operating conditions. To achieve this, the applicability of the
MCS is assessed through FL-ARS, and the MMC’s reliability is assessed without redun-
dancy. Then, the MCS outputs for FL-ARS and without redundancy are compared with
existing analytical equations (equation (3.1)) to validate the MCS’s effectiveness in apply-
ing the mission profile method. Then, the MCS is extended for SRS and LS-ARS, where
no analytical approach is provided.

Table 3.2: SHAPE AND SCALE FACTOR PARAMETERS [26]

T1 T2 D1 D2 Cap

n=Nmi n
η 5.1e3 110 3.1e3 5.5e3 147
β 3.38 3.15 3.43 3.37 58

n=Nmi n+Nr ed
η 5.2e3 117.1 3.2e3 5.6e3 309
β 3.36 3.15 3.38 3.37 42.2
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Considering the MMC with the given characteristic in Table 3.1. The mission profile
method is well-established and has not been repeated here [7, 16, 26, 27]. The second
row of the Table 3.2 is added for LS-ARS. If one redundant SM is used, the output param-
eters improve because the voltage stress decreases across all the SMs validated in Table
3.2. To evaluate the system-level reliability of the MMC, these numbers should be con-
verted into failure probability density function as well as reliability outputs as follows:

 f (t ) = β
η ( t

η )β−1e−( t
η )β

R(t ) = 1−∫ t
0 f (t )d t = e−( t

η )β
(3.14)

where f(t) is the failure probability density function, and R(t) is the reliability of the com-
ponents. Within the structure of the HB-SM, there are five components, including two
IGBTs (T1 and T2), two body diodes for semiconductors (D1 and D2), and a capacitor
bank (Cap). The successful operation of the SM requires that all these components re-
main healthy, as expressed by equation (3.15).

RSM(t ) =∏
Rk(t ),k = T1, T2, D1, D2, Cap (3.15)

Figure 3.8: Operating cycle of MMC with FL-ARS applying mission profile method at (a) SM, (b) Arm, and (c)
MMC levels.

The methodology of applying MCS for the mission profile method in the case of FL-
ARS at arm level is presented in Fig. 3.8. As shown in Fig. 3.8 (a), by applying the equation
(3.12) using the data in Table 3.2, each component that fails faster (in this case T2), it
is considered as the lifetime of that SM. Then, assuming that FL-ARS is the arm-level
redundancy type shown in Fig. 3.8 (b), where there are 10 SMs, the second failure (in this
case, SM7) is the lifetime of that arm, and the same strategy for the MMC shown in Fig.
3.8 (c) where tM is compared with Ts to estimate the reliability of the MMC.
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Figure 3.9: MCS results (10,000 trials) compared to analytical methods for mission profile method.

In Fig. 3.9, the reliability of the MMC using the mission profile method with dif-
ferent redundancy strategies is presented by applying MCS. The analytical equations
for the MMC without redundancy (dashed-black line) and FL-ARS (solid-black line) are
available to validate the MCS’s effectiveness. Analytical equations for LS-ARS and SRS
that apply the mission profile method are unaddressed due to mathematical challenges.
However, by applying the MCS technique, the reliability of the MMC can be estimated.
Besides the validation by analytical equations for FL-ARS and without redundancy, note
that in the MIL method, the superiority of the redundancy strategies is consequently LS-
ARS, SRS, and FL-ARS. The same trend can be seen in the case of the mission profile MCS
outputs.

3.4.2. MAINTENANCE CONSIDERING AGING EFFECTS IN HVDC
To assess the advantage of MCS over analytical equations, this part is designed to sim-
ulate real-life scenarios in the context of HVDC-MMC. In HVDC-MMC, operations and
maintenance (O&M) are crucial for ensuring continuous functionality. This involves re-
placing faulty SMs with new ones. However, after each maintenance cycle, a combina-
tion of SMs operated without failure, and new SMs replaced the faulty ones. Analytically
evaluating the reliability of MMC under such circumstances is challenging. Therefore,
MCS emerges as a potent solution. Through MCS, it becomes feasible to determine the
optimal number of redundant SMs required in each arm, ensuring uninterrupted MMC
operation. Moreover, the MCS methodology empowers us to estimate the annual fre-
quency of maintenance, the number of faulty SMs, and how often staff intervention is
needed.

This study adopts a dynamic preventive maintenance strategy based on the number
of active SMs in each arm of the system. For this purpose, the hot-reserved redundancy
is detailed in sections 3.2 A and 3.4 A. Also, for maintenance applications, aging effects
are considered by applying a variable failure rate outlined in section 3.3 (mission-profile
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equation (3.12)). In dynamic preventive maintenance, If there is only one active SM in
an arm, replacement should be initiated after the first failure occurs in that specific arm.
Maintenance should be performed after the second failure when two redundant SMs
are in each arm. It’s crucial to note that if faulty SMs are present in other arms, they
should also be replaced. Similarly, when each arm contains three redundant SMs, main-
tenance should be conducted after the third failure, along with replacing faulty SMs in
other arms. This maintenance approach ensures the operational continuity of the MMC,
as there will always be at least a minimum number (Nmin) of operational SMs available.
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Figure 3.10: Operating cycle of the MMC considering dynamic maintenance with 6 SMs in each arm, including
two active redundant SMs (Nmin = 4, Nred = 2).

To enhance understanding of MCS working principles, Fig. 3.10 is included in this
study. For simplicity, the figure considers an MMC configuration with six SMs in each
arm, of which two are redundant. The results illustrated in Fig. 3.10 depict a trial sce-
nario where the initial two failures occurred in arm 1, and arm six had previously en-
countered one failure (assuming no failures in other arms). Consequently, maintenance
will be conducted shortly after the second failure in arm 1, replacing three faulty SMs
with spare ones. It’s essential to emphasize that this trial should be repeated multiple
times to ensure statistically reliable results. Taking an example of the MMC in [27] with

Table 3.3: SHAPE AND SCALE FACTOR PARAMETERS [27]

T1 T2 D1 D2 Cap
η 836 37.2 495 378 63.6
β 2.58 2.42 2.57 2.54 14.7
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of the estimated number of required O&M with µ= 8 and σ= 0.798 (b) the distribution of the estimated num-
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Nmin = 200 and Nred = 8, the MCS results are presented in Fig. 3.11. The data (such as
β and η for each component) used for this evaluation are all adopted from [27] given in
Table 3.3. In Fig. 3.11 (a), it is estimated that within 20 years of operation, eight times of
maintenance is required for this particular MMC. Furthermore, Fig. 3.11 (b) shows that
the estimated number of potential SM failures that will be replaced with new SMs within
the same period is around 233 SMs.

3.5. COMPUTATION TIME
Fig. 3.12 presents the computation time of MCS concerning the number of trials com-
pared to the analytical solution for different redundancy strategies for the MMC. The
results indicate that SRS has a higher computation time compared to FL-ARS, and this
difference grows as the number of trials increases.

2000 4000 6000 8000 10000

Number of trials

0

10

20

30

40

50

C
o
m

p
u
ta

ti
o
n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Monte Carlo

0

0.2

0.4

0.6

0.8

1

C
o
m

p
u
ta

ti
o
n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Analytical

Figure 3.12: Analytical and MCS computation time outputs for SRS and FL-ARS with varying trials.

Fig. 3.13a shows that MCS has comparable computation time independent of Nmin

for FL-ARS and Nmin > 20 for SRS. On the other hand, Fig. 3.13b shows that a higher level
of redundancy results in increased MCS computation time.

In our study, we compared the computation time of MCS using two different com-
puters, Computer 1 (Laptop) and Computer 2 (PC). Computer 1 had a standard config-
uration with an 11th Gen Intel(R) Core(TM) i7-1185G7 @ 1.80 GHz, 16 GB RAM, and a



3

52 3. RELIABILITY ASSESSMENT FOR MMCS USING MONTE CARLO SIMULATIONS

20 40 60 80 100

DC link voltage (kV)

0

10

20

30

40

50

C
o

m
p

u
ta

ti
o

n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Monte Carlo

0

0.2

0.4

0.6

0.8

C
o

m
p

u
ta

ti
o

n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Analytical

10 20 30 40 50

Nmin

(a)

5 10 15 20

Nred

0

20

40

60

C
o
m

p
u
ta

ti
o
n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Monte Carlo

0

1

2

3

4

C
o
m

p
u
ta

ti
o
n
 t

im
e 

(s
ec

)

FL-ARS

SRS

Analytical

(b)

Figure 3.13: Analytical and MCS computation time outputs for SRS and FL-ARS with (a) varying number of
levels for 10000 trials, (b) varying number of redundancy (Nmin = 51).

512 GB SSD, while Computer 2 had an upgraded configuration with 12th Gen Intel(R)
Core(TM) i5-12500 @ 3.00GHz, 8 GB RAM, and a 512 GB SSD. We ran the same Monte
Carlo Simulation on both computers, and the results clearly demonstrated that Com-
puter 2 showed significantly better performance in terms of computation time. The up-
graded configuration of Computer 2, with a faster processor, allowed it to process the
simulation faster, resulting in 35 % reduced computation time compared to Computer 1.

Table 3.4: MCS COMPUTATION TIME OF SRS AND FL-ARS FOR 10000 TRIALS WITH DIFFERENT COMPUTER

Computer 1 (sec) Computer 2 (sec)
SRS 45.672 27.89

FL-ARS 5.906 4.25

3.6. CONCLUSION
This chapter proposed a detailed procedure for applying MCS with different redundancy
strategies for MMC. MCS is particularly useful for MMC maintenance, where analyti-
cal methods fall short—because after each maintenance, the system consists of a mix
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of aged and new components, making it difficult to model failure behavior analytically.
Also, the reliability of the MMC with SRS and LS-ARS using the mission profile method,
which was unaddressed, can be easily estimated by applying MCS. Additionally, the error
in applying MCS is found to be less than 1% when the number of trials exceeds 10,000.
The results of the MCS are compared with the analytical method to validate the derived
reliability assessment methods. MCS with FL-ARS took significantly lower computation
time than SRS, particularly for more trials. For example, for 10,000 trials, it took approx-
imately 45 s for SRS while only about 6 s for FL-ARS with Nmin = 5. It is interesting to ob-
serve that MCS for MMC with more SMs has comparable computation time, particularly
when N>20. For example, it still takes approximately 6 s for FL-ARS with 10 times higher
SMs (Nmin = 50 for 10,000 trials). While an increase in redundancy results in a higher
computation time, particularly for SRS. Overall, the proposed MCS approach provides
a valuable tool for analyzing the performance of MMC systems. It can help engineers
optimize the reliability-based design by digitizing such systems and plan application-
dependent preventive maintenance, which is impossible with analytical equations.
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4
COST-ORIENTED REDUNDANCY

AND MODULARITY-BASED DESIGN

OF MMC

This chapter introduces methods for designing MMCs by considering cost-oriented redun-
dancy and modularity-based trade-offs. MMCs are favored for medium to high-voltage
applications due to their modularity, scalability, high efficiency, and superior harmonic
performance. However, higher modularity increases the risk of failure. Therefore, cost-
effective design for reliability by balancing modularity and redundancy is crucial. This
chapter reviews existing literature and proposes a comprehensive methodology to opti-
mize switch voltage ratings, considering capital investment, operational losses, and relia-
bility.

This chapter is based on:

• M. Ahmadi, A. Shekhar and P. Bauer, ”Switch Voltage Rating Selection Considering Cost-Oriented Re-
dundancy and Modularity-based Trade-offs in Modular Multilevel Converter,” in IEEE Transactions on
Power Delivery, 2023.
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4.1. INTRODUCTION
The extensive interconnection of power electronics-based systems into power grids af-
fects the system’s reliability. MMC is a promising candidate due to its modularity, scal-
ability, high efficiency, and superior harmonic performance [1]. However, higher mod-
ularity consequently increases the number of components in the system, thereby influ-
encing the risk of failure [2]. Therefore, the cost-effective design for reliability by consid-
ering the trade-off between modularity and redundancy is important [3].

For the MMC design, reliability and cost-based methods by only considering redun-
dancy are reported in [4–7]. In [4], the cost-based model of the MMC with two redun-
dancy strategies is evaluated, and it is presented that standby redundancy has a lower
cost than active redundancy. Authors in [5] present an optimization method by consid-
ering the cost and redundancy aspects of the MMC with hybrid SMs. In [6], a method
is proposed that provides reliability indices to plan periodic preventive maintenance for
the MMC in off-shore applications. In [7], three converter topologies, including 2-level,
3-level neutral-point-clamped (NPC) and MMC with fixed switch voltage rating of 4.5 kV
are compared for Medium Voltage (MV) applications. Analysis of [7] shows that using 3-
level NPC is the most economical when the rated current is below 400 A and DC link volt-
age is below 56 kV. If the rated current is in the range of 500 A-700 A and DC link voltage is
above 46 kV, MMC is the most cost-efficient choice. Likewise, for the current rated above
700 A, regardless of DC link voltage, MMC is the most cost-efficient converter. The de-
sign of the MMC that only focuses on redundancy are well-explored in [8–12], where the
system reliability is improved by applying different redundancy strategies. For instance,
in [9], a redundancy strategy is proposed where the redundant SMs can be shared among
all arms. It is presented that with this redundancy strategy, the number of required re-
dundant SM is decreased by 33 % compared to the conventional redundancy strategies.

Modularity (switch voltage rating) is another factor in the MMC that can play an im-
portant role in the reliability and cost (initial investment and operational loss) aspects.
Few works [13–16] have reported on the design of the MMC by considering modularity
aspects of the MMC. In [13], a mission profile method is proposed to design the 17 MW
28 kV DC link MMC with the focus on modularity to suggest that SM with switches of
3.3 kV voltage rating are the most reliable and cost-efficient choice as compared to other
market available ratings. The impact of redundancy is considered in [14], and it is sug-
gested that 3.3 kV switch is the optimal choice for line-to-line AC side voltages between
22 kV and 58 kV in an MV cascaded H-bridge AC-DC converter. In [15], the reliability
of the MMC by applying individual IGBT SM using Hipak style IGBTs, and series valve
SM using press-pack IGBT are compared. It is shown that using Hipak style IGBTs has
the lowest conduction losses, while for the first few operational years, presspack IGBTs
are more effective in preventing the arm’s voltage from decreasing, and the need for in-
stalling redundant SMs decreases. [16] compares the semiconductor with different rated
voltages to find the optimum choice based on SM utilization and losses for HVDC appli-
cations. Authors conclude that HVDC in the power range below 900 MW, 4.5 kV switch is
optimal. For the power range between 900 and 1000 MW, both switches with rating volt-
age of 4.5 kV and 6.5 kV have similar performance, while the switch with a rating voltage
of 6.5 kV is optimal for power range above 1000 MW.

Table 4.1 summarizes and compares the existing literature with the proposed method.
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Table 4.1: COMPARISON OF THE EXISTING LITERATURE AND PROPOSED STUDY FOR MMC DESIGN

Reference Mod† Red‡ Cost Varying Varying
DC link vol loading

[13] ✓ ✓ ✓
[14] ✓ ✓ ✓
[7] ✓ ✓ ✓ ✓

[16] ✓ ✓ ✓
[4–6] ✓ ✓

[8–12] ✓
Current study ✓ ✓ ✓ ✓ ✓

† Modularity ‡ Redundancy

In this chapter, both concepts of redundancy and modularity, which are two aspects
of reliability in the MMC, are combined to suggest the optimum voltage rating of the
switch. Concerning costs, the insights of [13] are extended by considering the costs asso-
ciated with redundancy and its corresponding sensitivity to different system parameters
such as DC link voltage, average converter loading, required lifetime, and energy price.
This chapter aims to quantitatively establish the trade-off between the impact of higher
modularity on converter reliability corresponding to the redundancy costs for the given
lifetime requirements while considering the operational efficiency. The key contribu-
tions of this chapter are as follows:

• Quantify the MMC’s trade-off between modularity and redundancy by varying the
SM switch rating and suggesting the optimal number of levels for the given DC link
voltage and operating power considering the capital cost, efficiency, and reliability.

• Derive a generalized insight on selecting the optimal switch rating considering the
above trade-off with varying DC link voltage, power rating, average loading, re-
quired lifetime, failure rate (FR), components cost, and energy price.

• It also investigates the influence of using two different methodologies (Military
Handbook (MIL-HDBK) and FIDES) for calculating the FR of components and the
effect of various current ratings.

The remainder of the chapter is organized as follows. Section 4.2 gives the system’s
characteristics and the method for analyzing the MMC reliability. Section 4.3 defines a
case study and evaluates the system’s cost, reliability, and efficiency. Sensitivity analysis
is carried out in Section 4.4. In Section 4.5, the general application proposed in this
chapter is recommended, and the conclusions are given in Section 4.6.

4.2. SYSTEM DESCRIPTION AND RELIABILITY DESIGN
This section provides a system description and the methodology for evaluating the reli-
ability.
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4.2.1. MODULARITY DESIGN
The general configuration of the MMC with half-bridge (HB) SM is presented in Fig. 2.1.
In this chapter, as an example, the considered MMC system has rated power (Sn) of 10
MVA with line voltage (Vg) of 8.16 kV. The DC link voltage (Vdc) can be estimated by [14]:

Vdc =
2
p

2×Vsp
3×m

(4.1)

where m is the modulation index and it is equal to 0.96, Vs is the RMS of line-to-line
voltage equal to

p
3/
p

2 Vg. As it was defined in (1.1), the minimum number of required
SMs (Nmin) in each arm depends on the selected power switch rating. Besides this, the
maximum value of SM capacitors voltage ripple kmax needs to be considered (which in
this study is equal to 10 %).

In this chapter, the safety factor equals 0.65, which is in the range of maximum steady
state voltage of IGBT [16]. A design element that plays a crucial role in the cost, reliability,
and operation of MMC is the SM capacitor. The time-average stored energy and peak
value of capacitor voltage are needed to determine the SM’s capacitor. According to [17],
the required capacitor is given by:

CSM = Nmin ×Sn ×WMMC

3(kmaxVdc)2 (4.2)

where WMMC is the required energy storage per MVA that is approximately 40 kJ/MVA as
defined in [18].

The operating switching frequency ( fsw) is chosen in this study such that the effec-
tive frequency ( feff = Nmin× fsw ≈ 3 kHz) is constant for the chosen switch rating with the
given DC link voltage. This ensures that the harmonic performance of the designed con-
verter is compliant with IEEE 519 with similar power quality for the same arm/filter in-
ductance when different switch ratings and hence the number of levels are selected [19].
Correspondingly, the varying switching and conduction losses for various operating fre-
quencies and the number of levels can be calculated while ensuring that harmonic per-
formance is the same for the given DC link voltage. Table 4.2 summarizes the number of
SMs per arm, SM capacitance, and switching frequency, which are all defined based on
the withstand voltage of the IGBT module (VIGBT).

Table 4.2: MMC PARAMETERS FOR FIVE DIFFERENT SWITCHES RATING

VIGBT Vdc Nmin fsw CSM VSM,av Sf,act

(kV) (kV) (Hz) (mF) (kV)
(4.1) (1.1) (4.2) (4.3) (4.4)

1.2 17 24 125 9.2 0.71 0.650
1.7 17 17 177 6.5 1.00 0.647
3.3 17 9 334 3.4 1.89 0.629
4.5 17 7 429 2.7 2.43 0.594
6.5 17 5 600 1.9 3.40 0.575

Herein, Nmin is given by (1.1) and the average operating SM voltage (VSM,ave) is given
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by (4.3).

VSM,ave = Vdc

Nmin
(4.3)

Consequently, the actual operating safety factor (Sf,act) associated with maximum SM
voltage is given by (4.4),

Sf,act =
kmaxVSM,ave

VIGBT
(4.4)

As observed, Sf,act is closer to the initial design value Sf for a lower switch rating due to
the impact of ceiling function in (1.1). Consequently, it results in a slightly lower switch
utilization and SM FR with higher switch ratings. This effect is reduced when a sec-
ond ceiling function is applied with redundancy requirements for the given B10 lifetime,
as discussed in the subsequent section. Furthermore, the difference in switch utiliza-
tion in trade-off with reliability is further reduced for higher DC link voltages as shown
in Fig. 4.1.

Figure 4.1: The actual safety factor value with varying DC link voltage.

4.2.2. RELIABILITY DESIGN
The FR of the MMC components within the MMC needs to be evaluated for reliability
analysis. Also, redundancy as a fault-tolerant strategy is applied to increase the MMC re-
liability [20]. The following scrutinizes the FR of power components and the redundancy
effect.

FR CALCULATION

In MMC, SMs construct the arms; its configuration is shown in Fig. 2.1. The SM com-
prises two IGBTs, a capacitor bank, and auxiliary components [8]. The FR of the switches
and capacitor can be calculated as given in chapter 2 section 2.2 by using equations from
the MIL-HDBK [21].

In this chapter, it is assumed if the MMC is not operating (0% loading), the junc-
tion temperature of the capacitor and IGBT is equal to the ambient temperature (25o

C), and If it operates at full load (100% loading), the junction temperature is 100o C. So,
the junction temperature can be estimated at any chosen loading by using the thermal
model and mission profile, which relate power losses to temperature rise based on the
load-dependent switching and conduction losses over time. Voperating and Vrated are the
actual and nominal voltage across the capacitor, respectively.
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REDUNDANCY EVALUATION

Redundancy as a fault-tolerant strategy is applied to have a normal post-fault operation
without degradation [22]. Different redundancy strategies are explored in chapter 3, and
the optimal redundancy choice depends on many factors such as efficiency, dynamics,
and economics. This chapter applies the fixed-level active redundancy strategy (FL-ARS)
[4, 7, 14]. In this redundancy strategy, the number of operating SMs within the arm al-
ways equals Nmin to recall FL-ARS working mode. However, in this operating mode, all
the SMs (n) are energized, but the triggering signal is only sent to random Nmin SMs.
Hence, all the SMs take turns operating. In this redundancy strategy, triggered SMs could
be either original or redundant [14]. In the FL-ARS operational state, if Nred = n-Nmin is
the number of redundant SMs in each arm, the reliability of the arm can be calculated
by applying k-out-of-n given in chapter 3 [23].
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Figure 4.2: Reliability results of 10 MW 17 kV DC link MMC with 57% loading, (a) reliability output for differ-
ent switch voltage rating with no redundancy, (b) reliability output for different switch voltage rating with one
redundant SM in each arm, and (c) number of required redundant SM in each arm to meet B10 lifetime re-
quirement of 10 years.
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RELIABILITY INDEX

In this study, the percentage of the lifetime Bα is used, which determines what percent-
age of devices fail at the time as (4.5):

FMMC(Bα) = 1−RMMC(Bα) = α

100
(4.5)

where unreliability function FMMC represents the proportion of population failure. B10

lifetime is expressed as the required time to reach 90% of the system’s reliability (or 10%
of devices fails). Hence, the number of redundant SMs is selected in the design process
to reach the required B10 lifetime. Table 4.3 shows the B10 lifetime of the MMC with-
out redundancy and having one redundant SM in each arm with different switch ratings
(obtained from Fig. 4.2 (a) and (b) respectively). According to [4, 7, 24, 25], the required

Table 4.3: OBTAINED B10 LIFETIME IN YEARS (FIG. 4.2 (A) AND (B)) FOR 10 MW 17 KV DC LINK MMC WITH

DIFFERENT SWITCH RATINGS

Switch ratings 1.2 kV 1.7 kV 3.3 kV 4.5 kV 6.5 kV

B10 lifetime
No red∗ 0.12 0.17 0.34 0.48 0.72
One red 1.31 1.85 3.63 5.14 7.44

∗red: redundancy

lifetime of power electronic systems can vary from 2 years to more than 30 years. Still,
the necessary lifetime in most applications falls between 5 to 20 years. Hence, this work
considers B10 lifetime of 10 years as the reliability index for determining the number of
redundant SMs in each arm. Additionally, the sensitivity analysis will be carried out in
the case if the required B10 lifetime is 5 and 20 years.

Fig. 4.2 (a) and (b) show the reliability of the MMC with different switch voltage rat-
ings at 57% loading with no redundancy and only one redundant SM in each arm, re-
spectively. It can be seen from Fig. 4.2 (a) and (b) that the inclusion of one redundant
SM in the MMC with a higher switch rating improves the reliability much more than
the case where a switch with a lower rating is used. However, it is essential to remem-
ber that the cost of one redundant SM, for example, for a 6.5 kV switch is higher than a
1.2 kV switch. Hence, there is a trade-off between modularity, redundancy, and cost of
the MMC. The MMC’s B10 lifetime without redundancy and one redundant SM in each
arm, as shown in Table 4.3, is less than 10 years. In order to reach the required lifetime of
10 years, more redundant SMs are needed. Fig. 4.2 (c) shows the number of redundant
SMs required in each arm for the MMC with various switch voltage ratings to meet the
10-year lifetime requirement at 57% loading.

4.3. CASE-STUDIES FOR COST, RELIABILITY, AND EFFICIENCY-
BASED OPTIMAL SWITCH SELECTION

Concerning the total cost of the MMC, the capital investment (CI) and operational losses
are considered, which are explained in the following.
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4.3.1. CAPITAL INVESTMENT
Major components’ costs are considered for calculating the CI of the MMC, where the
dominant components are power electronics components (semiconductors, control sys-
tem, power supply) and capacitor cost. Hence, the estimated CI of the power electronics
components C IPE is formulated as follows [13]:

C IPE = KPENsemiVIGBTInominal (4.6)

where Inominal is the nominal or rated current of the IGBT, which in this study is calcu-
lated and equals to 480 A, Nsemi is the total number of IGBT switches in the MMC that is
equal to Nsemi = 6×2×n, where n is the total number of SMs in each arm including the
redundant SMs, KPE is the estimated price of installed power that is equal to 3.5e/kVA
[26]. The estimated CI of capacitance (C ICap) can also be calculated from (4.7) - (4.9):

C ICap = KCapECap (4.7)

ECap = 6×n ×ECell (4.8)

ECell =
1

2
CSMV 2

SM (4.9)

where KCap is the estimated price of the installed capacitor equal to 150e/kJ. Hence, the
CI of the MMC can be estimated by adding the CI of installed capacitance and power
electronics switches. In Fig. 4.3 (a), the CI of the MMC with different switch ratings for
varying DC link voltage at 57% loading is presented. As shown in Fig. 4.3 (a), switch
rating of 1.2 kV is the most economical option from the only CI point of view throughout
the varying DC link voltage. The normalized price can be obtained from (4.10).

Normalized CI(/ekVA) = C Itotal

Sn
, (Sn in kVA). (4.10)

As mentioned in section 4.2, redundancy is applied to increase the MMC reliability
with various modularity (Fig. 4.2 (b)). However, the cost of using redundancy and CI
of the MMC differs for different switch ratings; hence, cost aspects are a determining
factor in selecting the cost-efficient switch rating while the reliability requirements are
met. Fig. 4.3 (b) presents the ratio of redundancy costs concerning the total CI of the
MMC. As shown from Fig. 4.3 (b), applying redundancy has a lower price for higher DC
link voltage ranges, while it is more costly for lower DC link voltage ranges. Also, it can
be realized that the cost of applying redundancy for the MMC with higher switch voltage
rating is more.

4.3.2. OPERATIONAL LOSSES
The model developed in [27] is applied to obtain the MMC’s operational efficiency with
various modularity levels. The physics-based methodology explained in [14] is used to
estimate the switching and conduction losses of IGBTs. Also, switching and conduction
losses are evaluated for varying loading. For calculating the annual energy losses (El )
with different modularity levels, (4.11) is applied as follows:
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Figure 4.3: Cost results of the MMC with 57% loading, (a) normalized CI of the MMC with different switch
voltage rating, (b) redundancy percentage of total CI with B10 = 10 years.

El =
∫

(100−η(ti ))×PMMC (4.11)

where η(ti ) is the efficiency of the MMC at time ti and PMMC is the MMC rated power in
MW.

4.3.3. CASE STUDY FOR OPERATIONAL LOSSES
Fig. 4.4 (a) and (b) show the histogram of two Mission Profiles (MPs) used in this study
based on the hourly data adapted from [28]. The average power demand (Pave) of MP I
and MP II is 38 % and 57 %, respectively. Fig. 4.5 presents the cumulative yearly energy

Figure 4.4: Histogram of hourly annual power demand for (a) MP I and (b) MP II.

losses for MMC with different switch ratings according to the daily power demand for
two cases shown in Fig. 4.4.

Likewise, these calculations can be repeated for varying DC link voltage other than
17 kV considered. For this evaluation, the phase current is kept constant, and the DC
link voltage is changing (as well as the rated power of the MMC). Since the rated current
is kept constant, the same switch rating with the same character can be applied, but the
number of levels, operational losses, reliability, and CI will change. In Fig. 4.6, the con-
duction and switching losses of the MMC are presented. Switching loss is dominant for
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Figure 4.5: Cumulative yearly energy losses El for 10 MW 17 kV MMC.

low DC link voltages, while conduction loss is becoming the dominant factor in higher
DC link voltages. Fig. 4.7 shows the total losses of the MMC for the annual loading shown
in Fig. 4.4 for varying DC link voltage (with 1 kV resolution).
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To better clarify the importance of annual loading, two points as P1 and P2 are con-
sidered from Fig 4.7. For MP I, the switch with a rated voltage of 4.5 kV is the most ef-
ficient for the DC link voltage range between P1 ≈ 65 kV to P2 ≈ 157 kV. However, this
range is P ′

1 ≈ 62 kV to P ′
2 ≈ 138 kV when higher average loading corresponding to MP II is

considered.
To generalize the scenarios mentioned in this sub-section for two different annual

loading, an average annual loading point is considered, which can change from 1 % to



4.3. CASE-STUDIES FOR COST, RELIABILITY, AND EFFICIENCY-BASED OPTIMAL SWITCH

SELECTION

4

67

50 100 150 200

DC link voltage (kV)

(a)

0

0.2

0.4

0.6

0.8

T
o

ta
l 

lo
ss

es
(%

)

50 100 150 200

DC link voltage (kV)

(b)

0

0.2

0.4

0.6

0.8

1.2 kV 1.7 kV 3.3 kV 4.5 kV 6.5 kV

P
2

P
1

P
1

'

P
2

'

Figure 4.7: Total losses of the MMC for varying DC link voltage, (a) MP I and (b) MP II.

100 %. Fig. 4.8 shows the heat map of the most efficient switch for varying DC link volt-
age and annual average loading. As shown in Fig. 4.8, for a DC link voltage higher than
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Figure 4.8: Optimal switch voltage rating choice map based on the efficiency of the MMC under various annual
average loading with varying DC link voltage.

200 kV, a switch with 6.5 kV rating voltage is the most efficient choice regardless of the
average loading of the converter. For lower DC link voltages, there is a trend between an
optimal switch dependent on the MMC’s annual average loading. From Fig. 4.8, it can
be seen that higher DC link voltage leads to a shift in preference towards higher rated
voltage of switch for the same average yearly loading. Likewise, for the same DC link
voltage, a higher annual load leads to a shift in preference toward a higher switch volt-
age rating. Please note that the energy savings obtained from constant average annual
loading slightly differ when MMC’s hourly power demand is considered. This is shown
in Fig. 4.8 as points P1, P2, P ′

1, and P ′
2 obtained originally from hourly power demand

in Fig. 4.7. As can be seen, the points are not exactly on the boundary between switches
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with 4.5 kV and 6.5 kV ratings, which is slightly different.

4.4. SENSITIVITY ANALYSIS FOR GENERALIZED SWITCH VOLT-
AGE RATING SELECTION

As presented, many variables are needed to determine the most economical switch for
every specific DC link voltage and annual average loading. Fig. 4.9 summarizes the char-
acteristic comparison of the MMC for three switches with rated voltage of 1.2, 3.3, and
6.5 kV. The trend shown in Fig. 4.9 is valid for all DC link voltages and annual average
loading. Nevertheless, combining all these characteristics defines the most economi-
cally viable choice for the rated voltage of the switch.
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Figure 4.9: Overview of the trade-offs for 10 MW 17 kV DC link MMC affected by switch voltage rating.

A financial index must be defined to compare different rated voltages of switches and
find the economic viability range of each switch in terms of DC link voltage and annual
average loading. This study considers payback as the economic index for determining
the most economical switch choice. Payback helps make a financial decision based on
how long it takes to get profit from extra invested money. The CI and savings of the
various switch choices are compared to calculate the payback as follows:

Payback (PB) = ∆C I

Si
(4.12)

Si =
∫
∆Ei ×Pt (4.13)

where ∆C I is the difference of CI between different switch ratings, Si is the difference in
cost saving due to efficiency,∆Ei (kWh) is the energy saving difference, P t is the price for
electricity that in The Netherlands is equal to 0.190 €/kWh. In this study, the economic
viability boundary is defined based on a considered payback time of 10 years. The steps
given in the flowchart in Fig. 4.10 can be followed to find the optimum rated voltage of
the switch in the MMC with specified characteristics (DC link voltage and annual load
demand). The methodology for finding the cost-efficient switch rating is shown in Fig.
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Start

Select the DC link voltage and annual 
average loading 

System description
Calculate the system parameters as given in table II for 

different blocking voltage switch using (4.1)-(4.4) 

Reliability design
Calculate the components failure rate using MIL in chapter 2.
Calculate MMC reliability by applying redundancy equations in chapter 3.
Find the number of redundant SM to achieve required B10 lifetime. 

Cost analysis
Calculate CI using (4.6)-(4.10).
Calculate the MMC annual energy losses (El) 
using [27],[9] and equation (4.11).

Sort the switches rating from lowest to highest CI (SW1, 
SW2, …, SW5). So, the MMC with SW1 has the lowest CI 

while SW5 has the highest CI.

Find the optimum switch blocking 
voltage (Flowchart-A in Fig. 4.11)

End

Figure 4.10: Flowchart of the proposed methodology for finding the optimum rated voltage of the switch.
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Figure 4.11: Algorithm for finding the optimum switch voltage rating among five options.
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4.11. This algorithm evaluates if investing extra money in the MMC with the lowest CI to
use other switch ratings could have a payback of 10 years or less.

Fig. 4.12 presents the economic viability regions among various rated voltage of
switches for B10 = 10 years with varying DC link voltage and annual average loading con-
sidering a 10-year payback. Similar to the obtained heat map of efficiency, the current
and voltage rating of the switches are fixed. A comparison is performed among different
rated voltage of switches. Fig. 4.12 suggests that each rated voltage of the switches is
more economically viable for a specific DC link voltage and loading. As presented in Fig.
4.3 (a), the MMC with a rating voltage of 1.2 kV has the lowest CI, and Fig. 4.12 shows if
extra money invested in the MMC with higher switch voltage rating has a payback of 10
years or less. For instance, Fig. 4.12 suggests that if the DC link voltage is 50 kV and the
expected annual loading is 50 %, extra investment in the MMC that uses a switch with a
rating voltage of 3.3 kV (instead of 1.2 kV and 1.7 kV) will have a payback of 10 years or
less.
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Figure 4.12: Economic viability region for different switch voltage rating with variation in MMC loading and DC
link voltage considering a payback of 10 years and a required B10 = 10 years (L3.3 is the boundary line between
1.7 kV and 3.3 kV switches).

The two considered case studies are shown with dashed black lines in which fixed
load is representative of annual average loading. From Fig. 4.12 can be seen that in the
case of MP II, the switch with a rated voltage of 1.7 kV is the most economical for the
range of 10-22 kV DC link voltage. Regarding the case with MP I, 1.7 kV switch is eco-
nomically viable for DC link voltages between 10 kV and 27 kV. Regarding extra invest-
ment in the switch with 3.3 kV rated voltage for MP II, the economically viable DC link
voltage is estimated to be between 22 kV and 72 kV. For MP I, the estimated range is 27 kV
to 83 kV. The same economically viable DC link range can be estimated for the switches
with rated voltage of 4.5 kV and 6.5 kV. Another example is 10 MW 17 kV DC link MMC in
which the switch rating of 1.7 kV is the best choice, as shown in Fig. 4.12. If the lifetime
requirement is 10 years, using a switch with a 1.2 kV rating voltage results in a lower ini-
tial cost (according to Fig. 4.3). But, choosing a 1.7 kV switch leads to a 15% reduction in
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operational losses (according to Fig. 4.7). Hence, in this case, the switch with the rated
voltage of 1.7 kV is selected because the extra investment will have a payback of less than
10 years, and it is due to the higher efficiency.

4.4.1. SENSITIVITY ANALYSIS FOR DIFFERENT FR, B10 LIFETIME REQUIRE-
MENT, COMPONENTS COST AND ENERGY PRICE

The sensitivity of the switch regions’ payback to different B10 lifetime requirements, FR,
component cost, and energy price is shown in Fig. 4.13. The boundary line (L3.3) be-
tween economic regions of 1.7 kV and 3.3 kV switches is considered since the same trend
is valid for other boundary lines between other regions.
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Figure 4.13: Shift in L3.3 with change in (a) B10 lifetime; (b) FR; (c) capital investment (CI), and (d) electricity
price (Pt).

The required B10 lifetime can vary from 5 to 20 years. hence, the effect of higher or
lower required B10 lifetime is shown in Fig. 4.13 (a). As can be seen, there is no specific
trend with an increase or decrease in the required B10 lifetime. As explained in Section
4.2 B, the methodology in MIL is used to estimate the FR of the IGBT and capacitor. How-
ever, the obtained values might not be precise as many environmental factors (πx) can
change the SM’s actual FR. Moreover, there are other components within the structure
of the SM, such as gate drives, control systems, and power supply, which might experi-
ence random failure. Therefore, for sensitivity analysis, the SM’s FR’s exact value is 20%
higher and lower than the obtained values. It can be observed from Fig. 4.13 (b) that the
boundary line between regions of 1.7 kV and 3.3 kV switches has a limited dependence
on the FR variation.
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Considering the component’s cost, the dependence of the boundary line on CI is
shown in Fig. 4.13 (c). It can be realized that if components are more expensive, the
boundary line (L3.3) moves upwards quite trivially, and the economic viability region of
the switch with 1.7 kV rated voltage (purple) increases. However, an increase in energy
price has a reverse effect on the boundary line compared to the CI presented in Fig. 4.13 (d),
which is negligible.

4.4.2. SENSITIVITY ANALYSIS BY USING MIL AND FIDES
In this section, a more recent FIDES method [29] to calculate the FR of components
(λFIDES) is compared with λMIL used thus far in the chapter. Unlike λMIL, λFIDES con-
siders the technical control over manufacturing (Πpm), field operation and maintenance
(Πprocess) and physical failure (λphysical) that is given by (4.14) and (4.15).

λFIDES =λphysical ×Πpm ×Πprocess (4.14)

λphysical =
phases∑

i

[
tannual

8760

]
Πiλi (4.15)

where tannual denotes the duration of the i th phase of the mission profile for one year. Πi

and λi are associated with environmental and operation stress-specific factors for each
phase i . The complete methodology for FIDES is described in [29] and not repeated
here for conciseness. Under assumptions corresponding to similar operating and en-
vironmental conditions, the estimated λFIDES compared with λMIL for the two mission
profiles is shown in Table 4.4.

Table 4.4: FR OF THE CAPACITOR AND IGBT CONSIDERING MIL AND FIDES

Components MP
FR (occ/year)

FIDES MIL

IGBT
I 0.00052 0.0017
II 0.00086 0.0022

Capacitor
I 0.00042 0.0009
II 0.00068 0.0012

The sensitivity analysis is carried out to evaluate the impact of FIDES and MIL meth-
ods on the boundary line (i.e., L3.3 in Fig. 4.12). Table 4.4 shows that the FIDES method
estimates the FR of components to be lower than MIL. Therefore, the shift in the bound-
ary line (L3.3) between regions of 1.7 kV and 3.3 kV switches can be seen in Fig. 4.14. The
sensitivity analysis represents that if the FIDES method is used for estimating the FR, the
economic viability region of 1.7 kV switch expands for annual average loading of more
than 30%.

4.4.3. IMPACT OF CONVERTER POWER CAPACITY
The selection of switch voltage rating for various DC link voltage and loading at a fixed
rated capacity has been discussed. In this section, further evaluation is carried out to de-
termine the most economically viable switch rating with variation in current rating and
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Figure 4.14: Shift in L3.3 using FIDES and MIL to estimate the component’s FR.

varying DC link voltage at 100% loading. As shown in Fig. 4.15, the MMC-rated current is
changed from 480 A to 1025 A, corresponding to the converter power rating from about
6.5 MVA to 275 MVA. From Fig. 4.15, it can be observed that the switch rating selection
is independent of rated current and only depends on loading and DC link voltage.
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Figure 4.15: Economic viability region for different switch voltage rating with variation in MMC current rating
and DC link voltage at 100% loading (i.e., 480 A, given in Fig. 4.12) considering a payback of 10 years and a
required B10 = 10 years.

4.5. APPLICATION SPECIFIC RECOMMENDATIONS
MMC can be applied for different applications having different DC link voltage and cur-
rent ratings [30]. The most economical switch voltage rating in these applications de-
pends on the selected DC link voltage and loading. In this context, to generalize the
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Table 4.5: THE SPECIFICATIONS OF EQUATION (4.16)

Transition 1.7 ↔ 3.3 kV 3.3 ↔ 4.5 kV 4.5 ↔ 6.5 kV
m 3.3×10−5 2×10−5 9×10−6

Vref 40 kV 110 kV 220 kV
Voltage range(kV) 10 ≤V ≤ 50 50 <V ≤ 110 110 >V

proposed method, equation (4.16) is derived from Fig. 4.12.

{
if L

100 +m(V −Vref) ≥ 0, Select the higher switch rating

else, Select the lower switch rating
(4.16)

where L is the annual average loading of the MMC in percentage, m and Vref are intro-
duced indices specified in Table 4.5, and V is the considered DC link voltage. In Fig. 4.12,
a line with slope m connects two points (A, B) on boundaries between different switch
ratings at 100 % and 1% loading. For instance, to find these two points between 4.5 kV
and 6.5 kV switches at 100 % loading, the voltage rating is 108 kV. This voltage rating is
calculated by taking the average of Ami n and Amax , as shown in Fig. 4.12. Thus, points A
and B coordinate (108 kV, 100%) and (215 kV, 1%), respectively. Hence, the slope m can
be calculated by having these two points.

For example, in [7], the DC link voltage is 54 kV, and the annual average loading is
about 60 %. Since the DC link voltage is within the range of the second column of Table
4.5, the second column values are used. After putting these values in (4.16), it suggests
that the most economical rated voltage of the switch is 3.3 kV. However, 4.5 kV switch
is used in [7], which is overrated and can impact the cost and efficiency of the system.
Table 4.6 summarizes some of the MMC applications found in the literature and shows
the optimal rated voltage of the switch using the proposed method.

Table 4.6: OPTIMAL SWITCH VOLTAGE RATINGS FOR DIFFERENT APPLICATIONS

[Ref] Application Vdc Sn Pl,ave VIGBT (kV)
kV MVA % Used Optimal

[7] MVDC Grid ±27 30 60 4.5 3.3
[4] MVDC Grid 10 3 30 1.7 1.7
[5] Wind 17 10 10-100 † 4.5 1.7/3.3

[28] MVDC Grid 17 10 38 & 57 3.3 1.7
[13] STATCOM 28 17 25-100 † 3.3 1.7/3.3
[15] HVDC ±320 1000 - 4.5 6.5
[31] Wind-HVDC 32 18 0-100 † 6.5 1.7/3.3
[32] Wind-HVDC 160 320 - 3.3 4.5/6.5

† Variable power
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4.6. CONCLUSION
This chapter presents cost-oriented reliability and modularity-based trade-offs to select
an optimal rated voltage of the switch for MMC. The steps involved in the proposed
method are explained through flowcharts, and a heat map is provided for varying DC
link voltage and yearly loading of the MMC. It is presented that the system’s modularity
increases when a lower switch voltage rating is selected for the MMC SMs. For example,
in a 10 MW MMC with a DC link voltage of 17 kV, a switch rating of 1.7 kV is optimal for
both case studies. Higher modularity can be achieved with 1.2 kV rated voltage with a
lower CI for a B10 lifetime of 10 years. But, when 1.7 kV switch is selected instead of 1.2
kV switch, the operational losses are approximately 15 % lower in both cases (MP I and
MP II), leading to payback of less than 10 years. Higher DC link voltage leads to a shift in
preference towards a higher switch rating for the same average loading. For example, the
optimal choice of switch-rated voltage changes from 1.7 kV to 3.3 kV in both case studies
(MP I and MP II) if the given DC link voltage is increased from 17 kV to 50 kV. Transitions
between preferred switch ratings with variation in DC voltages between 10-220 kV are
shown for different average loading. The sensitivity analysis shows that the preference’s
boundary changes from 1.7 kV to 3.3 kV switch rating shifts downward slightly with lower
CI and higher energy price. However, the preferred switch choices show limited sensitiv-
ity to variation in required B10 lifetime and assumed FR of individual components. Also,
the preference’s boundary from 1.7 kV to 3.3 kV shifts downward if FIDES methodology
is used for estimating the components FR.

In conclusion, this chapter proposed selection regions for the optimum rated voltage
of the switch in the MMC for varying DC link voltage and yearly load demand. Sensitiv-
ity analysis shows that for MMC with fixed-level active redundancy, the variation among
switches’ regions has limited dependence on the precise FR value and required B10 life-
time. Also, it was observed that changes in CI and energy prices have a negligible effect.
However, using the methodology proposed in FIDES for calculating the FR can affect the
region as a specific trend was realized for annual loading higher than 30%. The potential
savings of applying the method proposed in this chapter is demonstrated by presenting
a generalized version of it and applying it in published works.
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5
MIXED REDUNDANCY STRATEGY

This chapter introduces a Mixed Redundancy Strategy (MRS). The MRS incorporates both
active and spare redundant SMs, optimizing their number based on maintenance fre-
quency and system characteristics such as DC-link voltage and loading. The chapter also
addresses the economic viability of MRS, assessing investment costs, operational losses,
and reliability through sensitivity analyses and Monte Carlo Simulations.

This chapter is based on:

• M. Ahmadi, A. Shekhar, and P. Bauer, "Mixed Redundancy Strategy for Modular Multilevel Converters
in High-Power Applications," in IEEE Open Journal of the Industrial Electronics Society, 2024.
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5.1. INTRODUCTION
Extensive research relevant to MMC’s control, modeling, configuration, and protection
strategies have been carried out [1, 2]. In grid-connected power electronic converters,
reliability evaluation is mostly carried out by focusing on three distinctive levels, namely
component [3, 4], converter, and power system, to enhance reliability. At the component
level, the mission profile and physics of the components (power switches and capaci-
tors) are targeted to improve reliability. At the converter level, RMR can be used to en-
hance reliability [5]. At the power system level [6–8], reliability improvement is achieved
by applying different methods, such as protection and n-1 contingency design.

Safe and seamless operation of the MMC system is paramount and represents the
primary focus of reliability studies. To address this concern, redundancy concepts, as
outlined in various references [9–14], have been established as effective methods for en-
suring normal post-operation when SMs encounter failures. It’s crucial to acknowledge
that implementing redundancy involves additional upfront investment and potential
operational losses, comprehensively addressed in chapter 3 and 4 [15–18]. For exam-
ple, in [10], a reliability model is presented for MMCs, comparing two SMs and a Re-
duced Nominal Voltage (RNV) mode, concluding that the individual device SM is most
efficient for converter reliability and power loss. Authors in [11] introduce a reliability
analysis model for hybrid MMCs and propose Equal Reliability Incremental Principles
(ERIP) to optimize the design of redundant SMs, ultimately enhancing overall system
reliability. Authors in [13] give detailed reliability models for hybrid MMCs in MV and
HVDC applications, including active and passive redundancy schemes. In [15], a sys-
tematic criterion for selecting multi-level Voltage Source Converters (VSCs) is outlined
for MV applications, considering reliability, redundancy, efficiency, and cost factors.

Table 5.1: REVIEW OF EXISTING RELIABILITY-RELATED DESIGN OF MMC

Reference Red† Mod‡ Maintenance Cost Gen§

[10–14] ✓
[15] ✓ ✓ ✓

[16–18] ✓ ✓
[19] ✓ ✓ ✓
[20] ✓ ✓
[21] ✓ ✓ ✓ ✓

[22–24] ✓ ✓ ✓
[25] ✓ ✓

This chapter ✓ ✓ ✓ ✓ ✓

† Redundancy ‡ Modularity § Generalization (various MMC characteristics)

Modularity, as highlighted in chapter 4 [19–21], represents another critical concept
that significantly influences the reliability, efficiency, and overall cost considerations of
the MMC. Chapter 4 presents a methodology for selecting the optimal switch voltage in
MMCs based on cost and reliability trade-offs, showing that it depends on factors like
DC link voltage, average loading, and component reliability estimation methods. Refer-
ence [19] discusses selecting the number of cascaded cells in a cascaded H-bridge con-
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verter (CHB) for MV applications, considering trade-offs in efficiency, power density, and
reliability. Redundancy options are also explored, providing a comprehensive perspec-
tive for designing high-power MV converter systems. In [20], a reliability-focused design
methodology is proposed using a case study of a 17 MVA/13.8 kV MMC. It demonstrates
that 3.3 kV devices offer the best trade-off.

The maintenance concept [22–25] for MMC is crucial to avoid unscheduled out-
ages. It encompasses preventive, periodic, and protective maintenance. Planned main-
tenance involves replacing faulty SMs within the MMC structure. However, this main-
tenance necessitates a system shutdown, incurring substantial costs and requiring thor-
ough planning. In [22], a reliability-centered maintenance approach is elaborated for
MMC with dual redundancy, optimizing maintenance intervals based on dynamic op-
eration states. This model aids in choosing redundancy strategies and maintenance de-
cisions for MMCs. In [23], a reliability model for MMC incorporates preventive main-
tenance. The model evaluates reliability indices, maintenance intervals, and cost con-
siderations, indicating the choice between SRS and LS-ARS. Authors in [24] introduce
a dynamic preventive maintenance strategy for MMC in wind power systems, optimiz-
ing redundancy and maintenance intervals to reduce costs while maintaining reliability.
Table 5.1 presents an overview of previous research endeavors documented in the liter-
ature. In this chapter, a comprehensive examination of MMC design is undertaken by
applying a new redundancy strategy, encompassing facets like redundancy, modularity,
maintenance, cost considerations, and generalization, which includes the consideration
of MMCs operating with different DC-link voltage and loading scenarios.

This chapter introduces the Mixed Redundancy Strategy (MRS) for MMC, and sec-
tion 5.2 provides a comprehensive explanation of its operational principles. In the MRS
operational mode, two important parameters come into play: nA which signifies the
number of active redundant SMs within each arm, and nS which represents the quantity
of spare redundant SMs available for the MMC. During maintenance procedures, these
spare SMs can substitute any faulty SMs across all arms. The MRS suits various MMC ap-
plications, including those with different maintenance planning, DC-link voltage, and
annual average loading. MRS determines the optimal number of nA in each arm and
accurately estimates nS the number of spare SMs slated for replacement during mainte-
nance. This allows for consideration during the initial phases of MMC design, enabling
a more accurate estimation of the capital cost, encompassing MMC cost, redundancy
expenses, and the number of spare SMs designated for replacement. Therefore, based
on the characteristics of the MMC, such as defined DC-link voltage, loading, and main-
tenance schedule, MRS ensures an optimized selection. It allows for the minimization of
nA based on the maintenance frequency, resulting in reduced capital costs, operational
losses, and control simplicity (achieved by utilizing fewer SMs).

This work presents the following key contributions:

• Develop a reliability assessment method for the proposed MRS scheme and vali-
date it using Monte-Carlo method (Section 5.2).

• Establish the economic viability boundary for the proposed MRS with varying Vdc

and average annual loading by investigating the trade-off between investment cost,
operational losses and reliability (Section 5.3).
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Table 5.2: MMC CHARACTERISTICS AND FAILURE RATES

Symbols Item Value
Nmin Minimum number of SMs —†

Vdc DC link voltage 10 - 400 kV
SMMC Rated power 5.9 - 235.3 MVA
VIGBT IGBT Rated Voltage 1.2, 1.7, 3.3, 4.5, 6.5 kV‡

Sf Safety factor of IGBT 0.65
λbase-IGBT IGBT base failure rate 100 FIT [18]
λbase-Cap Capacitor base failure rate 100 FIT [18]

† Changes based on the selected IGBT rated voltage
‡ Switch models are given in Appendix

• Define generalized viability boundary for MRS using sensitivity to changes in B10

lifetime requirement, component failure rate (FR), cost, and power capacity (Sec-
tion 5.4).

• Recommend the optimal arm-level redundancy, maintenance frequency, and re-
placement criteria for the proposed scheme considering different scenarios (Sec-
tion 5.5).

The main conclusions of the chapter 5 are presented in Section 5.6.

5.2. METHODOLOGY

5.2.1. SYSTEM DESCRIPTION AND ASSUMPTIONS

In Table 5.2, the characteristic of the considered system is shown. The minimum num-
ber of half-bridge SMs (Nmin) that are required for each arm is estimated as given in
(1.1). IGBTs and capacitors are the main high-power SM components that play a key
role in the converter’s operation and are relatively more prone to failure while contribut-
ing significantly to the cost and size of the system. For the cost evaluation, the sys-
tem considered in [26] is used in which the IGBT module from Infineon Technologies,
FF450R33T3E3BPSA1-ND, with a withstand voltage of 3.3 kV is used. The capacitor of
KEMET, ALS71C133QT500-ND with 500 V and 13 mF is considered to provide a SM ca-
pacitance of approximately 3.3 mF in accordance to the MMC designed in [27] based on
the method presented in [28].

In the MMC operational lifespan, the failure rate of IGBT and capacitors depends on
the temperature and voltage across them. Hence, these limitations need to be consid-
ered in the failure rate formula of the IGBT and capacitors [29] that are detailed in [21]
and are not repeated here. The failure rate of other auxiliary devices, including fuses,
low voltage power supply, gate drive, cooling, and control system, also influences the
converter life. These impacts are explored in Section 5.4 employing sensitivity of derived
results to the higher failure rate.
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RBD of the MMC for MRS 
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Figure 5.1: RBD of MMC’s arm with MRS working mode.

5.2.2. WORKING PRINCIPLE OF MRS
The MMC arm’s Reliability Block Diagram (RBD) in MRS working mode is shown in Fig.
5.1. In the MRS scheme, spare SMs (nS) are not physically connected to the arms, and
active redundant SMs in arms are operating identically to LS-ARS, eliminating any added
complexity to the system. However, this scheme aims to minimize the number of nA in
each arm. During maintenance, the spare SMs replace faulty SMs, as illustrated in Fig.
5.1. The maintenance frequency in MRS is determined by the count of active redundant
SMs in each arm (nA). For instance, if nA = 1, maintenance is scheduled upon the failure
of a single SM in any arm. This strategy ensures continuous operation since there are
still Nmin SMs in the arm, allowing for timely maintenance planning.

In HV applications, where higher modularity and less frequent maintenance (e.g., 5
times in 10 years) are prevalent, the MRS scheme estimates that more active redundant
SMs (nA) in each arm are required. However, nA remains significantly lower than con-
ventional redundancy strategies. For instance, with nA = 3, maintenance occurs after
the third failure in any arm, providing a planned operational period with Nmin SMs until
maintenance. Simultaneously, other faulty SMs in different arms are also replaced by
spare SMs nS during maintenance.

So, there can be different combinations of active per arm (nA) with spare (nS) re-
dundant SMs at the converter level in the MRS which will be determined based on the
planned maintenance frequency and number of the levels explored in section 5.4. The
MRS procedure for nA = 1 and nS = 4 is shown in Fig. 5.2 where only one arm is shown
but spare SMs can be used in other five arms which are not shown. The arm initially will
work with (Nmin + nA) level (a). When there is one SM failure (b), the maintenance will be
performed shortly (c), and this chain of process (d) - (f) continues until there is no spare
SM in the storage (g). Hence, the arm will always be working with (Nmin + nA) level until
there is no spare SM in the storage (a) - (g). After that, if another SM fails (h) in an arm,
the arm’s operation level will be Nmin (i). Ultimately, with one more SM failure in the
Nmin level operating arm (j), the converter will need to be shut down, and the converter
will be out of operation (l).
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Figure 5.2: Steps of implementing MRS in one arm of the MMC .
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Figure 5.3: Graphical representation for reliability functions (a) R1(t ) corresponding to event 1 (b) R2(t ) corre-
sponding to event 2.

5.2.3. RELIABILITY ASSESSMENT OF MRS
The reliability is estimated based on an instantaneous changeover similar to the method-
ology followed in [14, 18]. The concept of standby systems in [15, 30] can be applied
to model the system behavior in MRS. According to the RBD model of the MRS shown
in Fig. 5.1 and the assumptions regarding the proposed MRS’s working principle, the
MMC’s reliability can be calculated by applying the joint failure density approach. 5.2,
and they are as follows: Therefore, by considering that all the events that lead to system
success are mutually exclusive, the expression for the reliability of the MMC under MRS
working mode can be calculated by adding the mutually exclusive events. Considering
the MMC in MRS mode, two events lead to the system success shown in Fig. 5.3.

1. Event 1: the MMC is operational for the time interval of 0 to t with Nmin +nA level,
and by each SM failure, one spare SM is substituted in a short time.

2. Event 2: at time t1, the last spare SM has been substituted, and there is no spare



5.2. METHODOLOGY

5

85

SM left, so there are only Nmin +nA SMs left in each arm and the MMC operates
with nA active redundant SM for time interval t1 to t .

Fig. 5.3 (a) and (b) show the graphically represented reliability functions R1(t ) and R2(t )
for event 1 and event 2, respectively.

R1(t ) is mathematically given by (5.1) using the Poisson distribution for MMC with
ns spare redundant SMs.

R1(t ) = P [N (t ) ≤ ns] =
ns∑

i=0

(λsct )i

i !
e−λsct (5.1)

λsc = (λIGBT1 +λIGBT2 +λcap)×6× (Nmin +nA) (5.2)

Note that (5.1) is also used to estimate the arm’s reliability with SRS by substituting
(5.2) with (5.3) as follows:

λsc = (λIGBT1 +λIGBT2 +λcap)×Nmin (5.3)

The derivative of R1(t ) at t1 gives the probability of ns failures, with which the reliability
function R ′(t−t1) for MMC with active-only modules without any remaining spares SMs
is weighted to estimate R2(t ) as given in (5.4).

R2(t ) =
∫ t

t1=0
− d

d t1
R1(t1)×R ′(t − t1)d t1 (5.4)

Note that with t1 = 0, R ′(t ) can be estimated using the Markov Chain method from [14]
to calculate the reliability of the MMC with LS-ARS. Since the two events R1(t ) and R2(t )
are mutually exclusive, the reliability of the MMC with MRS (RMRS) can be calculated as
(5.5).

RMRS(t ) = R1(t )+R2(t ) (5.5)

5.2.4. VALIDATION OF MRS USING MCS
An analytical method has been developed to assess the reliability of the MMC employing
the MRS. Due to the absence of comparable methods in the current literature, MCS is
employed to validate the obtained results. The outcomes are visually presented in Fig.
5.4 for 1,000 and 10,000 trials, respectively. It demonstrates the efficacy of the proposed
analytical equation for calculating the reliability of the MMC by applying MRS.

5.2.5. OPTIMAL COMBINATION OF ACTIVE REDUNDANT AND SPARE SMS IN

MRS
In MRS, different combinations can be selected between the number of active redundant
and spare SMs. In the base MMC with 10 MVA, and 17 kV Vdc, results for three combi-
nations are presented in Fig. 5.5. It can be seen that having one active redundant SM in
each arm and storing the rest as spare SMs shows the best reliability outputs. For in-
stance, if the required B10 lifetime is 20 years, this requirement can be met with 15, 18,
and 20 SMs with nA equal to 1, 2, and 3. This is because, with only one active redundant
SM, more spare SMs can be shared among the MMC arms.
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Figure 5.4: Validation of proposed MRS scheme using MCS with (a) 1,000 trials and (b) 10,000 trials.
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Figure 5.5: B10 lifetime of the MMC with various combinations of active and spare redundant SMs in MRS.

For the MMCs with very high levels, more than one redundant SMs can be active
in each arm. In such cases, the optimal combination can be found based on various
indicators such as preventive maintenance plans and requirements. In the subsequent
section, the reliability of the considered MMC is compared for LS-ARS, SRS, FL-ARS, and
MRS.

5.3. CASE-STUDIES FOR COST AND OPERATIONAL EFFICIENCY

TRADE-OFFS

In this chapter, the aim is to validate the applicability of the MRS in both MV and HV
applications. Two systems documented in existing literature [26, 31] are considered to
achieve this. Details for each system are provided in Table 5.3.
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Table 5.3: CHARACTERISTICS OF TWO CASE STUDIES.

Item MV HV
Vdc (kV) 17 320
VIGBT (kV) 3.3 3.3
Nmin 9 200
Redundant per arm 2 16
Switching frequency (Hz) 313 150

5.3.1. RELIABILITY OUTPUTS

Taking the MMCs given in Table 5.3, Fig. 5.6 shows the reliability results with differ-
ent redundancy strategies. The MV system implements redundancy with two redundant
SMs per arm, totaling 12 SMs. In the FL-ARS, LS-ARS, and SRS, both redundant SMs are
present in each arm. Conversely, in MRS, parameters are set as nA = 1 and nS = 6. In the
HV scenario, conventional redundancy strategies entail 16 redundant SMs in each arm.
However, the MRS scheme specifies nA = 4 and nS = 12×6 = 72. that will be scrutinized
in section 5.5.
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Figure 5.6: Reliability outputs for two considered MMCs with DC link voltage of (a) MV and (b) HV.

From Fig. 5.6 (a), it can be observed that B10 lifetime corresponding to 90 % reliability
(dashed black) increases from 0.2 years (no redundancy, circle marker) to approximately
10 years when two redundant SMs are considered per arm with FL-ARS (square), SRS
(triangle), and LS-ARS (asterisk). This value almost doubles when the proposed MRS
(hexagon) is employed with the same number of redundant SMs in the MV system. Fig.
5.6 (b) shows that applying the MRS scheme with the same number of redundant SMs as
conventional redundancy strategies will boost the lifetime corresponding to 90 % relia-
bility from 6.5 to 9.2 years.

Fig. 5.7 shows the increase in achieved B10 lifetime with the increasing number of
redundant SMs for different strategies in both cases of MV and HV systems. The higher
impact of MRS is visible from the higher slope of the B10 lifetime as a function of re-
dundancy. Since the number of redundant SMs can only be a multiple of six for LS-ARS,
FL-ARS, and SRS, the flexibility of choosing the redundancy level in meeting the required
reliability targets can be an advantage with the proposed MRS.



5

88 5. MIXED REDUNDANCY STRATEGY

10 20 30

Number of redundant SM for MMC

(a)

5

10

15

20

25

B
1
0
 l

if
et

im
e 

(y
ea

rs
)

FL-ARS

SRS

LS-ARS

MRS

20 40 60 80 100 120

Number of redundant SM for MMC

(b)

0

2

4

6

8

10

B
1
0
 l

if
et

im
e 

(y
ea

rs
)

FL-ARS

SRS

LS-ARS

MRS

Figure 5.7: B10 lifetime of the MMC with various redundancy schemes for (a) MV and (b) HV.

5.3.2. OPERATIONAL EFFICIENCY
In this part, the operational efficiency of different redundancies is compared by using
the normalized loading profile that is adapted based on the available hourly data of a
substation in The Netherlands [32] shown in Fig. 5.8. The yearly energy losses of MMCs
(ElX ) in kWh with various applied redundancies can be calculated as (5.6).

Figure 5.8: Yearly power demand for annual average loading (Pave) of (a) 38 % and (b) 57 % [32].

ElX =
∫

(100−η(ti ))×PMMC (5.6)

where η(ti ) is the efficiency, X specifies the redundancy type, and PMMC is the power
rating in MW.

Fig. 5.9 (a) presents normalized switching and conduction losses for different redun-
dancy strategies for the corresponding loading in the MV system. The efficiency of the
MV system is presented in Fig. 5.9 (b), where SRS has the lowest losses compared to other
redundancy strategies. The same results are shown for HV system in Fig. 5.9 (c) and
(d). El of various redundancy schemes concerning both case studies of annual loading
(Fig. 5.8) are given in Table 5.4 for B10 = 10 years. The information gleaned from Fig. 5.9
and Table 5.4 indicates that the MRS has lower losses in comparison to the ARS, primar-
ily due to its utilization of a reduced number of nA in each arm. Notably, the efficiency
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Figure 5.9: Operational losses of the MMC for (a) switching and conduction losses in MV; (b) Efficiency in MV;
(c) switching and conduction losses in HV; and (d) Efficiency in HV; under various redundancy modes and
loading.

Table 5.4: ANNUAL LOSSES (El ) IN MWH (B10 = 10 YEARS)

Type Annual Pave LS-ARS FL-ARS SRS MRS
MV 38 % 252.24 265.36 231.42 231.94
MV 57 % 400.64 443.67 355.54 360.37
HV 38 % 3508.55 3532.81 3377.12 3397.54
HV 57 % 4901.44 4926.25 4791.02 4803.52

of the MMC tends to be higher when the SRS is employed. For applications considering
the use of SRS, the efficiency aspect becomes significant. The applicability of the MRS in
such scenarios is examined in Section 5.4.

The energy savings slightly differ when a fixed MMC loading represents the yearly
average of the hourly demand variation of the two case studies. For example, in the MV
system, 5.76 MWh annual savings are estimated when SRS is used instead of MRS with
a fixed loading of 57 %, as compared to 4.83 MWh from Table 5.4 where hourly annual
load profile is considered. The former is used in the subsequent section to simplify the
computation effort required for the sensitivity analysis in defining the economic viability
boundaries of the proposed scheme.

5.3.3. CAPITAL INVESTMENT (CI)
The capital investment (CI), design cost, and operation & maintenance (O&M) costs are
relevant factors for selecting a proper redundancy scheme. Since different switches are
used for various loading and Vdc, the cost (€/kVA) is firstly estimated for the base MMC
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and by using the price of the switch voltage rating of 3.3 kV. Then it will be used for es-
timating the MMC price with various switches. The most recent price of components
of the MMC with 3.3 kV rated switch to calculate the CI is as follows. The IGBT price
is €1584.12 per unit, the gate drive price is €180.32 per unit, and the capacitor price is
€108.33 per unit. Table 5.5 summarizes MMC’s CI without considering redundancy. Fur-
thermore, the design cost price is around 30 % of the total cost. In order to estimate the

Table 5.5: C I IN EURO OF 10 MVA 17 KV MMC WITHOUT REDUNDANCY

Components Total cost
IGBT 85542.4
Gate Drive 9737.82
Heat Sink 9409.66
Total Capacitance 23399.28
Power Supply 5731.34
Sensors 2038
Control Board 1670
(O&M) 10%
Design cost 30%
C IWoR 192539.9

total CI of the MMC, including redundancy, and other switch ratings, the following steps
can be followed.

C IN-WoR = C IWoR

SMMC(kVA)
(5.7)

C IN-WR-x = C IN-WOR

Nmin,x ×6
× (Nmin,x ×6+NT-red) (5.8)

NT-red =
{

Nred ×6 ,for FL, SRS, LS

6×nA +nS , for MRS
(5.9)

where C IWoR is the total CI of the MMC without redundancy obtained from Table 5.5,
C IN-WoR is the normalized price of the MMC per kVA, C IN-WR-x is the normalized price
with redundancy for various switches (x ∈{1.2, 1.7, 3.3, 4.5, 6.5 kV}), Nmin,x is the min-
imum number of required SM for different switch ratings, and NT-red is the total of re-
dundant SM in the MMC for different redundancy strategies defined in (5.9). Hence, the
normalized price of the MMC, including redundancy, can be obtained. The cost of MMC
with MRS is lower than the other three redundancy schemes due to the MMC’s lower
number of redundant SMs.

5.3.4. PAYBACK
To evaluate the simple payback, the CI and the saving of various redundancies are com-
pared to select the most economical redundancy strategy. using (5.10) and (5.11).

Payback = ∆C I

Si
(5.10)
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Si =
∫
∆Ei ×Pt (5.11)

where ∆C I represents the variation in capital investment between redundancy strate-
gies, Si indicates the difference in cost savings between redundancy strategies,∆Ei (kWh)
signifies the disparity in energy savings between redundancy strategies, and P t denotes
the electricity price equivalent to 0.190 €/kWh.

5.4. VIABILITY BOUNDARIES OF THE PROPOSED MRS
As highlighted in Section 5.3, in scenarios where the application of the SRS is feasible, the
efficiency advantage of SRS over the MRS is acknowledged. Consequently, the suitability
of MRS is evaluated. Also, it’s crucial to note that this comparison is made between SRS
and MRS because Table 5.5, Table 5.4, Fig. 5.6, and Fig. 5.7 suggest that LS-ARS and FL-
ARS are less economically viable than MRS with the considered assumptions. When the
ARS is the chosen redundancy scheme, MRS consistently emerges as the optimal choice
due to its lower CI and higher efficiency. Fig. 5.10 shows the boundary of economic vi-
ability (Lboundary) between SRS and MRS for B10 = 10 years as a function of Vdc (10-400
kV) and loading (1-100%) considering a 10-year payback. Notably, within the 10-100 kV
range, other VSC options like two-level (2L) VSC and three-level neutral-point-clamped
converter (3L-NPC) can rival the MMC. However, this study exclusively delves into MMC,
and for a comprehensive comparison, [15] gives detailed findings. The optimal switch
selected for each voltage level differs based on chapter 4. For example, 1.7 kV switch is
used for low loading below 50 kV DC link, while 3.3 kV is used in the 50-100 kV and 6.5 kV
is used above about 200 kV. The current and voltage rating of each IGBT and capacitor
is kept fixed. The right-side region of Lboundary (dash-dotted line blue) indicates the op-
erating conditions where the MRS is more economically viable. The left-side region of
Lboundary (solid line red) corresponds to the extra investment for SRS. It has a payback
of 10 years due to better efficiency than MRS for the given DC link voltage and average
annual loading.

A linearized general equation defined based on the two points of A and B for Lboundary

is shown in Fig. 5.10, given by (5.12).{
if Loading

100 −m(Vdc −Vref) ≥ 0, Select SRS

else, Select MRS
(5.12)

The parameters m and Vref provided in Table 5.6.

Table 5.6: THE SPECIFICATIONS OF EQUATION (5.12)

Lboundary B10 (years) FR CI (or Pt) O&M of MRS

5 20 +20% -20% +20% (-20%) -20% (+20%) +20% -20%
m (µ) 8.13 9.3 16.7 7.8 50 10.9 12 5 14.7

Vref (kV) 10 110 0 10 123 0 104 117 0

5.4.1. SENSITIVITY ANALYSIS
Sensitivity analysis describing the shift in this defined Lboundary with respect to differ-
ent B10 lifetime requirements, FR, CI (Pt), and O&M is presented in Fig. 5.11(a)-(d), re-
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spectively. In Fig. 5.11 (a), it can be observed that the proposed MRS becomes more
economically viable with the increase in B10 lifetime requirements. For example, SRS is
preferred for both 38 % and 57 % loading with a 40 kV Vdc if the required B10 lifetime is 5
and 10 years, while MRS is viable when the required B10 lifetime is increased to 20 years.
Fig. 5.11 (b) suggests that there is a limited dependence of the Lboundary on the MMC
loading when a higher FR is considered. However, the Lboundary shift becomes load-
ing dependent with lower FR. Fig. 5.11 (c) shows that the proposed MRS will become
more economically viable if the power electronic components are more expensive as
compared to the reference converter costs considered in Table 5.5. For example, MRS is
preferred over SRS for the two considered case studies with 40 kV DC link only when con-
sidered component costs are 20 % higher. Finally, Fig. 5.11 (d) suggests that if the O&M
cost of the MRS is higher, it will become less viable. Since O&M in practical scenarios is
important, this aspect is explored more in detail in the section 5.5.

5.4.2. SENSITIVITY TO CONVERTER POWER CAPACITY

In this section, the impact of the higher power rating of the MMC is evaluated. Initially,
a fixed current rating of 480A is employed, and the power of the MMC varies from 6 to
235.3 MVA by changing the DC link voltage from 10 to 400 kV. The switch types used for
this system are provided in the appendix (Table A.1). To evaluate the impact of power
rating, an evaluation is conducted with an increased current rating of the converter set
to 960 A. For this case, the change in Vdc between 10-400 kV will increase the power from
12 to 470.7 MVA. Therefore, appropriate switch ratings should have been selected which
are also provided in Table A.2 (appendix). The results, depicted in Fig. 5.12, illustrate
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Figure 5.12: Sensitivity of the obtained results for feasibility boundary for SRS and MRS with higher rating
switches.

that the boundary line changes trivially (m = 7.8 µ, Vref = 10 kV), which is negligible. It
can be concluded that the selection of MRS over other redundancy strategies is inde-
pendent of the current rating and primarily hinges on the loading and DC link voltage.
It is worth noting that the same conclusions were drawn in chapter 4, highlighting that
switch rating selection remains independent of the current rating of the MMC.
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5.5. PRACTICALITY AND OPERATIONAL CHALLENGES
The Mean Time to failure of the arm (MT T Farm) considering the maintenance period
(TO&M) is given by (5.13) [17].

MT T Farm =
∫ TO&M

0 Rarm-x(t )d t

1−Rarm-x(TO&M)
(5.13)

Herein, Rarm-x is arm reliability with various redundancies over the operating years. In
Fig. 5.13, the required number of active redundant SM (nA) is shown for the MRS scheme
considering the required MTTF as a function of Vdc and TO&M. It can be observed that nA

must be increased to increase the TO&M, which will consequently reduce the O&M costs
for MRS.
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Figure 5.13: Required number of nA in each arm for the MRS scheme as a function of DC link voltage and TO&M
at 100% loading for MTTF = 20 years.

This trade-off is investigated in more detail using Monte-Carlo Simulations (MCS).
Fig. 5.14 shows an example of 10000 trials for a given MMC with Nmin = 48 and nA = 2,
demonstrating that maintenance is required approximately six times over a 10-year B10

lifetime.
These findings are extrapolated to various MMC configurations. Fig. 5.15 presents

the annual maintenance requirements for MMCs operating at 100% and 38% annual
loading as a function of the Vdc. Based on the results of Fig. 5.15 (a), it is suggested that
if the expected number of maintenance is once per year for a specific application, each
arm of the MMC should include one active SM in the Vdc range of 10 kV to 33 kV. For DC
link voltages ranging from 33 kV to 270 kV, two active SMs are required per arm to ensure
operational continuity. For Vdc between 270 kV and 400 kV, three active redundant SMs
(nA = 3) are necessary. The same results can be applied if the annual average loading is
38% (Fig. 5.15 (b)). Also, note that the appropriate switch rating is considered accord-
ing to chapter 4, which depends on annual loading and Vdc. This is evident in Fig. 5.15,
where variations occur based on the annual loading of the converter, resulting in dips.
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Figure 5.14: MCS results (10,000 trials) for MMC with Nmin = 48 and nA = 2 within the period of B10 = 10 years
(a) the distribution of the required number of maintenance (b) the distribution of a number of faulty SMs that
is going to be changed.

Specifically, at 38% loading (Fig. 5.15 (b)), these dips take place at Vdc values of 28 kV, 90
kV, and 177 kV. These variations are attributed to changes in modularity induced by the
utilization of different switch ratings. By adhering to these guidelines, the uninterrupted
operation of the MMC can be guaranteed, and the maximum number of spare SMs can
be shared. However, it is important to note that the expected maintenance intervals in
certain applications may differ, such as every two years or every six months, as shown
in Fig. 5.15. The MRS scheme remains applicable in such cases, with the corresponding
number of nA in each arm. Similarly, the MCS methodology can estimate the number of
SM failures within a specified period. For instance, as shown in Fig. 5.16, the expected
number of failed SMs can be estimated over a 10-year (B10). As observed in Fig. 5.16, an
increase in the number of active redundant SMs (nA) within each arm results in a reduc-
tion in the number of faulty SMs experiencing a lifetime of B10 = 10 years. This decrease
is attributed to the decreased voltage stress across the SMs. However, it is essential to
note that the multiplication of nA by a factor of 6 contributes to an increase in the CI
of the MMC. Similar to the observations in Fig. 5.15, dips around 60 kV and 120 kV are
evident, associated with changes in modularity.

Therefore, implementing the MRS enables the derivation of an optimal design for the
MMC across various applications. This optimization, aligned with the O&M planning of
the MMC, results in reduced operational losses and a lower CI. Table 5.7 showcases the
application of the MRS scheme to previously published work and the amount of money
that can be saved in B10 = 10 years. Through considerations of DC link voltage, annual
loading, and O&M planning (assuming maintenance occurs every year), this approach
facilitates accurate estimation of the optimal switch rating, arms-level redundancy (nA),
and spare SMs (nS) for the replacement of faulty SMs.

5.6. CONCLUSION
The developed analytical model estimates the weighted reliability of the proposed scheme
based on two probability distribution functions for converter failure as a function of
time. Unlike ARS and SRS, this assessment method is needed because the converter
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Figure 5.15: MCS results (10,000 trials) for estimating the number of maintenance frequency in the period of
B10 = 10 years as a function of DC link voltage at (a) 100% loading, and (b) 38% loading .

reliability function structurally changes when the redundancy strategy is modified de-
pending on the available spare and active SMs for MRS. Sensitivity analysis indicates
that the proposed scheme becomes relatively more economically viable when the re-
quired B10 lifetime increases. Some dependence on increasing DC link voltage is also
observed, especially for higher B10 lifetime. The economic viability of MRS is more when
higher component costs are considered for the MMC. Further, this economic boundary
between MRS and SRS for a 10 year payback has relatively limited dependence on the
variation in component failure rate. Also, the economic viability of MRS is indepen-
dent of the power capacity of the MMC, which was validated by using different switches
with higher current ratings. It was shown that the MRS scheme becomes less favorable
if its O&M cost is higher than other redundancy schemes. The effectiveness and appli-
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Table 5.7: OPTIMAL DESIGN OF VARIOUS MMC

Ref
Vdc

§

(kV)
Power
(MW)

Red (%)
Saving by applying MRS‡

Pl,ave = 38% Pl,ave
† = 57%

[15] 54 30 ARS (31) 109 Ke 278.7 Ke
[33] 100 100 ARS (32) 606.5 Ke 577.7 Ke
[34] 300 210 ARS (10) 935.8 Ke 948.2 Ke
[31] 320 500 ARS (8) 4.624 Me 5.163 Me
[35] 400 800 ARS (8.1)∗ 1.793 Me 3.742 Me
[35] 640 1200 ARS (8.2)∗ 3.156 Me 5.976 Me
[36] 640 1000 ARS (20) 3.954 Me 4.318 Me

§ pole to pole voltage ∗ 8% redundancy is assumed
† Annual average loading of MMC shown in Fig. 5.8

‡ The savings are calculated for B10 = 10 years and includes operational losses and CI

cability of the MRS scheme are validated by proposing the MCS in which the optimum
number of active redundant SM in each arm is determined with respect to the expected
maintenance plan. MCS also estimates the number of failed SMs by emulating real-life
scenarios. The efficacy of the MRS is demonstrated through its application in previously
published studies.
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6
RECONFIGURABILITY IN MMC

This chapter begins with an introduction to the concept of reconfigurability in MMCs,
specifically targeting the need for adaptable converter designs that can manage open-
circuit faults (OCFs) in IGBTs. Reconfigurability enables the system to recover from faults
without requiring additional hardware, which reduces cost and downtime while improv-
ing reliability. The chapter outlines the operation concept of MMCs during OCFs, a com-
plete flow of detection, localization, and tolerance are developed, in which the methodol-
ogy for integrating fault-tolerant reconfigurations is detailed. Additionally, this chapter
provides experimental validation of the proposed method through physical tests on an
MMC setup.

This chapter is based on:

• M. Ahmadi, A. Shekhar and P. Bauer, "Reliability Enhanced Fault-Tolerant Full-Bridge Modular Multi-
level Converters using Reconfiguration during Open-Circuit Failures," in IEEE Transactions on Power
Electronics, 2025.

• M. Ahmadi, F. Kardan, A. Shekhar and P. Bauer, ”Influence of Controller Parameters on Open-Circuit
Fault Localization Time in Full-Bridge Modular Multilevel Converter,” accepted in 26th European Con-
ference on Power Electronics and Applications (EPE), 2025.

• M. Ahmadi, Hitesh Dialani, Mladen Gagic, A. Shekhar and P. Bauer, ”Design and Implementation of
a Modular Multilevel Converter with Full Bridge Submodules with Software-in-the-Loop Control,” ac-
cepted in IEEE 7th International Conference on DC Microgrids (ICDCM), 2025.

101



6

102 6. RECONFIGURABILITY IN MMC

FB-SM 

SMSM1 

SM2 

SMN M  

SMSM1 

SM2 

SMN M  

Larm  

Vdc/2 

 

 

iu,a  

il,a  

Idc  

Idc  

is,a  

Vdc/2 

vs,a  

is,c  
is,b  

Rarm  

+

_

T1 T3

T2 T4

D1 D3

D2 D4

+

_

Vcap
Csm

Vsm  

ism  
+

_

Larm  

Rarm  

il,b  
il,c 

iu,b  
iu,c  

Phase a 
Phase b 

Phase c 

vl 

vu  

Figure 6.1: MMC configuration with FB SM.

6.1. INTRODUCTION
In most of the studies, the configuration of the SM is considered to be half-bridge (HB)
due to its cost-effectiveness. However, many SM proposals and other SM configurations
exist, among which the full-bridge (FB) is the most competitive option to handle DC link
short-circuit faults [1]. Table 6.1 provides an overview of the existing MMC topologies
with different SM configurations [1].

Table 6.1: COMMERCIALLY AVAILABLE MMC TECHNOLOGIES

Manufacturer Product name SM topology
Siemens HVDC Plus HB/FB

GE/Alstom HVDC MaxSine HB/FB
ABB HVDC Light HB

CEPRI HVDC Flexible HB

Since the FB SM will double the number of power electronics semiconductors, the
capital cost of the MMC increases [2]. For this purpose, hybrid MMCs were introduced,
where almost 30-50% of the SMs were configured as FB, and the rest as HB, to tolerate
the DC link fault while reducing the capital cost [3, 4]. On top of this, there are also re-
dundant SMs to tolerate the open-circuit fault (OCF) in the IGBT [1]. To improve the
reliability of the MMC, redundancy concepts are used (chapter 2) whereby adding re-
dundant SMs within the arms, the reliability of the MMC can improve by bypassing the
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faulty SMs [5]. Several phases of fault detection, localization, and tolerance are devel-
oped to achieve this. In [6], fault detection and localization are developed in FB MMC.
In [7], the voting theorem concept is proposed to detect and localize the faulty IGBT SM.
The hot-redundant redundancy concept is introduced in [8] to achieve fault-tolerant op-
eration. Methods in [9] provide a complete flowchart of fault detection, localization, and
tolerance by applying hot-redundant redundancy. In [10], fault-tolerant operation of the
MMC by using redundancy is achieved, while the modulation control strategy is adapted
accordingly.

In [11], fault tolerance and ride-through operation are achieved by applying a new
operation scheme for medium-voltage applications (MVAs). Authors in [12] proposed a
fault-tolerance operation by alerting the control system to the measurements and sen-
sors for SMs’ capacitor voltage measurement. In [13], a detection method is proposed
under light-load conditions of the MMC, where a variance parameter is applied to achieve
precise fault detection. In [14], a fault-tolerance strategy in DC/DC MMC is proposed.
Authors in [15] propose a fault localization strategy for MMC, which is applicable when
the MMC operates as an inverter (AC/DC) or rectifier (AC/DC). Table 6.2 provides an
overview of some relevant literature.

Table 6.2: COMPARISON OF FAULT DETECTION, LOCALIZATION, AND REDUNDANCY METHODS

Ref FD† FL‡ FT∗ Redundancy SM HC§

[12] ✓ ✓ ✓ k-out-n/load-sharing HB Yes
[11] ✓ k-out-n/load-sharing HB No
[10] ✓ load-sharing HB No
[9] ✓ ✓ ✓ k-out-n HB No
[8] ✓ k-out-n HB No
[7] ✓ ✓ - FB No
[6] ✓ ✓ ✓ k-out-n FB No

[13] ✓ - HB Yes
[14] ✓ k-out-n HB No
[15] ✓ - HB No

[16, 17] ✓ ✓ - HB No
[18] ✓ ✓ ✓ k-out-n HB No

† Fault Detection ‡ Fault Localization ∗ Fault Tolerance § Hardware Changes

As previously elaborated in Table 6.2, many studies address the open-circuit fault,
ranging from detection concepts to localization and fault tolerance. However, few stud-
ies focus on the FB MMC. In this chapter, with a focus on FB SM, a new concept of recon-
figuration is developed, which is comprehensively explained in Section 6.3. This chapter
realizes the idea of detection, localization, redundancy, and reconfiguration to achieve a
fault-tolerant MMC.

The configuration of the MMC with FB SM is shown in Fig. 6.1. The fault-tolerant
operation through either redundancy or reconfiguration can be achieved by following
the proposed algorithm given in Fig. 6.2. The MMC will typically operate in the event
of an OCF in any of the four power electronic switches. The fault detection algorithm
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Figure 6.2: Complete algorithm of fault detection to tolerance in MMC.

can detect which pair of IGBTs (T1/T4, or T2/T3) the fault occurred in since the charac-
teristics of the switches are identical. It is challenging to detect the exact IGBT in which
the OCF occurred. This challenge is addressed in this study. After fault detection, fault
localization and tolerance are achieved by either reconfiguration - if OCF occurs in T2 or
T3 - or redundancy - if OCF occurs in T1 or T4.

In this study, load-sharing redundancy is applied, where the reference voltage will
be increased. On the other hand, reconfiguration is performed by changing the faulty
FB to HB. Hence, the objective of this chapter is to ride through the OCF in the SMs by
giving a complete flow of detection, localization, and tolerance, where fault-tolerance
is obtained by applying reconfiguration from FB to HB or employing redundant SMs in
which the whole SM is bypassed. So, the main contributions are as follows:

• This chapter presents a control-based reconfigurability method for FB MMCs ca-
pable of managing open-circuit failures in two out of four IGBTs in an SM without
hardware modifications.

• A complete framework is developed, encompassing fault detection, localization,
and reconfiguration, ensuring continuous operation and fault tolerance.

• The proposed methodology is validated through a downscaled experimental setup,
proving its effectiveness in real-world applications with minimal additional costs
or complexity.

The reminder of the chapter is as follows: Section 6.2 provides details on how the pro-
totype of the MMC setup is built using OPAL-RT as a hardware in the loop (HIL). Section
6.3 provides the basic mathematical model of the MMC’s operation with redundant SMs
and the behavior of the SM under OCF in any of the four IGBTs. Section 6.4 covers the
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methodology of how to use reconfiguration or redundancy to tolerate the OCF. Section
6.5 briefly explains fault detection and localization. In Section 6.6, a scaled-down exper-
imental setup is used to validate the effectiveness of this strategy. Finally, the chapter is
concluded in Section 6.7.

6.2. MMC DESIGN
In the configuration described in this chapter, each arm of the MMC prototype includes
four SMs, totaling 24 SMs for the entire system. The arms are coupled via inductors act-
ing as filters and utilized for control. Each SM typically consists of a capacitor connected
to the DC bus of either an HB or FB topology, with both configurations supported by the
design used in this chapter [19].

Each SM has a local controller based on the Xilinx XC95144XL CPLD, programmable
via JTAG. The OP5600 real-time simulator from OPAL-RT serves as the central controller
for all 24 SMs and can be programmed from a computer. To reduce electromagnetic in-
terference (EMI) and ensure high voltage isolation, communication between the OPAL-
RT and CPLDs is via fiber-optic transmitters and receivers, with a custom PCB handling
the electrical-optical signal conversion.

For practical system control, key parameters such as the capacitor voltage of each
SM, arm current, arm voltage, and DC bus voltage are monitored and transmitted to the
OPAL-RT. Capacitor voltages are sent via fiber optics, while LEM sensors measure the
arm current, arm voltage, and DC bus voltage. These analog measurements are then
relayed to the OPAL-RT. Fig. 6.3 illustrates the practical implementation of the lab-scale
MMC prototype.

(a) (b)

Figure 6.3: Assembled lab scale MMC tower (a) front-end, (b) back-end.
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6.2.1. INTERCONNECTION OF SYSTEM
A top-level overview of the MMC tower shown in Fig. 6.3 is demonstrated in Fig. 6.4.
Each SM receives three fiber-optic signals from the OPAL-RT: an enable signal to activate
the specific SM, the HB1 gate signal, and the HB2 gate signal, which correspond to the
transmitted PWM signals to the OPAL-RT. A DIP switch on the PCB allows the CPLD to
be configured for operation in either HB or FB mode.

Each SM sends two fiber-optic signals to the OPAL-RT: one for IGBT module tem-
perature and one for capacitor voltage using PWM. An analog-to-digital circuit converts
these measurements into digital signals, which are transmitted via an optical transmit-
ter. The SM uses frequency modulation for both signals, and the OPAL-RT converts the
PWM frequency back to voltage using an internal lookup table.
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Figure 6.4: Top level interconnection of MMC tower.

A custom inductor is used to control the arm current delivered to the load, with each
arm current measured by an S-6NP sensor. The LEM LV 25-P voltage transmitter is em-
ployed for phase and DC bus voltage measurements, sending the analog measurement
signals to the OPAL-RT through the OP8211 interface.
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The OPAL-RT serves as the central controller, enabling the user to implement custom
control schemes, tune parameters in real-time, and monitor measured values to achieve
the desired voltage and current.

This communication is established via an Ethernet port between the user’s PC and
the OPAL-RT. Commercially available isolated converters power all components at var-
ious DC voltage levels, ensuring safety and ease of use. Circuit breakers are installed in
series with the power outlets for additional protection.

6.2.2. SM DESIGN

The MMC FB can be configured using either a FB or two HBs. To reduce complexity and
cost and improve reliability, the PS219B4-S power module was selected, featuring three
built-in IGBT HBs with integrated gate drivers and a temperature-sensing pin. For FB
configuration, two HBs are used, and if HB configuration is desired, it can be achieved
by disabling two gate signals from the CPLD.

Capacitor sizing is crucial due to its typically large size. To address this, each SM is
divided into two separate PCBs—one for the IGBTs and one for the capacitors, as shown
in Fig. 6.6. The IGBT board receives two PWM and enables signals from the OPAL-RT via
fiber-optic receivers. At the same time, the DC capacitor voltage and module tempera-
ture are returned to the OPAL-RT. Fig. 6.5 shows the top-level schematic of each SM. A
supplementary circuit protects against over-current, over-voltage, and over-temperature
by comparing the signals to hardware-implemented thresholds. Although the power
module includes built-in gate drivers, it does not feature dead-time control. The SM
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Figure 6.6: CAD rendering of the SM.

swiftly disables PWM signals through the CPLD in over-temperature or over-voltage con-
ditions. The SM bypasses the CPLD for over-current conditions and directly shuts off the
power module via the control pin for a faster response. A debug connector with the
necessary signals facilitates troubleshooting, and isolated power supplies ensure proper
isolation between SMs.

6.3. MMC OPERATION CONCEPT AND OCF BEHAVIOUR

6.3.1. MATHEMATICAL MODELS
The configuration of the 3-phase MMC with FB SM is given in Fig. 6.1. The modularity
and scalability of MMC are obtained by connecting SMs in series, which makes the MMC
applicable to many applications. From the FB SM configuration, it can be seen that four
IGBTs and their body diode with a capacitor bank construct the FB SM. A bypass switch
is also used to bypass the SM in case of SM failure. For each FB SM, the reconfiguration
of the switches can provide different SM outputs, including zero, positive, and negative
voltage. However, negative SM voltage, used to tolerate the DC link short-circuit in nor-
mal operation, is not considered in this study.

According to the circuitry of the MMC shown in Fig. 6.1 and based on Kirchhoff’s law,
the following equations can be obtained:

Rarmiu +Larm
diu

d t
= 1

2 dc
− vu − vs (6.1)

Rarmil +Larm
dil

d t
= 1

2
Vdc − vl − vs (6.2)

Where vu and vl are defined as:

vu =
N+M∑

i=1
V u

SM,i (6.3)

vl =
N+M∑

i=1
V l

SM,i (6.4)
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iu = ici r + 1

2
is (6.5)

il = ici r − 1

2
is (6.6)

Here, V u
SM,i and V l

SM,i represent the voltage across the SM capacitors in the upper and
lower arms, respectively. where vu and vl are the voltages of the upper arm and lower
arm, respectively, and iu and il are the upper arm and lower arm currents. icir is the
circulating current that is calculated as follows:

icir = 1

2
(iu + il ) (6.7)

The DC and AC dynamics of the MMC can be obtained by summing and subtracting
equations (2) and (3), respectively.

2Larm
dicir

d t
+2Rarmicir =Vdc − vu − vl (6.8)

Larm
dis

d t
+Rarmis = vl − vu −2vs (6.9)

Ideally, the sum of vu and vl should equal Vdc , while vu − vl should give perfectly
sinusoidal AC outputs. So,

vs = m cos(ωt +φ)
Vdc

2
(6.10)

where m is the modulation index with a value between [0,1]. Assuming that there is
no voltage drop across the arm’s resistance:

vu = (
1−m cos(ωt +φ)

) Vdc

2
(6.11)

vl =
(
1+m cos(ωt +φ)

) Vdc

2
(6.12)

6.3.2. LS-ARS OPERATION
The redundant SMs are used to increase the reliability of the MMC in case of SM failure.
However, there are several methods of operating the redundant SMs. In this chapter,
the LS-ARS is applied. In this redundancy strategy, all the existing SMs (original and
redundant) share the load, so the voltage across each SM will be lower, as was detailed
in chapter 3. However, in the case of an SM failure, the voltage across the remaining SMs
increases as follows:

vu−r e f =
1

N +M −Fu

(
1−m cos(ωt +φ)

) Vdc

2
(6.13)

vl−r e f =
1

N +M −Fl

(
1+m cos(ωt +φ)

) Vdc

2
(6.14)

Where Fu and Fl are the number of faulty SMs in the upper and lower arms, respec-
tively.
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6.3.3. SM’S BEHAVIOR IN CASE OCF
In this section, the FB SM behavior under various conditions is evaluated. These condi-
tions include inserted, bypassed 1, and bypassed 2 states. For each state, we analyze the
behavior during normal operation and in the event of an OCF in one of the four IGBTs
(T1, T2, T3, and T4). The SM voltage behavior is explained in detail, focusing on the volt-
age across the capacitor (Vcap) and the SM’s ability to charge or discharge under different
current flow scenarios (iSM). The current behavior in the SM during OCFs is summarized
in the following tables and figures.

INSERTED CONDITION

In the inserted state, the SM is actively contributing to the output voltage, allowing for
the generation of +Vcap or −Vcap based on the system’s requirements and current flow.
During normal operation, the SM can either charge or discharge its capacitor depending
on the current direction (iSM). In case of an OCF:

• Normal Operation: The SM charges or discharges normally, with output voltages
of +Vcap depending on the current direction (in Table 6.3 (a) and Fig. 6.7 (a)).

• OCF in T1: When iSM < 0, T1 fails to turn on, but the current forces to flow through
D2, bypassing the capacitor. So, it is not possible to discharge the capacitor and its
voltage only increases (in Table 6.3 (b) and Fig. 6.7 (b)).

• OCF in T2: Under an OCF in T2, the SM operates similarly and can be charged and
discharged similarly to normal operation (in Table 6.3 (c) and Fig. 6.7 (c)).

• OCF in T3: A failure in T3 follows the same pattern, with the SM operating nor-
mally as OCF in T2 (in Table 6.3 (d) and Fig. 6.7 (d)).

• OCF in T4: This mirrors the case of T1. When iSM < 0, the SM remains bypassed,
preventing discharge (in Table 6.3 (e) and Fig. 6.7 (e)).

Table 6.3 and Fig. 6.7 show the voltage outputs and current paths for the inserted condi-
tion, and it can be concluded that OCF in T1 and T4 will deteriorate the proper operation
of the SM. At the same time, OCF in T2 and T3 does not impact inserting the SM.

Table 6.3: SM’S OUTPUT VOLTAGE FOR INSERTED CONDITION AND CONSIDERING T1-T4 OCFS CONDITION

Normal, (a) OCF in T1, (b) OCF in T2, (c) OCF in T3, (d) OCF in T4, (e)
Switch {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4}
State {on,off,off,on} {OCF,off,off,on} {on,OCF,off,on} {on,off,OCF,on} {on,off,off,OCF}

ism ≥ 0 Vsm =VCap , Charge Vsm =VCap , Charge Vsm =VCap , Charge Vsm =VCap , Charge Vsm =VCap , Charge

ism < 0 Vsm =VCap , Discharge Vsm = 0, – Vsm =VCap , Discharge Vsm =VCap , Discharge Vsm = 0, –

Table 6.4: SM’S OUTPUT VOLTAGE FOR BYPASSED CONDITION 1 AND CONSIDERING T1-T4 OCFS CONDITION

Normal, (a) OCF in T1, (b) OCF in T2, (c) OCF in T3, (d) OCF in T4, (e)
Switch {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4}
State {on,off,on,off} {OCF,off,on,off} {on,OCF,on,off} {on,off,OCF,off} {on,off,on,OCF}

ism ≥ 0 Vsm = 0, – Vsm = 0, – Vsm = 0, – Vsm =VCap , Charge Vsm = 0, –

ism < 0 Vsm = 0, – Vsm =VCap , Charge Vsm = 0, – Vsm = 0, – Vsm = 0, –
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Figure 6.7: SM’s behavior for the inserted mode in case of (a) normal operation, (b) OCF in T1, (c) OCF in T2,
(d) OCF in T3, and (e) OCF in T4
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Figure 6.8: SM’s behavior for the bypassed mode 1 in case of (a) normal operation, (b) OCF in T1, (c), OCF in
T2, (d), OCF in T3, and (e) OCF in T4

.

BYPASSED CONDITION 1
In bypassed condition 1, the SM is bypassed, preventing the capacitor from affecting the
output voltage. However, some capacitor charging may still occur in faulty conditions
depending on the current flow.

• Normal Operation: Shown in Table 6.4 (a) and Fig. 6.8 (a), the output voltage is
zero, and the SM is fully bypassed, with no charging or discharging of the capacitor.

• OCF in T1: When iSM < 0, the SM is inserted and capacitor gets charged as shown
in Table 6.4 (b) and Fig. 6.8 (b).

• OCF in T2: The SM is not impacted in this case and can be bypassed as required
as given in Table 6.4 (c) and Fig. 6.8 (c).

• OCF in T3: In this scenario given in Table 6.4 (d) and Fig. 6.8 (d), an OCF in T3
increases the charging during bypassed conditions when iSM ≥ 0.

• OCF in T4: The behavior mirrors OCF in T2 -in Table 6.4 (e) and Fig. 6.8 (e)-, where
the SM is bypassed as required.

Details of the current paths and SM voltage under bypass condition 1 are summarized
in Table 6.4 and Fig. 6.8. It can be concluded that OCF in T1 and T3 will impact the SM’s
operation under bypassed condition 1 and charge the SM more than normal operation.

BYPASSED CONDITION 2
Bypassed condition 2 involves a different configuration of the bypass switches. The SM
is inserted under certain fault conditions, which can cause the capacitor to charge in
ways not typically seen in normal operation.
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Figure 6.9: SM’s behavior for the bypassed mode 2 in case of (a) normal operation, (b) OCF in T1, (c) OCF in
T2, (d) OCF in T3, and (e) OCF in T4

.

• Normal Operation: The SM remains bypassed with zero output voltage as given
in Table 6.5 (a) and Fig. 6.9 (a).

• OCF in T1: The SM is bypassed as expected as detailed in Table 6.5 (b) and Fig. 6.9
(b).

• OCF in T2: The capacitor charges more than usual under bypassed condition 2,
when iSM ≥ 0 as given in Table 6.5 (c) and Fig. 6.9 (c).

• OCF in T3: Similar to T1, the SM is unaffected and can be bypassed without any
problem as given in Table 6.5 (d) and Fig. 6.9 (d).

• OCF in T4: In this case, capacitor charges under bypassed condition 2, with in-
creased Vcap during iSM < 0 as given in Table 6.5 (e) and Fig. 6.9 (e).

Table 6.5 and Fig. 6.9 describe this state’s current path and voltage output. As it was
explained, only OCF in T2 and T4 will affect the SM’s behavior under bypassed condition
2, which causes the capacitor to charge more compared to the normal operation.

Table 6.5: SM’S OUTPUT VOLTAGE FOR BYPASSED CONDITION 2 AND CONSIDERING T1-T4 OCFS CONDITION

Normal, (a) OCF in T1, (b) OCF in T2, (c) OCF in T3, (d) OCF in T4, (e)
Switch {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4} {T1,T2,T3,T4}
State {off,on,off,on} {OCF,on,off,on} {off,OCF,off,on} {off,on,OCF,on} {off,on,off,OCF}

ism ≥ 0 Vsm = 0, – Vsm = 0, – Vsm =VCap , Charge Vsm = 0, – Vsm = 0, –

ism < 0 Vsm = 0, – Vsm = 0, – Vsm = 0, – Vsm = 0, – Vsm =VCap , Charge

So, according to the explanations provided in Tables 6.3-6.5 and the dynamics of the
MMC given in (6.8) and (6.9), the behavior of the circulating current is summarized in
Table 6.6. As can be seen, it shows the ideal circulating current ĩci r . For example, in
case of a fault in T1/T4, the measured circulating current ici r will be larger than the ideal
values. These facts can be used later for fault detection and reconfigurability, which will
be detailed in the subsequent section. Further details can be found in [9].

Table 6.6: CURRENT CHARACTERISTICS UNDER OCF

OCF in T2/T3 OCF in T1/T4
ĩci r ≥ ici r ĩci r < ici r
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Table 6.7: FAULT TOLERANCE ACHIEVEMENT THROUGH REDUNDANCY AND RECONFIGURATION OF THE FB SM

State† OCF in T1 (a), T4 (d) OCF in T2 (b) OCF in T3 (c)
Bypassed Redundancy Reconfiguration → T1, T2, T3, T4 (on, OCF, on, off) Reconfiguration → T1, T2, T3, T4 (off, on, OCF, on)
Inserted Redundancy Reconfiguration → T1, T2, T3, T4 (on, OCF, off, on) Reconfiguration → T1, T2, T3, T4 (on, off, OCF, on)

† For both current directions: ism ≥ 0 and ism < 0

6.4. RECONFIGURABILITY METHODOLOGY
As detailed in Section 6.3, the OCF can occur in any of the switches, which inevitably
increases the SM’s voltage in inverter working mode [16]. Commonly, after fault occur-
rence, the SM is bypassed by turning on its bypass switch, which can be tolerated by us-
ing redundant SMs. However, there might be healthy IGBTs, and by applying the method
of this chapter, the fault can be tolerated without any hardware changes. To achieve this,
as shown in Fig. 6.10, the original number of levels can be kept in the case of OCF in T2
and T3, extending the system’s lifetime significantly.

As shown in Fig. 6.10, if an OCF occurs in T2, the SM can still operate as an HB by
keeping T1 all the time ON. The same operation can be achieved if the OCF takes place
in T3 and by keeping T4 OFF all the time. However, the SM should be bypassed if OCF
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Figure 6.10: Reconfiguration and redundancy of SM under OCF in all IGBTs to achieve fault tolerance opera-
tion.

occurs in T1 and T4 without applying any hardware changes. There is also a challenge
to determine in which switch the fault took place, as explained in Section II.C, since the
operational behavior of the MMC and SMs are identical in the case of a T1/T4 or T2/T3
pair OCFs. So, an algorithm is developed, detailed in the subsequent section, to solve
this issue.

6.5. FAULT DETECTION AND LOCALIZATION
In this chapter, and based on the MMC’s characteristics before and after OCF, a com-
plete fault diagnosis, localization, and tolerance are explained. For this purpose, a state
observer is applied to detect the fault. The difference between the SM’s voltage is con-
sidered for fault localization, and if it is more than the specified threshold, the faulty
SM can be detected. Upon the high fault detection flag, the faulty SM will finally be by-
passed (redundancy) or reconfigured to HB based on the information provided by the



6

114 6. RECONFIGURABILITY IN MMC

fault detection algorithm.

6.5.1. FAULT DETECTION ALGORITHM
The state observer is one of the most widely used methods for fault detection, which is
adopted in industry as well [9]. The working principle of this detector is to compare the
measured output from the MMC with the observed value, and if the difference is greater
than the threshold, the fault can be detected. By adopting this method, the fault can be
detected within a few milliseconds, and it is even possible to determine in which pair of
switches the OCF occurred.

The dynamics of the MMC in state-space form is given as:

ẋ = Ax +B v +De (6.15)

y =C x (6.16)

with

x =
(
icir

is

)
, v =

(
vl

vu

)
,e =

(
Vdc

vs

)
A =

(
−Rarm

Larm
0

0 −Rarm
Larm

)
,B =

( −1
2Larm

−1
2Larm

1
Lar m

− 1
Lar m

)

C =
(
1 0
0 1

)
,D =

(
1

2Larm
0

0 − 2
Larm

)
So, the observer is given as:

˙̂x = Ax̂ +B v +De +K (y − ŷ) (6.17)

ŷ =C x̂ (6.18)

in which x̂ is the estimated value the observer gives. Also, K is the observer gain, which
is shown as follows: based on the eigenvalues of the matrix A −KC , its value should be
chosen as follows to meet the stability condition:

K =
(
k 0
0 k

)
, k >−Rarm

Larm

Therefore, by comparing the observed current îcir and the real current icir, the detec-
tion algorithm is shown in Fig. 6.11. Hence, if there is no OCF, the measured icir can track
îcir with a small error, also, the time step ∆t and K should be appropriately selected to
avoid false detection flags.

6.5.2. FAULT LOCALIZATION
In this study, the faulty SM is located by comparing the difference between maximum
capacitor voltages within the arm’s capacitors, as given in [20]. The faulty SM is located
if the difference is more than the threshold. Fig. 6.12 shows the applied algorithm. If the
threshold criterion is met, the timer starts, and if both conditions are met, the localiza-
tion flag becomes high. Note that the threshold selection for fault localization should be
10% more than the capacitor voltage peak value to avoid false alarms.
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Figure 6.11: Flowchart of fault detection.

6.5.3. FAULT TOLERANCE

As explained, this chapter aims to achieve fault tolerance and capability in FB MMC by
either applying redundancy (OCF in T1 or T4) or reconfiguring the FB to HB (OCF in T2
or T3).

RECONFIGURABILITY

If the OCF occurs in T2 or T3, the SM can still be operated as HB, but the dilemma here is
that without hardware changes, it is challenging to detect which switch the OCF precisely
took place. To achieve this, it is assumed that OCF occurred in T3 if the first voltage
threshold is reached, the corresponding signals are sent where T4 will always be ON, and
the other HB (T1, T2) will continue the operation. However, if the actual OCF occurred
in T2, and the SM’s behavior is given in Table 6.8.

Table 6.8: SM’S OUTPUT VOLTAGE UNDER T2 OCF CONDITION AND KEEPING RIGHT HB ALWAYS AS T3: OFF
AND T4: ON AS PART OF RECONFIGURATION PROCESS

Inserted, (a) Bypassed, (b)
Switch {T1,T2,T3,T4} {T1,T2,T3,T4}
State {on,OCF,off,on} {off,OCF,off,on}

ism ≥ 0 Vsm =VCap, Charge Vsm =VCap, Charge
ism < 0 Vsm =VCap, Discharge Vsm = 0, –

As can be seen, this combination will not work as the SM’s voltage keeps increasing.
Therefore, the second threshold will be reached (Vth2), which shows the faulty IGBT is
T2. Hence, the right-side HB (T3, T4) will continue the operation, and the left-side HB
(T1, T2) will always be as T1: ON and T2:OFF(OCF). The algorithm for reconfiguration to
HB is shown in Fig. 6.14.
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Figure 6.12: Flowchart of fault localization algorithm.
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Figure 6.13: SM’s current behavior under T2 OCF while keeping the right HB as T3: OFF and T4: ON for (a)
inserted and (b) bypassed conditions.

REDUNDANCY

In the case of OCF in T1 or T4, the FB SM should be bypassed, and the number of oper-
ating SMs within that specific arm will decrease. This is a well-established concept, and
the details can be found in many literature sources [21]. The fault tolerance in this case
can be achieved by following the algorithm given in Fig. 6.15.

6.6. EXPERIMENTAL VALIDATION
In this section, the effectiveness of the proposed fault-tolerance methodology is vali-
dated, where a scaled down MMC with the given characteristics in Table 6.9 is used. As
explained, the impact of both redundancy and reconfiguration is investigated. Here, the
redundancy methodology is assumed to be load-sharing with N = 3 and M = 1, repre-
senting the redundant SMs. Fig. 6.16 presents a picture of the downscaled MMC in the
lab. In this prototype, the OPAL-RT acts as the high-level controller, reads the analog
and digital inputs from the hardware and sends the gating signals. Each SM also has its
local circuitry, which includes the protection circuitry. This study uses the Nearest Level
Modulation (NLM) for the modulation strategy. Also, the controller applied is adapted
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Figure 6.15: Redundancy algorithm for OCF in T1 or T4.

from [22].

Table 6.9: CHARACTERISTICS OF LAB SCALE MMC PROTOTYPE

Symbols Item Value
N+M Number of SMs (including redundant) 3+1
Vdc Pole-to-pole DC voltage 100 V
VSM Applied IGBT voltage 25 V
CSM SM capacitance 4 mF
Larm Arm inductance 4.3 mH

Rarm(R) Arm resistance 0.5Ω
fControl (NLM) Transition rate of controller 2000 Hz

RLoad Load resistance 10Ω
k Observer gain 5

Ith Current threshold 5 A
Vth1 Voltage threshold 1 1 V
Vth2 Voltage threshold 2 1.5 V
∆t1 Delay time 1 2 ms
∆t2 Delay time 2 1 ms
∆t3 Delay time 3 1 ms
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Figure 6.16: Experimental prototype of the three-phase FB MMC setup.

In this chapter, a fault creator is used to mimic better the OCF scenario, which con-
nects to one of the SMs and overwrites the gating signals from OPAL-RT. Hence, it is
possible to keep any arbitrary IGBT open, which mimics the OCF.
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6.6.1. OCF IN T1 OR T4
The characteristics of the MMC under OCF in T1 or T4 are identical; therefore, the results
are only shown for OCF in T1. Fig. 6.17 shows the MMC behavior in the case of T1 OCF.
As can be seen, the fault can be detected in less than 10 ms before the fault signal goes
high, which is the output of the observer by comparing the measured circulating current
icir with the ideal icir. It can be seen from this difference, icir− îcir, that the fault occurred
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Figure 6.17: Experimental results when the proposed algorithm is applied at T1 or T4 OCFs.

in the pair of T1/T4. After the detection, the localization is achieved around 150 ms,
and the difference between the faulty SM and the healthy ones will be more than Vth1.
Other localization methods can perform localization faster, but this is not the scope of
this study. Finally, after the faulty SM is localized, the voltage reference of the healthy
SMs will be increased to 100/3 = 33.3 V.
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6.6.2. OCF IN T3
The behavior of the MMC under T3 OCF is shown in Fig. 6.18. As can be seen, in less
than 10 ms, the observer detects the fault, and since icir < îcir correctly determines it.
The faulty SM is localized after less than 20 ms, where the first fault localization flag
goes high. Based on the algorithm, which ensures the fault occurred on T3, the FB SM
is reconfigured to HB by always keeping the T3: OFF and T4: ON. The sorting algorithm
will balance the voltage of the SMs in a similar way to that of other healthy SMs. In this
case, the number of levels remains the same, and the SM where the OCF occurred is
reconfigured to HB.
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Figure 6.18: Experimental results when the proposed algorithm is applied at T3 OCF.

6.6.3. OCF IN T2
The behavior of the MMC in the case of OCF in T2 is identical to the T3 OCF. However,
the reconfiguration algorithm first assures that the OCF occurred in T2, as explained in
Table 6.8. So, as can be seen, the SMs will be charged more, which, in this case, will cause
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the second voltage threshold to be reached. Hence, the controller realizes that the OCF
occurred in T2 and reconfigures to HB by keeping the right half-bridge across T1 ON and
T2 OFF. The results are presented in Fig. 6.19, where the fault is ridden through in less
than 20 ms, and reconfiguration is obtained.
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Figure 6.19: Experimental results when the proposed algorithm is applied at T2 OCF.

6.7. CONCLUSION
This chapter introduces a fault-tolerant reconfiguration method for FB MMC, address-
ing OCFs in IGBTs. The proposed approach demonstrates its effectiveness through an
experimental setup without requiring additional hardware or significant cost increases.
Focusing on reconfigurability through control logic adjustments ensures continuous op-
eration and significantly enhances system reliability.

The experimental validation confirms the practicality of the proposed method, show-
casing how it effectively detects faults, localizes them, and reconfigures the system for
fault tolerance. The seamless transition between fault states and reconfiguration demon-
strates the robustness of this method for high-reliability applications. This work con-
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tributes to extending the operational lifetime of FB MMCs while reducing maintenance
and downtime in critical power systems.
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7
CONCLUSION

The research presented in this dissertation has addressed the critical challenges of reli-
ability and cost-efficiency in MMCs. The core objective has been to enhance resilience
and economic viability by leveraging redundancy, modularity, and reconfigurability. This
conclusion synthesizes the study’s outcomes, emphasizing key numerical improvements
and their implications.

Reliability has been a central focus throughout this work. MMCs, extensively uti-
lized in medium- and high-voltage applications such as HVDC systems and renewable
energy integration, demand high reliability to ensure continuous operation and mini-
mize downtime. Traditional reliability assessment methods, such as the MIL and FIDES
methodologies, often fail to address real-world operating conditions’ complexities. A
new framework combining analytical approaches with MCS was proposed and imple-
mented to overcome these limitations. This hybrid approach enabled more accurate re-
liability predictions by modeling dynamic operational stresses and incorporating redun-
dancy strategies. For example, evaluating the reliability of MMCs using LS-ARS and SRS
under a specific mission profile posed significant analytical challenges. However, em-
ploying MCS demonstrated that the problem could be resolved with over 99% accuracy,
provided the number of trials exceeded 10,000. This capability underscores the robust-
ness and precision of MCS in handling scenarios where analytical methods falter. Fur-
thermore, a comparative analysis of existing reliability methodologies highlighted the
variability in outputs derived from different methods, emphasizing that the absolute re-
liability values are less critical than the relative improvements achieved. For instance, in
an MMC with specific characteristics, the B10 lifetime was estimated at approximately
0.2, 1, and 8.5 years without redundancy, using the MIL, FIDES, and Mission Profile
methods, respectively. Despite these differences, adding an SM significantly enhanced
the B10 lifetime, increasing it to 1.7, 10.5, and 18.3 years for the respective methods.
This analysis clearly illustrates that irrespective of the chosen evaluation method, im-
plementing even one redundant SM can remarkably improve the B10 lifetime, ranging
from 200% to 1,000%. Such results highlight the transformative impact of redundancy
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strategies on the reliability of MMCs, reinforcing the practical applicability and effec-
tiveness of the proposed methodologies.

Another contribution of this research is the integration of modularity and cost con-
siderations into the reliability design process. While the modular structure of MMCs
offers scalability and flexibility, it also increases the number of components and, conse-
quently, the potential points of failure. This dissertation thoroughly examined the trade-
offs between component ratings, modularity levels, and reliability outcomes to address
this challenge. For instance, in a 10 MW MMC with a 17 kV DC link, an initial switch
voltage rating of 4.5 kV was deemed suboptimal. Based on the system’s annual loading
profile, selecting a lower switch rating, such as 1.7 kV or 3.3 kV, was more cost-effective,
resulting in savings in CAPEX. Conversely, in an MMC application with a 320 MW power
rating and a 160 kV DC link, the initial choice of a 3.3 kV switch rating was found to
be non-optimal. In this case, selecting a higher switch rating would reduce OPEX by
lowering conduction and switching losses despite a potential initial increase in CAPEX.
It is crucial to emphasize that redundancy configurations were consistently designed to
meet the reliability requirements of each MMC application, ensuring that cost optimiza-
tion did not compromise system resilience. These findings underscore the feasibility of
achieving reliability goals without incurring excessive costs, a critical consideration for
large-scale deployments. A key aspect of this research was the incorporation of sensi-
tivity analyses to account for variations in reliability assessment methods, component
costs, and operational costs, which may arise from price fluctuations or differing system
conditions. This approach ensures that the findings of this dissertation can be broadly
applicable and valuable to academia and industry. One notable outcome from the sen-
sitivity analysis was that, for various MMC applications with different power ratings, the
optimal switch rating was predominantly influenced by the DC link voltage rather than
the current rating. This insight provides a practical guideline for designing cost-efficient
MMCs across a wide range of applications, reinforcing the applicability and relevance of
the research outcomes.

Redundancy strategies were extensively examined as a means to enhance system ro-
bustness. The MRS proposed in this work integrates active redundant SMs with spare
SMs that activate only in the event of a fault. Unlike traditional redundancy methods,
which rely exclusively on either active or standby components, this hybrid approach
strikes a balance between reliability and cost. A detailed analysis of a high-voltage MMC
designed for HVDC transmission (operating at 320 kV) demonstrated the efficacy of
MRS. The system’s B10 lifetime was extended from 6.5 to 9.2 years, representing a sig-
nificant improvement over standalone active redundancy strategies. Economically, ap-
plying MRS resulted in substantial cost savings across a wide range of MMCs with nom-
inal power ratings between 30 MW and 1.2 GW. For example, in an MMC with a nominal
power of 1.2 GW, MRS enabled 3 to 5 million Euros in savings over a 10-year period,
with precise savings depending on the system’s annual loading conditions. These out-
comes were validated through MCS, ensuring robustness across diverse mission profiles
and loading scenarios. The fundamental principle of MRS is to align maintenance fre-
quency with redundancy levels. In systems with frequent maintenance intervals, a lower
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level of redundancy is recommended, as this configuration minimizes both CAPEX and
OPEX. Conversely, in applications where maintenance is infrequent due to logistical or
cost constraints, a higher redundancy level becomes essential to ensure system reliabil-
ity. However, this increase in redundancy is accompanied by corresponding increments
in CAPEX and OPEX. These findings emphasize the flexibility and adaptability of MRS
in optimizing the trade-offs between reliability, cost, and maintenance requirements.
By tailoring redundancy levels to the specific operational and economic conditions of
an MMC, MRS offers a practical and scalable solution for enhancing system resilience
while maintaining cost efficiency.

Reconfigurability, a concept that has received limited attention in MMC designs,
emerged as a pivotal focus of this research. The system’s ability to dynamically bypass
faulty components or rearrange its topology allows for continuous operation, even un-
der fault conditions. This feature significantly enhances the reliability and availability of
MMCs, particularly in critical applications. A fault detection and localization algorithm
was developed and experimentally validated on a lab-scale MMC prototype. Specifically,
faults were detected and localized within 150 ms of OCFs in T1 or T4 and within 30 ms
for OCFs in T2 or T3. These results ensure minimal disruption to system performance
and enable timely reconfiguration to maintain functionality. For instance, in the event
of an OCF in T2 or T3, the reconfiguration method tolerates the fault, allowing the MMC
to continue operating at nominal conditions without significant performance degrada-
tion. This approach validated the proposed methodology and highlighted its practical
applicability in real-world scenarios. The ability to ensure continuous operation under
fault conditions makes this reconfigurability approach especially valuable for remote or
offshore installations where maintenance access is limited and often prohibitively ex-
pensive.

The contributions of this dissertation are not only numerical but also conceptual.
Chapters 4, 6, and 7 provide a framework for enhancing MMC reliability cost-efficiently
by applying the three main concepts introduced: redundancy, modularity, and reconfig-
urability (RMR). The methodologies presented here are applicable across a wide range
of MMC applications, offering pathways to improve reliability without significantly in-
creasing costs. This thesis has successfully addressed the dual challenge of improving re-
liability and reducing costs in MMCs. Integrating advanced reliability assessment tech-
niques, cost-optimized modularity, mixed redundancy strategies, and fault-tolerant re-
configurability forms a cohesive framework that advances the state of the art in power
electronics. These achievements pave the way for developing more robust, efficient, and
economically viable MMCs, contributing to the global transition toward sustainable and
reliable energy solutions.

7.1. CONTRIBUTIONS TO THE FUTURE RESEARCH
The integration of comprehensive reliability assessment techniques, cost-optimized re-
dundancy strategies, and the application of reconfigurability for fault tolerance sets a
new standard for ensuring reliability without imposing excessive costs. Future research,
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which can be an extension or continuation of this work, is as follows:

• Scalability of Reconfigurability: While this thesis has validated reconfigurability
through theoretical models and practical experiments, future work can focus on
scaling this methodology. Research can explore the impact of larger MMC systems
with higher power ratings, assessing whether the proposed fault-tolerant reconfig-
uration method holds for more complex systems.

• Advanced Fault Detection Algorithms: Although the fault detection algorithms
presented in this thesis were successful, further improvement is possible by incor-
porating advanced machine learning algorithms or real-time digital twins. These
could allow for faster and more accurate fault detection, potentially preventing
damage to other system components.

• Cost and Reliability Trade-offs for Other Converter Topologies: Future work can
extend the methodologies developed in this thesis to other converter topologies
used in different applications. The cost-reliability trade-offs explored here for MMCs
may present new findings when applied to bidirectional converters or AC/DC sys-
tems with different operational environments.

• Exploration of Hybrid Redundancy Strategies: While the mixed redundancy strat-
egy proposed in this thesis has proven effective, future research can explore hybrid
strategies that combine aspects of both mixed and active redundancy systems. Hy-
brid systems may better balance reliability, operational efficiency, and cost, espe-
cially in mission-critical applications.



A
APPENDIX

Details regarding the chosen switches are provided in Table A.1 for a current rating of
480 A. Additionally, Table A.2 outlines the switches selected when the current rating of
the MMC is increased to 960 A.

Table A.1: SWITCH CHOICES RATING CURRENT OF 480 A

VIGBT (kV) Model
1.2 FF450R12ME4
1.7 FF450R12ME4
3.3 FF450R33TE3
4.5 FZ800R45KL3
6.5 FZ500R65KE3

Table A.2: SWITCH CHOICES RATING CURRENT OF 960 A

VIGBT (kV) Model
1.2 FF600RME4C
1.7 FF1000R17IE4P
3.3 FZ1000R33HE3BPSA1
4.5 FZ1000R45KL3B5
6.5 FZ500R65KE3 (Two parallel)
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