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Abstract

Electrical power systems worldwide are changing and will change even more
in the coming years as more renewable sources of generation will be inte-
grated in to the power system. Power electronics are a key technology for
renewable generation, as well as for electric vehicles. It is also an enabler for
efficiency gains in some electrical systems.

Power electronics is therefore also a critical technology. If all of the power
electronics of a wind turbine generator fail, it ceases to provide power to the
grid. If the power electronics in an electrical vehicle fail, the vehicle cannot
drive. As a result, the importance of reliable power electronics is greater than
ever.

This PhD project examines the current state-of-the-art of reliability analy-
ses of power electronics and develops new methods for reliability analysis of
power electronics.

One challenge to do wholistic reliability analysis of power electronics is
the spread of relevant dynamic phenomena across different timescales. This
means that some effects occur in the range of milliseconds and some effects
occur in the range of years. One way to solve this issue is to neglect some
of the effects and thus reduce the timescales for modelling. This thesis will
develop methods to unify the modelling of effects across the timescales and
thus enable multi-timescale modelling of power electronics.

The work of this thesis will focus on photovoltaic(PV) generator systems
also known as solar cells, but the analyses carried out are applicable for other
systems as well. The physics and timescales of PV inverters are examined,
and the developed models are used as a foundation for the rest of the anal-
yses in the thesis. The PhD project proposes a new method for evaluation
of experimental loading based on the developed knowledge of the device
modelling.

The project also proposes an alternative to the cycle-based damage evalu-
ation commonly used for power components in the engineering field today. A
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Abstract

mission profile simplification methodology has been developed and further
improved upon.

The project also investigates ways to integrate damage and degradation
modelling with the modelling of the regular operation of a PV inverter sys-
tem, which culminates with a case study of two commercial PV inverters
subjected to multi-timescale degradation integrated modelling.

Finally, the research question was answered when a method was devel-
oped achieving multi-timescale reliability modelling of PV inverter systems.
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Resumé

Elnettene verden over er i stor forandring. De vil fortsat ændre sig, i takt med
at mere og mere energi kommer fra vedvarende energikilder. Effektelektronik
er en nøgleteknologi for vedvarende energiproduktion, elbiler, færger osv.
Desuden kan introduktionen af effektelektronik i nogle tilfælde bidrage til
øget effektivitet af de systemer det anvendes i.

Effektelektronik er også en kritisk teknologi. Hvis al effektelektronikken i
en elbil står af, kan bilen ikke køre. Hvis al effektelektronikken i en vindmølle
går i stykker, stopper vindmøllen med at forsyne elnettet med strøm. Derfor
er pålideligen af effektelektronik vigtigere end nogensinde.

Dette PhD projekt undersøger den nyeste viden indenfor pålidelighed-
sanalyse af effektelektronik og udvikler nye metoder til at udføre pålide-
lighedsanalyse af effektelektronik.

En af udfordringerne ved en holistisk pålidelighedsanalyse er sprednin-
gen af relevante fænomener over mange forskellige tidsskala. Det bety-
der at nogle fænomener optræder i løbet af et par millisekunder og andre
fænomener tager år om at udspille sig. Normalt kommer man omkring
dette ved at negligere nogle af fænomenerne og derved reducere den mod-
ellerede tidsskala. I dette projekt er der udviklet metoder til at inkludere
disse fænomener, og derved opnå multi-tidsskala modellering af effektelek-
tronik.

I dette projekt fokuseres der på solcellesystemer (også kaldet PV syste-
mer), men analyserne vil også kunne bruges til andre systemer med effek-
telektronik. De fysiske mekanismer og relevante tidsskala for PV invertere
er blevet undersøgt, og de udformede modeller udgør fundamentet for de
efterfølgende analyser. PhD projektet fremlægger en ny metode til at eval-
uere eksperimentel belastning baseret på den opnåede viden om modellering
af effektelektronik.

Projektet foreslår også et alternativ til den gængse cyklusbaserede skade-
beregning på komponenter. En metode til at simplificere effekt- og temper-
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Resumé

aturprofilerne er også blevet udviklet og videreudviklet på.

Projektet undersøger også nye måder at integrere skade- og udslidningsmod-
ellering, med modelleringen af den normale drift af PV systemet. Afhandlin-
gen slutter med en pålidelighedsanalyse af to kommercielle PV invertere hvor
udslidning er integreret i en multi-tidsskala model. Hermed blev problem-
stillingen i starten af afhandlingen løst.
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Chapter 1

Introduction

1.1 Background

Power electronics is an engineering field where electronic devices such as
transistors and diodes are used to control and convert electric power. Power
electronic technologies play an ever-increasing role in both the generation
and consumption of electrical power. It is a key technology necessary for
technologies such as wind turbines, solar generators (also known as PV or
photovoltaic plants), electric cars, chargers for the same, power supplies for
consumer electronics and more. Today, 70% of electricity generated world-
wide is processed by power electronics. Additionally, the usage of power
electronics will only increase with increased electrification of transportation
and more renewable generation [1].

Power electronics-based energy conversion is highly efficient and power
electronics-based technologies can also reduce the power consumed by vari-
ous industrial applications. E.g. motor control can reduce power consump-
tion by up to 30% and pump/air conditioner power consuption can e.g. be
reduced by 20% [2].

With an increasing amount of power electronics come the need for bet-
ter design of robust and reliable power electronics. Additionally, it becomes
increasingly important to be able to accurately predict the reliability and life-
time of a power electronic system [3] both in the design phase as well as in
the operation phase.
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Chapter 1. Introduction

1.1.1 Power Electronics Reliability Engineering

A power electronic system is inherently multi-physical. In this thesis, the work
will be focused on power electronic converters for solar generation applica-
tions, also known as Photo Voltaic (PV) converters. The primary function
is conversion of electrical energy. As the energy conversion is lossy, heat is
generated in the converter. This causes an increase in temperature of the
components which directly leads to mechanical stress due to the mismatch in
the thermal expansion of materials used in the power electronic system. As
the system is used, the performance will slowly become worse due to the
degradation of the system, and its components.

Such a system also experiences various phenomena that are not directly
tied to a field of physics and which affect the behaviour of the system at
different timescales. These can be of both endogenous and exogenous origin.
Endogenous phenomena are phenomena that are generated from within the
system itself, whereas exogenous phenomena are generated outside of the
system.

In this project the term phenomenon will be used to describe physical
events, mechanisms or couplings present in power electronic systems. Tem-
perature increase caused by lossy power conversion, degradation and device
failure are all considered examples of phenomena relevant to the power elec-
tronic reliability analysis.

One such phenomenon is the control of the converter, which is responsible
for the behaviour of the system both in transient and steady-state operation.

The exogenous inputs such as solar irradiance and ambient temperature
determine the power inputs from the PV panels and directly affect the ther-
mal stress on the components. These inputs are commonly described in the
form of a so-called mission profile. These inputs are present even at faster
timescales, but do not experience dynamics much faster than at the per-
second scale. The inputs can even be categorized for PV systems as the daily
cycle, the yearly cycle, and the irregular weather effects.

The degradation of even a single component can change the behaviour of
the entire system. This is a slow phenomenon, but it is also the driver of
component and system failure, either by exceeding a wear-out threshold, or
even by causing an explosive failure.

The above phenomena and physics will be described in the thesis with
three different timescales: Device timescale which contains the physics and
phenomena relevant to the power electronic device, as well as its basic op-
eration. System timescale will describe the operation of the power electronic
system. The degradation timescale is a collection of degradation, and eventual
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1.1. Background

wear-out, and defined end-of-life for the system and its devices.

1.1.2 The REPEPS Project

Due to the importance of power electronics in modern society, great engi-
neering efforts are conducted to continuously improve the technology. The
REliable Power Electronic based Power System (REPEPS) [4] project was ini-
tiated at Aalborg University in collaboration with RWTH Aachen, Germany
and CALCE, University of Maryland, US in order to solve three engineering
challenges [4]:

• How to keep a high power system reliability with an increasing penetration of
power electronics

• How to reduce the combined costs of failures, downtime and maintenance for
renewable generation systems

• How to reduce the testing time for validation of power electronic product reli-
ability

To this end, six research thrusts are conducted with a number of Ph.D.
and Post Doc projects which are:

• Failure mechanism of power electronic and power system components

• Multi-timescale modelling and system assessment

• Power electronic system modelling and analysis

• Control of power electronic based power system

• System probabilistic and reliability assessment

• Validation of the proposed methods

This project falls under the second research thrust: "Multi-timescale mod-
elling and system assessment". This research thrust and this thesis uses
knowledge of the failure mechanisms of power electronic components as a
foundation for both modelling and analysis. The developed tools of this the-
sis can be used for analyses conducted in research thrust 3-6.

The research thrusts of REPEPS [4] are naturally inspired by the more and
more power electronic-based modern power systems. As power electronics
become a larger part of the critical infrastructure, the importance of perform-
ing reliability analyses increases. The fundamental structure of the REPEPS
project can be seen in Figure 1.1.
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Chapter 1. Introduction

Fig. 1.1: The structure of the REPEPS project. The main inputs and outputs as well as the
research thrusts and the key components can be seen. Featured is also a feedback loop from
the research outputs to the input to improve the analysis methods based on the outcomes of the
different activities [4].

1.2 Reliability Analysis of Power Electronics

Reliability in engineering terms refers to the ability of a system or component
to function without failure for a specified amount of time [5].

It is important to be able to accurately analyse the reliability of various
power electronic systems, both in order to design the power electronic prod-
ucts to be as reliable as possible, but also to enable accurate lifetime predic-
tions of components.

Accurate lifetime prediction is a key part of determining the overall sys-
tem profitability for commercial systems. An example could be offshore wind
turbines comprising power electronics, which, if they fail, totally stops the
generation of power of the turbine. The cost of such a failure is high, both
because of the cost and difficulty of getting to the turbine itself, but also due
to the loss of production from the time of failure to the time of repair. For this
reason, most offshore wind turbines are subjected to preventive maintenance
where critical components are replaced before they fail.

In systems with preventive maintenance, the accuracy of lifetime predic-
tion of the components is important. If the lifetime is shorter than predicted,
there is a risk of system failure and loss of production. Whereas, if the life-
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1.2. Reliability Analysis of Power Electronics

time is much longer than predicted, the components will be replaced before
needed, leading to higher operating costs for the entire system as well as a
greater environmental impact, caused by the increased production of elec-
tronic components.

1.2.1 System Reliability

Reliability is modelled as a system with an input (the mission profile), and
an output (the damage or lifetime prediction). The modelling between the
two contains the system behavioural modelling and the damage modelling.
An example workflow can be seen in Figure 1.2. The yellow box contains
the model inputs, the green boxes make up the model and the red box with
lifetime prediction is the output.

Fig. 1.2: Example lifetime prediction workflow. Depicted is the input (yellow box), the be-
havioural models (green boxes), their links with black arrows and the final output prediction in
the red box.

Adaptions of the workflow in Figure 1.2 are used for other applications.
Sources [6, 7, 8, 9, 10, 11] all use variations of this workflow, while adapting it
to suit the application or e.g. enhancing it with an Artificial Neural Network
to find optimal design parameters for high reliability [11].

In [6] the Physics-of-Failure approach to reliability analysis is presented
as an alternative to the statistical approach based on a component’s Mean-
Time-to-Failure [12]. The Physics-of-Failure approach to reliability analysis is
based on an understanding of the active failure mechanisms of the analysed
component or system caused by the loading conditions (mission profile) of
the analysed application.

As physics of failure is based on understanding the failure mechanism,
the analysis will naturally focus on the most failure-prone components. For
power electronic systems, the main points of failure are the power devices
and the capacitors.

1.2.2 Device Reliability

In this thesis the use of "device" will refer to the active and passive electronic
devices making up a complete power electronic system. These devices can
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Chapter 1. Introduction

be various types of transistors, diodes, capacitors, inductors etc. The work
in this thesis will focus on the reliability of power electronic switches, i.e.
transistors and diodes, and as a result, the reliability of the other devices will
be neglected, but can in some cases be critical components.

A power electronic switch is a complex assembly consisting of a range
of materials; the active chip is commonly made of silicon, and various in-
terfaces and connections are commonly made of aluminium and copper[13].
The complete assembly in a discrete device or module has several intercon-
nections known as bond-wires, the silicon chips are attached with a solder
layer, and they are covered with a metallization layer.

The main failure mechanisms for silicon power devices are bond-wire lift-
off, solder layer delamination and metallization layer degradation. Reference
[14] offers a review of the state of the art for lifetime prediction of power
electronics devices. The review examines numerous empirical damage mod-
els, delves into degradation monitoring techniques, and explores power cy-
cling methodologies. Fundamentally, two damage modelling concepts exist;
empirically-fitted damage models and microstructural crack modelling.

The traditional damage approach is used in [15], where this approach
adds a complex thermal model degradation feedback loop to model the ef-
fects of damage accumulation on the thermal characteristics of the device.
This is included because the accumulated degradation of the device can have
a substantial influence on its behaviour over time, and it can significantly im-
pact the ability to predict the device’s lifespan using parameter monitoring.
The flow of this is shown in Figure 1.3. However, when testing this method
experimentally, it was found that the predicted rate of degradation was too
slow and that the predicted life-time was much longer than the actual life-
time [15].

Fig. 1.3: The operational phases of a device.

A practical implementation of the traditional empirical approach to reli-
ability modelling was thoroughly discussed in [16]. The authors conducted
an analysis of a comprehensive DC micro-grid system that included PV gen-
eration, battery storage, fuel cells, and load profiles from a clinical and an
apartment application. The final result of the paper is a reliability assess-
ment of the entire system. In this work the converter is in pristine operation
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1.2. Reliability Analysis of Power Electronics

for the entire life, the thermal model is very simplified and the parameters
of the electrical model is input to a look-up table, which outputs the junction
temperature [16]. This means that any thermal dynamics in the real system
are neglected for the entire operation.

Alternatively, an effective although demanding approach to damage mod-
elling can be found in the microstructural mechanics used for IGBT (Insulated
Gate Bipolar Transistor) solder layers in [17]. This approach was found to
accurately model both the crack initiation and crack propagation of solder
joints. However, this approach requires extensive analysis of the analysed
subject, and extensive computational time.

In [18] a range of damage models for IGBT fatigue are reviewed. One of
the key conclusions was the limitation of cycle-based damage models, under-
scoring the need for the incorporation of time-dependent damage modelling.
Reference [18], however, fails to provide a complete damage modelling ap-
proach, even in subsequent papers [19].

This thesis will focus on bond-wire lift-off and solder layer delamination,
but other degradation mechanisms are also relevant for transistors such as the
ageing of the metallization layer. Over time, the grains in the metallization
layer will grow and become coarser, this will change the properties of the
layer and can also lead to a decrease in performance over time. Metallization
layer ageing has been investigated in literature, such as in [20] and [21].

The reliability of capacitors in power electronic applications have also
been investigated in literature. Many types of capacitors have been devel-
oped over time and the physics of failure of capacitors depend on the device
physics. An overview can be found in [22] and more in depth work can be
found in papers such as [23] and [24].

1.2.3 Power Electronics Modelling

The lifetime of a given component or system depends both on the durability
of the component or system, and the stress it is exposed to. The loading of a
PV generator over time is described with a mission profile. The mission pro-
file for a PV generator system typically consists of the solar irradiance or PV
power profile and the ambient temperature profile over time as the converter
system is mostly located outside. Using this profile and the appropriate be-
havioural models can translate the mission profile into a thermal load profile,
which can be used to assess the damage resulting from the mission profile.

Because of this, relevant representations of the control, electrical and ther-
mal behaviour of a system are required for reliability analysis.

Depending on the classification and delimitation of different timescales,
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the converter and system control can be considered to lie within a single
time-scale [25] but also multiple time-scales [26]. The delimitation of the
different timescales is conceptual. What matters most is if the effects of the
implemented control is included.

Thermal simulation is essential for power device stress evaluation. Two
extremes exist in thermal modelling. The simplest one is through a thermal
impedance network, while the most accurate one is through FEM(Finite El-
ement Methods). In [27] the IGBT was modelled through a lumped thermal
model, achieving accurate results including thermal coupling effects much
faster than using FEM. The thermal coupling effects were detailed in [28].

Reference [29] presents a novel co-simulation approach of electro-thermal
modelling of SiC power MOSFETs. This approach attempts to couple PSpice
electrical modelling with a FEM-based thermal network model, linking these
with MATLAB/Simulink. The model is experimentally validated showing
good accuracy of the approach.

In [30] the operation, damage and degradation of an IGBT module is
modelled through a successive series of single physics-based simulations, re-
sulting in an multi-physics, multi-stressor modelling approach. Subsequent
simulations is based on the results of the previous ones, and previous simula-
tions are updated if the model requires it. While the model is more complex
and includes more physical couplings, it is also more computationally de-
manding.

Normally, degradation effects are neglected from reliability analysis as
they are difficult to model with the power electronics behaviour. However, in
reference [31], the influence from degradation was found to have a significant
effect on experimental SiC MOSFET lifetime.

Research Gap 1

Typical reliability analysis efforts focus on a damage mechanism and do
not integrate phenomena from different timescales. As these effects can
have a significant impact on the predicted lifetime [31], efforts should be
made to perform multi-timescale reliability modelling.

1.2.4 Timescales for Power Electronic Systems

Reliability assessment of any component is an inherently multi-timescale
problem. A multi-timescale system is defined as a system with dynamics
and physical effects at multiple timescales. Figure 1.4 shows an overview of
the timescales of a PV system and where different phenomena occur. For
instance, the fundamental frequency of a grid-connected inverter lies on a
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different timescale from the ambient temperature variation during a day and
will have different effect on the system.

Fig. 1.4: An overview of the timescales and factors affecting power electronic systems and de-
vices (based on [25]). The effects have been sorted by their origin, some effects come from the
system/device itself and thus are endogenous, while some come from outside sources and are
exogenous. The effects have been placed on the timescale approximately where they commonly
exist, though this varies from system to system and from application to application.

The timescale phenomena are related to the physical system structure.
A structural system hierarchy can be seen in Figure 1.5. This hierarchy is
split into three levels; Device, Converter and System Levels. As operation
of the entire system is based on the behaviour of all layers, it is clear that
the different levels are coupled and will interact, e.g., the degradation of a
component at one level will affect the operation of the next level.

Fig. 1.5: Physical hierarchical Levels (HL) of a Power System[1]. Generally, the effects that occur
at lower hierarchical levels exist at lower timescales, but exceptions exist in practice.
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Phenomena may occur at one timescale but have effects at a different
timescale. To give an example of how this may happen, one can imagine the
failure of a component caused by a propagating crack inside of it. This crack
will grow depending on the loading at the microscopic location of the crack,
yet it may take years for the crack to grow to a length which will disrupt the
operation of the component itself. This, in turn, can lead to a catastrophic
failure of the entire system through the affected converter.

While some components may be omitted in the performance- and be-
havioural modelling at different timescales, the reliability of a single compo-
nent may be affected by the effects modelled at the other timescales. These
coupled effects must be identified to maintain accuracy while neglecting non-
critical phenomena.

Almost paradoxically, wear-out failures of power electronics originate and
propagate in very small physical regions of single components, while the
loading conditions are affected and caused by the dynamics and operation
of the entire system. Additionally, while the lifetime of one such compo-
nent may be years or even decades, the loading occurs with dynamics in the
milliseconds or even microseconds timescale, and therefore demands multi-
timescale modelling.

Modelling is used to evaluate and validate reliable and stable operation
of the power systems in the future. The reliability of a single component may
have a large impact on the reliability of the entire converter system as well as
the end of the power system. Ideally, a holistic approach to system modelling
should be conducted to couple the different levels, phenomena and timescale
effects.

1.2.5 Multi-timescale Modelling Approaches

Multi-timescale modelling has been extensively investigated in literature.

One approach can be seen in [25]. Here a PV inverter system is modelled
at different coupled physics and timescales. Here, three modelling concepts
are presented, one for each time-scale level. This simulation is efficient and
the modelling approach is suitable for when one timescale is in focus. Un-
fortunately the three modelling levels are not linked, so the simulation is
more accurately described as having multiple models, rather than being a
multi-timescale model.

Reference [32] proposes a condition-mapping simulation scheme to achieve
multi-physical couplings in a computationally efficient way. The method is
a conceptual continuation of using look-up tables to reduce simulation time.
The method however relies on the assumption that the 1-year mission profile
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input contains no dynamics, which would result in a transient response in
the resulting junction temperature profile.

In [33] another approach is taken to efficiently conduct multi-physics and
effectively multi-timescale modelling. This is achieved by analysing the mis-
sion profile-based electrical loading and dividing the one year profile into a
number of bins. This enables the inclusion of multi-physics finite element
modelling into the evaluation of the yearly loading for a converter system.
This approach suffers from the same drawback as seen in [32], where sec-
tions of the mission profile are put into the bins according to characteristics
such as amplitude and not their dynamic shapes. This causes the methodol-
ogy to neglect all mission profile timescale dynamics.

In [34] a multi-timescale approach is taken to predict IGBT junction tem-
perature. Here, three timescales are identified; microsecond, millisecond and
second. The IGBT is modelled at each timescale using different loss and
thermal models. The final modelling approach achieves accurate results in a
much shorter time than the reference used for comparison. However, as the
timescale models are not coupled in any way, the models should be consid-
ered as three single-timescale models rather than one multi-timescale model.

Research Gap 2

The work conducted in literature leaves gaps which align with the chal-
lenges focused on in the REPEPS project, as well as gaps which fit with
the goals of the six defined research thrusts. For the research thrust of
this project, research thrust 2, where the main issue is a lack of efficient
multi-physic, multi-timescale models for reliability assessment.

Either the models are too simplified to take all the relevant physical
mechanisms into account, or they are too complex and time-consuming
and thereby difficult to use. Modelling approaches are needed where
sufficient simulation simplifications are achieved, but the relevant phys-
ical information is retained. This is the core problem that the "Multi-
Timescale Modelling and System Assessment" research thrust and this
Ph.D. project seeks to solve.

1.3 Project Motivation and Objectives

The multi-physics and multi-timescale nature of system reliability modelling
and the combination of the previously reported efforts still leave open ques-
tions with regards to overall methodology and the coupling of different mod-
elling methods. However, the state-of-the-art research works also offers many
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approaches to implement multi-timescale modelling of power electronics and
can be used to build the foundation for new multi-timescale modelling meth-
ods of power electronics taking into account degradation effects of the com-
ponents.

1.3.1 Research Question

The primary goal of this project is to bridge the gap between the long time-
scale power electronic system modelling down to the almost instantaneous
damage increments occurring in the power electronic devices themselves.
Additionally, this evaluation must be fast enough for it to be of practical
use.

A major research question can be formulated, to sum up the objective of
the project:

How can we make a multi-timescale model for power electronics reliability analy-
sis comprising degradation, power variation, temperature fluctuations and switching
behaviour for long term mission profile loading, which is efficient enough for practical
use?

1.3.2 Main Objectives

Two main objectives are pursued based on the research question in this thesis:

• Introduce multi-timescale phenomena into reliability analysis

• Simplify and speed-up simulation time of lifetime prediction

While distinct and separate, together, these two objectives form the main
goal of this thesis, which is to perform multi-timescale modelling as effi-
ciently as the state-of-the-art reduced-order modelling for power electronics
reliability analysis. As more physical couplings are added to reliability mod-
elling, it brings with it additional computation burdens and time. Both finite
element modelling and the degradation feedback are challenging to include
efficiently.

Fundamental frequency transients and year-long or decade-long degra-
dation effects exist on different ends of the timescale spectrum and, though
linked, are not normally able to be modelled directly in the same simulation.
All of this makes a unified multi-timescale modelling approach inherently
problematic to perform. This thesis will discuss how to unify the modelling
of the different timescales in power electronic systems.
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Delimitation

To limit the scope of this project, and to focus the work on one practical
system, this project will specifically be working on a power electronic system
in a PV generator application.

Unless specified differently, the work described in this thesis will be con-
ducted on a single-stage 3-phase PV inverter system as shown in Figure 1.6.
The system is also based on the experimental system presented in [35].

Fig. 1.6: The "standard" power electronic system of this thesis. The system is simplified for
clarification, but the conducted analyses can be applied to other systems, such as systems with
other topologies, systems that are connected to the grid, or others. Other systems will also be
analysed, but unless it is specified, work is conducted on this system.

1.3.3 Key Methods

The thesis will explore alternatives to some of the axiomatic models and
methods employed in the state-of-the-art reliability analyses. These alter-
natives will help to either find new ways of performing the analyses or to
reinforce the strength of the common methods.

Modern reliability analysis rest on a foundation consisting of cycle-based
damage summation using Rainflow Counting, and to a large extent junction
temperature-based damage modelling using a variation of the Coffin-Manson
damage model, and reduced-order model simulation of the mission profile
load inputs. Alternatives to the common reliability analysis paradigms will
be explored.

Work will also be conducted to reach a parameter evolution-based end-
of-life concept in contradiction to the dimensionless end-of-life concept used
today.

The simulation time of load modelling will be decreased by developing
simplification methods based on an analysis of the mission profiles and the
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affected systems.

1.4 Thesis Outline

This thesis is comprised of six chapters, which are arranged as:

Introduction This chapter introduces the background of the problem as
well as the research questions.

Device Timescale Modelling This chapter explain the definition of the de-
vice timescale as well as how to model the system phenomena and device
behaviour at this timescale.

System Timescale Modelling This chapter discusses the system timescale,
the limitations and the models of this timescale.

Damage and Degradation Timescale Modelling This chapter defines the
damage and degradation timescale modelling including its basic methods.

Multi-Timescale Modelling Case Study Here, the modelling methods from
the previous chapters are combined to perform reliability analysis of two
commercial PV generator systems.

Conclusion This chapter concludes the report and the work conducted in
the project.

1.5 Papers published during the PhD

The following papers contributes to solve the research question of the thesis.
First-authored papers and their works will be focus of the thesis, and co-
authored papers will be discussed when relevant.
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Chapter 2

Device Timescale Modelling

This chapter will present the published findings and methods for device
timescale modelling. The works presented in this chapter will form the multi-
physical foundation for the research question given in the introduction.

2.1 Background

The power electronic devices are the driving motor behind the operation of
any power electronic system, but depending on the focus of the model to
be used, it may not be necessary to explicitly model the behaviour of the
devices themselves while only the function of the entire system is needed.
As stated in Chapter 1, this thesis focus on analysis of active power switches
in power modules. Similar analyses of devices such as diodes and capacitors
are also relevant, but has been decided to be beyond the scope of this thesis
as mentioned in the introduction.

2.2 The Timescale for Device Modelling

The timescale for power electronic devices spans from their switching to the
thermal transients driven by device-related phenomena such as power loss.

The physical devices experience phenomena at numerous timescales such
as the change of temperature related to the weather or the seasons changing.
Those phenomena originate from outside of the devices, and as such they are
not categorised as part of the device timescale in this project. Instead they
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are categorised as part of the system timescale which will be discussed in
Chapter 3.

In this chapter, alternatives to the common junction temperature-based
stress representation are investigated to seek new methods for multi-timescale
modelling. This is done using digital twin modelling based on experimen-
tal power cycling results. But before that, the physics and couplings in a
power device will be investigated. While situated on the far-right side of the
timescale (as seen in Figure 2.1), the devices themselves act as the focal and
meeting point between the system modelling of the operation and the degra-
dation caused by the operation of system. This is because the active devices
in a converter are the driving force of the operation [13] and are also the main
degrading components [14].

Fig. 2.1: The span of the device timescale modelling (in green).

2.3 Device-Level Multi-Physics Modelling

A wholistic model of a power device require accurate models of the different
physical phenomena, as well as an inclusion of the physical couplings.

A basic overview of the physics and their couplings can be seen in Fig-
ure 2.2.
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Fig. 2.2: Modelling concept flow for degradation modelling of devices with physical couplings
[36].

Here the physical models of a power device or a power module are out-
lined with their couplings and operating condition inputs. The electrical and
thermal models are the main behavioural models for such a device, operating
at closely linked timescales. Their main coupling is the feedback of electri-
cal power loss and the resulting temperature increase. The mechanical model
mainly serves as the link to the degradation model, which affects and changes
the parameters in both the electrical and thermal models. The degradation
model can be linked to the thermal model through a dimensionless damage
model, in which case the mechanical model in Figure 2.2 is replaced with
a damage model. If the degradation can be neglected from modelling the
couplings shown in Figure 2.2 can be simplified.

2.3.1 Electrical modelling

In Figure 2.3 the layout of a real power module can be seen. The module
under study is a three-phase inverter module and therefore contains 6 tran-
sistors and 6 anti-parallel diodes. These switches perform the core function
of the module. Additionally, a number of electrical connections exist in the
module in the form of bond-wires, copper traces and terminals. Figure 2.3
shows that a complete network with resistances representing every single
bond-wire and copper trace would be difficult to implement in a model due
to the sheer number of elements this would require. And as the resistances
of the connections are not a part of the core functionality, they are often ne-
glected along with the temperature dependence of these resistances.
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Fig. 2.3: A 3-phase power module. Highlighted are the transistors (blue) and diodes (green) in
one leg. And the bond-wires (yellow) and bond-wire feet (red) are highlighted in another leg.
The last leg has been left without any highlights.

If the degradation behaviour of the module must be modelled, some of
the resistances should be included in the model. In the case of a bond-wire
lift-off on one of the chips, the resistance matrix and the current sharing of
the remaining wires change. The degrading resistance of a bond-wire can
either be modelled as a continuously increasing resistance or as a binary
phenomenon with two states:

R =

{
Rini, if 0 ≤ D < 1
∞, if D ≥ 1

Where R is the resistance and D is the damage for the individual bond-
wires. Damage is considered to go from 0, i.e. initial condition, to 1, i.e.
totally non-functional, this will be discussed more detailed in Chapter 4.

2.3.2 Thermal modelling

The basic thermal behaviour of a chip in a power module can be explained
with Figure 2.4. Power loss is generated in the power device which heats the
device and increases the temperature. The heat is mainly transferred down-
wards towards the cooling plate/heat sink, with a small amount travelling
through the bond-wires. The bond-wires themselves also generate heat from
ohmic loss, but this is usually neglected.

In Figure 2.4 the different layers of the stack-up are represented by differ-
ent colours. The example stack-up (from top to bottom) consists of top layer
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metallization of aluminium (dark grey), the power chip of silicon (green),
the solder layer of a silver-tin-nickel alloy (blue), top copper layer of DBC
(orange), middle ceramic layer of DBC (white), bottom copper layer of DBC
(orange) and the aluminium baseplate (light grey).

Fig. 2.4: The basic stack-up of a power module, overlaid with a thermal (red) and electrical (blue)
networks [36]. The main degrading electrical resistance is named Rbw for the resistance of the
bond-wire and the main degrading thermal resistance is named Rth,bw for thermal resistance
of the bond-wire.

If the degradation of the thermal resistance of the die attach(blue layer in
Figure 2.4) needs to be modelled it can be done in the following simplified
way. The resistance R increases continuously with the level of degradation.
The resistance of the die attach is assumed to be represented by the resistance
of a cylindrical shape.

R =
ρT

π(r − rd)2 (2.1)

Where R is the resistance, ρ is the resistivity of the material, T is the thickness
of the die attach, and r is the radius of the die attach. The die attach is
considered circular as that allows for a simplified representation of the shape
evolution as it delaminates over time. The degradation is d and starts at 0
for a perfectly pristine interface and goes to 1 for a completely disconnected
chip.
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Fig. 2.5: Basic semiconductor thermal (black) and electrical (blue) modelling [36].

Figure 2.5 shows an example of a simple implementation of electrical and
thermal network models. Rthda is the thermal resistance of the die attach.
Rthbw1−3 are thermal resistances of different parts of the bond-wire. Tcase is
the case temperature. The two black current sources represent conduction
loss in the power device and ohmic loss in the bond-wire. Tj is the junction
temperature. Rbw1−2 are electrical resistances of different parts of the bond-
wire. C and E are the collector and emitter of the device.

2.3.3 Damage and Degradation Modelling

The most common method for damage modelling of power electronic compo-
nents is through the Rainflow Counting algorithm and a damage model. This
will be described in more details in Chapter 4 where the relevant timescales
are analysed too. The basic relation between damage increase due to thermal
loading can be described as in Equation 2.2.

∆D ∝ f (∆Tj) (2.2)

Where ∆D is the damage increment as a function of the junction temperature
swing ∆Tj. This is the basic damage concept used in Figure 2.6.
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Fig. 2.6: Detailed multi-physics map for power device modelling showing the impact of bond-
wire and die attach damage on thermal and electrical modelling via increasing resistances [36].

2.3.4 Example Implementation

Figure 2.6 shows an implementation of the couplings as given in Figure 2.2.
The thermal and electrical modelling are done with the networks (yellow box)
shown in Figure 2.4. The temperatures at key locations are fed to bond-wire
and die attach damage models (green boxes), and affect the parameters in the
electro-thermal model through degradation models (red boxes). The operat-
ing conditions (such as a mission profile) are input through the blue boxes.
D’s are damage, R’s are electrical resistances, Rth’s are thermal resistances
and T’s are temperatures. bw denotes bond-wire related parameter, da are
die-attach related parameters. Parameters with k are calculated for a given
time-step, those with k+1 are fed to the next time-step.

The physical couplings in Figure 2.2 and the mechanisms described in this
section, form the basis of the device modelling in the rest of this chapter and
the rest of the thesis. Each of the physics and mechanisms can be modelled
using more detailed models, some of which will be discussed in Chapters 3
to 5. In the device timescale analysis one of the most thorough tools for mod-
elling is Finite Element Analysis. In the context of electro-thermo-mechanical
modelling of power electronics it enables the evaluation of the chosen physics
using 2D or 3D geometry. It is a strong tool for doing the multi-physics mod-

25



Chapter 2. Device Timescale Modelling

elling, but it comes with a heavy computational cost as will be discussed in
the next section.

2.4 Finite Element Analysis (FEA)-based Digital Twin
for Stress Variable Analysis

One of the limiting factors to apply loading variables for damage or life
modelling, is the difficulty of measuring physical quantities near the power
chips during testing or operation. Temperature on or near the power chips
is not trivial to measure, but it is possible using various probing techniques
[37, 38, 39]. Junction temperature estimation is also possible with accurate
measurements using Temperature Sensitive Electrical Parameters (TSEPs).

Mechanical quantities like stress or strain in the chip or the interconnec-
tions are difficult to measure, but can be estimated using a digital twin of
the physical set-up. A digital twin is a model representation of the system
in software, and a 3D Finite Element Thermo-Electro-Mechanical model of a
section of a power module is used in this thesis, see Figure 2.7.

Fig. 2.7: A 3D layout of a power module [40].

If this model is exposed to the same testing conditions as its physical
twin, then it should experience the same stress. The digital model then has
the advantage that various physical quantities can be extracted that other-
wise cannot be measured in the physical set-up. As this extraction is purely
digital it is easier to extract a large range of variables which can be swept and
their applicability for use as a loading parameter. A workflow for this model
creation can be seen in Figure 2.8.
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Fig. 2.8: The workflow of [40]. First, power cycling is conducted. Secondly the conditions of the
power cycling are replicated as closely as possible using finite element simulation. Then a large
range of physical quantities are extracted from the finite element simulation. These are then
compared to find the most representative quantity for the loading factor of the experimental
test.

Various quantities, geometry selections, volume evaluation methods and
time evaluation methods were employed on a 3D model exposed to acceler-
ated test conditions from [41]. The test conditions are presented in detail for
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discussion in Figure 4.4 and Table 4.2 in Chapter 4.

An overview of the quantities and evaluation methods can be seen in
Table 2.1. After the quantities were evaluated for 5 of the 6 different test
conditions from [41], they were compared based on their ability to predict the
results for the 6th test condition. This resulted in a large matrix of prediction
errors, which can be found in [40].

Table 2.1: Overview of loading quantity evaluation methods of power module in Figure 2.7 [40].

Loading Active Area Active Area Temporal

Quantities Selection Evaluation Evaluation

Temperature Module
∫

Volume
∫

Time

Von Mises Stress Bond-wires Max(Volume) Max Value

Strain Energy Points(Nodes) Σ Point(Node) Max d
dt

Displacement Max(Points)
∫

of d
dt

Internal Energy ∆ Value

Stored Energy

Enthalpy

The evaluation method with the smallest prediction error is fully ex-
pressed using the following formula:

LF =
∫

Bond−wire
maxt

(
d
dt

H
)

dV (2.3)

Where H is the enthalpy, LF is the loading factor, the integration volume is
the bond-wire geometry and the maxt() finds the maximum value during the
time period. In other words, the loading factor in Equation 2.3 is equal to the
bond-wire volume integral of the maximum rate of change of the enthalpy.

The final lifetime predictions using the chosen method and the tempera-
ture swing reference equation can be seen in Table 2.2.

Table 2.2: Lifetime prediction using temperature swing and Equation 2.3 [40] and [41].

- Number of cycles to failure [-] Error [%]

Experimental Result 2.11e5 -

Prediction using temp swing 1.93e5 8.78%

Prediction using Equation 2.3 2.05e5 2.77%
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Interestingly, when this procedure was repeated for another power mod-
ule the optimal evaluation method was also an evaluation of the enthalpy in
the DUT[40]. This may indicate that the physical mechanism associated with
the enthalpy could be used as a loading variable that can replace the temper-
ature swing in damage and life modelling such as given in Equation 2.2. It
is important to note what this enthalpy is, and how COMSOL Multiphysics
calculates it. In the COMSOL Multiphysics simulation, the Enthalpy is equiv-
alent to the evaluation of the Internal Energy of the DUT, which in COMSOL
is the thermal energy stored in a volume. The thermal energy, or the flux
of the same, may be worth investigating for use in life predictions for power
electronics.

2.5 Summary

This chapter focused on answering the multi-physics part of the research
question defined in Section 1.3.1 in Chapter 1. The main physical behaviour
in a power module were presented along with their couplings in Section 2.3.
The basic flow of the multi-physics modelling for power device reliability was
also presented. This will be used as the foundation for the works answering
the other parts of the research question.

As a major part of research question focused on multi-timescale mod-
elling, this chapter also described and discussed device timescale modelling
in the context of power electronics reliability analysis.

A novel approach to do stress evaluation for both accelerated life tests
and life prediction was described in Section 2.4. Here a FEM digital twin was
used to evaluate various physical quantities, which cannot be experimentally
measured. A sweep of evaluation methods are compared to find the optimal
methodology. This work can be used as an alternative to the conventional
damage modelling using temperature swing. The results of the work also
suggests that the thermal energy flux is a more fitting stressor than the tem-
perature swing.

Contributions of this Project

[36] Fogsgaard, M. B., Reigosa, P. D., Iannuzzo, F., & Hartmann, M. (2020).
Mechanistic Power Module Degradation Modelling Concept with Feedback.
EPE’20 ECCE Europe: The 22nd European Conference on Power Electronics and
Applications (s. P.1-P.7)
https://doi.org/10.23919/EPE20ECCEEurope43536.2020.9215897
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Chapter 2. Device Timescale Modelling

This paper presents an overview of the physics, couplings and interac-
tions in a power module, and serves as a foundation of how to interface the
different physics included in the developed models of the next chapters.

[40] Fogsgaard, M. B., & Iannuzzo, F. (2020). FEM-aided damage model
calibration method for experimental results. Microelectronics Reliability, 114,
[113915]. https://doi.org/10.1016/j.microrel.2020.113915

This paper presents an alternative method to quantify the experimental
loading of a power module using a finite element digital twin model. The
paper also suggests that the thermal energy flux in a power module may be a
more representative stressor for damage calculation than temperature swing
amplitude.
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Chapter 3

System Timescale Modelling

This chapter will present the system timescale modelling methods. Two ap-
proaches have been developed and published [42, 43, 44], an event-based
modelling method and a mission profile simplification method. The results
will be presented, and some applications will be discussed. It will provide
the advancements achieved to meet the second objective of Section 1.3.2 in
Chapter 1: The model order reduction and speed-up of lifetime prediction
calculations.

3.1 Background

As defined previously, the system timescale comprises the phenomena gen-
erated by and affecting the modelling of the power generator and conversion
system. This can be seen in Figure 3.1.

Fig. 3.1: The timespan of the system timescale (in green).

As the yearly loading is commonly used to evaluate the reliability of
a power system, the mission profile is a fundamental part of the system
timescale modelling.

31



Chapter 3. System Timescale Modelling

A mission profile for a PV generator system most commonly includes the
ambient temperature and either the input power or the solar irradiation. If
it contains solar irradiation, this must be converted to power for continued
analysis. An example mission profile can be seen in Figure 3.2. Mission
profiles are commonly sampled at a resolution of 1 minute, 5 minutes, 1 hour
or somewhere in-between.

Fig. 3.2: An example of a PV Mission Profile containing electrical power (representing solar
irradiance) and ambient temperature profiles during one year.

As described in Section 1.3, this project focuses on PV generator systems.
In Figure 3.3, an example of a grid connected 3-phase PV generator system
is shown.

32



3.1. Background

Fig. 3.3: An expanded schematic of the "standard" system of this thesis as first introduced in
Figure 1.6 in Chapter 1. This structure is common and is also seen connected to the grid instead
of a load.

System level reliability prediction requires simulation of the entire system
as shown in Figure 3.3. Because of this, the models used need to be simplified
in order for the computation time to be within practical limits.

3.1.1 Model Simplification

Several models exist for converter simulation, representing different levels
of accuracy, complexity and characterization and modelling efforts [13]. The
purpose of system modelling for reliability analysis is to model the system
behaviour which has an effect on the system lifetime. As mentioned before,
a main failure mechanism for converters is the wear-out of power devices
caused by thermal cycling [14]. This is caused by lossy power conversion,
which depends on the operating conditions that change with the loading.
The loading of a PV converter is represented by a year-long mission profile
and the yearly profile must be simulated to find the junction temperature
swings. The thermal swings are the main damage driver in a power electronic
module and determine the wear-out of the system.

For practical reasons, the computation time for 1 second in the simulation
has to be much less than 1 second, otherwise it would take over a year to
simulate the loading of a single system. Therefore the model has to be simple
enough, such that an entire year can be simulated within a reasonable amount
of time. Examples of this can be found in literature, such as [29, 45, 46]. The
approach of [35], using a simplified modelling approach, was found to take
around 10 minutes.
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3.2 Event-Based Simulation for Long Term Relia-
bility

This section presents the work published in [42] to introduce event-based
simulation for long term reliability evaluation.

In the state-of-the-art life prediction for power electronics, it is necessary
to evaluate the long term loading for accurate prediction for an application.
As mentioned in the previous section, it is necessary to model the behaviour
of the system for an entire year, but the models used cannot be too complex,
otherwise the computation time will become impractical or even impossibly
long.

A compromise could be to classify mission profile subsets being binned
in terms of severity. This severity should be a measure of the relative impact
of the subset on the damage of the entire profile. It then becomes possible to
model the different events with different model complexity.

The proposed methodology is shown in Figure 3.4 and it will require
more computational time than simply applying the simplest model to the en-
tire sequence. Here the sections have been classified according to presumed
severity. This methodology will enable more accurate modelling of the parts
of the sequence that are considered most severe, without modelling the entire
time sequence using a computationally heavy model.

Fig. 3.4: A comparison of an unclassified and classified mission profile. The classified profile
comprises different modelling methods for different sections of the profile.

This classification and segmentation of the mission profile may also en-
able a binning of event types, that allow similar sequences at different times
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3.2. Event-Based Simulation for Long Term Reliability

in the mission profile to be calculated using the same simulation. An example
of this can be seen in Figure 3.4. Events 5 and 7 are identical in both slope and
offset, and, depending on the dynamics of the system and the ambient tem-
perature, may result in similar or even fully identical junction temperature
transients. This method is called event-based modelling.

The event-based reliability modelling should be considered an extension
of the cycle-based reliability modelling, which the current state-of-the-art
models are based on. It offers the ability to discern events based on their
rate of change and shape, as opposed to just looking at cycle amplitudes as
in the conventional methods. The first-authored paper [42] presents an effort
to explore the opportunities offered by this event-based approach.

3.2.1 Methodology

The proposed workflow of [42] for mission profile analysis can be seen in
Figure 3.5. The mission profile is the main model input and it is classified
into different event types and amplitudes. The main event types used are
large transition events, small transition events, steady-state events, and zero
power events. For this analysis, all zero power events representing night-time
were discarded because it was assumed that they do not affect the system
operating lifetime [42]. The night-times add an offset from operational to
calendar lifetime, and this effect was ignored, as operational lifetime was the
focus.

Then the events are simulated according to the classification of the previ-
ous step. The simulation results are compiled and the loading is evaluated to
find the damage caused by the profile [42].

Fig. 3.5: The workflow presented in [42].

Binning/Block Separation

One of the main points of [42] is the event sorting method. The mission
profile is scanned and each step is classified into one of the four categories.
The sorting sequence (see Figure 3.6) happens in a specific order, namely
with the most well-defined types first. The amplitude, which divides small
and large transitions are based on the mission profile and the response time of
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the system. Steady-state events start and end at points where the difference is
below the threshold, where no practical change happens to the system. Zero
power events occur at night for a PV system and have a power amplitude of
zero.

Fig. 3.6: Example of the sorting of a caricatured mission profile. Large and small transitions are
binned according to 3 different aspects, steady state are binned according to 2 aspects and zero
power events are discarded [42]. These are then simulated according to the categories.

Circuit Simulation

In [42] the simulation methodology used is an averaged model circuit simu-
lation. Based on the number of bins used, different simulation models can
be used to achieve a practical computation time. If only a few bins are used,
more heavy simulation models can be used as each bin represents more sub-
sections in the mission profile. If many bins are used, the simulation model
needs to be less time-consuming as more simulations must be completed to
represent the different loadings of the mission profile.

Loading Evaluation and Damage Analysis

The damage modelling is performed with the same principle as described in
Equation 2.2, and it will be further discussed in detail in Chapter 4.
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3.3. Mission Profile Simplification

Fig. 3.7: Example classification on real mission profile [42]. In this figure, transitions are the
same as steps in Figure 3.6.

The concept of [42] leaves an open question of how to define and con-
fine the events. In [42] an extreme case is used as each event only lasts
a few seconds. The method was initially conceptualised with events being
loading sequences lasting anywhere from a few seconds to several minutes.
With a mission profile of both power and ambient temperature sampled at 1-
second resolution, this definition had potentially millions of different shapes
of events. To limit the number of different events, the approach of [42] was
chosen.

Artificial intelligence methods could be used and it has been investigated
for use in event classification [47].

3.3 Mission Profile Simplification

Alternatively, instead of simplifying models to enable simulation of an entire
year, the mission profile could be simplified to increase the modelling com-
plexity. This is published in [43] and [44]. Samples of PV mission profiles
were inspected for patterns and the following timescale effects were identi-
fied:

• Regular Seasonal Variation

• Regular Daily Variation
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• Irregular variation from e.g. weather

The hypothesis was formed that a simplified profile could be formed for mis-
sion profiles with a low content of the irregular variation, reducing the com-
putation time. Rather than reducing the complexity of the model to save com-
putation time as discussed in Section 3.1.1, this method reduces the length of
the mission profile to achieve the same goal and it will keep the same model
in all parts of the analysis.

3.3.1 PV Mission Profiles from Arid Climates

Arid climates are defined by their lack of precipitation. Such lack of precip-
itation is accompanied by a lack of clouds which results in mission profiles
which are extremely regular.

Figure 3.8 shows the areas with arid climates.

Fig. 3.8: Arid regions of the world where the simplification is valid [48].

Sample mission profiles from arid climates were examined by comparing
the days of the profiles and the output junction temperature profile visually
and numerically. The days in the arid profiles were determined to contain
very little variation. The modelling approach assumes then that if the days in
a profile are very similar there is no need to simulate all of them. A few days
can be chosen or synthesized and the results can be repeated for the number
of days in the profile.

The reference modelling approach can be seen in Figure 3.9. The entire
year was simulated using a reduced order loss and thermal model. The re-
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sulting junction temperature profile was analysed using the Rainflow Count-
ing algorithm and the total damage suffered by the system over a year was
evaluated using a damage model and the linear damage accumulation as-
sumption [43]. The Rainflow Counting algorithm is used to convert cyclic
loading into discrete cycles that can be input into damage or life models, the
algorithm will be presented in detail in Section 4.2.1. Linear damage accu-
mulation and Miner’s Rule will be presented in Section 4.2.1.

Fig. 3.9: Reduced Order Model for estimation of damage of PV inverter components [43]. Power
and ambient profiles are input into the simulation step that results in a device temperature
profile. This profile is used to evaluate the damage of the device using Rainflow Counting,
Miner’s Rule and a damage equation.

The Proposed Methodology

The method starts with a mission profile input. The next step is the pre-
processing step where the mission profile is divided into a user-defined num-
ber of sections, where a representative daily mission profile is formed for each
section.

All of the days in a section are combined to create an average daily pro-
file. This daily profile is then adjusted with a gain such that the peak of the
synthesized profile is equal to the average value of the peak power level of
all the days in that section. This ensures the representability of the simplified
profile.

The conventional reduced order simulation model is then used with the
modified mission profile. As the proposed methodology doesn’t alter the
simulation model and only alters the mission profile input, it can be used
with any simulation model having a mission profile input.

At this point a junction-to-ambient temperature profile has been gener-
ated for the modified mission profile. This profile is divided into single rep-
resentative days. The daily representative junction-to-ambient profiles are
repeated as many times as there are days in that section and are then super-
imposed to the ambient temperature profile. This creates a yearly junction
temperature profile.

The junction temperature profile can be processed using Rainflow Count-
ing, linear damage accumulation and a damage model to predict the lifetime
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of the components and therefore the whole system. Damage modelling will
be discussed in detail in Chapter 4. A flow chart of the entire methodology
can be seen in Figure 3.10.

Fig. 3.10: The steps of the proposed method for simplification, simulation and reconstruction
of arid mission profiles (MP) [43]. The final result is a reconstructed device temperature profile
which can be used to evaluate the damage of the input profile.
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Results and Discussion

The first step to verify the representativeness of the synthesized mission pro-
file is to compare the junction temperature output. In Figure 3.11 the original
power profile, repeated representative power profile, and junction tempera-
ture profiles are seen. The representative profile can be seen to contain arte-
facts from the different days in the original profile. The two resulting junction
temperature profiles contain very similar junction temperature swings.

Fig. 3.11: Comparison of results from modelling of original Arizona mission profile and reduced
mission profile [43].

This methodology was tested on four different real mission profiles from
arid climates. The calculated damage from the reference method and the
proposed method were compared, which can be seen in Table 3.1.

Table 3.1: Damage Error and Computation Time Savings [43]

Location Damage Error Time Reduction

Arizona +6.37% -98.1%

Colorado +20.02% -97.9%

Sacramento +3.43% -97.7%

Spain +1.68% -95.6%

As the number of sections is user-defined, the comparison was repeated
for different numbers of sections from 1-50. The damage deviation and sim-
ulation time reductions of the different numbers of days can be seen in Fig-
ure 3.12.
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Fig. 3.12: Impact of number of representative periods on error introduced by the simplification
method [43].

In Figure 3.12, it can be seen that the methodology introduces more error
for the Colorado profile relative to the other profiles. Upon closer inspection
of the input profile it was found that, while the profile is from an arid cli-
mate with low precipitation, the profile contains a relatively greater amount
of cloud-based irregularities. To make the simplification method generally
applicable, even within the class of arid climates, the errors caused by clouds
must be reduced to a level that is comparable to those of the other profiles.
The investigation was repeated for the temperature profiles, but these were
found to contain no issues. This is likely due to the relatively lower rate of
change of the ambient temperature.

3.3.2 Generalized PV Mission Profile Simplification

As presented in the previous section, the first attempt at a PV mission profile
simplification methodology is strongly dependent on a lack of clouds in the
modified mission profiles. While three of the analysed arid profiles had a
low enough amount of clouds with good results, the fourth profile contained
too much cloud content. If this method is to be used, the amount of clouds
should be assessed prior to using the model to ensure accurate results.

By inspecting the inputs and outputs of each processing step in [44] and

42



3.3. Mission Profile Simplification

comparing the inputs and outputs of the different mission profiles, the prob-
lem with the Colorado profile was found. The main issue was caused by the
method for synthesising the representative mission profile. Instead of using
averaging to synthesize a representative, an alternative proposed methodol-
ogy [44] analyses and chooses representative days from the mission profile.
This removes the averaging process, which was the cause of deviations for the
previous method. As the research question and the objectives of Section 1.3.2
in Chapter 1 does not limit the scope to only arid climates, it is important to
develop general methodologies.

Zero Order Modelling

The objective is to find the days in the mission profile that result in the most
average amount of damage, and then use those days to represent a section
of the mission profile. The "Zero Order" simulation model was developed
to get an estimation of the damage of each day without directly simulating
the entire mission profile. Figure 3.13 shows the "Zero Order" modelling
methodology.

The name is meant to indicate that this is the least amount of effort that
can be made which results in an output junction temperature profile. The
method is as follows: The power profile is multiplied with a static gain based
on the thermal junction-to-ambient resistance of the analysed system and its
efficiency. This is summed with the ambient temperature profile and the
resulting estimated junction temperature profile can be analysed using Rain-
flow Counting, a damage model and linear damage accumulation method.
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Fig. 3.13: The Zero Order Modelling approach for mission profile simulation [44].

Proposed Method

The steps of the proposed methodology can be seen in Figure 3.14. It is a
continuation of the method in Section 3.3.1 and Figure 3.10, but modified for
use with mission profiles from more cloudy climates. The initial steps are
identical; the input is a power and ambient temperature mission profile. The
input profiles are then divided into a user-defined number of sections.

Each section is evaluated with the zero order modelling. The numerical
damage of each day in a section are compared to find the day, which results in
an amount of damage closest to the average damage of the days in a section.

A representative mission profile is formed with the representative days
and this profile is used directly with the user-chosen behavioural model. As
seen in [43], the methodology should be considered a modelling framework
that is model-independent and may be used with any modelling approach
which takes a mission profile as input and results in a junction temperature
profile.

The junction-to-ambient temperature profile is isolated, repeated and su-
perimposed on the ambient temperature profile to achieve a year-long junc-
tion temperature loading profile. The final resulting damage is then found
with Rainflow Counting, linear damage accumulation and a damage model
of the device.
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Fig. 3.14: The general methodology proposed in [44]. Input, processing, simulation, reconstruc-
tion and output steps are shown and the sequence can be seen. Also resulting in a reconstructed
device temperature profile which is be used to evaluate the damage of the input profile.

Results

The proposed approach was applied to four mission profiles from arid cli-
mates. As discussed in Section 3.3.2 one of the mission profiles proved to
contain enough clouds to be problematic for the previous methodology. Ad-
ditionally, the methodology was applied to a mission profile from a temperate
and non-arid climate. The number of sections for mission profile division is
user-defined, therefore for each profile, the number of divisions were swept
from 2 until the deviation of the methods settled to a constant level. As can
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be seen in Figure 3.15, the deviation of damage of the proposed method com-
pared to the reference method is greater at fewer divisions and reduces to less
than ±5%. The percentage-wise simulation time saved by using the proposed
method is greater with fewer divisions, starting at approximately 99% time
reduction with only one division and decreasing linearly to approximately
93% at 20 divisions. This can be seen in Figure 3.16.

Fig. 3.15: The damage deviation of the proposed method for multiple mission profiles.

Fig. 3.16: The simulation time reduction of the proposed method for multiple mission profiles.

Parameter Sensitivity

The presented method was developed to meet objective 2 of Section 1.3.2 in
Chapter 1. By using the method for simulation acceleration provided by the
developed method, some analyses can be performed faster and become more
practical.

Parameter sensitivity analysis usually takes many steps, such as in [49].
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Using the developed method it can be easier to evaluate the impact of pa-
rameter variation directly. In Figure 3.17 the thermal resistance of thermal
interface material (TIM) applied at the power module for the PV-inverter was
varied and the theoretical lifetime was evaluated using the methodology of
Figure 3.14.

Fig. 3.17: Resulting lifetime of converter with varying thermal resistance of thermal interface
material (TIM). Analysis was repeated for 4 locations [44].

If the parameter variation and it’s impact are known, as investigated in
Figure 3.17, the lifetime variation can be calculated directly. An example of
this can be seen in Figure 3.18. Here, a normal distribution of varying resis-
tance was coupled with the resistance-to-lifetime relationship of Figure 3.17
to find the normal distributions of lifetime for the different locations.
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Fig. 3.18: With a known distribution of the thermal resistance, the distribution of lifetime can
be directly calculated. In this case only one variable was varied, but it is possible to include
variation of multiple parameters. Analysis repeated for 4 locations [44].

The lifetime impact of varying thermal capacitance was also analysed as
for thermal resistance variation. As the simulation time is low, the parameter
sweeps are practical to simulate for any parameter of interest. The lifetime
impact of the thermal capacitance variation can be seen in Figure 3.19.
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Fig. 3.19: Resulting lifetime of converter with varying thermal capacitance of thermal interface
material (TIM). Analysis repeated for 5 locations [44].

System Analysis and Planning

The research question of this thesis formulates a need for multi-timescale
reliability modelling of power electronics. The objectives further specify a
need for simplification and speed-up of lifetime simulation. This can help
to determine lifetime profits for different system configurations and helps
system planners to make the optimal investment. An example investment
case where the developed methodologies were used can be found in [44].

In the example, an inverter system is investigated to find the optimal
system configuration from a investment point of view. First, the system is
matched with PV panels of varying power at different locations, and the
resulting lifetimes are evaluated using the same method as in the last section.
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Fig. 3.20: Theoretical lifetime of converter with varying power. Analysis repeated for 5 locations
[44].

The net profits for the different system configurations from Figure 3.20
were calculated, taking profits from sold power and a PV system costs into
account. The prices used are only for this example and simplifications have
been made, such as fixed electricity price of 10 eurocents per sold kWh and
system cost of 6700 EUR.
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Fig. 3.21: The net profit from PV generator system. Gross profit calculated with fixed power price
of 10 eurocents per kWh and a fixed price of 6700 EUR for the PV system. Analysis repeated
for 5 locations [44]. In this example the total generated profits decrease with increasing power
as that results in increased losses and reduced lifetime. These results are not applicable beyond
this simplified example.

Figure 3.22 shows the lifetime of the PV inverter at different PV panel
power levels and in different locations. Included is also an indication of
when the system has paid for itself at different power levels. To gain profits
from such a system, it should be designed to have a higher lifetime than the
time it takes for it to pay for itself.
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Fig. 3.22: Comparison of the theoretical lifetime of the system and the time it takes for the PV
system to pay for itself based on the prices of Figure 3.21. Analysis repeated for 5 locations [44].

Multi-Year Degradation Modelling

Using the simulation acceleration method presented in Section 3.3.2, sim-
ulation of a single year becomes so fast that modelling of the continuous
degradation effects become possible. This will be detailed and demonstrated
in case studies in Chapter 5.

3.4 Summary

In this chapter, system-timescale modelling of power electronics system was
presented and developed to meet the second objective of Section 1.3.2 in
Chapter 1: Simplification and speed-up of lifetime prediction. Two mod-
elling approaches based on timescale analysis were developed. The event-
based simulation method [42] and the mission profile simplification method
[43] [44]. The first was based on a short term loading event concept as an
alternative to the cycle-based damage modelling, which is currently the state-
of-the-art. The concept was developed and published, but some open ques-
tions remain for future work on this approach. The main of which is how to
delimit the events.

The second approach to reach the objective was based on the shortest
regularly repeated time phenomenon in a PV mission profile, the day and
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night cycle. Here the approach synthesises a simplified replacement mission
profile based on the days in the year. This profile is shorter than the original
profile and can therefore be used to perform simulations in a much shorter
amount of time or to increase model complexity with the same computational
time. The accuracy of the representative mission profile proved to be highly
dependent on the amount of clouds contained in the profile.

An generalized methodology of the simplification methodology was de-
veloped for use beyond mission profiles without clouds. In this method,
selected representative days are used rather than synthesized representative
days as the synthesis process was found to neglect the cloud content. Five
mission profiles were tested from both arid and non-arid climates, and at a
10+ section division the error gave consistently less than 5% across all pro-
files. This methodology will be a key enabler to meet the first objective of
Section 1.3.2 in Chapter 1: The introduction of multi-timescale phenomena
into reliability analysis.

Contributions of this Project

[42] Fogsgaard, M. B., & Iannuzzo, F. (2020). Introducing the LEGO Mission
Profile Analysis Methodology. CIPS 2020; 11th International Conference on In-
tegrated Power Electronics Systems (s. 455-459). VDE Verlag GMBH.
https://ieeexplore.ieee.org/document/9097725

This paper presented the event-based simulation paradigm. This paradigm
has the potential to offer ways of including more factors into damage mod-
elling such as sequence and stress rate.

[47] Fogsgaard, M. B., Bitsch Nørgaard, J., & Iannuzzo, F. (2020). Artificial
Intelligence-Based Approach for Damage Estimation of Power IGBTs from
Real Mission Profiles. PCIM Europe digital days 2020: International Exhibition
and Conference for Power Electronics, Intelligent Motion, Renewable Energy and
Energy Management (s. 985-989). VDE Verlag GMBH.

This paper presented an attempt to characterise events for event-based
damage modelling using artificial intelligence methods.

[43] Fogsgaard, M. B., Bahman, A. S., Iannuzzo, F., & Blaabjerg, F. (2021).
PV mission profile simplification method for power devices subjected to arid
climates. Microelectronics Reliability, 126, [114328].
https://doi.org/10.1016/j.microrel.2021.114328

This paper presents a mission profile simplification method for PV con-
verters in arid climates. The method is able to reduce simulation time by
up to +95% at a slight deviation of the calculated compared to the original
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unsimplified method.

[44] Fogsgaard, M. B., Bahman, A. S., Iannuzzo, F., & Blaabjerg, F. (2022).
Mission Profile Simplification Method for Reliability Analysis of PV Convert-
ers. Microelectronics Reliability, XXX, [114651].
https://doi.org/10.1016/j.microrel.2022.114651

This paper presents an improvement to the previous mission profile sim-
plification method. This method is climate independent and was found to
be able to reduce simulation time by up to 96% while keeping the damage
calculation error less than ±5%.
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Chapter 4

Damage and Degradation
Timescale Modelling

This chapter will present the damage and degradation timescale modelling
of the power electronic system and provide the foundation to meet the first
objective of Section 1.3.2 in Chapter 1: The introduction of multi-timescale
phenomena into reliability analysis.

To merge the damage and degradation timescales in a multi-timescale
reliability analysis, the two concepts must be analysed and their interactions
must be known. This chapter starts with a discussion of damage modelling,
and then one of the degradation modelling methods follows.

4.1 Background

Damage and degradation modelling are fundamentally multi-timescale. The
damage may occur in a single moment, in the fluctuations occurring multiple
times per second, or over the course of several minutes, whereas the degra-
dation effects are mainly felt months or years later. These two timescales are
so far apart that their unified modelling is impractical, and this is the reason
why reliability analyses are most commonly performed using only damage
modelling, excluding the degradation effects. It is not the case that degra-
dation doesn’t occur in the short term, only that its impact is too small to
notice.

Figure 4.1 shows the span of the degradation and damage timescales in
normal operation. If accelerated test conditions are used instead, the degra-
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dation phenomena can occur earlier. Degradation is an endogenous phe-
nomenon and therefore originates in the devices and subsystems that make
up the complete system. Damage is the cause and degradation is the effect.
Therefore, a discussion of damage must precede the discussion of degrada-
tion.

Fig. 4.1: Damage and degradation timescales(in green).

4.2 Cycle-Based Damage Modelling

The main stressor in a power module is caused by the lossy power conver-
sion. Power modules generate losses that drive the temperature fluctuations
in the module. The thermal fluctuations cause thermal expansion and differ-
ences in the different materials will stress the entire modules, but the material
interfaces in particular [14].

Inverter modules experience cyclic stresses from both the fundamental
frequency of the operation as well as stresses caused by variation of input
power. This is expressed in the mission profile, which is used to represent
the inputs the device will experience over time in a certain application.

4.2.1 Rainflow Counting

The temperature fluctuations caused by operation of a PV converter has a
cyclic load profile. The Rainflow Counting algorithm is a useful tool in relia-
bility analysis of such cyclic load profiles. The algorithm takes a load profile
as input and outputs a table of full and half cycles. This table of reversals
reports both the occurrence and the amplitudes of the stress reversals which
enables further reliability analysis using a lifetime model of a component
[50]. A number of different versions of the algorithm exist but they all offer
the following advantages [51] and [50]:

• Easy to use [51].

• Quantifies stress profile into ordered cyclic ranges [52].
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• Logical way to combine full cycles from half cycles [51].

• Provides a quantified output which can be used with a damage model
directly [51] and [50].

Figure 4.2 gives some very simplified examples of load profiles and re-
sulting cycles.

Fig. 4.2: Example Stress Profiles A, B and C for Rainflow Counting.

The resulting "counted" full and half cycles from the Rainflow Counting
are then passed to a damage model to see the lifetime effect of the counted
cycles.

The CIPS2008 model is a commonly used state of the art damage model
for power devices [14]. References [6, 16, 35] use the CIPS2008 damage model
to estimate the life-times of their respective power devices subjected to a
specific mission profile loading.

References [11, 14, 18, 53] present work where other damage models are
used to estimate the life-time of power devices. Table 4.1 shows a selection of
damage models with equations and highlighted loading terms in magenta.

Table 4.1: Table of damage models with highlighted loading terms (magenta)

Name Equation Ref(s)

Coffin-Manson N f = A(∆εpl)
B [54]

Coffin-Manson(Temp) N f = A(∆Tj)
B

Mod. Coffin-Manson N f =
a+b(∆tTj

)−n

a+1 [41]

Mod. Coffin-Manson N f = A∆Tj
−αexp

(
Ea

kBTjm

)
[55]

Basquin N f = a(∆σe)−b [56]

Bayerer N f = K(∆Tj)
β1 e

(
β2

Tj+273

)
ton

β3 Iβ4 Vβ5 Dβ6 [57]
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Positive Offset

Rainflow Counting by default only looks at cycle amplitudes and does not
take any positive offset into account. Positive offset refers to an offset differ-
ence between two fluctuating loads, an example could be one going from 1
[N] to 2 [N] and back again, and the other going from 20 [N] to 21 [N] and
back.

Profile A and B in Figure 4.2 would be quantified equally, but for power
devices the positive offset of the blue cycles does affect the experimental
lifetime.

In reference [58], a number of test configurations are conducted experi-
mentally. Here multiple tests are conducted with the same junction temper-
ature range but with different junction temperature means. If the positive
offset did not affect the lifetime, then e.g. test configurations I and V would
have an identical number of cycles to failure. In reality, they differ by more
than 92% as test configuration I fails the component in 24 kcycles (kilocycles
or 1000 cycles) and configuration V manages to do the same in 315 kcycles.
The test configurations are seen in Figure 4.3 and the paper [58] can be con-
sulted to find more examples of the offset-dependent experimental lifetime
results. Some implementations of Rainflow Counting and damage models
take this into account and as a result, they are much more accurate [57]. Be-
cause of these factors, implementations like these are strongly recommended
if the analysed stress profile contains cycles with varying positive offset.
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Fig. 4.3: Comparison of the loading of the different test conditions from reference [58]. ACPT is
Acclerated Power Cycling Test.

Sequence

Another limitation of Rainflow Counting is that it does not take sequence into
account. Profiles A, B and C in Figure 4.2 quantify as being equal according
to Rainflow Counting. However, from fracture mechanics, it is known that
cycles with a low amplitude can increase the size of a crack, but not initiate
cracking themselves [59, 60, 61]. This means that experimentally, profile B
would be more harmful than profile A, which is more harmful than profile
C.

Sequence effects are ignored from damage calculation because of Miner’s
Rule. Miner’s Rule/Palmgren-Miner’s Rule/The Linear Damage Accumula-
tion Rule states that the damage is equal to the sum of the ratio of counted
cycles over number of cycles to failure for different loading amplitudes. The
equation can be seen in Equation 4.1.

D =
kn

∑
i=1

Ni
N f ,i

(4.1)

Where D is the accumulated damage, Ni is the numbers of cycles at the
ith stress amplitude, N f ,i is the number of cycles to failure for the ith stress
amplitude, and kn is the number of different stress amplitudes [62] and [63].
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Miner’s Rule [62] and [63] was originally formulated with crack initiation
as the failure criterion, and not crack propagation beyond a certain threshold.
Miner’s Rule was formulated for mechanical systems where the system is de-
fined as failed, once the first crack has been initiated. In power electronics,
neither the first cracking in the bond-wires nor the solder layer cause failure
of the component. Failure is not achieved until the cracks in those regions
have grown to such a length that operation is compromised. This also means
that Miner’s Rule is not generally applicable. Within the mechanical reliabil-
ity field, it is known that the Miner’s Rule is inaccurate for damage calcula-
tion of variable loadings [64]. However, despite efforts to develop alternative
methods, no single method has replaced it, as more advanced models taking
more factors into account are more difficult to fit and use [64] and [65].

Research has shown that some regions exist where the inaccuracy of
Miner’s Rule is within reasonable limits for power electronics. However,
these regions have not been fully mapped [66].

Stress Rate

Material characteristics are not constant and depend on conditions such as
temperature and stress rate. Furthermore, some materials in a power module
are anisotropic or may have residual stresses or even micro-cracks from the
manufacturing process. Some of these effects can be modelled, but require
more effort than simply applying a damage model (e.g. any of those in Ta-
ble 4.1) to the counted cycles from Rainflow Counting as Rainflow Counting
does not take stress rate into account.

Reference [41] investigates the effect of cycle duration on component life-
time. As the loading is semi-sinusoidal, the stress rates vary between the
conducted loading conditions. Figure 4.4 shows a comparison of the tem-
perature cycles of the loading condition, and it can be seen that the rate at
which the junction temperature increases, is different from one condition to
the next. According to the usual implementation of the Rainflow Counting
Algorithm, the conditions would be counted as being equal as they have the
same positive offset and range [50].
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Fig. 4.4: Comparison of the loading of the different test conditions [41].

The loading conditions are summarized in Table 4.2, where it can be seen
that the offsets and amplitudes of the thermal cycles are equal. However, de-
spite the apparently equal stress of the different conditions, the experimental
lifetime of the conditions are not equal [41]. This proves that another fac-
tor from the temperature swing amplitude and temperature offset affect the
experimental lifetime.

Table 4.2: Test conditions and results from [41].

Condition ∆T Tmax ton N f

1 80.8[◦C] 142.7[◦C] 10[s] 128900

2 80.6[◦C] 142.8[◦C] 5[s] 159900

3 82.0[◦C] 142.3[◦C] 2[s] 174000

4 81.6[◦C] 142.3[◦C] 1[s] 185810

5 81.8[◦C] 143.3[◦C] 0.8[s] 197500

6 80.8[◦C] 142.4[◦C] 0.59[s] 211201

4.2.2 The CIPS2008 Life Time Model

Rainflow Counting requires a damage model to enable an evaluation of the
damage of a loading. A number of damage models were presented in Ta-
ble 4.1, one such model is the CIPS2008 damage model. The CIPS2008 [57]
damage model (AKA Bayerer damage model) is based on the empirical for-
mulation of the older Coffin-Manson [54] damage model. The model is em-
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pirical and therefore is based on experimental lifetime results. The formula-
tion of the model can be seen in Equation 4.2.

NF = K∆Tβ1
j e

β2
Tj+273 tβ3

on Iβ4 Vβ5 Dβ6 (4.2)

Where N f is the number of cycles to failure, ∆Tj is the junction temperature
range. Tj is the junction temperature, ton is the thermal on-time, and I is the
current in each bond-wire. V is the blocking voltage class of the DUT and
D is the bond-wire diameter. Parameters K, β1, β2, β3, β4, β5 and β6 are
experimental fitting parameters [57].

Damage models such as the CIPS2008 damage model have a number of
advantages:

• Easily estimates the number of cycles to failure from in loading condi-
tions.

• Uses multiple loading conditions (as opposed to just one).

• Based on experimental data.

• Based on statistics.

The model was defined for use with power electronic devices as opposed
to e.g. the Coffin-Manson model. Which was defined for mechanical spec-
imens [57] and [54]. This is advantageous as the mechanical structure of a
power device is highly complex with a range of different materials. The com-
plex interactions of structures and materials may lead to generally different
relation between stress and damage for power electronics compared to me-
chanical specimens. A model defined for power electronics may be able to
take those factors into account.

As the CIPS2008 model is based on the Coffin-Manson model it inherits
the cycle-basis of the Coffin-Manson equation. This basis makes it straightfor-
ward to use for engineers and scientists familiar with a cycle-based concept
from either experience with the Rainflow Counting algorithm or the Coffin-
Manson lifetime model.

Compared to the Coffin-Manson model it offers the potential of higher
accuracy as it has more loading terms and can take more varied loading con-
ditions into account. This is directly related to the discussion of Section 4.2.1,
where the limitations of Rainflow Counting were discussed. The CIPS2008
model was formulated on observations of experimental life tests of power
electronic devices [57] and is therefore strongly related to the experimental
results of accelerated lifetime tests.
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4.2.3 Limitations of Current Lifetime Models

The foundation of the CIPS2008 model is, as mentioned in Section 4.2.2, the
Coffin-Manson model [57]. This is where the first loading term of Equa-
tion 4.2 comes from. It is a power term like that in the Coffin-Manson model,
which model was defined for lifetime predictions for samples subjected to
plastic stress [54].

Samples subjected to force will deform. The amount of deformation de-
pends on the amplitude of the applied force. At low force levels the subject
will deform a little and will return to the original shape when the force has
been removed, this is elastic deformation caused by elastic stress. A large
amount of force will deform the subject so much that it will not return to the
original shape once the force has been removed. This is plastic deformation
caused by plastic stress [67].

As a result of the formulation for plastic stress ranges, the original for-
mulation of the CIPS2008 model is only valid for temperature ranges over 40
K [68]. A newer formulation has been published in 2020 which extends the
valid range down to +25 K [68]. Ideally, the damage model used is valid for
all temperature swing ranges, as normal operation of most applications con-
sist of varying temperature swing ranges and therefore the damage model
used needs to be accurate for all ranges.

Most lifetime model characterisations are based on accelerated lifetime
tests. Here the device is subjected to amplified loading conditions to fail the
device within a reasonable amount of time. While a device may be designed
to last for ten years, it is generally not profitable to test that device for ten
years before putting it to market. Both because ten years of non-stop test-
ing is expensive, but also because newer and better devices may have been
developed and put to market in the meantime.

Non-optimal testing leads to a general problem that remains for empirical
lifetime models characterised by experimental loading conditions in the plas-
tic region, as these have not been characterised for elastic loads, and therefore
may become inaccurate for elastic loading conditions [69].

4.2.4 DC and AC power cycling for damage model character-
isation

Similar to the points of the previous sections, another factor in characteri-
sation of empirical damage models for power devices is to characterise the
devices with conditions that most closely match the conditions of the final
application.
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Many power devices are tested using DC power cycling, either active or
passive. Passive power cycling refers to tests where the temperature of a
device is cycled using an external source of heating. In active power cycling
the device is heated using heat generated by the loss of that device. In active
DC power cycling, the devices are alternately turned on and off with a set
period and duty cycle [70] and [71]. In AC power cycling, the devices are
heated using their own loss, but the devices are set up in, commonly, 1 or
3 phase topologies such that the active and reactive powers of the devices
under test more closely match those of the final 1 or 3 phase operation of the
application [72].

Based on the points of the previous sections, it should be advised that
accelerated life test are conducted in way that most closely represents the
actual application. Therefore, devices in AC applications should be tested
using AC power cycling and devices in DC applications should be tested
using DC power cycling [58].

Several examples of AC and DC cycling set-ups can be found in literature
[73] and [74].

4.3 Stress, Damage and Degradation

Most lifetime or damage models only model the damage or consumed life,
a dimensionless quantity going from 0 for a pristine device to 1 for a failed
device [14]. These damage models can be linked to a degrading quantity
with a non-linear degradation function. This is expressed in Equation 4.3.

1 − d =

(
1 − N

N f

)k

(4.3)

Where d is degradation, N is the number of cycles already passed, N f is the
number of cycles to failure and k is the degradation shape parameter. The
non-linear relation between damage and degradation with different values of
k can be seen in Figure 4.5.
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Fig. 4.5: A comparison of the non-linear coupling of damage and degradation for different shape
parameter values. k=1 results in a linear coupling of degradation to damage, k>1 is for wear-in
effects, and k<1 is for wear-out degradation [75].

The functional of Equation 4.3 links the damage (D or N
N f

) as in the life-
time already consumed, to the degradation (d) which is the relative crack
length in the component. For bond-wires, this functional can be used to link
the crack length to the calculated damage, and show the wire resistance over
life. For the solder layer, this equation can link the crack length with the dam-
age. This enables the modelling of the evolution of thermal resistance of the
solder layer. This will result in a feedback loop where an increase of thermal
resistance will increase the temperature swing. This will cause more damage
and degrade the thermal interface further, increasing the thermal resistance
and raising the temperature swing even more. This effect will be modelled
in Chapter 5.

An example workflow for calculation of the crack length induced by a
cycle with temperature swing ∆Tex could be:

Calculation of the damage of the temperature swing using the tempera-
ture modified Coffin-Manson damage model:

Dex = A(∆Tex)
B (4.4)

Where Dex is the damage of the example temperature swing and A and B are
fitting parameters.
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Damage summation with any previously accumulated damage:

Dacc = Dprev + Dex (4.5)

Where Dacc is the total accumulated damage, and Dprev is the damage before
the example temperature swing.

Hereafter the degradation is found using the rearranged non-linear degra-
dation function:

d = 1 − (1 − Dacc)
k (4.6)

Where d is the degradation and k is the shape parameter.

The degradation d is dimensionless, goes from 0 to 1, and represents a
crack or fault propagating through a component. Recollecting Equation 2.1
in Chapter 2 shows how the resistance of the solder layer in a power module
evolves with accumulating damage:

R =
ρT

π(r − rd)2 (4.7)

Where R is the resistance, ρ is the resistivity, T is thickness and r is the radius.

4.4 Impact of Degradation on System Behaviour

The degradation of multiple bond-wires on an IGBT in a power module was
investigated in [76] and [77]. 3D multi-physics finite element analysis was
used to evaluate the stresses and strains in the bond-wires during operation.
This work was conducted to help meet the objectives of Section 1.3.2 in Chap-
ter 1 and investigate methods of introducing degradation effects into device
and system modelling. The goal was to investigate the impact of degradation
on the microscopic behaviour of the bond-wires during operation and see
how this interacts with the sequence of bond-wire lift-offs.

The papers focuses on multi-bond-wire chips which have an added chal-
lenge as when a bond-wire starts to degrade, the electrical resistance in-
creases. This leads to reduced current in that specific bond-wire and increases
the losses in the other bond-wires.

4.4.1 Method

A 3D finite element model was built based on the geometry of a real power
module. Then, an electro-thermo-mechanical multi-physics model was set-
up to simulate the operation of a power device [76] and [77]. The simulation
workflow is seen in Figure 4.6.
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Fig. 4.6: The simulation plan of [77] applying both COMSOL and MATLAB. COMSOL was
used for FEM simulation and MATLAB was used for data analysis and control of the simulation
algorithm. The geometry is simulated in each iteration of the algorithm and is changed based
on the simulation results.

The procedure in Figure 4.6 is as follows: The multi-physics simulation
was performed and the results were saved. The stresses throughout the
geometry were analysed to determine which bond-wire foot was the most
highly stressed. An artificial crack was then slightly propagated in this bond-
wire foot, and the whole process was repeated until the entire device failed.
The crack length was propagated in increments of 10 % relative to the bond
foot length to expedite the simulation process of the potentially 40 consec-
utive 3D multi-physics FEM simulations. This was the strategy to show the
interactions between degrading bond-wires on top of a power device [76] and
[77].

4.4.2 Results

Figure 4.7 shows the bond-wire lengths throughout the simulation steps
where it can be seen that of the four wires, the middle two wires are sub-
jected to the most stress and subsequently, fails first. As the center of the
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chip is also the area with the highest temperature, it is expected that the
bond-wire feet closest to the highest temperature area are subjected to the
highest stress and therefore fails first.

Fig. 4.7: Residual bond length ratio in the four bond-wires [77].

In Figure 4.7, it can also be seen that wires degrade in pairs in stages 1
and 2 as indicated in the figure. The middle bond-wires (2 and 3) degrade
faster, but share the stress almost equally as a pair. The outer bond-wires
(1 and 4) also share their stress almost equally, but as they are further from
the centre, they suffer comparatively less damage. This shows that as one
bond-wire degrades, the others will take more of the shared current. This
will increase the stress on the other devices, evening out the stress of the
devices somewhat.

4.5 Summary

To cover the topics given in the introduction of multi-timescale phenomena
into reliability analysis (Objective 1 in Section 1.3.2 in Chapter 1), this chapter
has analysed both damage and degradation timescale modelling of power
electronics devices. First cycle-based damage modelling was discussed, with
special focus on the advantages and disadvantages of the current state of
the art methods, especially the limitations of the Rainflow Counting method.
The state of the art models are easy to implement and widely used, but may
lead to inaccurate results if the analysed stress profile contain temperature
swings less than 25 Kelvin, if the stress profile contain temperature swings
of varying amplitude or if the temperature swings have varying stress rate.
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Degradation timescale modelling was presented, along with ways to model
the interaction of damage and degradation. Some approaches to investigate
the impact of degradation were also presented. 3D multi-physics modelling
was used to investigate the effect of degrading bond-wires on power mod-
ule operation. An artificial crack was introduced into the module, and the
sequence with which the bond-wires failed was simulated, giving insight
into the damage and degradation feedback loop needed to be used. The
damage and degradation were linked using the non-linear degradation func-
tional which can be fitted to represent linear degradation effects, but also
both wear-in and wear-out degradation effects.

The models and interactions developed in this chapter will be combined
with the developed models from Chapter 3, in a combined system and degra-
dation model in Chapter 5.

Contributions of this Project
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Chapter 5

Case Studies For
Multi-Timescale Modelling

This chapter will present the work performed in [75] to answer the research
question presented in Chapter 1. The method is based on the developments
of previous publications, and combines previously presented models and
tools to meet both objectives in Section 1.3.2 in Chapter 1: Simplification
and speed-up of simulation and introduction of multi-timescale effects into
reliability analysis.

In a study case the developed models and methodologies will be applied
to two commercial PV generator systems to demonstrate the ability of the
method to model their operation and wear-out. First the methodology will
be presented, along with the work conducted to characterize the modelling.
Next the two systems are introduced, and the analysis results will be pre-
sented.

5.1 Background

System simulation with degradation is similar to the simulation approaches
used in previous chapters, such as in Section 3.3.1 in Chapter 3. The first
couple of steps of the method are similar to the common lifetime prediction
workflow with mission profile input, thermal simulation, Rainflow Count-
ing, damage model and linear damage accumulation rule. In this analysis
the mission profile simplification methodology described in Section 3.3.2 in
Chapter 3 is used as an enabler for this analysis as it can be configured to
reduce the simulation by up to 96% [44]. These steps calculate the damage
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inflicted upon the analysed devices during the analysed period.

The degradation is included by linking it to the calculated damage using
the degradation functional (Equation 4.3) from Chapter 4. The degrading pa-
rameter can be linked to the degradation via Equation 4.7 from Chapter 4.
Instead of performing the simulation one year at a time, the simulation is
performed for one section at a time. The damage of each section is evaluated
and the evolution of the degrading parameter is calculated. The next section
is simulated using the updated parameter. The simulation is repeated with
increasingly degraded parameters until device/system failure. The yearly
mission profile input is repeated if the simulation lasts more than one year
worth of simulated time [75]. This workflow enables system simulation with
parameter degradation inclusion. This simulation is then able to model the
positive feedback effect from solder layer degradation. This is when the sol-
der layer degradation leads to increased temperature swing amplitude, lead-
ing to increased damage and degradation.

The methodology enables a parameter evolution-based lifetime predic-
tion. Normally, in lifetime prediction, failure is achieved when the dimen-
sionless damage quantity reaches 1. Using the presented method, failure can
be defined to be the degradation of certain parameters beyond set thresholds,
e.g. the thermal resistance or Vce reaches 120% of the original value. This
is exactly how lifetime is defined experimentally for most applications, and
it makes the simulation more representative of the physical behaviour of an
actual system [74]. The overall workflow can be seen in Figure 5.1.

Fig. 5.1: The overall workflow for multi-year reliability analysis taking parameter degradation
into account [75].

5.1.1 Characterisation of parameter based degradation mod-
elling

As for conventional damage modelling approaches, this modelling approach
requires empirical fitting based on experimental results. The modelling is
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primarily characterised using number of cycles to failure and the stressors
of the chosen damage model, just as conventional damage modelling [70, 71,
72, 58, 73, 74]. Only one additional parameter is needed for characterisation,
namely the evolution of the degrading parameter that is to be modelled [75].

First, a guideline damage model is fitted from the test conditions and the
recorded number of cycles to failure. Then an optimization case is set-up
with damage, wear-out and error equations:

Di =
Ni − Ni−1

A(∆Ti−1
j )Be

(
C

Ti−1
mean+273

) (5.1)

Where Di is the damage of the current step, Ni-Ni−1 is the number of
cycles from the previous to this step. A,B and C are fitting parameters, ∆Ti−1

j

and Ti−1
mean are temperature swing and mean resulting from the degradation

calculated the last step. Figure 5.2 illustrates how the degradation is in-
creased from one simulation step to the next.

Fig. 5.2: Degradation points Pi−1, Pi and Pi+1. The parameter(s) and the degradation is consid-
ered to be constant between the steps and are updated when a new point is reached [75].

di = 1 −
(

1 −
i

∑
j=1

Dj

)k

(5.2)

Where di is the degradation of the current step, k is the crack shape parame-
ter, and Dj is the damage of the jth step.

RMSE =
√
(d f itted − dexperiment)2 (5.3)

Where RMSE is the root mean square error calculated from the fitted
degradation curve and the experimental degradation curve. d f itted is the fitted
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degradation curve and dexperiment is the experimental degradation curve.

Using Equations 5.1 to 5.3, the fitting parameters A, B, C and k can be
found using optimization. The entire process, including power cycling and
logged quantities can be seen in Figure 5.3.

Fig. 5.3: The workflow used to determine the degradation model using power cycling testing
[75]. N f is the number of cycles to failure, Revo is the resistance which evolution is the focus of
the test. ∆Tj is the temperature swing, and Tjmean is the junction temperature mean.

To demonstrate the ability of the characterisation methodology to find
the proper values af A, B, C and k, reference degradation curves were syn-
thesized based on the experimental results [58]. The reference curves were
subjected to the characterisation process and fitted curves were produced as
a result. The fitted curves were able to match the reference curves well. The
reference and fitted curves can be seen in Figure 5.4.

74



5.1. Background

Fig. 5.4: Simulated reference and fitted degradation curves for six loading conditions from ref-
erence [58] as seen in [75]. The different operating conditions can be found in detail in [58].

Experimental wear-out data was also used to test the characterisation pro-
cess. Experimental evolution of the temperature swing amplitude for a DC
power cycling test of an IGBT was also characterised. The FS25R12KT3 [78]
module was attached to a fixed temperature cooling plate and stressed with
44.3 A current pulses for 5 seconds on and off time. The wear-out curve was
characterised successfully using the same method as before. The RMSE of
the fitted curve was 0.9201. The reference and fitted curves can be seen in
Figure 5.5 [75].
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Fig. 5.5: Experimentally determined temperature evolution [75].

5.2 System 1: Microinverter

An Impedance-source-based PV microinverter from UBIK Solutions will be
analysed as the first system in this chapter [79]. The system is a two-stage
grid-connected PV generator consisting of a Front-end Quasi-Z-Source Series
Resonant DC-DC Converter and a single phase grid-tied inverter. The system
itself and the operation can be found in detail in references [80] and [81]. The
schematic of the system can be seen in Figure 5.6.

Fig. 5.6: The entire PV generator system of system 1 [80].

The system has previously been subjected to a reliability analysis docu-
mented in [82]. The analysis of [82] was very thorough, but did not take
degradation into account which this analysis will. As mentioned in Sec-
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tion 5.1 the degradation is an important phenomenon to include as the degra-
dation can cause a positive feedback loop which can affect the lifetime of the
system negatively.

In this work, the inverter switches (S5-S8) will be the focal-point of the
reliability analysis. These are SCT2120AF MOSFETs from ROHM Semicon-
ductor and the electrical parameters can be found in the datasheet [83].

The thermal parameters for the junction to case are found from the datasheet
[83] and the thermal parameters for the case to ambient can be extracted from
the previous analysis [82]. The thermal network parameters can be seen in
Table 5.1.

Table 5.1: Thermal parameters from [83] and [82] in a four level Foster network form [75].

Level Resistance Capacitance

Junction-Case RC pair 1 0.04197 [K/W] 0.001471 [J/K]

Junction-Case RC pair 2 0.2677 [K/W] 0.06857 [J/K]

Junction-Case RC pair 3 0.3778 [K/W] 0.006633 [J/K]

Case-Ambient 1.759 [K/W] 2774 [J/K]

The damage model used for the bond-wires is the same as in [82]:

N f = α∆T−m
j (5.4)

The solder layer degradation damage model for the solder layer and the
model parameters used in this analysis will be found in literature. The equa-
tion can be seen in Equation 5.5 from [15].

N f = A∆TB
j e(

C
Tmean+273 ) (5.5)

Where N f is the number of cycles to failure, ∆Tj is the temperature swing,
Tmean is the mean temperature. A, B and C are model parameters with the
values of A = 97.2231, B = −3.1292 and C = 7.1667e + 03 [15]. The shape
parameter refers to the non-linear coupling between damage and degrada-
tion, as shown in Figure 4.5 in Chapter 4. This parameter was extracted from
the experimental results of [15]. Damage and degradation models from liter-
ature are used as the parameters for those models were found using multiple
experimental test conditions, whereas the experimental results shown in Fig-
ure 5.5 were found using only a single test condition.

A lifetime prediction for system 1 was achieved using the workflow of
Figure 5.1. The simulation was conducted for each section of the mission pro-
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file. After each section has been modelled, the inflicted damage was summed
and the thermal resistance of the solder layer was updated based on the ac-
cumulated damage. The simulation was repeated until the device’s failure.
In Figure 5.7, the junction temperature profile, solder damage and thermal
resistance over time can be seen for different locations.

Fig. 5.7: The damage and degradation evolution of the UBIK system [75].

In the first graph of Figure 5.7, long periods of normal operation can be
seen for most of the converter’s lifetime. In the periods of normal operation,
the solder damage will increase linearly, as seen in Figure 5.7. As the solder
damage increases, so will the interface degrade, causing an increase in ther-
mal resistance. The impact of the increase in thermal resistance can be seen
in the junction temperature profile as an increase of maximum temperature.
As the solder layer resistance in this application is a relatively small part of
the total thermal resistance, the impact is not seen until the thermal resis-
tance has increased to 40-60 times the original value. Once the resistance has
started to increase exponentially, the temperature swing will as well and so
will the damage[31].
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Linearly projected lifetimes of the UBIK system without degradation were
found by extrapolating the initial damage rates of Figure 5.7. The feedback
mechanism was found to be a major lifetime-limiting factor and to reduce the
lifetime by 20-60+ years depending on the mission profile. The projected and
predicted lifetimes can be seen in Figure 5.8.

Fig. 5.8: The linearly projected (blue) and non-linear lifetime (red) [75].

5.3 System 2: 3-phase 15 kW NPC Inverter

The second system is a 15kW Danfoss TLX PRO+ [84] with three parallel
input boost converters and an NPC inverter as seen in Figure 5.9. Some spec-
ifications of this system were unknown, but has been specified using spec-
ifications from other systems. This system will provide a more traditional
point of comparison to the results of system 1 as it represents actively cooled
systems.
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Fig. 5.9: The NPC inverter system of the 15 kW Danfoss TLX PRO+. An L-filter, three parallel
boost converters and the auxiliary systems are not shown [75].

The thermal network from case to ambient was extracted from a 3D finite
element modelling as in [85]. The chips were considered to be similar to those
from [35]. The total thermal network of the system can be found in Table 5.2.

Table 5.2: Stand-in thermal parameters of the Danfoss system in Foster network form [75].
The junction to case resistances and capacitances are from literature [35], the case to ambient
parameters are estimated using 3D FEM based on the real geometry.

Level Resistance Capacitance

Junction-Case RC 1 0.0324 [K/W] 0.3086 [J/K]

Junction-Case RC 2 0.1782 [K/W] 0.1122 [J/K]

Junction-Case RC 3 0.1728 [K/W] 0.2894 [J/K]

Junction-Case RC 4 0.1566 [K/W] 0.6386 [J/K]

Case-Ambient RC 1 0.0202 [K/W] 138.4 [J/K]

Case-Ambient RC 2 0.0191 [K/W] 865 [J/K]

Case-Ambient RC 3 0.0416 [K/W] 61.7 [J/K]

The bond-wire damage model used for the system 2 is the damage model
presented in [57] and used in [35]. The parameters can be found in [35], and
the equation is as follows:

N f = A(∆Tj)
β1 · e

β2
Tj,min+273 tβ3

on Iβ4
B Vβ5

C Dβ6 (5.6)

The stressors and fitting parameters of Equation 5.6 was presented in
detail in Section 4.2.2 in Chapter 4.

In Figure 5.10, the evolution of junction temperature, solder damage and
thermal resistance evolution of the system 2 can be seen. Since the internal
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structure is unknown, the thermal conditions for all inverter devices can only
be assumed to be identical. Therefore the following analysis is based on the
damage of a single device.

Fig. 5.10: The damage and degradation evolution of the Danfoss system [75].

The thermal feedback is also seen for this system. The temperature swing
causes a linearly increasing damage, which degrades the thermal interface
and causes an increase in the thermal resistance. At a certain level of damage,
this resistance starts to increase the temperature swing, thereby increasing
damage and resistance, increasing the temperature swing even more.

In Figure 5.11 the lifetime predictions with and without taking degrada-
tion into account can be seen.
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Fig. 5.11: The linear damage lifetime prediction (blue) and non-linear degrading lifetime predic-
tion (red) of system 2 at five different locations [75].

5.3.1 Comparison of Degradation Shape Parameters from Lit-
erature

To compare the impact of the degradation shape parameter (as introduced in
Chapter 4) on parameter evolution, five different values for thermal resistance
and degradation shape were compared using the Arizona mission profile and
system 2. The parameters can be seen in Table 5.3.

Table 5.3: Degradation parameters for different components in different applications from litera-
ture showing some of the different possible values for the parameters. a and b are Coffin-Manson
damage model parameters and k is the degradation shape parameter [75].

Parameter a b k

Case 1 0.02979 1.000111 4.278 [86]

Case 2 0.0002544 0.9877 3.902 [87]

Case 3 0.01764 1.08498 0.8485 [87]

Case 4 0.000512 1.035 5.622 [15]

Case 5 0.1851 0.6749 0.06 [75]

The results of the simulation sweep of 5 cases can be seen in Figure 5.12.
Simulations are performed for different cases of degradation shape values
giving thermal resistance evolution trends. Figure 5.12 show that the be-
haviour of the degrading parameter is essential to fit correctly as the damage
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model for parameters will cause a positive feedback loop. The figure also
shows that the impact of the degradation modelling vary with the degrada-
tion behaviour, for some combinations, the impact is minor and for others
the degradation is a major factor in device lifetime.

The simulations of Figure 5.12 are based on the geometry of system 2.

Fig. 5.12: Temperature swing, damage and thermal resistance evolution of different parameter
cases [75].

Figure 5.12 shows the results of the different degradation parameter cases
from Table 5.3. Figure 5.13 show the impact of k variation with case 1 param-
eters and for the Arizona mission profile. The higher the k is, the earlier the
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degradation will propagate, and the earlier the positive feedback effect will
be activated. As a result, the simulated lifetimes are inversely related to the
amplitude of k.

Fig. 5.13: Temperature swing, damage and thermal resistance evolutions of different values of k
for system 2 using the Arizona mission profile [75].
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5.4 Summary

In this chapter, the final developments to meet the research objectives of Sec-
tion 1.3.2 in Chapter 1 were presented. In Chapter 4, the method to perform
multi-timescale degradation modelling was developed, meeting the objective
of introducing multi-timescale phenomena into reliability modelling. This
work was based on the mission profile simplification method developed in
Chapter 3 which provided the solution to meet the objective of simplifying
and speeding up lifetime modelling.

This chapter has presented a method to perform fast degradation mod-
elling for power electronics as well as a method to determine the degradation
behaviour equations. Two case studies with degradation modelling were
conducted to demonstrate the method. Finally, the impact of degradation
behaviour was investigated through sweeps of the degradation behavioural
parameters.

Contributions of this Project

[75] Fogsgaard, M. B., Bahman, Y. Zhang, A. S., Iannuzzo, F., & Blaabjerg, F.
(2022). Lifetime Analysis of Two Commercial PV Converters using Multi-Year
Degradation Modelling. e-Prime, Vol 5, [100205]. https://doi.org/10.1016/j.prime.2023.100205
(2023).

This paper presents a multi-timescale modelling approach developed to
answer the research question in Chapter 1. The modelling methodology in-
tegrates system modelling with degradation effects and is enabled by the
simplification method presented in Chapter 3.
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Chapter 6

Conclusion

This chapter summarises the main contributions of the PhD Thesis, concludes
the thesis and offers perspectives on future work defined on this work. The
efforts of the PhD project will be evaluated to answer the research question.

6.1 Summary

This section contains a summary of the work of the thesis. The main findings
and developments are highlighted using bold text.

Device Timescale Modelling

Chapter 2 presents an overview of the physics and couplings needed for
power electronic device modelling. Maps for the electro-thermal and dam-
age and degradation modelling are included and are used as the basis for the
modelling in the thesis.

Additionally, in Chapter 2 a multi-physics finite element model was used
as a digital twin for a power module exposed to power cycling with varying
loading conditions. The chapter, presents an alternative approach to eval-
uating the loading a power device experiences during power cycling and
during operation. The loading evaluated using this method can be directly
used to predict experimental lifetime, and was found to more accurately
predict the results of an experimental power cycling test than the reference
methodology.

These results also show that there may be more accurate loading terms
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than the temperature swing commonly used in the literature. Based on the
data in this chapter, the thermal energy flux during cycling is a quantity
worth exploring in future work.

System Timescale Modelling

Chapter 3 proposes a novel methodology to analyse mission profiles. This
methodology seeks to categorise the mission profile into events. These
events are temporally limited, and, unlike counted cycles, contain temporal
information about the dynamics in the system during the event. The events
may be used as binning to target different event categories with different
modelling complexities, such that the events that are considered to be the
most harmful, are modelled with the highest modelling detail, while the less
influential events are modelled in a faster and more simple way.

Multiple methods with which the mission profile can be categorised into
events have been studied. In the initial work, the event types are defined
manually and sorted using an algorithm. Subsequent efforts presented work
to use artificial intelligence methods to categorise a mission profile into
events. The length of an event is also open for future work, as a fixed length
is more well-defined, but varying length events may be more useful when
representing a mission profile with events. These are however more complex
to analyse and to categorise.

Chapter 3 presents a PV mission profile simplification methodology for
profiles from arid climates. The method employs a novel process to synthe-
size representative days that make up a representative profile which can be
simulated much faster than the original profile. The method also includes a
reconstruction phase where the results from the simulation of the representa-
tive profile are extracted to produce a yearlong junction temperature profile
for damage modelling. The method is useful for performing analyses in a
shorter time frame, enabling simulation sweeps e.g. to find optimal designs
or simulation of more complex models.

While the simplification method was intended for arid climates, it proved
to be inaccurate with profiles containing clouds. The chapter also presents a
general methodology for solving the cloud-dependent accuracy issue. Us-
ing a "Zero-order model", where representative days are chosen from the
mission profile to form a representative profile. The general methodology
has the advantages of the previous, climate dependent, methodology, both
being useful to speed up the simulation and as an enabler for doing simula-
tions of more complex models.
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Damage and Degradation Timescale Modelling

The impact of degradation was studied in Chapter 4. Multi-physics finite
element modelling was used to see the effect of propagating bond-heel cracks
on the behaviour of a multi-bond-wire power device.

One of the options that are enabled by the simplification method in Chap-
ter 3 is the addition of degradation modelling in mission profile modelling
of power electronics. The year, or a part of the year, can be simulated, and
the damage can be calculated to the value of a parameter to represent degra-
dation, within such a time frame that even if the process is repeated until fail-
ure, the whole simulation can still be performed practical time-frame. This
process is presented in Chapter 5.

6.2 Main Contributions in the Thesis

A mission profile simplification method was found to reduce simulation
time As defined in the research question, and further specified in the project
objectives, the simplification and speed-up of mission profile modelling is
an important enabler for multi-timescale modelling. A method for this was
presented in Chapter 3 for PV converters in arid climates.

The simplification methodology was improved to remove climate depen-
dence The research question was not defined for a single climate, therefore
the climate dependent method in Chapter 3 was improved upon to develop
a climate independent method.

An FEM-based alternative to conventional damage modelling was found
Alternatives to the conventional damage modelling methodology were ex-
plored in Chapter 2 and Chapter 3. The first investigation was of a new pro-
cedure for empirical damage model fitting, which was found to offer novel
stressors for use in new damage models.

An alternative to the cycle-based damage modelling was studied to be-
come event-based damage modelling In Chapter 3, an event-based loading
modelling method, which, if expanded upon, could form the basis of a new
damage modelling paradigm.

Integration of degradation feedback into load modelling was developed
First investigated in Section 2.3 and later in Section 4.4, methods to include
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degradation in system load modelling were sought. Finally, Section 3.3.1
and Section 3.3.2 enabled the method of Chapter 5, achieving multi-timescale
modelling comprising of regular system modelling coupled with degradation
modelling.

6.3 Future Work

The work of this thesis may lead to the following future work.

Experimental Verification of Representative Mission Profile The lifetime
predictions of Section 3.3.2 and Section 3.3.1 should be tested experimen-
tally. This should be done with AC power cycling with loading conditions
designed to test the generality of the generated profile.

Investigation into using Thermal Energy Flux as Stressor Alternative to
Temperature Swing In Section 2.4, the results suggested that the thermal
energy flux may be a more accurate stress quantity than the temperature
swing. This should be investigated experimentally, and if found to be true,
modelling methodologies should be adapted to use the thermal energy flux
instead of the temperature swing.

Adaptation of Simplification Method for Other Applications The simplifi-
cation methods of Section 3.3.1 and Section 3.3.2 were developed specifically
for PV generator systems. Similar simplification methodologies may be de-
vised for other applications such as automotive, wind-power etc.

Multi-timescale Modelling of Larger and Connected Systems More and
more system are installed in configurations with a large amount of parallel
and linked systems. The developed models with fast computation times in
this thesis may be used as the basis for a methodology for modelling large
systems comprising multiple converters.

Experimental Characterization of Degradation Shape Parameter The degra-
dation shape parameter links the damage and degradation of a component or
interface, and in this thesis it is considered constant. Efforts to validate that
assumption experimentally would be very beneficial, both to more precisely
find the range of the k value, but also to test for loading, temperature or other
dependencies of the value.
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