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ABSTRACT 
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Constantly varying loads in electric powertrains induce thermal stress to its power electronic 

components. Especially, the power modules and semiconductor components within 

experience frequent thermal cycles during operation which causes them to degrade over time 

and eventually fail completely. It is useful to be able to determine the amount of temperature 

cycling a module can handle and estimate its lifetime.  

 

In this thesis, a calculation tool for the lifetime estimation of inverter’s power modules is 

implemented. Power loss model and thermal model were used to determine temperatures for 

the power module’s individual semiconductor components as a function of time. The 

produced temperature profile was used to calculate a lifetime expectancy for the module by 

using cycle counting and an analytical lifetime model.  

 

The functionality of the simulation model was verified against a more accurate, and already 

verified simulator. Also, a proof-of-concept case was carried out to showcase the analysis 

that the tool can generate based on a load profile of an inverter driven electric motor. The 

verification demonstrated the tool to be able to provide fairly accurate results for the power 

module temperatures. Also, rainflow cycle counting was successfully implemented and the 

tool was able to provide a lifetime estimation. Further development for the tool is needed to 

make it easier to use for different power module types. 
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Vaihtelevat kuormat sähköisissä voimansiirtojärjestelmissä rasittavat sen osana olevia 

tehoelektroniikkakomponentteja. Erityisesti tehomoduulien puolijohdekomponentit kokevat 

suuria lämpötilavaihteluita aiheuttaen lämpöväsymistä, joka johtaa lopulta moduulin 

hajoamiseen. On siis hyödyllistä pystyä määrittämään tehomoduulin kyky kestää 

lämpösyklausta ja arvioida sen perusteella odotettavaa elinikää. 

 

Tässä työssä toteutettiin laskentatyökalu, jolla voidaan arvioida vaihtosuuntaajan 

tehomoduulin elinikää. Moduulin komponenteille laskettiin lämpökäyrät käyttäen häviö- ja 

lämpömalleja. Lisäksi hyödyntäen lämpösyklien laskenta-algoritmia, sekä analyyttistä 

elinikämallia, voitiin moduulille antaa arvio odotettavasta eliniästä. 

 

Simulointimallien toiminta verifioitiin vertailemalla tuloksia tarkan, jo verifioidun, 

simulaattorin kanssa. Lisäksi työkalulla laskettiin esimerkkitapaus, jossa analysoitiin 

sähkömoottoria ajavan invertterin tehomoduulin lämpösyklauksen kestoa perustuen 

moottorin kuormaprofiiliin. Laskennan tulokset osoittivat mallien antavan hyvän arvion eri 

komponenttien lämpötiloista. Lisäksi lämpösyklien laskenta-algoritmi integroitiin 

onnistuneesti osaksi kokonaisuutta ja moduulille voitiin antaa elinikäarvio. Laskentatyökalu 

vaatii lisäkehitystä, jotta sen toimintaa voisi laajentaa erilaisille tehomoduulityypeille.   



 

3 
 

ACHKNOWLEDGMENTS  
 
 
The thesis was done in Lappeenranta and Espoo, Finland, during the first half of 2021. First 

of all, I would like to thank Danfoss Editron for providing me the interesting topic for the 

work. I especially want to express my gratitude to my thesis supervisor at Editron, M.Sc. 

Lauri Pyrhönen, for his continuous support throughout the work. Thank you also to all my 

other co-workers at Editron for the great working environment and positive atmosphere. 

 

I would like to thank the thesis examiner, Professor Pasi Peltoniemi, for his support and the 

insights given on the topic. 

 

Last but not least, thank you to my family and friends for supporting me throughout my 

studies.  

 
 
 
Espoo, June 15, 2021 
 
Anton Mussalo 
 
 
 
  



 

4 
 

Table of Contents 

 

Symbols and Abbreviations          5 

1 Introduction 8 
1.1 Background and goals ...................................................................................................... 9 
1.2 Overlook on inverter operating principle ................................................................... 11 

 Space vector modulation ...................................................................................... 14 

2 Power modules 17 
2.1 Structure and packaging ................................................................................................ 17 

 Modules without base plate ................................................................................. 20 
 Sintering as a solder alternative ........................................................................... 21 

2.2 Degradation and failure mechanisms .......................................................................... 22 
 Bonding wire fatigue and lift-off......................................................................... 24 
 Solder joints fatigue .............................................................................................. 26 
 Aluminum reconstruction and ratcheting .......................................................... 27 
 Other degradation and failure methods ............................................................. 28 

3 Loss and thermal modeling 30 
3.1 Power losses .................................................................................................................... 31 

 Conduction losses ................................................................................................. 31 
 Switching losses ..................................................................................................... 33 

3.2 Dynamic temperature modeling using Foster thermal network.............................. 35 
3.3 Fundamental frequency temperature cycling ............................................................. 38 

4 Lifetime estimation 45 
4.1 Rainflow cycle counting ................................................................................................ 46 
4.2 Lifetime models .............................................................................................................. 50 
4.3 Lifetime consumption ................................................................................................... 56 

5 Tool implementation in MATLAB 57 

6 Results 62 
6.1 Electro-thermal model verification .............................................................................. 62 
6.2 Evaluation of the results ............................................................................................... 78 
6.3 Proof-of-concept ............................................................................................................ 80 

7 Discussion 86 

References 88 

  



 

5 
 

SYMBOLS AND ABBREVIATIONS 

Symbols 

𝐴  Curve fitting constant 

𝐶  Capacitance 

𝐶   Lifetime model constant 

𝐶   Thermal capacitance 

cos (𝜑) Power factor 

𝐸   Activation energy  

𝐸   Turn-off energy 

𝐸   Turn-on energy 

𝐸   Reverse recovery energy 

𝐸 ,  Peak value of switching energy 

𝑓   Diode de-rating factor 

𝑓   Electrical frequency 

𝑓   Switching frequency 

𝐼   Collector current 

𝐼 ,   Root-mean-square value of diode current 

𝐼   Average diode current 

𝐼   Current peak value 

𝐼 ,   Root-mean-square value of transistor current 

𝐼   Average transistor current 

𝑘   Boltzmann constant 

𝐿𝐶   Lifetime consumed by high frequency (fundamental) cycles 

𝐿𝐶   Lifetime consumed by low frequency (load) cycles 

𝐿𝐶   Total lifetime consumed 

𝑀  Modulation index 

𝑁  Number of counted cycles 

𝑁   Number of cycles until failure 

𝑁 ,   Number of cycles until failure (Arrhenius factor) 

𝑁 ,   Number of cycles until failure (Coffin-Manson law) 

𝑛  Rotational speed in rpm 

𝑛   Nominal rotational speed 
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𝑃   Average power 

𝑃   Conduction losses 

𝑃 ,   ith loss pulse 

𝑃   Equivalent sinusoidal half-wave loss 

𝑃   Switching losses 

𝑃   Total power losses 

𝑅   Wire bond aspect ratio 

𝑅   Collector-emitter resistance 

𝑅   Thermal resistance 

𝑠  Laplace variable 

𝑠   nth semiconductor switch 

𝑇  Temperature / Torque (depending on the context) 

𝑇   Power module base temperature 

𝑇   Temperature of fundamental cycle 

𝑇   Highest junction temperature of kth fundamental cycle 

𝑇 ′  Minimum temperature of kth fundamental cycle 

𝑇   Mean temperature 

𝑇   Nominal torque 

𝑇   Maximum temperature 

𝑡  Time 

𝑡   Heating time 

�⃗�  Voltage vector 

𝑈 ⃗  Reference voltage vector 

𝑈   Collector-emitter voltage, constant part 

𝑈 ( ) Total collector-emitter voltage 

𝑈   DC-link voltage 

𝑈   Reference voltage 

𝑢   Steady state voltage 

𝑢 (𝑡)  Voltage as a function of time 

𝑍   Thermal impedance 
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𝛼  Lifetime model constant 

𝛽  Lifetime model constant 

𝛾  Lifetime model constant 

∆  Change 

𝜏  Time constant 

𝜔  Angular velocity  

 

Abbreviations 

AC  Alternating Current 

AFE  Active Front End 

ASTM  American Society of Testing and Materials 

CTE  Coefficient of Thermal Expansion 

DC  Direct Current 

GaN  Gallium Nitride 

MTPA  Maximum Torque Per Ampere 

PM  Permanent Magnet 

SiC  Silicon Carbide 

SVM  Space Vector Modulation 

VSI  Voltage Source Inverter 

WBG  Wide Band Gap 
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1 INTRODUCTION 

Electrification of powertrains in mobile applications continues to be a globally growing 

trend. Tightening emission rules, environmental concerns and various performance 

advantages over traditional hydraulic and mechanical systems are the main driving factors 

for the demand of electric and hybrid drivetrains. When compared to e.g., a traditional diesel 

powertrain, the main advantages of electric and hybrid solutions are reduced emissions, 

reduced cost due to lower fuel consumption and better controllability. Furthermore, electric 

drivetrains often require less maintenance and can increase the overall performance of the 

application, resulting in better productivity. Advancements in technology, especially in the 

field of power electronics and batteries, have enabled electric powertrains to reach at least 

as good performance as traditional ones which has accelerated the commercial success. 

(Lajunen, et al., 2018) 

 

Electric powertrains are energy conversion systems where mechanical energy is converted 

to electrical and vice versa. Also, electric energy needs to be transformed from one form to 

another by converting between alternating current (AC) and direct current (DC) and 

affecting the overall electrical properties such as frequency, voltage levels, current levels, 

and phase. In many modern applications, the basis for electric energy conversion is power 

electronics. Usually, a conversion system consists of more than one power conversion stages 

and can include many power electronic devices such as converters, rectifiers, and filters. In 

addition, when the conversion from electrical energy to mechanical energy is needed, or vice 

versa, electric machines are introduced to the system. Converter can be used as a generic 

term to describe a device capable of performing AC/DC, DC/AC, DC/DC, or AC/AC 

conversions.  

 
Power electronics utilize power semiconductors, which are the key technology in electric 

energy power conversion. They are a subcategory of semiconductor components, and such 

like other semiconductors, they can be used for rectification, amplification and switching 

purposes, but they are designed to be able to handle higher voltages and larger currents. 

Semiconductor components can be divided into three categories based on their degree of 

controllability: uncontrollable devices (e.g., diodes) which are controlled between on and 

off states by the power circuit, partially controllable devices (e.g., thyristors) in which the 

on-state is controlled by a separate control signal, but it is turned off by the power circuit, 
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and  fully controllable devices (e.g., MOSFET transistors) in which both turn-on and turn-

off are controlled by a separate control signal. Power semiconductors are predominantly used 

in switching applications. They can be utilized as discrete components, or several 

semiconductors and other components can be integrated together in a common containment 

forming one functional structure. This package can comprise of anything ranging from few 

semiconductor switches to e.g., a full three-phase rectifier. These units are called power 

modules and during their operation they generate power losses which causes them to heat 

up. The constant heating and cooling during operation exposes them to thermal stress that 

will slowly wear them down.  (Mohan, et al., 2003) 

1.1 BACKGROUND AND GOALS 

Danfoss Editron is a manufacturer of power electronics and electric machines, also providing 

system solutions for fully electric and hybrid powertrains in heavy-duty and commercial 

vehicles and machines. The drivetrain solutions are specially designed for applications in 

marine, off-highway, and on-highway machinery. The Editron system can include all the 

essential components required for a drivetrain electrification such as electric converters, 

electric machines, software, energy storages and sub-solutions. 

 

Due to the nature of mobile applications, electric powertrains, including the power electronic 

devices as part of them, often face harsh conditions including environmental stresses like 

vibration, and water or dirt exposure. Moreover, the loads in mobile applications are often 

cyclic rather than static which exposes the power electronics and its components to cyclic 

stress. The modern power modules are generally considered to be very durable but the 

dynamic operation under cyclic loads will eventually wear them out. The varying loads and 

changing currents cause power modules to heat up and cool down in a cyclic manner which 

leads to thermal expansion and contraction. This behavior stresses the boundaries between 

material layers over time leading to deteriorated performance and eventually possibly 

completely stopping the operation (Ikonen, 2012). Thermal cycling is still one of the most 

common causes of failure among power modules, even though a lot of improvement in the 

technology have been realized over the years. Module manufacturers are also constantly 

looking for new ways to improve their module’s capability to withstand the cyclic stresses. 
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Since power modules degrade over time, it is useful to be able to estimate their lifespan. The 

lifetime information can be used in the powertrain design process to help determine the 

lifespan of the whole system and the need for maintenance. Also, the estimation can be used 

as one driving factor when considering different power module options for a product during 

its development. The load cycles that power modules face during their lifetime are distinctive 

to the specific application and therefore the lifetime expectations can also differ substantially 

between physically identical modules if they face different conditions and mission profiles. 

 

The aim of this thesis is to implement a tool for calculating the temperature of a power 

module when exposed to an arbitrary mission profile and estimate its lifetime based on the 

temperature cycling. So, the estimation will consider the module’s natural wear-out over 

time, not taking into account possible random events causing premature failure. The 

motivation is to be able to provide application specific estimations of the power module’s 

durability as it is valuable information to the end user of the device. End users can also have 

direct requirements regarding the lifetime expectancy of the components used in a more 

complex system. The focus will be on Danfoss Editron’s EC-C1200-450 electric converter 

and the lifetime estimation of its power module when used as a motor inverter. The 

calculation tool is implemented in MATLAB and Simulink environments, comprising of 

both scripts and simulation models. For the simulations, an electric motor model is needed. 

In (Pyrhönen, 2020) an electric machine simulation model is introduced, and it can be 

directly used as part of the simulation model in this thesis. The tool is meant for engineer 

usage and for people having basic knowledge of MATLAB. 

 

In this thesis, first the different degradation mechanisms of power modules are investigated 

mainly focusing on temperature cycle induced methods. Different power module structure 

variations are also discussed as they affect the degradation. Power module loss- and thermal 

models are introduced and implemented which are later used to extract the power module’s 

temperature profile for further calculations. The loss and thermal calculations are done in a 

simulation model in which a mission profile is driven by the motor and inverter combination. 

  

The most common thermal loadings encountered in power modules, when used as a part of 

a powertrain, are thermal cycles due to changes in load profile, and thermal cycles which is 

caused by the current fluctuations at fundamental frequency. One of the main focuses of this 

thesis is to introduce a method that can take into account the effect of fundamental frequency 
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fluctuations when calculating the temperature profile and estimating module’s degradation. 

The intent is a to keep computation time in the level of minutes to enable quick and efficient 

calculations. The mission profiles to be simulated can be very long and the electrical 

phenomena in power modules are very fast in comparison. Accounting for every fast 

electrical phenomenon in the simulations would require very high sampling frequency which 

would result in significantly slower calculation speeds. Hence, simplifications to the 

calculation methods needs to be made. Finally, a temperature cycle counting method and an 

analytical lifetime model is implemented to estimate the lifetime of the module. Many 

different lifetime models have been introduced in literature e.g., (Held, et al., 1997) (Bayerer, 

et al., 2008) (Scheuermann & Ralf, 2013). In this thesis, an overview of some of the most 

common ones is given and one is chosen to be implemented as part of the tool. 

1.2 OVERLOOK ON INVERTER OPERATING PRINCIPLE 

The EC-C1200-450 is a liquid cooled heavy-duty converter especially designed for electric 

and hybrid drivetrains of mobile applications and it can have multiple functions depending 

on selected software option. It can be used as a motor inverter controlling torque and speed 

of electrical traction motors and it is able to control permanent magnet machines, induction 

machines as well as Danfoss’ reluctance-assisted permanent magnet machines. In addition, 

the EC-C1200-450 can be used as an active front end (AFE) as well as creating a microgrid 

when combined with an external LCL-filter. With an external inductance unit, it can also 

function as a DC/DC converter (EDITRON, 2020). In this thesis, the focus is on the motor 

inverter functionality of the device. It should be noted that the power module model later 

introduced in the thesis in not specifically bound to a particular product, but the EC-C1200-

450 is used as a reference device to better explain the purpose of the power modules and 

inverter operation.  

 

In Figure 1.1 the converter topology is presented including its key operative parts. The 

topology presents a two-level inverter, meaning that the outputs are connected either to the 

plus or the minus terminal of the DC-link. It should be noted that the device in question is a 

voltage source inverter (VSI). The DC-link connections are marked with DC- and DC+ 

notations. The capacitors C1 and C2 are Y-capacitors which are used for clamping common 

mode noise to the ground and the Y-capacitors together provide a path for common mode 

current. Capacitor C3 is the DC-link capacitor, and its purpose is to provide energy storage 
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and to filter the DC-link voltage. The resistors R1 and R2 are isolation measurements and 

R3 is a bleeder resistor which passively discharges the energy stored in the DC-link capacitor 

once the converter is disconnect from the supplies.  

 

After the DC-link capacitor, the power module configuration is seen, consisting of six 

integrated gate bi-polar transistors (IGBTs) and six freewheeling diodes arranged to form a 

3-phase bridge which can also be referred to as inverter bridge. Each IGBT and diode 

combination forms one switch (𝑠 − 𝑠 ). When considering converters in general, the 

inverter bridge can be made of using one or several power modules depending on the chosen 

configuration. For example, it is possible to fit the whole bridge configuration into one 

module or to have one module per phase so that the whole bridge is formed by three modules 

in total. 

 

 
Figure 1.1 Schematic of the EC-C1200-450 converter. (EDITRON, 2019) 

 
Typically, AC motors operate using three-phase sinusoidal alternating current conducted to 

the stator windings which produces a rotating magnetic field. Rotor on the other hand carries 

static lines of current producing its own magnetic field and the interaction between rotor or 

stator currents and common magnetic field produces torque. The currents in the rotor may 

be produced by active set of current carrying rotor windings or via electromagnetic induction 

depending on the type of motor used. Alternatively, in permanent magnet (PM) machines, 

permanent magnets embedded to the rotor contribute a spinning magnetic field without the 

lines of current in the rotor. In this case, torque is produced by the stator currents and the 

common magnetic field comprised of the changing field induced by the stator current and 

the constant field of permanent magnets. Permanent magnet motors are synchronous electric 

machines meaning that at steady state the shaft rotation is synchronized with the frequency 
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of the stator winding current and hence the rotating magnetic field it creates as well. So, the 

rotational speed of the PM motor is directly determined by the frequency of the sinusoidal 

current conducted to its stator windings without the slip seen in induction motors. For clarity, 

this frequency is from this point forward referred to as fundamental frequency.  

 

A VSI creates an AC voltage from a DC voltage source to produce the desired current to the 

motor windings when it is used as a motor inverter. The power module’s purpose is to 

execute the actual conversion from DC voltage into three phase sinusoidal AC voltage with 

variable fundamental frequencies and amplitudes. It should be noted that when an electric 

machine is operated as a generator the direction of the power also changes. The fundamental 

frequency and amplitude of the output AC voltage is controlled by the module using 

semiconductor switches (transistors) which are turned on and off at high frequency. In Figure 

1.1 IGBTs with free-wheeling diodes form the inverter bridge but other power transistor 

types could also be used in the same configuration. The switch types are picked for an 

application based on the needed characteristics such as voltage limits, current limits, and 

switching frequency. (Pyrhönen, et al., 2016)  

 

The voltage control method where voltage is supplied using a regular series of pulses is 

called pulse width modulation (PWM). Each pulse of a semiconductor switch produces an 

amplitude equivalent to the DC-link voltage and the rms voltage at the output can be affected 

by changing the length of the pulse. Typical switching frequencies in motor inverters are 

from few to tens of kHz (Pyrhönen, et al., 2016). The switches are controlled with external 

commands via gate drivers by a control algorithm that decides the upcoming actions based 

on user demands, drive parameters or other limits implemented to the system. For example, 

in the case of motor control the user reference can be the desired torque or speed of the 

machine. A modulator receives a voltage reference from the control which determines the 

voltage pulse widths by switching the semiconductor switches on and off. (Ikonen, 2012) 
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 Space vector modulation 

Many different methods of PWM have been introduced for controlling output power. One 

of the most commonly used techniques for field-oriented control of induction motors and 

PMs is space vector modulation (SVM). Considering the three-phase inverter configuration 

presented in Figure 1.1 with six switches (𝑠 − 𝑠 ), there are eight logical switching 

configurations, each resulting in a specific voltage vector. The voltages (𝑈⃗ − 𝑈⃗) can be 

represented in a space vector hexagon as individual vectors having their own magnitudes 

and directions as seen in Figure 1.2. The three-digit numbering for each voltage vector in the 

figure shows the on and off stages of switches 𝑠 , 𝑠  and 𝑠 . For example, notation (100) 

shows that 𝑠  is on while 𝑠  and 𝑠  are off. The switching stages for 𝑠 , 𝑠  and 𝑠  are 

complimentary to 𝑠 , 𝑠  and 𝑠  respectively. 

 

 

Figure 1.2 Voltage vectors (𝑈1⃗ − 𝑈8⃗) presented in space vector hexagon with a reference vector 𝑈𝑟𝑒�⃗�. 

 

Vectors 𝑈⃗ − 𝑈⃗ have a non-zero magnitude and are often referred to as basic vectors. 𝑈⃗ 

and  𝑈⃗ at the center of the hexagon are null vectors with zero magnitude. By using specific 

switching sequences, any reference vector 𝑈 ⃗ can be averaged within the hexagon. The 
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direction is determined by switching between two adjacent basic vectors and the magnitude 

can be affected by utilizing the null vectors for a specified duration. The length of the 

reference vector can be reduced by utilizing the null vectors for a longer duration. With 

appropriate switching, SVM’s aim is to create a space vector rotating at a certain speed which 

is used to control an electric motor. To produce a sine wave with the maximum linear 

magnitude, the locus of the reference vector, with respect to time, should follow the circle 

seen in Figure 1.2. However, when the time portion of null vectors is close to zero, the 

resulting vector will start to follow the border lines of the hexagon, exceeding the full wave 

modulation limit. Such modulation is called over-modulation, during which the length of the 

rotating vector changes as it moves along the hexagon borders. Hence, over-modulation is 

not linear, and it will not produce a pure sine wave.  When operating in over-modulation, 

null vectors will start to get removed from the switching sequence in order to increase the 

length of the reference vector over the linear operation area. As a result, the amount of 

needed switching operations in total is reduced.  (Yuosef, et al., 2015) (Pyrhönen, 2020) 

 

Reference vector in each sector is sampled for a specific duration using the null and basic 

vectors to obtain the desired vector of corresponding instant. The sampling durations for the 

basic vectors and null vectors at a specific instant can be solved by using volt-seconds 

balance principle. Considering the reference vector in Figure 1.2 as an example, the volt-

seconds balance principle could be written as 

 

 𝑈 ⃗
∆

𝑑𝑡 = 𝑈⃗ 𝑑𝑡 + 𝑈⃗ 𝑑𝑡 + 𝑈⃗
∆

𝑑𝑡 , (1.1)  

And furthermore 

  𝑈 ⃗ =
𝑡

∆𝑡
𝑈⃗ +

𝑡

∆𝑡
𝑈⃗ +

𝑡

∆𝑡
𝑈⃗. (1.2)  

In the above equations ∆𝑡 is the sampling time, 𝑡 , 𝑡  and 𝑡  are the times at which null 

vector 𝑈⃗ and the vectors  𝑈⃗ and  𝑈⃗ are applied. The vector times can be expressed as 

 

  𝑡 =
√3𝑈 ∙ ∆𝑡

𝑈
∙ sin

𝜋

3
− 𝜃 , (1.3)  
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  𝑡 =
√3𝑈 ∙ ∆𝑡

𝑈
∙ sin(𝜃), (1.4)  

 

  𝑡 = ∆𝑡 − 𝑡 + 𝑡 , (1.5)  

 

  ∆𝑡 =
1

2 ∙ 𝑓
, (1.6)  

where 𝜃 is the phase angle of the output vector (0 ≤ 𝜃 ≤60°), 𝑓  is the switching frequency 

of the device and 𝑈  is the DC-link voltage. The switching time durations can be calculated 

using the same method for any of the six sectors by using their adjacent vectors and 

appropriate null vector. One should be aware that in this case the generated space vector 

PWM waveforms are symmetrical with respect to the middle of each period of the PWM.  

(Yuosef, et al., 2015) 
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2 POWER MODULES 

A power module is a structure that provides the physical containment, connections and 

circuitry for several different components forming a larger functional unit, such as an 

inverter bridge. A module usually includes two or more semiconductor components but also 

modules that have a single semiconductor component are available. A module with a single 

semiconductor component differs from a simple discrete component in a way that it has the 

containment that includes connection and mounting possibilities, and it often has other 

additional components or circuitry. In this section, common structures and operation 

principals of power modules are examined, and an overview on few individual 

semiconductor components is taken. Also, a review of power module degradation methods 

and common failure mechanisms is given to form a better understanding of a module’s life 

cycle.  

 

The main motivation for packing components in a common structure, instead of using a 

bunch of discrete components, is to provide easier and more robust connectivity, but other 

advantages can be accomplished as well. For example, power module’s structure enables 

better connections for transferring heat than discrete components. While being generally 

more expensive, the use of power modules significantly simplifies the design process of 

products as fewer external components are needed. The benefits can be seen especially in 

design issues like stability, load change, electro-magnetic interference, noise and parasitics. 

Also, modules usually provide a more compact solutions for applications such as converters.  

2.1 STRUCTURE AND PACKAGING 

The semiconductor components are the most important part of power modules. Most modern 

applications for currents of some 10A integrate power semiconductors with silicon chips 

into a potential-free power module (Wintrich, et al., 2015). These chips generate the highest 

amount of heat out of all the components. Due to the heating, the chips, and especially its 

interconnections, are usually the most vulnerable parts of the module. The heat management 

of a module is a factor to be considered when deciding how many components can be fitted 

in one containment. In low power use it is useful to pack many silicon chips in one 

containment, even having a rectifier and inverter in one package. However, with high 

currents these larger units often need to be split into several separate units as the area of the 

chips increase with the number of semiconductors.  
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The semiconductor chip needs to be accompanied with other structural elements to form a 

functioning module and there is a vast variety of different package types available. A cross-

section of one conventional power module structure is presented in Figure 2.1 as an example. 

The example structure consists of diode and IGBT chips, metallization, ceramic substrate, 

base plate, heat sink, casing, and power connections. Bonding, which in the figure is referred 

to as “attach”, can represent different attaching methods such as soldering or sintering. 

 

   
Figure 2.1 An example of a common power module cross-section with different layers presented. 

 
The heat in a semiconductor chip is generated due to the occurring switching and conduction 

losses which will be presented in more detail in chapter 3. The heat needs to be compensated 

with appropriate cooling and by providing low thermal resistance paths for the heat to be 

able to conduct away of the chip and finally dissipate. Either metallization layer or a printed 

circuit board is used to establish needed circuitry inside the module. The example above 

shows the variation, where metallization layers are used. The upper layer contains the needed 

circuitry while the second layer, insulated with a ceramic substrate from the other, is plain. 

Both layers are needed to spread heat laterally to decrease the overall thermal resistance and 

to act as heat transfer paths further to the other parts.  
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Base plate conducts heat further to heat sink for dissipation, but it also provides a rigid 

connection between parts making the whole structure more robust. A common practice is to 

use thermal paste between the module and heatsink connections. This is due to the fact that 

the interface between these layers is not uniform. On a microscopic level the contacting 

materials have air-filled voids in between which reduces the module’s ability to conduct 

heat. The purpose of the thermal paste is to displace the air in these voids to enhance thermal 

conductivity but still maintain the metal-to-metal contacts where possible. (Drexhage, 2018) 

 

Connection-wise, a common practice in power modules is to provide busbars for high current 

terminals and to have pin contacts for the control connections. The module’s case provides 

protections against water and dust as well as the mounting and electrical connections to the 

rest of the hardware. The aim is to have an easy, yet reliable and low-resistance connections.  

Even though the case introduces some protection against moisture and foreign particles, 

modules are not usually sealed hermetically. Types of plastic are the most common material 

for the power module casing as it provides good insulation for the chips. (Liu, 2012) (Ikonen, 

2012)   

 

From a broader point of view, power semiconductors can be divided into three main 

categories based on the packaging technology used, as presented in Figure 2.2. The 

categories are: power semiconductors with double sided soldering, soldered/bonded power 

semiconductors, and power semiconductors with pressure contacts. (Wintrich, et al., 2015)   

 

 

 
Figure 2.2 Packaging technologies of power semiconductors. 1) Double sided soldering 2) 

Soldered/Bonding wire connection 3) Pressure contacts. 

 
In soldering, two metal materials are connected by utilizing liquid metal or alloy. Solder 

connections of materials with largely different temperature coefficients are often a weak 

point as the bimetal effect causes bending during thermal cycles. Both sides of the chip can 

have soldered connections using a top and bottom metallization layer for connections as 

shown in Figure 2.2. Alternatively, the top of the chip can be connected via bond wires. Wire 
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bonding is used to connect the chip with other chips or establishing connections with an 

integrated circuit. Many bond wires are often used in parallel as the current capability of a 

single wire is limited. The bonding with multiple wires to a surface is used to establish more 

even current distribution to the chip. It is also a very cost-effective and flexible way of 

establishing connections and therefore it is, and is believed to remain, the major method for 

a chip’s on-surface connections in the near future. (Wintrich, et al., 2015) 

 

Pressure contacts offer an alternative for wire-bonding and soldering by using non-

metallurgical joints. The structure uses a system of pressure elements located close to the 

chips to achieve the thermal interface between the substrate and the heat sink. Parts 

connected via pressure contacts can be offset relative to each other and they are able to glide 

on each other, eliminating the tensions rise seen in metallurgical joints during thermal 

cycling, or at least keeping it very minimal. Thus, fatigue due to temperature swings is not 

seen with pressure contacts making them extremely reliable (Wintrich, et al., 2015). The 

concept of pressure contacts is flexible what comes to the substrate size and material. Also, 

as the pressure system provides a multitude of mechanical contacts, it can be extended by 

structures for spring contacts that are used for control signals. (Scheuermann, 2002)  

 Modules without base plate 

Base plate is a common part of a conventional power module structure but alternatively one 

can realize modules without one. Both technologies have their pros and cons, but it should 

be noted that both variants need to be constructed under different aspects. Hence, by simply 

comparing two identical modules, with the only difference being that one has its base plate 

removed, will result in somewhat inaccurate comparison.  

 

Base plates add more weight and size to a module, but they also increase the thermal mass 

of the structure which allows the generated heat to be absorbed more efficiently and provide 

some heat storage capability. The structure of a base plated module is also more robust for 

transportation and assembly. However, this design brings out some disadvantages regarding 

reliability since the base plate introduces another thermal interface to the system. The solder 

connected interface between the base plate and the substrate is a viscoplastic system resulting 

in deflection changes over time. The difference in thermal expansion coefficients of the base 

plate and the substrate will cause stresses between these parts due to temperature swinging 

which overtime can result in failure of the module or it can appear as reduced performance 
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during the module’s operation. Base plate increases the overall thermal resistance of the 

system. (Skuriat & Johnson, 2009) 

 
Removing the base plate removes the possibility of a failure occurring in the base plate 

interconnections. This results in better thermal cycling capability while reducing the 

system’s thermal resistance. Also, a more even contact with the heatsink can be established 

without a base plate which makes it possible to use thinner layers of thermal paste. On the 

other hand, the absence of base plate means that the module cannot absorb and store heat as 

much a module with one. The structure without a base plate also limits the processable chip 

size that can be used, so more parallel connections need to be made. On the other hand, using 

smaller chips results in lower temperature gradient over the chip which equals in lower 

maximum temperatures and less stress during power cycling. (Wintrich, et al., 2015) 

 Sintering as a solder alternative 

Soldered connections are prone to degradation during power cycling which raises an issue 

on module durability. Especially in the case of wide band gap (WBG) semiconductors, such 

as silicon carbide (SiC) and gallium nitride (GaN), operation temperatures can rise above 

200°C. The WBG devices are upcoming competitors in the semiconductor market, and they 

are capable of very fast on-off switching and have high power density characteristics. Due 

to their characteristics, they operate, and are able, to handle higher temperatures than the 

traditional silicon semiconductor technologies. At the temperatures around 200°C, 

significant decrease in reliability and strength is seen in solders. (Chi, et al., 2017) 

 

Silver diffusion sintering can be used as an alternative joining method for soldering when 

higher bond strength is required. The connection between bonded parts is produced by a 

sinter bridge formation which is made of special silver particles exposed to right 

circumstances. To form the bond, these particles are added between joinable parts as required 

for the desired layer thickness and by applying appropriate temperature and pressure a bond 

is formed. Usually, silver sintering is used in power modules to form connections between 

the chip and the substrate, but it can also be used for connecting flexible foils to the chip 

instead of bond wires (Ikonen, 2012). Silver sintering has been used for chip-substrate 

connections since 1994, but as a bonding technology it was not ready to be used for large-

scale industrial electronics production (Göbl, 2009). Nowadays, sintering has become 
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increasingly more used bonding method among the WBG technologies as well as the more 

traditional ones, such as IGBT modules. 

 
The connection strength of a sinter bonding is very high, and it can be said to be superior to 

soldering in long-term reliability. With sinter bonding, flux agent is not needed, and the 

layers are stable up to the melting point of silver (962°C) which is approximately four times 

higher than with lead-free solders. The main advantage of a sintered connection is its 

capability to withstand power cycling while solders gradually lose their strength (Wintrich, 

et al., 2015). Also, the electrical characteristics and thermal performance can be improved 

by using silver sintering while having a thinner overall thickness of the connection layer. A 

sintered layer being 4.5 thinner than soldered one can have four times the thermal 

conductivity. For example, in the study conducted by Chi, et.al., 2017 results showed that 

power module’s thermal resistance could be reduced by 20% by using silver sintering, and 

surge current capabilities of power diodes could be increased by over 25%.  

2.2 DEGRADATION AND FAILURE MECHANISMS 

Degradation and failure in a power module can occur due to external factors like 

manufacturing errors, vibration, mechanical shocks and moisture, or internal factors. The 

internal factors, such as re-occurring current cycles causing thermal stress and fatigue in the 

module’s main parts, can be associated to the normal usage of the module and as a part of 

the natural aging process. The life cycle of power modules can be illustrated with so called 

“bathtub curve” shown in Figure 2.3. This curve is commonly used to describe reliability in 

general. The life cycle is divided into three sectors based on failures: infant mortality, normal 

life and wear-out.   
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Figure 2.3 Bathtub curve displaying the typical lifecycle of electronic products. 

 
The early failures occurring in the infant mortality sector are usually a consequence of 

manufacturing errors in the module or incorrect use of the device. In the middle sector 

(normal life) the module failures are rare but can happen due to random or highly 

unpredictable phenomena or device misuse. The wear-out sector includes failures which are 

the result of thermo-mechanical stresses degrading the module over time. This thesis mainly 

focuses on examining the degradation and failure mechanisms in the wear-out sector. The 

amount of thermal cycling needed to produce a failure can be predicted using the methods 

presented in later chapters. 

 

The main phenomena causing power module degradation is thermal expansion which in 

cyclic loads produces cyclic stress between material interfaces inside the module’s 

multilayered structure. The expansion magnitude depends on the material specific 

temperature expansion coefficient CTE. The higher the difference in CTE is between two 

materials, the higher is the stress that is produced. Other factors having an effect on thermo-

mechanical stress are layer characteristic length and the qualities of the local temperature 

swing. (Ciappa, 2002) 

 

Thermo-mechanical fatigue is one of the most common causes of failure in power modules. 

The interfaces experiencing the highest stresses are usually the bond wire to chip 

metallization, the solder layer between substrate and chip, and the solder layer between base 

plate and substrate. However, as described earlier in chapter 2, modules can have many 
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different structural variations which have different effect on structural strength and possible 

degradation mechanisms. This chapter reviews the most common failure mechanisms 

encountered in power modules due to thermo-mechanical wear-out. In chapter 2.2.4 a quick 

overview of few degradation mechanisms, not related to thermo-mechanical fatigue, is given 

to form a more complete view on what can cause a power module to fail.  

 Bonding wire fatigue and lift-off 

Typically, high-power semiconductor modules with multiple chips have up to 800 wedge 

bonds of which approximately half are connected to active areas of the semiconductors. This 

exposes them to nearly full temperature swings inflicted by the power dissipation in the 

silicon chip and by the wires own ohmic self-heating. The maximum allowable current 

through a single bond wire is limited by melting due to the ohmic self-heating and e.g., in 

an individual aluminum bond wire, current usually does not exceed 10A under normal 

operating conditions. Most of wire bond failures are the result of shear thermal stress 

between the wire and the bond pad or they are caused by repeating wire flexure. (Ciappa, 

2002) 

 

Failure by bond wire lift-off is initiated when a fracture occurs in the tail of the wire due to 

thermal expansion and contraction over time. The fracture continues to spread through the 

wire material which eventually results in the wire lifting off the chip entirely. If a single or 

several bond wires fail, it will lead to changes in the internal current distribution and causes 

a change in the contact resistance. Due to the altered distribution of current, the surviving 

wires will have to conduct more current which accelerates the lift-off in the remaining wires. 

The stress increases as the power losses increase due to the uneven current distribution and 

the increasement of the overall collector-emitter voltage  𝑈 . (Ikonen, 2012) 

 

 
Figure 2.4 Bond wire connection that has developed a fracture to the tail during thermal cycling. The 

fracture will spread towards the heel of the wire, eventually making the wire to completely 
lift-off from the metallization.  
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Figure 2.5 SEM image of a bond wire after lift-off due to crack growth over time. The lift-off leaves a 
distinguished footprint to the attach point. (Held, et al., 1997) 

 
Another bond wire related failure mechanism is called bond wire heel crack which is a result 

of thermo-mechanical stress as well. Under cyclical load the wire experiences flexure fatigue 

due to the contraction and expansion resulting in a crack at the bond wire heel. Heel cracking 

is a slower mechanism than bond wire lift-off even if the bonding parameters are not close 

to optimum. There are also indications, which suggest that heel cracking tends to occur in 

places that have been previously damaged by e.g., a bonding tool (Ciappa, 2002). However, 

the bond wire lift-off is the dominant failure mechanism over heel cracking in modern 

devices, when considering the fatigue in the bond wires in general. (Pedersen, et al., 2016) 

 

 

Figure 2.6 SEM images of a bond wire heel-crack. On the left, the crack has been initiated due to cyclic 
stressing. The crack seen on the right wire resulted due to improper wire coating. (Ciappa, 
2002) 
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 Solder joints fatigue 

Solder is still widely used as a bonding method in power modules even though alternatives 

like silver sintering are becoming more and more common. Solder layer fatigue is the most 

common thermo-mechanical cause of failure in multichip IGBT modules. The two critical 

interfaces are between the ceramic substrate and the base plate, assuming a base plate is 

used, as well as the bond between the silicon chip and the substrate.  

 
Once the silicon chip is soldered on the metallization of the substrate, several intermetallic 

layers are formed. Because of the initiation of restrictions like the RoHS directive 

(2011/65/EU) from 2006 onwards, traditional lead-based solders have been widely replaced 

by lead-free solders or other bonding methods. The lead-free solders used by modern 

manufacturers essentially consist of tin-silver-copper alloy. With such alloys the CTE 

difference of copper and silicon causes stress on the solder joints, which contributes to the 

degradation of the bond.  

 

During the thermo-mechanical aging, solders can develop horizontal cracks starting from 

the edges of the solder that move towards the center as the strain continues. Such phenomena 

can be referred to as solder delamination. This limits the current flow within the solder layer 

increasing the overall thermal resistance of the module. Hence, the temperatures in the chip 

rises, simultaneously accelerating aluminum reconstruction on top of the chip and thereby 

accelerating the bond wire lift-off as well. The effect of the solder delamination on the solder 

of a semiconductor chip is presented in Figure 2.7. The solder layer becomes more fragile 

as it gets thinner but increasing the thickness would increase the thermal resistance of the 

modules. So, manufacturers often have to find appropriate balance between thermal 

conductivity and mechanical strength. (Ruffilli, 2017) 
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Figure 2.7 Solder degradation seen in solder of chips. Bright area in the figure shows the delamination 
starting from corners and moving towards the center. (Perpiña, et al., 2012) 

 Aluminum reconstruction and ratcheting 

In many traditional power modules, the semiconductor chip has a thin aluminum alloy film 

placed on it to form a bondable metal layer for establishing connections via bond wire. This 

film is also known as the metallization, and during the thermal cycling across the power 

modules lifetime it faces degradation phenomena called aluminum reconstruction and 

ratcheting. The aluminum reconstruction is one of the most common methods of degradation 

along with bond wire lift-off and solder degradation. (Zhao, et al., 2019) 

 

CTE mismatch between silicon chip (2ppm/K) and the aluminum metallization (25ppm/K) 

is the main cause for Al reconstruction. Due to the CTE difference, compressive stress is 

generated during pulsed operation that often exceed the elastic limits of the materials. Hence, 

stress relaxation can occur by grain boundary sliding, or by plastic deformation through 

dislocation glide. This is dependent on the temperatures and stress conditions present. This 

results in cavitation effects at grain boundaries or extrusion of the Al grains depending on 

the metallization texture. The junction temperature reaches its maximum at the center of the 

chip, so there the reconstruction effects are more severe.  

 

With time, the effective cross-section of the metallization is reduced, increasing the 

resistance of the aluminum layer. This further contributes to the increasement of the 

collector-emitter voltage. Especially if the module has pre-existing step coverage problems, 

aluminum reconstruction can become a severe reliability issue as in this case the 
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accumulating thermo-mechanical effects and electromigration effects can result in complete 

depletion of the metallization layer. 

 

 

Figure 2.8 Effects of aluminum reconstruction to the emitter metallization of an IGBT chip. SEM image 
a) shows the metallization before power cycling and b) shows the reconstruction effect after 
3.2 million cycles. (Ciappa, 2002) 

 
Ratcheting is another mechanism inducing aluminum extrusion. The mechanism occurs due 

to the CTE mismatch between the silicon and the molding compound. This CTE mismatch 

causes an in-plane compression in the aluminum which at high temperatures induces plastic 

flow of the aluminum. At low temperatures, an in-plane tensile strain in Al is seen followed 

by the plastic strain once yield stress is reached. A temperature cycle gives rise to a tilting 

in the direction of the chip’s center. The phenomenon accumulates during the modules 

operation and the effects can be seen as a wrinkling in the aluminum metallization.  

 Other degradation and failure methods 

In addition to the thermal cycling induced wear-out, modules can face other phenomena 

causing degradation and failures that are not directly related to thermal cycling. Unlike the 

thermal cycling induced methods, the impact of these cannot be estimated using the lifetime 

modeling presented later in this thesis as their occurrence is random or very difficult to 

predict. However, it is important to reckon these other phenomena to have a more complete 

understanding on how power modules can fail. 

 

Events contributing to the random failure rates of power modules often result in single event 

burnouts. It should be noted that the burnout can also be observed as a final act of a wear- 

out.  As a failure mode, burnout is usually associated with a short circuit condition. 

Sustaining a high current short circuit results in thermal runaway quickly destroying the 
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device. A short circuit condition can be a consequence of many events such as gate unit 

malfunction, device operation outside a safe area, dielectric breakdown, or pre-damaged 

components. 

 

Cosmic rays constantly reaching earth from all directions are one cause of random burnout 

failures. As secondary cosmic particles reach earth’s surface, they interact with dense matter 

meaning that power electronic devices have a certain chance to get hit by these particles in 

the blocking region. By doing so, the particle, usually a neutron, eventually deposits its 

energy in the device by creating electron-hole pairs (charge carriers). In some cases, if the 

critical field strength of a semiconductor is exceeded, more charge carriers are created via 

impact ionization resulting in a self-sustaining process. This process develops a so-called 

streamer that locally shorts the device. This phenomenon happens in less than a nanosecond 

and it is possible that the charge carries diffuse away so quick that the shorted state returns 

to blocking state. But if the diffusion process is not fast enough, the device permanently 

loses its blocking capability leading to a permanently damaged chip. In addition, if 

sufficiently fast short circuit protection is not implemented, an explosion can occur. 

(Schilling & Weiss, 2017) 

 

Corrosion of interconnection can also play a role in the degradation process. Anodic and 

cathodic aluminum corrosion mechanisms are encountered, but they have not been expected 

to play a major role in the degradation. However, several galvanic corrosion mechanisms, 

such as bimetallic corrosion, thermo-galvanic corrosion, stress corrosion, pitting corrosion 

and dealloying, have been seen to have different effects on the metallic parts of the module. 

Many factors can concur to failure so identifying the driving forces promoting corrosion is 

a complex issue. A semiconductor package can comprise of multiple contamination sources 

having different alloys and metals, different mechanical stresses, and varying temperature 

gradients. In addition, influence of the silicone gel often used for component embedding is 

not completely understood. However, there are some indications which would suggest that 

e.g., bond wire corrosion is heavily correlated with the mechanical stresses due to residual 

deformation stresses as well as thermal cycling. (Ciappa, 2002)  
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3 LOSS AND THERMAL MODELING 

The components in a power module heat up during use because of power losses. The losses 

are a result of un-idealities in the components. In this chapter the occurring power losses are 

examined as well as thermal modeling is discussed. The power losses need to be solved so 

that the module’s junction temperatures can be estimated using a thermal model. The 

generated temperature curves can then be used as the base data for estimating the lifetime 

consumption during a given operating time. The process flow for the loss and thermal 

calculations is presented in Figure 3.1. In chapter 3.1, the calculation of power losses is 

discussed, and in chapter 3.2 a thermal model is proposed using Foster thermal network. 

 

Figure 3.1 Flow chart showing the principle for the loss and thermal calculation process. Based on the 
outputs of the motor model presented in (Pyrhönen, 2020), the losses in the inverter’s power 
module can be solved. Based on the losses, the temperature of the module can be solved using 
Foster thermal network. A detailed chart representing the whole lifetime estimation model is 
given in chapter 5.  

The loss calculation presented in chapter 3.1 is based on average losses of the power module. 

Electric phenomena in power module are very fast e.g., switching frequency of a power 

transistor can be tens of kHz, and simulating all the fast events accurately would require very 

short sample time in the range of hundreds of microseconds. This would require a lot of 

computational effort and long simulation times as the duration of the mission profiles to be 

simulated can vary from several hours to a full day. Using average loss calculation in 

combination with a thermal network is a quite efficient way of estimating the junction 

temperature while keeping the simulation time short. However, as mentioned before, two 

types of temperature fluctuations are seen in the module during operation: the low frequency 

thermal cycling caused by the changes in load during operation and the high frequency 

thermal cycling at fundamental frequency due to the changing sinusoidal current. Although 

the fundamental cycles are also referred to as high frequency cycles in this thesis, it should 

be noted that the frequency of a fundamental cycle is dependent on the frequency of the 

current. Hence, if the device is operated with a current having a low enough frequency, the 

fundamental cycles can actually have lower frequencies than the load induced ones.  

The average loss calculation cannot take into account the effect fundamental frequency 

cycling has on the temperature and on the lifetime estimate. Hence, a method for calculating 
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the fundamental frequency temperature fluctuations is proposed in chapter 3.3. The effects 

of both the load induced cycles and the fundamental cycles needs to be taken into account 

for a more accurate lifetime estimation. It is important to note, that the loss calculations focus 

on power modules which use IGBTs with free-wheeling diodes. 

3.1 POWER LOSSES 

The total power losses of a power module comprise of conduction losses 𝑃 , switching 

losses 𝑃  and driving losses. The driving losses occur in the driving circuit and in the gate 

resistance, and they are very small when compared to the switching and conduction losses. 

Hence, their effect on the temperature of the module is minimal and they can be neglected 

from the total loss calculations (Ikonen, 2012). The switching and conduction losses occur 

in the power transistors used as switches and in power diodes when using IGBTs with free-

wheeling diodes. So, the total power losses 𝑃  can be expressed as 

 𝑃 = 𝑃 + 𝑃  (3.1)  

The currents through individual components, and thus the losses, depend on the modulation 

technique used for the converter. The PWM causes slight distortions to the actual phase 

current but to simplify calculation, the phase current can be assumed to be sinusoidal. 

(Berringer, et al., 1995) 

 Conduction losses 

As the semiconductors conduct current through them, they generate conduction losses due 

to their internal resistance resulting in voltage drop across them. The generated conduction 

losses depend on the on-state resistance and on the collector current of the device. The 

voltage drop can be expressed as  

 𝑈 ( )(𝐼 ) = 𝑈 (𝑇) + 𝐼 ∙ 𝑅 (𝑇) , (3.2) 
 

where 𝑈 ( ) is the total collector-emitter voltage, 𝑈  is the constant part of collector 

emitter voltage, 𝐼  is collector current and 𝑅  the is collector-emitter resistance (Berringer, 

et al., 1995). As it is seen from the  (3.2), the collector-emitter voltage and resistance change 

as a function of temperature. A sufficient accuracy for the 𝑈  and 𝑅  values can be 

achieved by assuming a linear dependency on the temperature (Pyrhönen, 2020). The 

reference temperatures can be found for example from the power module datasheet as the 
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voltage drops and resistance values are usually given at two temperature points, commonly 

at room temperature and at maximum operating temperature. Plots for 𝑈  and 𝑅  as a 

function of temperature are also often given by the manufacturer. Based on these plots, one 

can review if the linear dependency assumption can provide sufficient accuracy for the 

modeling. Considering the use of linear dependency for the temperature, 𝑈  and 𝑅  can be 

solved at any temperature using interpolation 

 𝑅 (𝑇) = 𝑅 (𝑇 ) +
𝑅 (𝑇 ) − 𝑅 (𝑇 )

𝑇 − 𝑇
∙ (𝑇 − 𝑇 ) (3.3)  

 
 

 𝑈 (𝑇) = 𝑈 (𝑇 ) +
𝑈 (𝑇 ) − 𝑈 (𝑇 )

𝑇 − 𝑇
∙ (𝑇 − 𝑇 ) (3.4)  

where 𝑇 is the temperature at instant of observation and 𝑇  and 𝑇  are reference temperatures. 

The voltage drop can now be expressed by combining equations (3.2), (3.3) and (3.4) to get 

a result in arbitrary temperature and collector current condition 

 

𝑈 ( )(𝑇, 𝐼 ) = 𝑈 (𝑇 ) +
𝑈 (𝑇 ) − 𝑈 (𝑇 )

𝑇 − 𝑇
∙ (𝑇 − 𝑇 ) 

                       + 𝐼 ∙ 𝑅 (𝑇 ) +
𝑅 (𝑇 ) − 𝑅 (𝑇 )

𝑇 − 𝑇
∙ (𝑇 − 𝑇 ) . 

   

(3.5) 
 

By remembering the assumption for sinusoidal phase current, the losses can be solved by 

integrating over a sine wave cycle. A well-known method for calculating conduction losses 

is to use mean and rms (root mean square) currents which are gotten from the sine wave 

integration. The currents for the power transistor switch can be expressed as  

 𝐼 = 𝐼 ∙
1

2𝜋
+

𝑀 ∙ cos (𝜑)

8
 (3.6)  

 
 

𝐼 , = 𝐼 ∙
1

8
+

𝑀 ∙ cos (𝜑)

3𝜋
  , (3.7) 

 

where  𝐼  is the average transistor current,  𝐼 ,  is the absolute value of the rms transistor 

current,  𝑀 is the modulation index, cos (𝜑) is the power factor and 𝐼  is the peak current 

of the sinusoidal current. In case of a free-wheeling diode, the diode average current 𝐼  and 

the rms current 𝐼 ,  can be expressed as 
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 𝐼 = 𝐼 ∙
1

2𝜋
−

𝑀 ∙ cos (𝜑)

8
 (3.8) 

 

 

 𝐼 , = 𝐼 ∙
1

8
−

𝑀 ∙ cos (𝜑)

3𝜋
  , (3.9) 

 

Now, based on the above current equations, (3.3) and (3.4), the conduction losses for one 

transistor or free-wheeling diode can be calculated using the following equation 

 𝑃 , =  𝐼 ̅ ∙ 𝑈 + |𝐼 | ∙ 𝑅 . (3.10)  

The total conduction losses of a module are the sum of the transistor losses 𝑃 , ,  and 

diode losses 𝑃 , ,  times the number of these components 𝑛 within 

 𝑃 , =  𝑛 ∙ (𝑃 , , + 𝑃 , , ). (3.11)  

 Switching losses 

An ideal semiconductor switch is free of losses as the change from conduction to insulation, 

or vice versa, is instantaneous. This is not true in real power semiconductors, where the 

change of state takes time causing the flowing current and the voltage across to overlap each 

other. This creates power that is dissipated to heat. The switching losses occur in a power 

transistor in both on and off switching creating turn-on and turn-off losses. In a free-wheeling 

diode the switching losses comprise of so-called reverse recovery losses. Reverse recovery 

happens when diode switches from conducting state to blocking state. As the polarity of the 

voltage changes over the diode, charge carriers need to be pushed away from the depletion 

region. This requires energy and results in power losses. (Pyrhönen, 2020) 

 

When assuming a sinusoidal wave period, the peak switching energy over the period can be 

written as 

 𝐸 , =  
𝑈

𝑈
∙ (𝐸 (𝐼 ) + 𝐸 (𝐼 ) + 𝐸 (𝐼 )) (3.12)  

where 𝐸  is the turn-on energy, 𝐸  is the turn-off energy, 𝐸  is the reverse recovery 

energy of the diode and 𝑈  is the input DC voltage (Berringer, et al., 1995) . The values for 

the 𝐸 , 𝐸  and 𝐸  can be obtained from the module manufacturer’s datasheet and 𝑈  
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represents the voltage value where the switching energies are given. As it is seen from (3.12), 

the switching energies change as a function of the collector current 𝐼 . The module 

manufacturers normally provide the current dependency of the switching energies and often 

a linear dependency can be approximated for satisfactory accuracy. In Figure 3.2, switching 

energies’ dependency on the 𝐼  for an example power module, not related to the thesis 

modelling, is shown. In the example case, the change of energies is near linear within the 

given range, so a satisfactory linear fit could be realized for it. The model presented in this 

thesis uses such linear approximation of switching energies, made possible by their near 

linear behavior in the model module, to simplify calculations and to lower the need for 

computational effort. It is important to note that such simplification will have effect on the 

accuracy of the calculations, depending on how well a linear approximation can be fitted.  

 

Figure 3.2 Switching energies as a function of collector current of an example power module. (Semikron, 
2009)  

 
By again assuming sinusoidal PWM, the average switching losses for a single semiconductor 

switch 𝑃 ,  can be calculated using 

 𝑃 , =  
1

2𝜋
∙ 𝑓 ∙ 𝐸 , ∙ sin(𝜑) d𝜑 =  

𝑓 ∙ 𝐸 ,

𝜋
 , (3.13)  
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where 𝑓  is the switching frequency of the device. To find the total switching losses of a 

power module 𝑃 , , the switching losses of one unit needs to be multiplied by the number 

of switching components. The above equation can be applied for the diode as it is by using 

the diodes reverse recovery energies instead of the transistors switching energies. The 

calculations presented are based on a carrier based PWM, but they also apply for 7-segment 

space vector modulation since the amount of switching events is the same. (Pyrhönen, 2020) 

3.2 DYNAMIC TEMPERATURE MODELING USING FOSTER THERMAL 
NETWORK 

Two of the most commonly used thermal models are the Cauer model and the Foster model. 

Their first order models are identical, but the difference is seen when a higher order model 

is needed. Both the Cauer and Foster method form higher order models by chaining first 

order models together. The difference in the way they connect the individual first order 

models together makes them different. In general, the Foster network can be considered to 

be simpler to implement mathematically. In addition, component suppliers often provide 

parameters for the Foster network in their datasheets. The Cauer model has a stronger link 

to real physics. This is due to the fact, that the model can be formed so, that the thermal 

impedances of the model correspond to the actual parts in a structure. However, this means 

that often information about different material layers in the modeled structure is needed. 

Also, the way of networking in the Cauer model makes it mathematically more complex. 

Foster network was chosen as the way of modeling for this thesis over the Cauer network, 

due to its simplicity and due to the fact that manufacturers usually have the parameters for 

this model available. (Pyrhönen, 2020) 

 

Thermal behavior of semiconductor devices can be predicted using equivalent electronic RC 

circuit presented in Figure 3.3, where electric current corresponds to the power loss, 

electrical resistance 𝑅 to thermal resistance 𝑅  and electrical capacitance 𝐶 to thermal 

capacitance 𝐶 .  
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Figure 3.3 The equivalent first order RC-circuit with current source I, capacitor C, resistor R and a    
switch S. 

By opening the switch in Figure 3.3 at t = 0, current starts flowing through the resistor and 

capacitor. The current gets divided between the two according to the voltage over RC circuit 

(Ikonen, 2012) 

 𝐼 = 𝐶
𝑑𝑢

𝑑𝑡
+

𝑢

𝑅
 . (3.14)  

The voltage 𝑢 in the circuit is the sum of steady state voltage 𝑢 = 𝑅𝐼 and the time dependent 

voltage 𝑢 (𝑡). The time-dependent component of the voltage can be solved from the 

differential equation (3.14), resulting in 

 𝑢 (𝑡) = 𝐶𝑒 . (3.15)  

The voltage in the RC circuit at the t = 0 is zero 

 𝑢 = 𝑢 + 𝑢 = 𝐶 + 𝑅𝐼 = 0 (3.16)  

and by solving C from eq (3.16) the following is gotten 

 𝐶 =  −𝑅𝐼 . (3.17)  

When combining eq (3.15) and eq (3.17) with the voltage equation, it can be re-written as 
 

 𝑢 = 𝑢 + 𝑢 = 𝑅𝐼 ∙ 1 − 𝑒   . (3.18)  

By remembering the correspondence between electrical and thermal notations, and denoting 

that time constant 𝜏 = 𝑅 ∙ 𝐶 , the temperature difference ∆𝑇 for the power 𝑃 can be 

expressed as 

 ∆𝑇(𝑡) = 𝑅 ∙ 𝑃 ∙ 1 − 𝑒  . (3.19)  

Furthermore, the thermal impedance as a function of time can be expressed as 
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 𝑍 (𝑡) =  𝑅 ∙ 1 − 𝑒 , (3.20)  

and this is the step response of the system. (Ikonen, 2012) In general, a systems step response 

𝑌(𝑠) in Laplace domain is the products of the systems transfer function 𝐺(𝑠) and unity step 

input 𝑈(𝑠) = 1/𝑠. Thus, the thermal impedance in Laplace domain can be written as 

 𝑍 (𝑠) =  
𝑅

1 + 𝑠𝜏
 . (3.21)  

The power module’s structure is comprised of several sections which have different thermal 

resistances, such as the semiconductor chip, solder, base plate etc., all of which have an 

effect on the heat transfer and hence the temperature. The thermal behavior of the module 

can be realized by using lumps of the thermal RC-circuits. In the model realized in this thesis, 

the RC lumps are grouped into Foster thermal network, which is one of the most commonly 

used lumped temperature models. The Foster topology is presented in Figure 3.4, and as it 

can be seen, it is a network of series connected RC circuits.  

 

 

Figure 3.4 Foster thermal network topology continuing to the n:th element of the network. The thermal 
behavior of the device can be predicted by implementing such network with its thermal 
resistance and thermal capacitance values. 

 
The Foster model is a simple yet effective way of modeling temperature between measured 

points. However, it has its limitations as each of the RC lump has no physical meaning, thus 

it is not capable of estimating temperatures inside the system. For the modeling needed in 

this thesis, the Foster network can be used despite its limitations. (Ikonen, 2012) 

 
The total impedance of a Foster network can be expressed as a sum of individual impedances 

 𝑍 (𝑡) =  𝑅 , 1 − 𝑒  , (3.22)  

where the subscript 𝑖 refers to the 𝑖th element in the network. The same Foster network can 

be expressed in the Laplace domain, where the individual elements can be easily 

implemented to a Simulink simulation 
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 𝑍 (𝑡) =  
𝑅 ,

1 + 𝑠 ∙ 𝜏
  . (3.23) 

 

 

3.3 FUNDAMENTAL FREQUENCY TEMPERATURE CYCLING 

As previously mentioned, temperature cycles in a power module can be classified into two 

categories: 1) thermal cycles due to changes in load in the mission profile and 2) thermal 

cycles due to current fluctuating at fundamental frequency. The temperature swings of the 

first type can be referred to as low frequency temperature cycles as typically the load cycle 

durations vary from seconds to minutes. The fundamental frequency temperature cycle time 

depends on fundamental frequency of the current which can range from zero to tens or 

hundreds of hertz. The amplitudes of the fundamental thermal cycles are usually small in 

applications operating on high electrical frequency (>10Hz) when compared to the low 

frequency cycles, but a large number of these minor high frequency cycles accelerate the 

degradation of modules towards the end of life. Moreover, in some applications, such as 

excavators or cranes, a high torque production with low rotating speed is often required from 

the driving motor. This means that the motor inverter needs to produce high current AC at 

low fundamental frequency, often in range of just few hertz or less, which causes temperature 

fluctuations with significant amplitude as high current conducted through the 

semiconductors has longer on and off times. The temperature swings in such low frequency 

operation can be tens of degrees, so fundamental cycles are not significant only due to their 

sheer numbers, but also due to their amplitude in some applications. At low fundamental 

frequencies, the fundamental temperature cycles will severely accelerate the degradation 

process of the power modules and it can even become the dominant cause of wear out.  

Hence, the impact of the fundamental frequency cycling on the power module’s lifetime 

cannot be ignored. 

 

Temperature calculation using only average losses results in average temperature. The 

average loss calculations presented in chapter 3.1 along with Foster thermal network can 

estimate the temperature of the power module well, when the motor and the inverter are 

conducting current at high electrical frequency since the temperature fluctuations are minor 

in such operation. But as the fundamental frequency of the current gets lower, the more the 

maximum and minimum values in one cycle will deviate from the average value. In 
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temperature modeling, the maximum temperature is usually a point of interest as components 

have maximum temperature ratings. From a lifetime modeling point of view, the maximum 

temperature during a fluctuation affects the degradation process. Therefore, a way of taking 

this temperature swinging into account is proposed. 

 

When considering an IGBT with a free-wheeling diode, the IGBT conducts during the 

positive half cycle and the diode during the negative half cycle in a full sinusoidal period. 

As the IGBT conducts the diode does not and vice versa. The way current gets divided 

between the components is also dependent on the duty cycle. Therefore, the power losses in 

each device appear for one half-period of the full cycle causing the temperature to oscillate 

with the output frequency.  A simple approach to for the thermal calculation of this behavior 

is to presume that two times the average power loss is dissipated in form of a square wave 

during one half wave of a phase current period. While being a simple way of taking the 

fundamental cycling into account, it is only valid when operating at high fundamental 

frequency. The actual loss distribution in a semiconductor device is more or less half-wave 

sinusoidal shape of the output current. Figure 3.5 shows a comparison between the effects 

that sinusoidal and rectangular loss distributions have on the calculated temperature. 

 

 
Figure 3.5 The effects of rectangular distribution of losses and sinusoidal losses on the calculated 

junction temperature. (Chavez, 2008) 

 
The figure displays temperature curves at 50 Hz, 5 Hz and 1 Hz frequencies. At 50 Hz 

frequency the rectangular and sinusoidal losses produce a similar temperature curve. The 

change in shape becomes more drastic as the frequency gets lower, and at a frequency of 1 

Hz the shape temperature curve is almost rectangular, and this does not resemble the 

temperature fluctuations seen in real-life usage anymore. In addition, the peak junction 

temperature values have more difference as the fundamental frequency gets lower. The 

sinusoidal losses result in higher peak temperature and the changes in the rectangular wave 

temperature curve are minor as the frequency is lowered. Hence, the rectangular losses will 

estimate the peak junction temperatures to be too low for one fundamental cycle even though 
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average losses are the same. The peak-to-peak value of a temperature cycle has significant 

effect on the lifetime consumption so, a simplified method for calculating a sinusoidal half 

wave loss curve to account for fundamental cycling is used. 

 

The average losses can be converted into equivalent sinusoidal half-wave losses 𝑃  

according to the principle of area equivalence. Remembering that each component is 

conducting during different half-cycles of a sinewave when IGBT’s with free-wheeling 

diodes are used, the losses can be expressed as 

 𝑃 =
𝜋 ∙ 𝑃 ∙ sin(2𝜋𝑓 𝑡),              𝑃 > 0
0,                                                 𝑃 ≤ 0

 , (3.24)  

where 𝑃  is the average power losses of the device, 𝑓  is the electrical frequency and 𝑡 is 

time. The half-wave loss can be divided into dissipation pulses to lighten the need for 

computational effort. Keeping in mind that the data to be simulated can be very long 

consisting of tens of thousands of datapoints, four dissipation pulses are used to keep 

simulation time at practical level. The division of half sine wave to dissipation pulses is 

presented in Figure 3.6. Now, according to the principle of equal impulse area, for 𝑖th loss 

pulse the dissipated power 𝑃 ,  can be written as 

 𝑃 , =
1

∆𝑡
𝜋 ∙ 𝑃 ∙ sin (2𝜋 ∙ 𝑓 ∙ 𝑡)𝑑𝑡

∆

∆

 , (3.25)  

where ∆𝑡 = 1/(8 ∙ 𝑓 ). 

 
Furthermore, the values for each of the four pulses can be calculated using equations (3.26) 

and (3.27). (Wang, et al., 2019) 

 𝑃 , = 𝑃 , = 2(2 − √2) ∙ 𝑃  (3.26)  

 

 𝑃 , = 𝑃 , = 2√2 ∙ 𝑃  (3.27)  
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Figure 3.6 Equivalent sinusoidal half wave losses divided into four dissipation pulses. 𝑃  shows the 

average losses of which the sinusoidal half wave is derived from using equation (3.24). 

 
The pulse losses are inputs for the thermal model to convert power loss into thermal load. 

The peak-to-peak fluctuation of the temperature swing ∆𝑇  is then obtained for one 

fundamental cycle. It should be noted that when calculating the temperature fluctuations at 

the fundamental frequency, temperature increase in the heat sink is not considered as the 

time constants are very large when compared to the typical durations of the fundamental 

cycles. As a result, the fundamental cycling effect in the sink is very minimal and it is not 

affected like the semiconductor elements which have time constants tens of times smaller 

than the sink. 

 
The junction temperature of the device is transient in the initial stage which is not considered 

in the pulse loss method above. Also, in reality it takes several fundamental periods for the 

temperature fluctuations to reach steady state, meaning that the average temperature in one 

cycle no longer changes. The behavior of the temperature in an IGBT during fundamental 

cycles having electrical frequency of 15 Hz is illustrated in Figure 3.7. The higher the 

frequency is the, the more cycles it would take for the temperature to settle.  
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Considering the use that the calculation tool is intended for, it makes no sense to simulate 

every fundamental period accurately as this would have negative effect on the computation 

time. To solve this issue, ∆𝑇  is calculated only for one fundamental cycle and an 

assumption is made that these cycles with the same maximum fluctuation repeat until the 

electrical frequency or the average loss changes. However, for better results, the peak-to-

peak temperature ∆𝑇  of one fundamental cycle should be examined under steady state 

conditions as shown in Figure 3.7. For example, using the peak-to-peak value from the first 

calculated cycle can result in too high temperatures assuming the input parameters remain 

unchanged for the duration it takes for the temperature to settle. Hence, a method for 

calculating the steady state fluctuation using the pulse losses is presented next. (Wang, et al., 

2019) 

 

 
Figure 3.7 IGBT temperature behavior at 𝑓 = 15 𝐻𝑧 when reaching steady state. The peak value of the 

steady state fluctuation ∆𝑇 ≈ 3.6 ℃ is shown with the black arrow. The plot displays how 
many degrees the temperature swings around the average temperature. 

Once junction temperature reaches steady state, the peaks of the adjacent cycles have equal 

values 

 𝑇 = 𝑇  , (3.28)  

where 𝑇  is the highest temperature of the 𝑘th cycle, and 𝑇  is the highest temperature of 

the next cycle. Example of these cycles is shown in Figure 3.8. 

∆
T

 [°
C

]
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Figure 3.8 Temperature cycles continuing to 𝑘  cycle. The lowest temperature found in 𝑘  cycle is 

marked with an apostrophe, and the highest value is marked without one. 

 
 𝑇  can be expressed using eq (3.29) and the minimum temperature during a 𝑘th cycle 𝑇  

can be expressed using eq (3.30). (Wang, et al., 2019) 

 𝑇 =  
𝑃 , 𝑅 1 − 𝑒

∆

∙ 𝑒
∆

+ 𝑇

1 − 𝑒
∆ . (3.29)  

 

 𝑇 =  
𝑃 , 𝑅 1 − 𝑒

∆

∙ 𝑒
∆

+ 𝑇 ∙ 𝑒
∆

1 − 𝑒
∆  (3.30)  

The maximum temperature fluctuation is now the results of the subtraction between the 

highest and lowest temperatures during a cycle 

 ∆𝑇 = 𝑇 − 𝑇 . (3.31)  

By using the equations (3.29), (3.30), and (3.31) the maximum fluctuation can be expressed 
as 

 ∆𝑇 =
𝑃 , 𝑅 1 − 𝑒

∆

∙ 𝑒
∆

− 𝑒
∆

+ 𝑇 ∙ 1 − 𝑒
∆

1 − 𝑒
∆ . (3.32)  

The structures of power modules are usually so complex from the heat transfer and thermal 

modeling point of view, that their behavior cannot be modeled using a simple first-order 

model. To account for higher order thermal networks, the equation above can be written as 
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∆𝑇 =  𝑃 ,

𝑅 , 1 − 𝑒
∆

∙ 𝑒
∆

− 𝑒
∆

1 − 𝑒
∆ + 

𝑃 ,

𝑅 , 1 − 𝑒
∆

∙ 1 − 𝑒
∆

1 − 𝑒
∆ + 

(𝑃 , − 𝑃 , )

𝑅 , 1 − 𝑒
∆

∙ 1 − 𝑒
∆

1 − 𝑒
∆ . 

(3.33)  

Now the maximum fluctuation can be solved for thermal networks of the 𝑛th order. The 

downside of the proposed method is that waveform of the temperature cycle cannot be 

obtained. On the other hand, this method is very fast to compute and in lifetime estimation 

maximum temperatures and the maximum fluctuation are the points of interest, not 

necessarily the actual waveform in the fundamental frequency level. 

The number of occurred fluctuations with same amplitude can be counted based on the 

fundamental frequency, and the time period that the frequency and average power loss 

remain unchanged. For example, assuming a constant fundamental frequency of 50 Hz and 

unchanged average loss for a 10 second period, 500 fundamental cycles have occurred and 

∆𝑇  for a single cycle can be calculated using the equations above. In simulations, sample 

times of the input data also sets its own limitations, which will be discussed in more detail 

in later chapters. 
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4 LIFETIME ESTIMATION 

In this section, a lifetime estimation method for the inverter’s power module is presented. 

The estimation consists of cycle counting and the use of an analytical lifetime model. The 

basis for estimation is the temperature data obtained from the simulation model which 

utilizes the loss and thermal calculations presented in chapter 3. The temperature cycles 

found from the simulated temperature profile determine how much of the expected lifetime 

of a module is consumed.  

 

The lifetime consumptions are counted separately for the low frequency, load change 

induced temperature cycles and for the high frequency fundamental temperature cycles 

meaning that the total consumption is the sum of these components. For the cycle counting 

part, few different methods are briefly discussed in chapter 4.1. Rainflow counting is 

presented in more detail as it was the chosen method for identifying and counting the low 

frequency cycles from the simulated temperature profile. The amount that each individual 

cycle consumes from the expected lifetime is determined with an analytical lifetime model. 

An overview of different model options is presented in chapter 4.2. Finally, the lifetime 

expectancy in a specific application can be solved by assuming a linear accumulation of 

degradation with Miner’s rule, which is described in chapter 4.3 in more detail. Figure 4.1 

presents the process flow for the lifetime estimation. 

  
Figure 4.1 Flow chart of the lifetime estimation. Consumption is counted separately for the low 

frequency cycles of the mission profile (𝐿𝐶 ) and for the high frequency cycles of the 
fundamental cycling (𝐿𝐶 ). The total lifetime consumption (𝐿𝐶 ) is the sum of these two 
components. 
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4.1 RAINFLOW CYCLE COUNTING 

Load cycles, and therefore the semiconductor junction temperature profiles, are application 

specific. Moreover, even a single application can face drastically different operational needs 

with randomly varying loads which results in load and temperature profiles that do not have 

clear patterns. For example, the power demand of a traction motor in an on-highway vehicle 

can vary depending on the type of landscape it faces. Up-hills, down-hills, and speed limits 

result in the need for varying torque and rotational speeds for the motor. Therefore, the motor 

inverter’s output power is not constant resulting in temperature swinging. Each cycle is 

unique in duration and amplitude, so a method for finding temperature cycles from the 

temperature data is needed. The degradation of a module is dependent on the amplitude, 

mean value, and duration of the cycles, so all these parameters need to be saved during the 

cycle count. 

 

Many cycle counting methods have been realized in past research, some of the most common 

being level counting, peak counting, racetrack method, Hayes method, and simple range 

counting. Rainflow algorithm has gained popularity among cycle counting methods as it has 

little relative error and can provide the average value of a cycle. Only closed cycles 

determined by rainflow algorithm are considered for degradation, instead of considering the 

temperature swing for the complete data set. The rainflow algorithm is therefore easily 

applied to temperature data. The other counting methods do not consider stress-strain 

hysteresis characteristic and are not as easily extended to temperature data. (GopiReddy, et 

al., 2015) 

 

First, sequences of peaks and valleys needs to be identified from the temperature curves to 

get a cycle count. Rainflow algorithm was developed to incorporate cycles formed by the 

hysteresis characteristics of the stress-strain plot. The analogy of rainflow method is that the 

mission profile, which in this case is the temperature curve, turned 90° clockwise is like a 

pagoda having drops of water released from each maximum and minimum point. The drop 

shall stop once the peak value is equal to or greater than the value of the peak from where 

the drop starts. Also, if the drop crosses paths with the path of a previous drop, it stops. An 

example of a mission cycle is presented in Figure 4.2 and the rainflow counting for the same 

profile is show in Figure 4.3. (Seetharamu, et al., 2018) 
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Figure 4.2 An example of a possible mission profile with variable amplitudes. The numbering marks the 

peaks and valleys identified from the profile  (Seetharamu, et al., 2018) 

 

 
Figure 4.3 Visualization of a rainflow counting for the mission profile presented in Figure 4.2. The 

“water drops” start flowing downwards from the peaks and valleys, and their route is shown 
using a dashed line. A Number with an apostrophe marks stopping point of a drop due to 
merging paths with a previous drop. (Seetharamu, et al., 2018) 
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The cycle counting via rainflow continues until every turning point in the examined profile 

is found. Afterwards, the cycles are categorized to bins of an 𝑚 𝑥 𝑛 matrix according to a 

pre-defined resolution for mean value and amplitude. If the tracked parameter in a profile is 

temperature, the values examined in a matrix bin are the mean value of the temperature and 

the amplitude of the fluctuation. It is common to present cycle counting results using a 

histogram as shown in Figure 4.4. It should be noted, that increasing the bin size for the 

temperature cycle categorization increases the accuracy of the lifetime consumption 

calculations, as each cycle’s mean value and amplitude are observed with more precision. 

However, increasing the bin size also affects the computational speed and may make it 

harder to form a clear impression on the type of cycling a device has faced. So, a satisfying 

ratio between accuracy and usability needs to be determined. Once the cycle counting criteria 

is met, the corresponding amplitude and mean values of stress and strain is calculated for 

each cycle. In this thesis the rainflow counting algorithm is implemented in its entirety using 

MATLAB scripting that based on the C code and MATLAB scripts presented in (Nieslony, 

2009). 

 

Figure 4.4 3D Histogram displaying the results of rainflow cycle counting executed for a randomly 
generated temperature profile. The example used 30x30 size rainflow matrix to categorize the 
cycles. X-axis represents the cycle amplitude, Y-axis the mean value and Z-axis shows the 
number of cycles found for each bin. 
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Definition of a cycle depends on the counting method. Various cycle count methods, 

including the rainflow method, have been introduced in an American Society for Testing and 

Materials (ASTM) standard E 1049-85 Standard Practices for Cycle Counting in Fatigue 

Analysis. In this standard a principle of the algorithm is presented and the flow chart 

describing it is shown in Figure 4.5. The algorithm for rainflow counting in (Nieslony, 2009) 

is based on the mentioned ASTM standard. In it, the cycles are counted by considering a 

moving reference point of the sequence, denoted as Z, and a moving ordered three point-

subset. Notation Y collectively includes the first and second reversal points, and the second 

and third points are collectively called X. In Figure 4.5, the denotation r(), is the range of the 

variable within. It is the absolute value of the difference between the amplitude of the first 

point and the amplitude of the second point.  

 

 

Figure 4.5 Flowchart presenting the principle of rainflow counting according to ASTM E1049-85.  
(E1049-85, 2017)  
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4.2 LIFETIME MODELS 

Temperature fluctuations subject the power module’s internal connections to aging and the 

number of possible temperature cycles declines as a function of junction temperature change 

∆𝑇 . At around frequency of 100 Hz, alterations of power losses are no longer smoothed by 

chip’s transient thermal impedance which results in minor temperature fluctuations in the 

module (Wintrich, et al., 2015). However, at those frequencies the change in temperature is 

so small and low energy that it has no significant effect on the aging, or the effect may even 

be counterbalanced by elastic deformations. Significant thermal cycling from a lifetime 

consumption point of view occurs especially at load cycles having a large alternation in the 

load but also when operating the module at high power with frequencies of few hertz, during 

which fundamental cycling starts to accelerate the degradation process considerably.  

 

The correlation between the number of cycles to failure 𝑁  and the temperature cycle 

amplitude ∆𝑇  is determined by many parameters.  The lifetime of a module is usually 

determined by the manufacturers with controlled testing. The Lifetime of modern modules 

can be tens of years which requires very long test times. The testing time can be shortened 

by using highly accelerated cycles, meaning that minimum cycle duration with increased 

amplitude is used whilst keeping junction temperature in safe operation area.  

 

It is possible to estimate the degradation process and lifetime expectancy using analytical 

lifetime models. They do not require detailed analysis of the module’s physical properties 

and are usually based data from laboratory testing performed by the manufacturer or a third 

party. The lifetime estimate is achieved by combining the analytical model with Miner’s rule 

for damage accumulation. According to Miner’s rule, every temperature cycle produces 

damage to the module contributing to the lifetime consumption.  Next, few common lifetime 

model options are presented. 

 

One of the most commonly used analytical model for power module lifetime estimation was 

introduced in 1990’s in a project called LESIT. In this project, modules from different 

suppliers, having the common feature of using Al2O3 ceramics in similar packaging, were 

tested with different junction temperature changes ∆𝑇  and varying cycle mean temperatures 

𝑇  (Lutz, et al., 2011). The model equation consists of Coffin-Manson law 

 



 

51 
 

 𝑁 , = A ∆T , (4.1) 

 
where ∆𝑇  is the change of junction temperature in a cycle and  𝛼 and 𝐴 are curve fitting 

constants also known as the scale parameter and the shape parameter. The Coffin-Manson 

law describes the dependency between the possible number of cycles and the temperature 

change. Cycle’s mean temperature is taken into account by introducing Arrhenius factor with 

an exponential dependency on an activation energy 𝐸  to the equation. Arrhenius factor can 

be written as 

 
𝑁 , = 𝑒 ∙  , 

 
(4.2) 

and when added to the equation 4.1, the LESIT model as a whole can be expressed as 

 

 
𝑁 = 𝐴 ∙ ∆𝑇 ∙ 𝑒 ∙  . 

 
(4.3) 

In (4.3), 𝑇  is the mean temperature of the cycle, 𝑘  is the Boltzmann constant and 𝐸  is 

activation energy. So, it is stated that the higher the temperature, the higher the reaction rate 

is with an exponential factor. Activation energy is the minimum energy required to start the 

reaction. 

 

The LESIT model is one of the most widely used models in lifetime estimation due to its 

simplicity and tendency to provide a good correlation with measurement results by curve 

fitting. However, the model has its limitations as it only takes cycle amplitude and mean 

temperature into account ignoring the cycle duration. To make more accurate predictions the 

cycle on-time needs to be taken into account. From failure mechanism point of view, the on-

time is an important factor as the relaxation time constant of solder is in range of minutes as 

for the bond wire lift-off and aluminum reconstruction the time constant is in range of 

seconds. Hence, shorter cycles can have an effect on the bond wire degradation but not 

necessarily on the solder degradation. Once the cycle is long enough, it also starts affecting 

the solder degradation. (Ikonen, 2012) 

  



 

52 
 

The Bayerer model introduced in (Bayerer, et al., 2008) takes the heating time 𝑡  into 

account in its equation. It is derived from the Coffin-Manson relationship, and it considers 

the influence of various parameters of power cycling tests as well as power module 

characteristics. The suggested Bayerer model can be written as 

 𝑁 = 𝐾 ∆𝑇 ∙ 𝑒 , ∙ 𝑡 ∙ 𝐼 ∙ 𝑉 ∙ 𝐷  , (4.4) 

where 𝑇 ,  is the maximum junction temperature, 𝑡  is the heating time, 𝐼 is the applied 

DC current, D is diameter of the bond wire and V is blocking voltage. The coefficient 𝐾 and 

exponents 𝛽  are curve fitting constants, which would be derived from the data gotten from 

long-term reliability testing. Compared to the LESIT model, the Bayerer model is much 

more comprehensive, taking a lot more parameters into account, including the heating time. 

The introduction of additional parameters also makes the model more complex especially 

when considering the curve fitting using the curve fitting parameters. 

 

When considering the manufacturer’s lifetime testing, adding heating time as a parameter is 

rather inconvenient because this requires simultaneous control of the heating time and the 

temperature swing. (Ikonen, 2012) The target ∆𝑇  in testing is a function of the dissipated 

energy that is determined by the forward current and the 𝑡   as well as test setup’s thermal 

resistance. This makes it very difficult to select test parameters for different values of ∆𝑇  

with the same current and heating times. The inconvenience of adding more parameters to 

the model raises a question on the accuracy of the lifetime model on its own, as the curve 

fitting for the model is based on test results.  

 
The advancements in power module architecture have made them increasingly more reliable. 

One of the most important factors affecting the module reliability has been the introduction 

of sintering as a solder alternative. In (Scheuermann & Ralf, 2013) a new lifetime model has 

been proposed for the solder free modules that use diffusion silver sintering as a bonding 

method. This model, from this point on referenced as the SKiM model, was developed based 

on the tests performed on the Semikron’s SKiM63 power module.  
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The LESIT and Bayerer models do not make a differentiation between different failure 

modes. Hence, if the dominant failure method seen in the accelerated lifetime testing differs 

from the failure mode in an application, the extrapolation of the lifetime data from the 

manufacturer’s testing to the applications conditions can end up giving inaccurate 

estimations. Therefore, degradation methods e.g., solder fatigue vs bond-wire lift-off, should 

be studied separately. The SKiM model aims to make a separation between different causes 

of failure. (Abuelnaga, et al., 2021) (Kovacevic-Badstuebner, et al., 2015) 

 

Due to the reliability of the sintering technology, the SKiM model observes the bond wire 

lift-off and heel cracking as the main failure methods. The SKiM model is based on the 

LESIT model, but it adds wire bond aspect ratio 𝑅 and the cycle pulse duration 𝑡  as two 

new factors. The model equation can be written as 

 𝑁 = 𝐴 ∙ ∆𝑇 ∙ 𝑅  ∙∆ ∙
𝐶 + 𝑡

𝐶 + 1
∙ 𝑒 ∙ ∙ 𝑓  , (4.5) 

The aspect ratio is taken into account because much higher lifetime was seen in the tests if 

the height of the bond wire loops was increased (Scheuermann, 2014). Parameter 𝐴 is the 

general scaling factor and a de-rating factor 𝑓  is applied to account for differences found 

between the IGBT and diode. In (Scheuermann, 2014) the other coefficients for the model 

were determined using experimental results gathered over the course of five years and are 

presented in Table 4.1.  

 

Table 4.1 SKiM lifetime model parameters for the IGBT 

Parameter Value 
𝛼 -4.923 
𝛽  1.942 
𝛽  -9.012E-3 
𝛾 -1.208 
𝐶  1.434 
𝐸  0.06606 eV 

𝑓  0.6204 
𝑅  0.32 

 

Also, an additional margin factor of 0.8 is added to the lifetime model due to the fact that 

some of the model predictions presented higher and others lower estimates than experimental 

results, as it is further described in (Scheuermann, 2014).  
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The EC-C1200-450 converter uses solder free power modules with silver sintering as the 

main method of attachment. Hence, the SKiM model is chosen as the lifetime model to be 

implemented as it is specifically developed for the modern sintered power modules. Using 

the curve fitting parameters in the SKiM model equation, the model is fitted to correspond 

the temperature cycle capability data, obtained from the module’s manufacturer. Fits for both 

the IGBT and diode are shown in Figure 4.6 and Figure 4.7. The manufacturer’s lifetime 

curves are given in a specific range of temperature swings, so it is necessary to use 

extrapolation for smaller fluctuations outside of the available range. One should be aware, 

that such extrapolation cannot be validated by experiment. Considering that power electronic 

applications can require lifetime of more than 20 years, then test times needed for validation 

would become so long, that a new generation of power devices are like to have replaced 

them. Introducing physics-based fatigue models could provide a solution for this problem. 

(Scheuermann, 2014) 

 

Power diodes are usually assumed be much more durable than IGBTs and in many cases 

they are left out of the lifetime consideration when examining IGBT + diode power modules. 

The cycling capability data seen in Figure 4.6 and in Figure 4.7, for the components also 

indicates the IGBT to be a far more likely component to fail as seems to be able to handle 

considerably less cycles at the given range. Nevertheless, free-wheeling diodes can fail under 

various circumstances and can wear-out the same way as the IGBT chip and its 

interconnections. Especially the turn-on transition of IGBTs in a high switching frequency 

application is harsh for the diode. The freewheeling diodes slows down the IGBT’s 

switching speed due to the severe stresses induced by the reverse recovery process. Also, the 

strain induced to the IGBT, and to the diode, is an application specific issue. For example, 

in generator use the current through the diode increases which accelerates the wear-out of 

the diode. As the manufacturer’s cycling capability data is available also for the diode, its 

lifetime is examined by utilizing the SKiM model along with the IGBT.  (Wu, et al., 2013).  
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Figure 4.6 Temperature cycle capability of the IGBT based on manufacturer’s data.  

 

 
 

Figure 4.7 Temperature cycle capability of the free-wheeling diode based on manufacturer’s data. 
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4.3 LIFETIME CONSUMPTION 

It is assumed that the order of which counted cycles occur does not have effect on the 

degradation. The total lifetime consumption can be divided into partial consumptions 

according to the mean value, amplitude, and duration of the cycle. The total life consumption 

𝐿𝐶 and failure prediction can be gotten as the sum of the partial consumptions using Miner’s 

rule 

 𝐿𝐶 =  
𝑁( , )

𝑁 ( , )
,

   . (4.6) 

In the equation, 𝑁 ,  is the number of cycles counted for the rainflow matrix bin 𝑖, 𝑗 as 

presented in chapter 4.1, and 𝑁 ( , ) is the measured lifetime. Once the sum of 𝐿𝐶 reaches 1, 

it is assumed that the accumulated damage will result in failure. The used lifetime model 

also takes into account the temperature cycle length, so for every ∆𝑇 ,𝑇  -bin in the rainflow 

matrix, each found cycle needs to be counted separately due to the different values of 𝑡 .  

 

In the model presented in this thesis, the lifetime consumptions are counted separately for 

the cycles caused by changes in load and for the fundamental cycles. Using (4.6), the total 

lifetime consumption 𝐿𝐶  for a mission profile is gotten by summing up the consumptions 

due to low frequency cycles 𝐿𝐶  and the high frequency cycles 𝐿𝐶  as follows 

 𝐿𝐶 =  𝐿𝐶 + 𝐿𝐶   . (4.7) 

The number of fundamental cycles is counted based on the sample rate of the simulation 

input data and the fundamental frequency. As the input data is given only in specific points 

of time with a regular time step in between, there is a possibility that some transient changes 

in load is left out and cannot be taken into account in the further calculations. Due to the 

discrete nature of simulation and data input, it is assumed that all the parameters stay constant 

between two adjacent time steps. Also, if the fundamental frequency is low enough for a full 

cycle to occur in the given input sample time, only a part cycle is taken into account in the 

consumption calculations. 
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5 TOOL IMPLEMENTATION IN MATLAB 

In this section, the implemented tool using the methods presented in previous chapters is 

presented. The tool consists of a collection of MATLAB scripts, a Simulink model and 

various input data given as separate xlsx-files. The working principle is presented using a 

flowchart in Figure 5.1. 

 

 
  
Figure 5.1 The operational principle of the lifetime calculation tool with all of the relevant components. 
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The whole estimation process is executed by running the program from the main MATLAB 

script. The main script needs details about the used motor model and the used power module 

to initialize and forward parameters to the Simulink simulation. Also, the mission profile for 

the electric motor needs to be given. The mission profile should include time, torque and 

rotational speed values for the electric motor. The idea behind keeping the motor and module 

parameters in separate xlsx-files, using a predefined template, is to make it easier to build a 

“library” of different motor and module models over time, eliminating the need to enter new 

parameters every time the simulated motor or module type changes. From the main script, 

the user can set coolant temperatures, DC-link voltage and switching frequency of the 

inverter for the simulation. The motor can also be driven using one, or several inverters if 

the motor has more than one 3-phase winding systems. Once the simulation parameters are 

defined, the script will run the simulation model presented in Figure 5.2.  

 

 

Figure 5.2 Main components of the simulation model consisting of 1. Inputs from workspace, 2. motor 
model and 3. Electro-thermal model of the used power module. 

 
First, the input parameters and the mission profile are fed to the motor model. The simulation 

uses the motor model presented in (Pyrhönen, 2020). Based on the input parameters, the 

model is able to calculate the required stator current and voltage needed to achieve the 

desired torque and rotational speed and also to solve for the modulation index and power 

factors which are needed for the power module’s loss calculations along with the current. It 

should be noted that the input torque and speed in the model are directly the values that the 
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motor is assumed to operate on, and they are not reference values for controllers. It is also 

important to be aware that the simulation time step is defined by the time step in the mission 

profile data. So, if new torque and speed values are defined every second in the input data, 

the simulation will run using 1s time steps while assuming that conditions do not change 

between the two steps. 

 
The motor model uses a control strategy called Maximum Torque Per Ampere (MTPA) 

which is used to minimize the amount of current needed to produce a desired torque. The 

current vector producing torque is a sum of direct and quadrature axis current vectors and 

the number of ways these vectors can be combined to produce a specific torque is infinite. 

Hence, MTPA is used to minimize the needed current and to improve the overall efficiency. 

In the MTPA implemented to the motor model, values for torque, direct axis and quadrature 

axis currents are calculated with specific current and rotating speeds. A lookup table 

describing the produced current components and torque as a function of rotating speed and 

stator current is formed by iterating over the speed and current range of the machine. Using 

the created lookup table, the model is able to define a value for the required stator current 

based on the torque and speed inputs. The rms value of the stator current phase gotten from 

the model is equivalent to the amount of current the inverter needs to output per phase. So, 

the current through the inverter’s power module is determined by the motor model in the 

simulation. 

 
The power modules electro-thermal model -block is composed of three different sub-systems 

as shown in  Figure 5.3. It is in charge of calculating the losses and temperatures for the 

module.  

 
Figure 5.3 Contents of the electro-thermal model block: 1. Average loss calculation, 2. Temperature 

calculation, 3. Fundamental temperature cycling calculation.  
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The first subsystem calculates the average losses using the rms value of the current, 

modulation index and power factor fed forward by the motor model. The DC-link voltage is 

also needed. Calculation is based on the principles presented in chapter 3.1. The 

temperatures are constantly fed back to the loss model since 𝑅  and 𝑈 values change as 

function of the temperature. In the initial state, the component temperatures are assumed to 

be equal to the temperature of the liquid coolant. The block calculates the losses for one 

IGBT and diode. Therefore, to get the total losses, the results are multiplied by the number 

of components within the module. 

 

The subsystem 2 includes the thermal modeling for the power module. The model is 

implemented using transfer functions as described in chapter 3.2. The block consists of three 

separate transfer functions: one for IGBT, one for diode and one for the common base that 

the components are arranged on. Each transfer function is formed by using Foster thermal 

network. The thermal resistance and time constant values for the Foster network formation 

are based on the parameters acquired from the module’s manufacturer. The implemented 

transfer functions are then arranged as shown in Figure 5.4 to account for the impact the 

components have on each other’s temperatures. 

 
Figure 5.4 The arrangement of transfer functions inside the temperature calculation block to solve for 

module temperatures based on power losses. As it can be seen on the arrangement, the module 
in question has two sets of IGBT-diode combos fitted on a common base. 
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The subsystem 3 solves the effect that fundamental frequency cycling has on the module’s 

temperature by using the method presented in chapter 3.3. Based on the average power losses 

and the electrical frequency, the maximum temperature fluctuation and the average value of 

that fluctuation are calculated for both the IGBT and the diode. Remembering that the 

maximum fundamental fluctuation is the amount that value swings around the average 

temperature, half of the peak-to-peak fluctuation is added to the average temperature to 

acquire maximum temperature profile for the module as seen in Figure 5.4. The maximum 

temperatures are usually a point of interest when examining the behavior of any system. 

 

The model outputs the average temperature profiles, maximum temperature profiles the 

fundamental fluctuation data to MATLAB for further calculations to determine the occurred 

degradation during the simulated cycle. Low frequency cycles are counted from the average 

temperature profile using rainflow counting. For each cycle, the average temperature, 

fluctuation amplitude and the heating time are determined. High frequency cycles 

(fundamental cycles) are counted from the simulation’s fluctuation data based on the sample 

time and fundamental frequency. The average temperature for one fundamental cycle is 

gotten from the average temperature profile at the same time instant and the cycle amplitude 

is already calculated in the simulation. The heating time 𝑡  for a fundamental cycle is 1/2 

of the cycle period. So, all the parameters needed for the SKiM lifetime model presented in 

eq (4.5) are available. The degradation due to the low and high frequency fluctuations are 

counted separately, and the final lifetime estimation is based on the sum of these 

components. Finally, the tool presents the calculated results as is further shown in chapter 

6.3. 
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6 RESULTS 

In this section, results using the implemented tool are presented. In chapter 6.1 the validity 

of the electro-thermal modeling is verified. The amount of error in the simulated results also 

largely determines how accurate the lifetime estimation is. In chapter 6.3, lifetime estimation 

for a mission profile of a real application is given as an example to get a proof-of-concept 

case for the tool’s operation. 

6.1 ELECTRO-THERMAL MODEL VERIFICATION 

The accuracy of the loss and temperature models are verified against a more detailed 

simulator (from this point on referred to as Comparison model) of which behavior has 

already been excessively examined in the past. The comparison model is a C programming-

based simulator for the EC-C1200, and it includes most of the software functionalities 

included in the physical device. It also accurately simulates the modulation scheme that is 

used in the actual device and is therefore able to provide a good comparison point for the 

model implemented in this thesis.  

 

To verify the accuracy of the power module’s electro-thermal model, an identical motor 

model was driven in different operating points in both the comparison model and the thesis 

model. Then, the behavior of the power module models in both simulations was compared. 

The motor model was driven at four different speeds and at each speed the torque was 

gradually increased to nominal value. The used operating points for the simulations are listed 

in Table 6.1. The motor chosen to be simulated is rated 160kW and it was driven using a 

single inverter. The coolant temperatures for both the inverter and motor were assumed to 

be constant at 18℃ in all of the simulations. Also, the DC-link voltage for both the thesis 

and comparison model simulations was set to 750V and was assumed to stay unchanged. In 

addition to other parameters, a special point of interest for the verification is to see how well 

the fundamental cycling is accounted in the thesis model using the method presented in 

chapter 3.3.  
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Table 6.1 Motor operating points used in simulations for the electro-thermal model verification, where 
𝑛  is the nominal rotating speed of the motor and 𝑇  is the nominal torque of the motor. 

Simulation 1. 

𝜔 = 𝑛  𝑇 = 0.1 ∙ 𝑇  
𝜔 = 𝑛  𝑇 = 0.25 ∙ 𝑇  
𝜔 = 𝑛  𝑇 = 0.5 ∙ 𝑇  
𝜔 = 𝑛  𝑇 = 𝑇  
Simulation 2. 

𝜔 = 0.5 ∙ 𝑛  𝑇 = 0.1 ∙ 𝑇  
𝜔 = 0.5 ∙ 𝑛  𝑇 = 0.25 ∙ 𝑇  
𝜔 = 0.5 ∙ 𝑛  𝑇 = 0.5 ∙ 𝑇  
𝜔 = 0.5 ∙ 𝑛  𝑇 = 𝑇  
Simulation 3. 

𝜔 = 0.1 ∙ 𝑛  𝑇 = 0.1 ∙ 𝑇  
𝜔 = 0.1 ∙ 𝑛  𝑇 = 0.25 ∙ 𝑇  
𝜔 = 0.1 ∙ 𝑛  𝑇 = 0.5 ∙ 𝑇  
𝜔 = 0.1 ∙ 𝑛  𝑇 = 𝑇  
Simulation 4. 

𝜔 = 0.01 ∙ 𝑛  𝑇 = 0.1 ∙ 𝑇  
𝜔 = 0.01 ∙ 𝑛  𝑇 = 0.25 ∙ 𝑇  
𝜔 = 0.01 ∙ 𝑛  𝑇 = 0.5 ∙ 𝑇  
𝜔 = 0.01 ∙ 𝑛  𝑇 = 𝑇  

 
Resulting plots for all the simulations are presented in figures 6.1 – 6.12. Also, numeric 

results for all the above listed operating points are listed in tables 6.2 – 6.5. The values for 

the table parameters were taken at the same time instant for each operation points to solve 

for the relative error between comparison model and the thesis model. The values were 

checked from a point in simulation, where the relative error between parameters seemed to 

stay unchanged.  

 

The comparison model temperature and power loss plots fluctuate at a high frequency since 

they model the actual switching of the devices and can therefore appear as a thick solid line 

in the plots. To get a better view on the temperatures and losses gotten from the comparison 

model simulation, filtered results are added to the plots which describe the average value for 

the fluctuating parameters. The average value for the data was “filtered” using MATLAB’s 

movmean -function, which computes the moving average for an input vector.  
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 Table 6.2 Results of Simulation 1.  

 𝝎 = 𝟏𝟎𝟎%,  
𝑻 = 𝟏𝟎% 

 𝝎 = 𝟏𝟎𝟎%,  
𝑻 = 𝟐𝟓% 

 Error  

(comparison vs. thesis) 

Error  

(comparison vs. thesis) 
𝐼  -0.52 % 0 % 

𝑃 ,  3.30 % 2.26 % 

𝑃 ,  -0.89 % -0.58 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 20.33 20.38 0.25 % 24.21 24.31 0.41 % 

𝑇 , [℃] 19.79 19.78 -0.05 % 22.70 22.71 0.04 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 0.21 0.16 -23.83 % 0.54 0.4 -25.93 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 0.12 0.14 16.67 % 0.29 0.34 17.24 % 

𝑇  [℃] 18.67 18.68 0.05 % 19.76 19.78 0.1 % 

 𝝎 = 𝟏𝟎𝟎%,  
𝑻 = 𝟓𝟎% 

 𝝎 = 𝟏𝟎𝟎%,  
𝑻 = 𝟏𝟎𝟎% 

 Error  

(comparison vs. thesis) 
Error  

(comparison vs. thesis) 
𝐼  0.10 % 0.10 % 

𝑃 ,   0.40 % 3.69 % 

𝑃 ,   -0.32 % 16.85 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 31.22 31.20 -0.06 % 41.5 42.72 2.94 % 

𝑇 ,  [℃] 27.56 27.56 0.00 % 32.95 35.08 6.46 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 

fundamental fluctuation) 1.11 0.82 -26.13 % 2.12 1.54 -27.36 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 

fundamental fluctuation) 0.59 0.7 18.64 % 0.8 1.18 47.50 % 

𝑇  [℃] 21.79 21.8 0.05 % 24.7 25.1 1.62 % 
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Figure 6.1 Torque profile of simulation 1 and comparison between calculated currents. Motor speed was 

kept constant at nominal speed. 

 

 
Figure 6.2 Comparison of calculated power losses between comparison model and thesis model in 

simulation 1. 
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Figure 6.3 Comparison of temperatures between comparison model and thesis model in simulation 1. 
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Table 6.3 Results of simulation 2. 

 𝝎 = 𝟓𝟎%,  
𝑻 = 𝟏𝟎% 

 𝝎 = 𝟓𝟎%,  
𝑻 = 𝟐𝟓% 

 Error  

(comparison vs. thesis) 
Error  

(comparison vs. thesis) 
𝐼  -0.52 % 0.00 % 
𝑃 ,  4.49 % 4.11 % 
𝑃 ,   2.33 % 2.52 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 20.16 20.24 0.40 % 23.64 23.87 0.97 % 
𝑇 , [℃] 20.8 20.14 -3.17 % 23.35 23.48 0.56 % 
∆𝑇 ,  [℃] 
(Peak-to-peak fundamental 
fluctuation) 

0.44 0.3 -31.82 % 1.13 0.76 -32.74 % 

∆𝑇 ,  [℃] 
(Peak-to-peak fundamental 
fluctuation) 

0.22 0.26 18.18 % 0.56 0.68 21.43 % 

𝑇  [℃] 18.65 18.67 0.11 % 19.67 19.73 0.31 % 

 𝝎 = 𝟓𝟎%,  
𝑻 = 𝟓𝟎% 

𝝎 = 𝟓𝟎%,  
𝑻 = 𝟏𝟎𝟎% 

 Error  

(comparison vs. thesis) 
Error  

(comparison vs. thesis) 
𝐼  0.10 % 0.10 % 
𝑃 ,   2.34 % -0.43 % 
𝑃 ,  1.48 % 0.04 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 30.06 30.36 1.00 % 44.95 44.87 -0.18 % 
𝑇 ,  [℃] 29.19 29.34 0.51 % 41.87 41.87 0.00 % 
∆𝑇 ,  [℃] 
(Peak-to-peak fundamental 
fluctuation) 

2.41 1.62 -32.78 % 5.4 3.44 -36.30 % 

∆𝑇 ,  [℃] 
(Peak-to-peak fundamental 
fluctuation) 

1.14 1.42 24.56 % 2.4 2.94 22.50 % 

𝑇  [℃] 21.7 21.78 0.37 % 26.05 26.05 0.00 % 
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Figure 6.4 Torque profile of simulation 2 and comparison between calculated currents. Motor speed was 

kept constant at 50% of the nominal speed. 

 

 
Figure 6.5 Comparison of calculated power losses between comparison model and thesis model in 

simulation 2. 
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Figure 6.6 Comparison of temperatures between comparison model and thesis model in simulation 2. 

  

Te
m

pe
ra

tu
re

 [
℃

]

0 5 10 15 20 25 30 35 40 45

Time [s]

18

20

22

24

26

28
Base temperature

Comparison model
Thesis Model



 

70 
 

Table 6.4 Results of simulation 3. 

 𝝎 = 𝟏𝟎%,  
𝑻 = 𝟏𝟎% 

 𝝎 = 𝟏𝟎%,  
𝑻 = 𝟐𝟓% 

 Error  

(comparison vs. thesis) 
Error  

(comparison vs. thesis) 
𝐼   -0.52 % 0 % 

𝑃 ,   9.09 % 6.75 % 

𝑃 ,   7.16 % 4.90 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 20.08 20.26 0.90 % 23.55 23.92 1.57 % 

𝑇 , [℃] 20.26 20.43 0.84 % 23.92 24.23 1.3 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 1.59 1.36 -14.47 % 4.05 3.38 -16.54 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 0.86 0.78 -9.30 % 2.17 2.02 -6.91 % 

𝑇  [℃] 18.6 18.7 0.54 % 19.78 19.89 0.56 % 

 𝝎 = 𝟏𝟎%,  
𝑻 = 𝟓𝟎% 

𝝎 = 𝟏𝟎%,  
𝑻 = 𝟏𝟎𝟎% 

 Error  

(comparison vs. thesis) 
Error  

(comparison vs. thesis) 
𝐼   0.10 % 0.10 % 

𝑃 ,   4.58 % 1.94 % 

𝑃 ,   2.70 % -0.16 % 

 Comp. Thesis Error Comp. Thesis Error 

𝑇 ,  [℃] 29.69 30.2 1.72 % 43.95 44.39 1.00 % 

𝑇 ,  [℃] 30.54 30.93 1.28 % 45.75 45.76 0.02 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 8.4 6.94 -17.38 % 18.38 14.7 -20.02 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 4.46 4.12 -7.62 % 9.48 8.7 -8.23 % 

𝑇  [℃] 21.81 21.96 0.69 % 26.72 26.82 0.37 % 
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Figure 6.7 Torque profile of simulation 3 and comparison between calculated currents. Motor speed was 

kept constant at 10% of the nominal speed. 

 

 
 

Figure 6.8 Comparison of calculated power losses between comparison model and thesis model in 
simulation 3.  
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Figure 6.9 Comparison of temperatures between comparison model and thesis model in simulation 3. 
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Table 6.5 Results from simulation 4. 

 𝝎 = 𝟏%,  
𝑻 = 𝟏𝟎% 

 𝝎 = 𝟏%,  
𝑻 = 𝟐𝟓% 

 Error  

(comparison vs. thesis) 
 Error  

(comparison vs. thesis) 
𝐼   -0.52 %  0 % 

𝑃 ,   7.83 %  6.46 % 

𝑃 ,   5.67 %  4.48 % 

𝑇 ,  [℃] 20.05 20.21 0.80 %  23.62 23.99 1.57 % 

𝑇 , [℃] 20.28 20.41 0.64 %  24.2 24.48 1.16 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 3.59 3.5 -2.51 %  9.11 8.88 -2.52 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 3.58 3.28 -8.38 %  9.05 8.58 -5.19 % 

𝑇  [℃] 18.65 18.69 0.21 %  19.88 19.98 0.5 % 

 𝝎 = 𝟏%,  
𝑻 = 𝟓𝟎% 

 
𝝎 = 𝟏%,  
𝑻 = 𝟏𝟎𝟎% 

 Error  

(comparison vs. thesis) 
 Error  

(comparison vs. thesis) 
𝐼   0.10 %  0.10 % 

𝑃 ,   4.68 %  2.32 % 

𝑃 ,   2.83 %  -0.15 % 

𝑇 ,  [℃] 29.59 30.1 1.72 %  43.51 44.02 1.17 % 

𝑇 ,  [℃] 30.81 31.22 1.33 %  46.37 46.38 0.02 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 19.6 18.12 -7.55 %  42.67 38.02 -10.90 % 

∆𝑇 ,  [℃] 
(Peak-to-peak 
fundamental fluctuation) 19.08 16.9 -11.43 %  41.68 35.56 -14.68 % 

𝑇  [℃] 21.83 21.96 0.60 %  26.64 26.72 0.30 % 
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Figure 6.10 Torque profile of simulation 4 and comparison between calculated currents. Motor speed was 

kept constant at 1% of the nominal speed. 

 

 
Figure 6.11 Comparison of calculated power losses between comparison model and thesis model in 

simulation 4. 
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Figure 6.12 Comparison of temperatures between comparison model and thesis model in simulation 4. 

 

To evaluate the functionality of the fundamental cycling calculation method, a comparison 

was conducted separately between the comparison model, thesis model and a model using 

the pure rectangular loss distribution as briefly described in chapter 3.3 and further illustrated 

in Figure 3.5. Next, the difference in peak-to-peak fundamental temperature fluctuations is 

compared between the different methods in two different operation points of a motor: 1) 

𝑓 = 100 𝐻𝑧 with full nominal torque, and 2) 𝑓 = 2 𝐻𝑧 with full nominal torque. The 

operation points were selected to illustrate the differences between the methods when the 

electrical frequency is drastically different. As mentioned before, the downside of the 

proposed method used in the thesis model is that it cannot be used to solve actual wave forms 

for a fundamental temperature cycle, but it only solves the peak-to-peak swing of the cycle. 
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Hence, figures are plotted that display complete wave forms for the comparison model 

results, and the maximum and average values for the proposed method as well as the 

rectangular loss method. 

 

 

Figure 6.13 Plot of fundamental cycling calculation results for different methods for the IGBT when 
operating at 𝑓 = 100 𝐻𝑧 and 𝑇 = 𝑇 . 

 

 
Figure 6.14 Plot of fundamental cycling calculation results for different methods for the diode when 

operating at 𝑓 = 100 𝐻𝑧 and 𝑇 = 𝑇 . 
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Table 6.6  Comparison of results between different fundamental cycle calculation methods for the 100 
Hz operation. 

IGBT Comparison model Rectangular loss method Proposed method 
∆𝑇  [℃] 5.4 8.04 3.44 

Error - 48.9% -36.3% 
 

Diode Comparison model Rectangular loss method Proposed method 
∆𝑇  [℃] 2.41 4.36 2.96 

Error - 81.91% 22.82% 
 
 

 
Figure 6.15 Plot of fundamental cycling calculation results for different methods for the IGBT when 

operating at 𝑓 = 2 𝐻𝑧 and 𝑇 = 𝑇 . 

 

 
 
Figure 6.16 Plot of fundamental cycling calculation results for different methods for the diode when 

operating at 𝑓 = 2 𝐻𝑧 and 𝑇 = 𝑇 . 
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Table 6.7 Comparison of results between different fundamental cycle calculation methods for the 2 Hz 
operation. 

IGBT Comparison model Rectangular loss method Proposed method 
∆𝑇  [℃] 42.71 34.44 39.1 

Error - -19.36% -8.45% 
 

Diode Comparison model Rectangular loss method Proposed method 
∆𝑇  [℃] 41.94 35.6 35.6 

Error - -15.12% -15.12% 

6.2 EVALUATION OF THE RESULTS 

The thesis model provided decent results in comparison with the simulator. Based on the 

step responses seen in the temperature curves, it can be said that the implemented 

temperature model corresponds well with the comparison model. Also, the rms current 

values were very accurate in all simulations having less than 0.5% relative error at all 

operating points. 

 

The power loss calculations provided decent results in all simulations, having less than 11% 

error at all of the test points, and providing an error under 5% in most cases. This does not 

include the exception at the nominal operating point (𝜔=100%, 𝑇=100%). Even at this 

exception point, the IGBT loss error was minor, but the diode losses were increased to almost 

17%, which is very high when compared to the results at other test points. Other than this 

exception, in general the IGBT losses seemed to have slightly more error than the diode in 

the comparison.  

 

At nominal speed and torque (from t=40s onwards in Figure 6.2), there is a clear increase in 

error for the power losses in simulation 1. The error also results in a difference between the 

compared temperatures. This clear increase in relative error is only seen at this operating 

point. A likely explanation for the phenomena is the difference in modulation between the 

models, or rather the lack of control elements responsible for controlling the modulation in 

the thesis model. When operating near the nominal point, the value of the modulation index 

will start closing in on 1 with respect to the space vector hexagon. In such operation, the null 

vectors will start to get removed from the switching sequence reducing the overall amount 

of switchings. Consequently, this reduces the switching losses in the power module. As the 

thesis model does not have the control elements in charge of the modulation, it cannot take 

the reduced switching into account which results in higher losses and temperatures in the 
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figures. A simple approach was tried, where the model would start to linearly reduce its 

switchings as modulation index approaches 1. The number of switching operations would in 

the end be reduced to 2/3 of the total amount, as only switching between two adjacent basic 

vectors is needed. However, more detailed examinations for this compensation are needed. 

 

The results seen for the average temperatures were very close with the comparison model 

which shows that the methods for the average temperature calculations work well. The error 

in the average temperature was on average between one and two percent, and the amount of 

error was reflecting the error seen in the losses as expected. The base plate temperatures also 

showed very minor differences when compared to the comparison model results in all the 

simulations. Although, it should be remembered that the base has much more thermal 

impedance than the semiconductor chips, so it does not react to temperature changes as 

quickly. Hence, also the differences in the behavior are not seen as easily than with the chips. 

 

The tables 6.2 – 6.5 also compared the peak-to-peak temperature changes at fundamental 

frequency which are the consequence of the sinusoidal currents. The amplitude of the 

fluctuations increase as frequency is lowered, and when motors were driven at nominal 

torque using 1% of the nominal speed, the temperature swing was reaching few tens of 

degrees. The proposed method for the fundamental calculation provided reasonable results 

as it is seen when comparing the maximum temperature curve of the thesis model and the 

peak values of the unfiltered comparison model curve. The fluctuation amplitudes also 

increased significantly when the rotational speed was lowered as it should. At lower speeds, 

the error percentage of the peak-to-peak fluctuation was high. However, the actual difference 

in temperature is very small, in range of few tenths of degrees. So, despite the high percentual 

difference, the difference measured in degrees is very small so the actual effect on maximum 

temperature and on the power module’s degradation is very minor. Temperature swings 

under one degree are irrelevant for the module’s aging. The relative error between the 

fundamental fluctuation values seemed to reduce as the speed of the motor was reduced. 

This would suggest that the proposed method could provide adequate results regarding the 

fundamental cycling and eventually its effect on the degradation since at lower speeds the 

temperature swings become more severe and will start to have more effect on the 

degradation. 
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The proposed method also showed that it could provide more accurate results than the 

rectangular loss method as illustrated in Table 6.6 and in Table 6.7. At 100 Hz fundamental 

frequency the rectangular method seemed to estimate the temperatures to be too high while 

the proposed method estimated too low temperatures against the comparison model. 

However, the relative error was much better for the proposed method. At 2 Hz fundamental 

frequency, the results were as expected, that the rectangular loss method would estimate too 

low peak temperatures. The proposed method calculated the peak temperatures to be a little 

too high in comparison with the comparison model, but again it showed a better relative 

accuracy than the rectangular loss method. At the 2 Hz operation point the rectangular loss 

method and proposed method showed almost same results for the diode temperature, which 

shows that there is a lot of similarity between the methods. However, the proposed method 

was able to provide overall more accurate results than the rectangular loss method in all 

conducted test points. So, one can conclude, that the proposed method is able to provide 

satisfactory results. 

6.3 PROOF-OF-CONCEPT  

This chapter presents lifetime calculation results for an example case using the implemented 

tool and examines the data it can provide. The example uses the same motor model and 

power module model which were used for the verification in chapter 6.1. The DC-link 

voltage was set to constant value of 750 V, and the coolant temperatures were set to 40℃ 

for both the inverter and the motor. The switching frequency of the inverter was set to 8 kHz 

and only one inverter is used to drive the machine. The mission profile which is simulated 

is a real profile for a vehicle used in city driving. The speed and torque values in the profile 

were given in 1s time step, so this is the limitation for the simulation model. 

 

The mission profile used for the example simulation is shown in Figure 6.17. The speed and 

torque vary frequently in the used profile. 
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Figure 6.17 Mission profile that is used for the proof-of-concept case. The profile includes the speed and 

torque values for the motor given using a relative scale. 

 
 
Figure 6.18 Shows the resulting temperature curves for both the IGBT and the diode. It 

seems that the diode experiences few degrees higher maximum temperatures than the IGBT, 

and both experience over 90℃ temperature during the operation. 
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Figure 6.18 Simulated temperatures for the IGBT and diode during the whole mission profile. 

 
From the above temperature curves, the rainflow algorithm counts the low frequency cycles 

and presents the results in a 3D rainflow matrix as shown in  Figure 6.19 and Figure 6.20. In 

addition, the tool displays how much the found cycles contribute to the modules degradation 

as presented in and Figure 6.21 and Figure 6.22. As it is seen from the results, the number 

of low amplitude cycles exceed the number of larger cycled by a big margin. Still their effect 

on the module’s degradation is insignificant when compared to the high amplitude cycles.  
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Figure 6.19 Rainflow temperature cycle count results for IGBT. 

 
 

 
Figure 6.20 Rainflow temperature cycle count results for free-wheeling diode. 
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Figure 6.21 Lifetime consumption percentages for each bin in IGBT rainflow count. 

 

 
Figure 6.22 Lifetime consumption percentages for each bin in diode rainflow count. 
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In addition to the rainflow counting, the tool also counts the fundamental cycles and takes 

their contribution into account when calculating the lifetime. According to the calculations, 

98.2% percent of the degradation was caused by the load cycles and fundamental cycles 

caused only 1.8% of the IGBT degradation. For the diode, the tool calculated that the load 

cycling caused 99.94% of the degradation and fundamental cycles contributed only 0.06%. 

The motor was operated at high speeds during the torque periods resulting in high electrical 

frequencies; hence the effect of the fundamental cycling is very minimal in the example. 

Introduction of low rotational speed periods with high torque would give more emphasis on 

the effect that fundamental cycling has. The tool gave an estimation on how many times the 

given mission profile could be driven before a failure for the IGBT and for the diode would 

occur. Based on that information, the tool estimated the lifetimes of the components 

assuming a non-stop usage. The results showed that the IGBT would fail before the diode in 

the example case. 
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7 DISCUSSION 

Overall, the verifications presented in chapter 6 showed promising results regarding the tools 

ability to perform lifetime calculations. One of the requirements set for the tool was that it 

should be kept light enough to maintain fast computational speed even when simulated 

mission profiles were several hours long. Consequently, this requires simplifications when 

it comes to the calculations, which on the other hand has a negative effect on the accuracy. 

The use of simplified calculation methods is deemed to be the main cause of inaccuracies 

seen in the results.  

 

Especially the assumption of the switching energies having a linear dependency on the 

collector current, and the linearly changing 𝑅  and 𝑈  will affect the accuracy of the loss 

calculations. Inaccuracies in the loss calculations reflects as inaccuracies in the temperatures 

even if the thermal models would represent the real device well. The lack of accurate 

modulation modeling presents its limitations as it was seen when modulation index was 

starting to reach 1 in simulation 1 of chapter 6.1. In the end, considering the simplifications 

to gain computational speed, the model provided satisfactory results against the comparison 

model. It can also be said that the proposed methods provided the lightweight solution for 

the calculation, as the tool could perform the entire lifetime estimation process for mission 

profile having over 50000 datapoints in roughly a minute. It should be noted that the 

computational speed is also dependent on the used computer. 

 

One of the main focuses of the thesis was to implement a method to account for the 

fundamental temperature cycling. The used method provided promising results while being 

really fast to compute. It showed that it could take into account the increase in cycle 

amplitude as the fundamental frequency was lowered. Also, the relative accuracy showed 

improvement as the cycling became more severe, which is important as the fundamental 

cycling starts to really have an effect on the degradation at high currents with low 

fundamental frequency. It was seen during the tool’s testing, that the fundamental cycles will 

severely start to reduce the lifetime expectancy of the power module if currents with low 

enough frequency were introduced at high power. It seems to dominate the effects of the 

load cycling in applications that introduce low motors speeds with high torque. In the proof-

of-concept case, such operation was not included in the driven mission profile, so it did not 

demonstrate the importance of fundamental cycling effect very well.  
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The lifetime model seemed to provide rational results. When calculating the expected 

lifetime using an analytical lifetime model, there is usually the need rely on the 

manufacturer’s cycling capability data and the accuracy of the lifetime model since 

performing propriate testing is not usually reasonable due to their long-lasting nature. This 

is true also for this thesis as it trusts the SKiM model to provide a good representation of the 

module’s degradation process. It is also important to note that even though module failures 

generally follow a certain trend line, individual failures usually occur in the proximity of 

that line, not directly on it. Hence, the results gotten from lifetime modeling are always rough 

estimations on the device’s endurance. When testing the tool with different mission profiles, 

it was noticed that the IGBT would be the cause of failure in most cases. The result was to 

be expected when examining the difference in cycling capability between the diode and the 

IGBT. Even though the failure of the diode before the IGBT is unlikely, it is still possible as 

the strain that each of the components are subjected to, is application specific. For example, 

in generator use the currents through the free-wheeling diodes increases, which accelerates 

the aging of the diode, possibly resulting it to be the cause of failure. Hence, it can be 

suggested that the wear-out of the diode should be considered when investigating the lifetime 

of power modules that utilize them. 

 

The tool as its entirety provides a quick solution for estimating a power module’s, and hence 

the entire inverter’s, lifetime in different applications as it can simulate distinctive and 

arbitrary mission profiles each having unique effect on the degradation. However, at the 

current state it is only applicable for IGBT modules, and no testing have been done for e.g., 

SiC power modules. Considering IGBT and SiC-modules, a major difference is seen in the 

temperature cycling, as with SiC-modules the sinewave current is conducted as its entirety 

through the mosfet, but in IGBTs, half of the wave gets conducted through the free-wheeling 

diode. Making the tool better applicable for other module types requires more investigations 

and further development in the simulation model. Most of the scripting could be utilized as 

they are since they are not dependent on the module type. Also, introducing the effect of 

ambient temperature, changing coolant temperatures as well as non-constant DC-link 

voltage to the models are suggested for future work. In addition, an implementation of e.g., 

graphical user interface could be done to make the use of the tool easier. 
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