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Abstract

The increasing demand for renewable energies and the ongoing advancement in the
industry require continuously evolving power converters in terms of efficiency, power
density, and reliability. Furthermore, power converters’ applications in harsh and
remote environments such as offshore wind turbines demand robust and reliable
designs to help reduce operational costs. Power switch failure is a critical reliability
issue that leads to the converter going out of service, causing an unscheduled
maintenance event. The main reason behind power switch failure is thermal cycling.
Therefore, the first part of this thesis attempts to develop an effective double switch H
bridge inverter topology aiming to lessen thermal cycling subjected to power switches,
increasing the expected lifetime of power switches and improving the system's overall

reliability, and reduces the operational costs.

Meanwhile, the second focus of the thesis is to develop a visual interpretation of an
empirical lifetime estimation model that enables the evaluation of the proposed
inverter topology compared to the conventional topology. This is done by producing a
novel lifetime improvement evaluation curve based on a common empirical lifetime
estimation model using MATLAB®. Moreover, the interpretation of the empirical
lifetime estimation models as lifetime improvement evaluation curve helps to bridge
the gap between any thermal condition change and its impact on the expected lifetime.
The percentage reduction in the junction’s median temperature %7}y, req, and the
percentage reduction in the temperature swing %AT; ., are taken as the main
contributors to the change in the switch’s estimated cycles to failure Nf. The
effectiveness of the proposed topology was verified via simulation of the thermal
parameters for the two topologies via PLECS® software. Several test scenarios were
performed to illustrate the impact of shifting from the conventional topology to the
proposed topology. Following that, numerous loading conditions were considered to
perform an extensive comparative analysis between the proposed and the conventional
topologies. Three power factor values were adopted at high, medium, and low values;
to compare the two topologies while covering an adequate loading range for each
power factor value. The assessment indices, namely, Life Prolonging Factor (LPF),

and the average LPF (in a temperature range) obtained promising results, especially



Vil
for high loading levels conditions. The LPF reached values more than ‘2’ under some
conditions, indicating a lifetime increase of more than double. Furthermore, the
average LPF in a specific temperature range indicated promising results in general for

common loading conditions with an advantage for higher loading conditions over
lower loading conditions.

Keywords: Power Conversion, Inverters, Thermal Cycling, Semiconductors Lifetime
Estimation, Reliability.
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Chapter 1: Introduction

1.1 Research Background

Power converters reserved their seat in the first row of various applications, from High
Voltage DC (HVDC) lines to industrial motor drives, down to small laptop chargers.
Such converters can be found following the same logic and principle of operation
oriented around switching, with proper considerations to suit the purpose and the
amount of power to be passed through it. The three key concerns are mainly considered

when a power converter is designed: power density, efficiency, and reliability.

Recently, power converters are gaining more demand in quantity and quality in
numerous applications. Moreover, reliability is of great importance among the
converters’ design key concerns since the converters operating in remote areas such as
offshore wind turbines suffer from high operational and maintenance costs. Hence, an
unscheduled failure event caused by the inverter would be a headache for the operator
as well as the customer if the failure led to a power outage. Therefore, designs and

topologies that are oriented towards reliability are needed.

One of the major causes of electronic components to fail is thermal cycling. The
converters' power switches endure thermal cycling throughout their operation until the
thermal cycling or a catastrophic event cause failure of the switch. Thermal cycling is
directly affected by the nature of power losses that the switch endures. Generally,
switches suffer from two major losses: switching and conduction losses. As their
names imply, switching losses occur when switching on/off, and conduction losses are
present whenever the switch is conducting current. The total power loss amplitude and

instance of occurrence determine the thermal cycling intensity that the switch goes
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through. Generally, mitigating the thermal cycling subjected to power switches has
two main types. The first type is to control the losses on the power switch, either by
reducing the losses at specific instances or introducing extra losses at other instances.

The second type is to control the cooling system to reduce the thermal cycling effect.

1.2 Problem Statement

Although power switches’ thermal cycling is unavoidable, its mitigation is of great
importance due to its negative impact on reliability. With every rise and drop of the
internal components’ temperature, slight damage occurs between the different
materials comprising the semiconductor switch. A famous index of components’
reliability is the cycles to failure (N¢), which relies mainly on the junction’s median
temperature (T},,,), and the temperature swing (AT;). Consequently, reducing (Tj,,) or
(AT;) will lead to higher Ng, and reducing the cycling frequency (f;) will lead to a
better lifetime in years for the same N;. Therefore, this study attempts to develop a

simple and effective topology for single-phase inverters that mitigates the overall
thermal cycling on the inverter’s power switches, hence, achieve a better lifetime in

years per switch.

Moreover, Ny is commonly determined by using lifetime estimation models which
usually relies on the variables Tj,,,, and AT;. Although, the form of lifetime estimation
models does not clearly show the effect of improving T}, or AT; on N¢. Therefore, this

study also attempts to develop a better interpretation of a famous empirical lifetime

estimation model in a way that directly shows the impact of mitigating T;,,, and AT;

on N using a novel lifetime improvement evaluation curve.
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Several techniques have been developed to mitigate thermal cycling. However, these
techniques were oriented toward thermal cycling that occurs over minutes or hours.
Thus, this creates a gap for the thermal cycling at the fundamental frequency of the
output current. The output current’s fundamental frequency is famously known to be
50 Hz or 60 Hz in the case of power inverters connected to the grid or supplying
domestic loads, while the frequency can even go beyond that for the case of Variable

Frequency Drives (VFDs) to several hundreds of Hertz.

For instance, [1]-[4] used active cooling control to mitigate thermal cycling and
improve reliability. However, the targeted thermal cycling was in the low frequency
end. Therefore, their results are given with a time division of 500s, indicating that the
improved thermal cycling due to their work is in the very low frequency side where

the temperature is cycling once every several minutes.

Considering the development of renewable energy resources over the years, power
converters demand higher reliability since they are responsible for conditioning the
clean energy to become usable in the most efficient and compact manner possible.
Hence, designs oriented toward improving the thermal cycling at the inverters’ output

fundamental frequency are needed.

1.3 Objectives of the Research

The objectives of the research are as follows:

I. To develop a single-phase inverter topology that can effectively improve

reliability by mitigating the thermal cycling on power switches.
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I1. To propose a better interpretation of a famous empirical lifetime estimation
model, which helps bridge the effect of thermal conditions change with their

impact on the estimated lifetime.

I1l. To validate the proposed topology’s performance and compare it with the

conventional topology under adequate loading conditions.

1.4 The Scope of the Research

The initial work conducted in this research focuses on developing a single-phase
inverter bridge. Currently, no previous research has served the thermal cycling with
the order of the fundamental frequency of the inverter’s output. This research aims to
show the effect of any change in the thermal parameters (T},,, ATj, f.) on the expected
lifetime, so this work may also benefit any following research work aiming to target

these parameters in hopes of reliability improvement.

For validation purposes, the proposed topology is simulated with various loading
conditions on MATLAB®, while the thermal aspect of the circuit is simulated using
PLECS®. Moreover, the performance evaluation considered to assess the
effectiveness and impact of the proposed topology is based on a famous empirical
lifetime estimation model. Moreover, the contribution of this work in visualizing and
interpreting the empirical lifetime estimation model helps to include a comparative

study between the conventional topology and the proposed topology.

After a switch fails, usually the inverter goes out of service and might cause a total
loss of power delivery to the load. Therefore, the proposed design introduces the ability
to use the redundant switches in the design to achieve an (N-1) system, where any

single switch can fail while the inverter can maintain its operation.



1.5 Organization of the Thesis

This thesis consists of five chapters, which are organized as follows:

Chapter 2 provides an overview of failure mechanisms for power semiconductor
switches. Precursors for different types of failures are presented for package and chip-
related failures. Chapter 2 also overviews the temperature monitoring techniques in
literature and their importance for reliability studies. Approaches to reduce the failure
rate are discussed as well. Finally, Chapter 2 discusses the empirical lifetime

estimation models for power switches lifetime estimation in literature.

Chapter 3 describes the development of the proposed double switch H bridge inverter
topology in order to improve the system’s reliability by increasing the expected
lifetime of the inverter’s power switches. Chapter 3 also describes the development of

the novel lifetime improvement evaluation curve, highlighting the effect of %AT; .4
and %T ) req On the switches’ expected lifetime. Moreover, Chapter 3 provides the

effect of loading conditions such as power factor and loading level on the performance

of the proposed topology.

Chapter 4 shows the results of adopting the proposed double switch inverter topology
and their impact on reliability. Moreover, the chapter presents comprehensive results
and analysis comparing the double switch inverter topology with the conventional

topology under various loading conditions.

Chapter 5 presents the conclusion on the primary contributions of the study. A few
possible directions for extending the research are highlighted at the end of the chapter

as well.



Chapter 2: Literature Review

This chapter reviews the importance of power converters and various power
electronics switches' failure-related literature, specifically power switches in power
inverters. Failure mechanisms and the precursors of failure related to power switches
are presented. Temperature monitoring techniques are then discussed due to their
importance in any reliability study. The mission profile of inverters in different
applications requires the inverter to be adaptive to the changes in parameters such as
irradiance change in Photovoltaic (PV) systems and wind speed change in wind turbine
systems. Such adaptation usually comes in the form of a modulation parameter change.
Thus, the effect of modulation techniques and their parameters on the power switches'
degradation is discussed. Following that, a discussion on approaches to reduce the

failure rate is given. Finally, lifetime estimation techniques are reported as well.

2.1 Power Converters Background

Power converters proved their importance in many applications, contributing to
making power usage more efficient and versatile. This is mainly achieved by
mediating between the generic power sources and the high power application to adjust

the power delivery process to the appliance in a better and more efficient manner.

Power electronics converters have been in increasing demand over the last few
decades, especially after the advancements in power semiconductor switches.
According to previous studies [5], around 70% of the whole United States of America's

use of power flows through power converters and is expected to grow to 100%.

Power converters are playing a crucial role in industrial, commercial, residential,

utility, military, and aerospace applications [1]. Mainly, power converters can be found
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in applications such as renewable resources, mostly PV systems, and wind turbine

systems.

Renewables' share of power generation increased from 10.3% to 11.7% of the total
world generation throughout the year 2020 [6] and is increasing year by year, which
pushes all the elements of renewable energy systems to develop in every possible

aspect, especially in terms of reliability and life expectancy.

According to PV farms’ statistical data, inverters (the main power converter in PV
systems) are responsible for the most unscheduled maintenance events, as shown in

Figure 2.1 [7].
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Figure 2.1: Unscheduled maintenance events in a PV farm

The same study showed that inverters were also responsible for the highest cost of
unscheduled maintenance events compared to the other components of a PV system

[7], as shown in Figure 2.2.
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Figure 2.2: Unscheduled maintenance events cost in a PV farm

Power switches are among the inverter's common elements to fail [8]. Unfortunately,
the impact of power switch failure is profound; this roots back in the fact that other
inverter elements cannot play the role of power switches. Consequently, a switch
failure would lead to loss of power delivery if the design did not incorporate
redundancy. In addition, the failure of a power switch may lead to the failure of other
internal or external components. For example, this may happen if a switch is short-
circuited, causing a high current flow through other system elements, such as

capacitors, terminals, batteries, and others.

2.2 Failure Mechanisms and Precursors of Failure

Several types of stress lead to the degradation and failure of electronic components.
Figure 2.3 shows the common types of stress subjected to power electronics equipment

and their contribution level towards the failure of such equipment. Temperature is



9
responsible for more than 50% of the stress subjected to power electronics devices [9].

Hence it is the dominant cause of failure among the others.
Element
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Figure 2.3: Sources of stress for electronic equipment

Failure-related studies were based on field data and statistical analysis in the past.
However, researchers have been working on understanding the physical changes in
electronic components in recent years. For example, the Physics of Failure (PoF) in
power semiconductors was investigated in several studies to understand the reason

behind power electronics failure [10]-[12].

Previous studies categorized failure mechanisms of power electronic devices into
package-related failures (or extrinsic failures) and chip-related failures (or intrinsic
failures) [13], [14]. The major package-related failures are bond wire failure, solder
fatigue, and metallization reconstruction [15]. The major chip-related failures or
intrinsic failures are dielectric breakdowns, latch-up, and electromigration [15], as

shown in Figure 2.4.
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Figure 2.4: Failure mechanisms in modern power electronics devices

Package-related failures are heavily related to thermomechanical stress. On the other
hand, chip-related failures are induced mainly by electrical stress such as voltage and
current levels. The two failure mechanisms are briefly discussed in terms of their main

inducers, thermomechanical, and electrical stresses.

2.2.1 Package Related Failures

During the usual operation of converters, the temperature of the junction swings as the
principle of operation of most converters requires that the power switch must switch
on and off repeatedly. In return, this drives the temperature of the switch's junction T;

to build up and cool down cyclically, causing what is called thermal cycling [15].
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Thermal cycling also referred to as thermomechanical stress, can lead to different types
of failure, such as bond wire failure, chip-baseplate solder fatigue, and metallization

reconstruction. Figure 2.5 shows the typical structure for a multilayer power module.

Bond wire

Bond wire

Solder

Ceramics Ceramics

Base plate

Figure 2.5: Typical multilayer structure of a power module [15]

The layering of materials and bond wires characteristics affect the module's tendency
to fail. Mainly, the two most occurring types of failure, namely, bond wire failure, and

solder fatigue will be investigated below along with metallization reconstruction.

I. Bond Wire Failure

Bond wire failure is usually considered the dominant failure mechanism in power
switches, particularly in Insulated Gate Bipolar Transistors (IGBTs) [16]-[18]. Bond
wire failure happens in the form of a lift-off or heel crack of the bond wire, as shown
in Figure 2.6, which is famously caused by thermal cycling [16], [17]. As the
semiconductor heats and cools down, different materials react to temperature change
differently mainly due to the difference in the Coefficient of Thermal Expansion (CTE)

among different materials, as given in Table 2.1.
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Table 2.1: CTE in Parts Per Million (PPM) for some of the commonly used materials

in semiconductors

Material CTE (PPM/°C)
Al 24.5
Si 3
Cu 17

(b)

Figure 2.6: Common modes of bond wire failure (a) Bond wire lift-off [12], (b) Bond

wire heel crack examples [17]
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I1. Solder Fatigue

Referring to Figure 2.5, solder layers can be found between several layers, which
implies that a failure in a solder layer might cause severe problems to the power

module or even cause complete loss of the unit.

The solder layer that is most prone to fail is the layer between the ceramic substrate
and the base plate, especially in the case of copper base plates [19], [20]. Thermal
stress can cause the solder layer to form voids and cracks, affecting the power switch's
performance. Such voids and cracks will worsen over time as the switch undergoes

thermal cycling stress.[13], [14].
I11. Metallization Reconstruction

Metallization reconstruction-induced failures are also one of the most frequent failures
observed during the operation of power semiconductors [21]. This type of degradation
is also caused by thermal cycling. The thermal cycling induced tensile and
compressive stresses can exceed the elastic limit of metal plates such as aluminum,
hence leading to metallization reconstruction. According to [17], such failure types

can be effectively reduced by using a passivation layer.

2.2.2 Chip Related Failures

Power switches might be subjected to electrothermal or electrical stresses during
normal operation. Commonly, electrical stresses cause chip related failures such as

dielectric breakdown [14], [15], electro-migration [14], [15], and latch-up [15].
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A. Dielectric Breakdown

Dielectric breakdown happens when an electric field with sufficient strength starts a
current channel in a supposedly insulating medium [22]. For example, in the case of
the IGBTS, the breakdown might happen between the Gate-Collector or between the

Gate-Emitter.

As illustrated in Figure 2.7, a dielectric breakdown can be in the form of a catastrophic
breakdown or Time-Dependent Dielectric Breakdown (TDDB). The catastrophic
breakdown usually happens due to junction overvoltage or excessive heating in some
cases [23]. In contrast, as the name implies, TDDB comes in the form of degradation
over time [23], which is caused by chronic defect accumulation in the silicon oxide
insulator [24]. Usually, TDDB can come in the form of gate oxide breakdown at

relatively low electric fields after a long period of operation [25].

Dielectric
breakdown

Catastrophic breakdown TDDB

Occurs due to excessive
events (overvoltage/Excessive
heating)

Degrades over time during
normal operation

Figure 2.7: Dielectric breakdown types
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B. Latch-Up

Latch-up failures are in the form of gate control loss of the power switch. This failure
can be caused by high operating temperatures accompanied by high dv/dt [26], [27].
Such dv/dt interacts with the switch's parasitic elements, causing the switch to latch-
up and stay on even while the gate circuitry is acting to turn the switch off. This can
lead to high currents flowing through the switch, causing the switch and probably other

components to fail [28].
C. Electro-Migration

Electro-migration is an atomic migration of metals between silicon interconnects due
to high current densities over the long term, especially for devices with small contact
areas [9], [22]. Such migration can lead to the formation of voids, which raises the ON
resistance of the device and can cause open circuit failures in the long term. However,
it is one of the failure modes rarely observed in power electronics because power

electronic devices are usually built with large contact areas.

Table 2.2 summarizes the main failure mechanisms for power semiconductors and

shows that thermal cycling induces the most occurring failure mechanisms.



Table 2.2: Comparison of main failure types in power semiconductor switches
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Frequency of

Failure Failure type Primary inducer
occurrence
Bond wire failure Package related Thermal cycling
Highest
Solder fatigue Package related Thermal cycling
I\/Ietalllzatl_o n Package related Thermal cycling High
reconstruction
Dielectric :
breakdown - Chip related Sudden electrical Unpredictable
. events
catastrophic
Dielectric I
breakdown - Chip related (E'Iie(;]tr\llglftlaelcéz)
TDDB g g Moderate
Latch-Up Chip related High dv/dt
Electro-Migration Chip related High current Lowest
density

Intuitively, the lifetime of a device is limited by the first occurring failure mechanism;
hence, the concentration of the work must be directed to relieve the primary inducer
of the most occurring failures in the field — in the case of power converters: thermal

cycling.
2.2.3 Degradation Indicators and Precursors of Failures

The study of power switches' degradation is critical because it enables to estimate of
their lifetime expectancy for a given application's mission profile. In addition, it allows
sensing a probable upcoming failure before it happens. Prevention from a switch
failure is necessary to avert a sudden loss of power delivery. Furthermore, it enables
the operator to schedule a maintenance event rather than dealing with unpredictable

events that are more costly and bothersome.
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During the degradation period, precursors to failure are simply some measurable
variables that indicate how healthy the switch is. Also, they provide information
regarding which type of failure to expect and when it will happen. Typically, several
degradation mechanisms may influence a degradation indicator [29]. Conversely, one
degradation mechanism can influence various indicators. Hence, it is insufficient in

most cases to use a single parameter to monitor degradation [30].

Figure 2.8 provides examples of degradation mechanisms and corresponding
indicators. As mentioned earlier, a degradation mechanism might be indicated by more
than one measurable variable (indicator). A great example is the gate oxide
degradation, which might be indicated by a change in the forward voltage drop at high

currents, a shift in the switch's threshold voltage, or a gate leak current increase.
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Figure 2.8: Common degradation indicators

Meanwhile, a degradation indicator might be induced by several degradation
mechanisms. For example, the change in the switch's forward voltage drop at high

currents can indicate emitter metallization reconstruction, bond wire failure, or gate
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oxide degradation. For this reason, proper condition monitoring requires the

consideration of multiple indicators altogether.

It is worth noting that chip-related failures are usually due to overstress conditions;
hence they can hardly be forecasted accurately by degradation indicators [31].
Nevertheless, monitoring the degradation indicators can reveal the switch's health and
hence how vulnerable the switch might be to fail in an overstress condition [30]. This
implies that monitoring the degradation indicators can be beneficial for predicting both

chip-related and package-related failures.

Taking the case of IGBTs bond wires' failure as an example, the forward voltage drop
across the collector-emitter terminals (V) witnesses a sudden increase in case of a

bond wire lift-off. This event is illustrated in Figure 2.9 [32].
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Figure 2.9: IGBT's forward voltage drop variation due to bond wire lift-off [32]

Due to the increased current flowing through the remaining bond wires, a bond wire
lift-off causes extra stress on the remaining bond wires. This can be realized from the

domino effect shown in Figure 2.9, where two additional bond wire lift-offs occurred
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shortly after the first one. This domino-like effect depends on the value of current

flowing through the IGBT and might result in an out-of-service IGBT.

2.3 Temperature Monitoring

One of the most important steps required to evaluate power electronic devices' lifetime
and reliability is temperature monitoring. Generally, temperature monitoring can be
grouped into three types: temperature sensing, thermal estimators, and thermal

observers, all well-reviewed in [33].

Temperature sensing is one of the commonly used temperature monitoring methods,
usually done by utilizing on-die-sensors as suggested in [34] or via Temperature-
Sensitive Electrical Parameters (TSEP) as illustrated in [35]. In addition, the authors

in [30] evaluated the implementation issues of temperature sensing.

Meanwhile, as the name implies, thermal estimators are meant to estimate
temperatures based on the device's losses rather than measuring temperatures. A
thermal estimator uses open-loop electrothermal models to estimate the junction
temperature based on measured or calculated losses [33]. This makes thermal
estimators the simplest among the three types of temperature monitoring. Although it
does not provide an actual reading of the temperature, it is widely accepted in the field.
Crucially, thermal estimators require accurate loss calculation models to obtain the
instantaneous losses, which are fed to the electrothermal model to estimate the junction
temperature. Thermal estimators' models are commonly constructed using RC chains.
The most famous RC models used are Cauer and Foster models, shown in Figure 2.10.
Thermal estimators can be used for implementing active thermal control as proposed
in [36]. In another study [37], thermal estimators were also used to monitor the power

devices' junction temperature in 3-phase power converters.
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Lastly, thermal observers combine the two methods mentioned earlier, namely,
thermal sensing and thermal estimators. Sophisticated thermal observers can be used
in power switches' health diagnoses purposes, especially in critical applications where
reliability is of most concern and applications where the health of components is

challenged by harsh environments [37].

As discussed earlier in previous sections, the temperature is a critical factor in the
performance and reliability of electronic devices, specifically semiconductors. In
addition, wear-out mechanisms such as die-attach degradation and bond wire failure
rely heavily on the average temperature level and temperature fluctuation. Hence,

obtaining the junction's temperature is crucial.
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Figure 2.10: The two standard thermal network models are a) Cauer network, and b)
Foster network

The use of thermal estimators is the most general approach from the categories above
due to their simplicity in contrast with thermal observers and temperature sensing
approaches. Cauer and Foster networks as thermal estimator models are attractive
because of their flexibility. They can comprise as many RC chains as desired,
depending on the accuracy/complexity trade-off of the estimation. The final RC
network represents the thermal impedance of the system, with each RC chain

representing a single time constant. The more RC chains are sequenced in the network,
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the more accurate the thermal response of the network gets at the expense of

complexity.

The transient thermal response to a step power input is commonly used to describe the
package's thermal characteristics. The derivative of the input step function is an

impulse which is usually referred to as the system's response [38], [39].

Various approaches were proposed to find the optimal RC structures, such as the
sequential forward selection algorithm for a micropyrotechnic actuator [40], a
thermopile-based IR sensor [41], and the reduced dynamic thermal models from the

time constant spectra of transient temperature responses [42].

As opposed to RC structures optimization, the RC values of these structures are usually
obtained using curve fitting techniques, for example, nonlinear least-squares
optimization, which was used in [40] to extract a dynamic multiport thermal compact
model with the help of genetic algorithms. Furthermore, a boundary-independent
Dynamic Compact Thermal Model (DCTM) was extracted using the same technique

in [41], which was then applied to a thermopile-based IR sensor.

Another curve fitting technique is called recursive least square identification [43]. This
technique recursively finds the coefficients R and C that minimize a weighted linear
least-squares cost function obtained from the Transient Thermal Impedance Curves
(TTIC) provided in the datasheets. Figure 2.11 summarizes the parameter extraction

technique used in [43].

In [44], a study was done to predict the transient thermal behavior of a handheld

telecommunication device using a technique called linear regression curve fitting. The

values of R and T (time constants) of the thermal model were extracted based on the
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method with the help of superposition. Figure 2.12 explains the process where the
thermal response for a single pulse is obtained, and then superposition is adopted to
extract multiple thermal responses for multiple pulses. At last, adding these responses
together results in the overall thermal response. However, it is worth noting that this
approach requires the system to reach steady-state operation to estimate the junction

temperature at a given instance.

Actual

Input power pulse Temperature
TTIC response
+ Error in
Model
RC Model )
response Estimated
Temperature
Modifying
RC values

Figure 2.11: recursive least square used in [43]

Actual combined
response

(a) (b) (c)

Figure 2.12: Linear regression curve fitting results for (a) square pulses as input to
obtain the Transient thermal response, (b) individually per pulse (heating and
cooling), and (c) the actual combined thermal response
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Cauer networks have the advantage that each RC link represents a physical layer in the
component, and each node's voltage represents the temperature of a point in the
physical structure of the power switch. The temperature access points start with the
chip's junction temperature and ascend to the case temperature via chip solder,
substrate, and substrate solder up to the case. Then, additional RC links representing
the heatsink and interface between the case and heatsink can be added to obtain the
total impedance from junction to ambient (Z;_,). Finally, feeding the instantaneous
losses into the finalized network would yield the estimated instantaneous temperature
at any layer of the system [36]. Cauer networks are usually used when a Finite Element
Analysis (FEA) is performed to obtain the thermal impedances [30]. However, this can
be a bit challenging to get very accurate models unless relatively full knowledge of the

intrinsic composition of the power semiconductor is available.

In contrast to Cauer networks, Foster networks lack the physical meaning that Cauer
networks offer, but they can be extracted easier than Cauer networks [39]. Cooling
curves are usually analyzed to obtain the RC coefficients for Foster networks, which
is more straightforward than FEA [45]. The extracted cooling curves can describe the
thermal behavior, including heatsinks and interfaces between several system
components. It is worth noting that the thermal impedance curves provided in
transistors' datasheets are usually Foster network-based, as shown in the curve in
Figure 2.13. This way of presenting the thermal impedance is helpful because it is not
constrained by knowing the complex internal structure of the semiconductor [45],

which adds in favor of Foster networks utilization.
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Figure 2.13: Example of how thermal impedance is given in datasheets based on a
Foster network configuration [45]

The transformation between Foster and Cauer networks is possible [39], [45], [46].
Hence, a Foster network can be extracted using recorded cooling curves, and then it
can be transformed to the desired Cauer configuration as discussed in the literature

[47].

Additionally, studies like [48] worked on developing the thermal model to mimic the
actual thermal behavior better by including the effect of temperature-dependent
variables that affect the system's performance and affect the junction's temperature.
Other studies focused on producing a physics-based thermal model using the FEA
approach [11] to retrieve a better customized thermal model. However, even though
these modified models provide more accurate results than conventional models, their

complexity reduces their popularity in systems beyond research [49].



25
The use of heatsinks lessens the junction's temperature and affects the thermal
spreading among the layers of the module. Hence, it is advised in literature [45] to use
the complete structure with the heatsink when extracting the thermal model of the
system rather than combining separately-extracted thermal models. This reduces the
number of setups and provides a more accurate representation of the overall thermal

impedance from junction to ambient (Z;_,). , as shown in Figure 2.14.

Module Thermal Paste Heatsink

Tamb

Figure 2.14: Full Cauer Network from Module to Heatsink

As stated above in Figure 2.10 and Figure 2.14, the driving current of RC networks
represents the power loss in the device. Hence a proper calculation/measurement of

the overall power loss is necessary.

2.3.1 Power Losses in Power Switches

Power losses in power switches are significant to understand as they are the primary
source of thermal stress. Power losses are commonly classified into two types, namely,
conduction losses P,,,q and switching losses P,, . Both types occur when a voltage

and current overlap simultaneously. Power loss can be expressed as:

P=V-I (2.1)
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A. Conduction Losses

Conduction losses result from the current flow through a conductive path's resistance,
i.e., through the semiconductor's ON resistance. Conduction losses can be calculated

as follows:

Peona = Ron - II%MS (2.2)
Where (R,,,) is the ON resistance of the device when a certain amount of current (Izps)

is flowing through the device.

The calculation of conduction losses is straightforward, but it can be further extended
to include some variables, such as a temperature-dependent ON resistance as

illustrated in [50].
B. Switching Losses

Switching action in power semiconductors results in an overlap between voltage and
current caused by the device's switching nature. For instance, when a switch turns on,
the voltage does not fall until the current reaches its final value, and vice versa
regarding the switching off. The area of overlap is well illustrated in
Figure 2.15. Nevertheless, the concept of switching power losses still follows the
concept of power loss occurrence whenever current and voltage are present

simultaneously, as per Equation 2.1.

VDS/CE ) ID/C
PSW = —2 . (Ton + Toff) ' f;;w (23)

Equation 2.3 is usually used to calculate the power loss due to switching either in a

MOSFET (Vps/Ip), or an IGBT (Vg/I), where T,, and T,;s are the durations of

turning on and off events, respectively.
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Gate drive

Figure 2.15: Switching action in power switches

Figure 2.15 illustrates the simplified switching action in power switches. The area
underneath the grey triangles represents the lost energy. The rate at which this energy

is lost per second represents the average power lost.

For temperature estimation purposes, one might be more interested in obtaining the
instantaneous power loss rather than an average value because the temperature rises
and falls based on the instantaneous change in the power lost in the device. However,
in reality, the rise and fall of temperature do not happen linearly. However, they have
a nonlinear nature depending on the parasitic element of such semiconductors,

including capacitances and inductances.
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Usually, switching losses are measured practically using "double pulse” testing [45].
However, other studies [51] better estimated the power loss due to switching by
adopting the "opposition method". This measurement is essential to extract the
instantaneous junction temperature T;. Furthermore, in [52], AT; was obtained for
several modulation techniques based on the instantaneous losses calculated using a

modified version of the opposition method.

2.4 Effect of Modulation Techniques on Power Switch Degradation

In practice, different converters operate in different conditions that the system is
usually built to accommodate. For example, wind turbine converters are programmed
to adapt to the change in wind speed and any other known variation that could affect
its performance. Solar PV systems are also built to adapt to irradiation changes and
partial shading. Intuitively, such converters' adaptation comes in the form of a change
in PWM parameters. This adaptation requirement might create a more
aggressive/destructive thermal stressing leading to unforeseen accelerated
degradations or failures. The relation between thermal stress and PWM techniques will

be discussed in this section.

Mainly, the degradation of a semiconductor switch is highly influenced by the

temperature swing it experiences (AT;), referred to as power cycling or thermal

cycling. The leading causes behind thermal cycling are the variation of instantaneous
losses throughout the operation and the changes in the ambient temperature. The effect

of the ambient temperature on AT; is out of the scope of this study. In contrast, the
impact of modulation techniques on the instantaneous losses and AT; will be reviewed

in this section.
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The semiconductor's thermal cycling intensity can differ for different modulation-

related operational parameters. Some of the most impactful ones are illustrated in

Figure 2.16.

Figure 2.16: The examined operational parameters affecting thermal cycling
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The study [50] discussed multiple modulation techniques used for Voltage Source

Inverters (VSIs). Building on that, the authors of reference [50] put a great effort into

studying the effect of these different modulation techniques on thermal cycling

represented by AT;. The modulation techniques covered in [53] include various

Continuous PWM (CPWM), such as Sinusoidal Pulse Width Modulation (SPWM) -

(unipolar)-, Space Vector Pulse Width Modulation (SVPWM), third harmonic

injection pulse width modulation THIPWM, as well as different Discontinuous PWM

(DPWM) including DPWMMIN, DPWMMAX, DPWMO0, DPWM1, DPWM2,

DPWM3, and from [54] PWMBC. Those mentioned above, continuous and

discontinuous modulation techniques revolve around the idea of injecting additional
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waveforms to the conventional modulating sinusoidal waveform. They are described
in [55] and are shown in Figure 2.17. Each modulation technique was individually
investigated while varying the operational parameters given in Figure 2.16 to find the

influence of the various operating conditions on ATj;.
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Figure 2.17: The studied Continuous and Discontinuous modulation techniques

The junction temperature can be estimated based on calculating the instantaneous
power loss of the switches, which can be fed to the electrothermal model network and
deduce the instantaneous junction temperature. In return, this can easily show an

estimate of the behavior of AT; and even different temperatures for different points in

the layout.

The study [50] provided comprehensive results illustrating the relationship between

AT; with the parameters for different modulation techniques shown in Figure 2.18.
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Regarding the ten modulation techniques mentioned above, Figure 2.18 (a), (c), (e),
(f) generally show an increase in AT; with the increase of current, gate resistance,
modulation index, and switching frequency, respectively. While Figure 2.18 (b) shows
a decrease in AT; as the frequency of the current increases, and Figure 2.18 (d)
describes the relation between AT; with the current-voltage angle, which shows
symmetry around the angle 0° (unity displacement power factor), with it being the

worst-case scenario in terms of this parameter.

In another study [56], various Impedance Source Inverters (ISI) or (quasi-Z-source
inverter gZSI) modulation techniques were investigated comparatively in terms of

thermal stresses and cycles to failure.
The studied gZSI modulation techniques in [56] are:

e Maximum-Boost Space Vector (MBSV).

e Maximum-Boost Modulation (MBC).

e Maximum-Boost Modified Space Vector (MBMSV).

e Maximum-Constant-Boost (MCB).

e Simple-Boost techniques such as (ZSVM6, ZSVM4, and SBC).

e Simple-Boost Modified Space Vector (SBMSV).

These modulation strategies are illustrated in Figure 2.19.



(©)

Figure 2.19: Several modulation strategies for gZSlI: (a) MBSV, (b) SBMSV, (c)
MBMSV, (d) ZSVMS6, (e) ZSVM4, (f) SBC, (g) MBC, and (h) MCBC [56]
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Figure 2.19: Several modulation strategies for gZSl: (a) MBSV, (b) SBMSV, (c)
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The thermal stress (T}, and ATj), as well as the cycles to failure for all of the above

modulation techniques, are summarized in Table 2.3.

Table 2.3: Junction temperatures and cycles to failure for the studied modulation

techniques in [56]

Tim°C AT;°C Ny

MBSV 61.9 1.293 1.603 x 1014

Positive

side 53.3 2.229 1.811 x 1013
sMmsy  |-Switch

Negative

side 80.5 2.159 3.932 x 1012

switch
MBMSV 60.7 1.387 1.216 x 1014
ZSVM6 110.9 2.475 3.974 x 1011
ZSVM4 110.8 2.377 4.895 x 1011
SBC 122.4 2.577 1.885 x 1011
MBC 104.4 1.531 6.163 x 1012
MCBC 113.6 2.304 5.004 x 1011

Both studies [50], [56] proved the impact of modulation on the degradation rate and

cycles to failure (Ny) of the power switches in inverters. Interestingly, some

modulation techniques in [50] had close average overall losses but substantially

different N¢. This will be further examined in Section 2.5.

2.5 Approaches to Reduce the Failure Rate of Switches

Fail rate/Lifetime of power IGBTS/MOSFETSs are terminologies to describe their

reliability. Both are determined based on the degradation of power semiconductors
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discussed throughout several subsections in Section 2.2. In addition, appointed by
many studies, the focus to improve the fail rate of power switches is based on the
junction temperature, explicitly reducing the cycling stress caused by AT; as much as

possible, like the work done in [57]-[60].

2.5.1 Modulation

Not many studies were oriented towards improving reliability from the thermal point
of view by tweaking the modulation technique or adjusting its parameters. One of the
studies [4] investigated the switching frequency adjustment to reduce thermal cycling.
Another study [61] investigated the switching frequency adjustment and limiting the
supplied current to obtain a less thermal cycling effect on switches and, therefore,
achieve better system reliability. What is repellent about both approaches is that they
intervene in the operation of the inverter. For example, the first study proposes
reducing the switching frequency; this may increase the output waveform's Total
Harmonic Distortion (THD) to unacceptable levels for some applications. On the other
hand, the second study proposes to limit the output current, which constrains the power

limit of the converter.

Regarding studies [50], [56], the authors did not propose a new modulation technique
to reduce thermal cycling but rather performed a comparative study. Nevertheless,
their efforts can be taken as a guideline to improve the inverters' reliability by changing

the modulation technique for some applications.

An interesting observation from [50] is that two mirrored instantaneous losses
waveforms with the same average losses and peak-to-peak losses resulted in

significantly different temperature responses, as shown in Figure 2.20.
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Figure 2.20: Instantaneous losses (bottom curves) and junction temperature variation
(upper curves) [50]

The AT; difference between cases (a) and (b) in Figure 2.20 can lead to a substantial
difference in cycles to failure between the two scenarios. A query arises about which
feature of the power loss waveform most influences AT;. Also, this gives a hope that
more modulation techniques can emerge in the future in favor of power switches'

reliability without negatively impacting or intervening in the operational aspect of the

inverter.

Consequently, Figure 2.21 analyzes the (AT; / current) and (AT; / switching frequency)
curves while comparing the two modulation techniques DPWM1 and DPWM2
performances. The comparison reassures that the average power loss of a modulation

technique is not an adequate indication of its resultant thermal cycling effect.
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In another study [62], the mission profile of a motor drive shown in Figure 2.22 was
considered to examine the effect of the PWM method on the upper and lower switches'

temperature in an inverter.

The same study proposed an asymmetric modulation technique shown in
Figure 2.23 to improve the lifetime expectancy. This asymmetric modulation
technique is meant to reduce the losses on the most stressed switch among the high

and low side switches depending on the application used in [62].

As Figure 2.24 (a) clearly shows, the lower switch in one of the converters' legs is
stressed more than the higher switch of the same leg when SVPWM is applied. Hence,
the lifetime of the converter is constrained by this switch's health. Furthermore, Figure
2.24 (b) shows the impact of their proposed asymmetric modulation method on the

temperature of the lower switch compared to the conventional SVPWM.
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Figure 2.22: Speed-Torque mission profile proposed in [62]
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As a brief conclusion, remarks on some of the commonly used modulation techniques
for VSIs are given in Table 2.4.

Table 2.4: Remarks on common modulation techniques

Modulation Observation on the
. . Remark
techniques techniques
DPWMO, DPWML, and
DPWM2 are three special

DPWMO [63], [64]

DPWML [62], [64],

[65]
DPWM2 [63], [64]

cases of a Generalized
DPWM (GDPWM) method
[66].

GDPWM techniques are
usually used for losses
reduction as they can reduce
the losses by up to 50%
relative to CPWM methods.

Except for [62], none
of the other studies
were optimized to

improve the reliability
of the inverters or

power switches'
degradation.

DPWM3 [64], [67]

DPWM3 has low harmonic
distortion characteristics [67]

In [64], the authors concluded
that the DPWM3 technique is
best applied in AC variable
speed drives.

None of the studies
comprised the impact
of the reliability of the

inverters or power
switches' degradation

DPWMMAX [63],
[64]

DPWMMIN [64],
[68]

The DPWMMAX and
DPWMMIN methods have
nonuniform thermal stress on
the switching devices because
of their nonuniformity during
the positive and negative
halves of the modulating
signal cycle. In DPWMMAX,
the upper devices have higher
conduction losses than the
lower ones, while in
DPWMMIN, the lower ones
have higher conduction losses
than the upper ones.

The studies have not
directly stated the
impact on the lifetime
of power switches, but
the imbalance
between upper and
lower switches losses
forms a disadvantage
in terms of reliability
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Modulation
techniques

Observation on the
techniques

Remark

SPWM [69], [70]
SVPWM [69], [70]

Synchronous Motor PMSM
drive was used as an
application to compare the
two modulation techniques
(SPWM and SVPWM) to
show their impact on

individually.

In [68], the comparison was
made by applying the two
modulation techniques for

grid-tie inverters showing the

advantage of SVPWM over

SPWM, especially in higher
power ratings

In [67], a Permanent Magnet

controlling the torque and flux

Both studies focused
mainly on the broader
voltage utilization
range of SVPWM
compared to SPWM,
but both studies
lacked the impact on
reliability or thermal
stress/cycling for the
studied applications

THIPWM [71],
[72]

The study [71] showed the
advantage of THIPWM over
SVPWM in terms of Common

Mode Voltage CMV while
highlighting the importance

and the challenge of
synchronizing the injected
third harmonic waveform with
the modulating signal. An
alternating carrier polarity
modulation as a modification
on conventional THIPWM.

In [72], performance
improvement in the output
voltage THD and DC Bus
utilization is present. This
improvement was made using
an adaptive optimal

The two studies

lacked the impact on
reliability or thermal
stress/cycling for the
studied applications

THIPWM.




43

2.5.2 Design of the Converter

Many efforts were made to improve the lifetime of converters by taking some design
considerations. For example, in a study regarding electric vehicles' inverters [73], the
impact of adopting a variable DC bus voltage and a constant DC bus voltage on the

thermal cycling of power switches was studied.

The idea is to use the linear relation between the DC voltage level and the switching

losses to reduce the thermal cycling of switches.

Ve= 05XV Xxm (2.4)
I is the stator voltage of the studied PMSM, V. is the DC Bus voltage, and m is the

modulation index.

Briefly, the contribution of their study is to keep the thermal cycling as low as possible
by controlling the V,;. which directly influences the switching losses and hence the
temperature. The required voltage by the motor stator is satisfied by changing the

modulation index to satisfy Equation 2.4.

It was found that the use of variable DC bus voltage in [73] improved the lifetime of
the inverter by up to 5.06 under specific loading driving cycles. Even if this number
might not necessarily be accurate in real applications, but it proves that the
consideration of a variable DC bus voltage can be beneficial from a reliability point of

view.

In another study [74], the focus is to study the reliability of Modular Multilevel
Converters (MMCs) as a solution for the medium voltage stage of smart transformers,
which might step in with a managing role in future electrical distribution grid systems.

The study investigated the reliability element by studying the impact of transformers'



44
mission profiles on power semiconductors' thermal stress, which concluded that
conditions such as inrush currents and power variations do not have a substantial

lifetime reduction effect.

The reliability of multi-MW wind turbines' power converter also received research
attention. In the study [75], additional reactive power was introduced to achieve a
"smooth thermal control” for multi-MW wind turbine power converters, which
basically introduces a reserve of reactive power to flow in the switch in periods where
the switch lacks a sufficiently heating power loss. This results in its temperature
dropping significantly before heating up again when power loss is resubjected to its
junction, leading to high levels of thermal stress. So, the use of reserved reactive power
can aid in preventing the switch from cooling down too much by circulating this power

through the switches when needed.

Similar to this work in [53], a half-bridge motor drive configuration proposes an active
thermal control by reserving some energy in an inductor to use in selected periods.

Hence, it prevents the switch from cooling down, decreasing thermal cycling.

The concept of active thermal control incorporated in the design can be found in

literature in two primary forms:

a) Controlling the heat flux from the junction to the ambient by changing the
cooling system's performance [1], which will be discussed in further detail in
subsection 2.5.3.

b) Controlling the power loss in the semiconductor to influence the junction

temperature. as in [2], [4], [61], [76].
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The power loss control is an attractive way of stating that extra loss will be introduced
in regions where the power loss is insufficient to keep the junction temperature high
enough to maintain the ripple within an acceptable range that ensures a minimum

expected lifetime. Hence, less efficiency is imposed.

2.5.3 Active Cooling

Some studies have been made on the controlled system cooling or, as referred to by
some authors, "active dynamic cooling". Efforts in [1] and [3] are examples of open-
loop and closed-loop control approaches toward active cooling. Although the studies
provided some good results, the target application of the methods seems to be aimed
toward the very low frequency thermal cycling. Low frequency thermal cycling is an
issue for some applications, such as automotive applications, but is not a big issue in
most common converters. Concerning other converters applications, the main power
cycling challenge is in the order of 50/60 Hz, as it is the frequency of power grids
worldwide, or beyond this frequency to the range of 100s Hz or 1000s Hz for industrial
motor driving applications. For example, the study [77] clearly shows that the loss
waveform for a single switch in an MMC converter featured a period of 0.02s, the

same as the time period, as shown in Figure 2.25.



46

SM
r 4 S1 \l | T— k:I"'I?'.a
| nMp | £ [SM] ST\ ? SMl
i —== S=C0 | ug | SI\L Ilbp 11 uc Iw U
5 of | LS 3
' T B 4Ey

&-'.T:-L&T:M}T:-

Ny
Ky P — \J
(a)
. x 10 . . . . . . .
i 20ms i T
- | I 1|4
. /‘\ ”,/\\_“ ~ 12
é I // \ '\\ / :
o / ‘ \ / \
/ \ ‘rj \:. / \
\Y/ ANV NV ANV

(b)

Figure 2.25: Modular Multilevel Converter (MMC), (a) basic structure, (b)
Conduction power loss distribution per the converter's arm [77]

This power loss waveform would intuitively create thermal cycling fluctuating at a
0.02s frequency. Studies [78], [79] also performed almost the same approach as in [1]
and [3] with minor modifications, yet did not contribute to faster thermal cycling

problems.



47

2.6 Lifetime Estimation

IGBTSs are widely used in high power applications such as Multi-Mega-Watts wind
turbine systems, so the recent lifetime prediction methods for IGBTs will be briefly

put in this section.

As covered in Section 2.2, bond wire failures were found to be the most common cause
of an IGBT failure, and since the lifetime of a device is the same as the lifetime of its
most prone to fail part; then the bond wires failure prediction can be used to estimate

the lifetime of the IGBT.

Recent lifetime prediction methods of bond wires can be classified into two categories.
The first category depends on empirical lifetime models based on accelerated lifetime
testing results, as suggested in [80]-[83]. Empirical-based methods are the most
commonly used for IGBT lifetime prediction since they are easier to use because they
do not require knowledge of the physical properties of the power semiconductor
devices [84]. The second category is based on PoF lifetime models attained from
modeling the deformations due to thermal stresses as reviewed in [10]. This approach
allows for better comprehension of the mechanisms that lead to bond wire fatigue in
IGBTs. However, the drawback of such a method is the lack of ability to include
statistical data in such PoF models. Moreover, the limited available information on the
materials used, the complexity of the detailed structure that forms the power IGBT,
and the manufacturing uncertainties that must be considered to get accurate results.

Hence, the use of empirical-based models is considered in most studies.

The empirical approach gained popularity due to its relative feasibility and the
complexity of the PoF-based approach. Also, an empirical approach would be

convenient when the task is to validate a new design or idea aiming to improve the
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system’s reliability. Furthermore, several stressing circumstances for different designs
can be compared using empirical-based lifetime models without needing a detailed
PoF-based model. Although such models might not give a very accurate lifetime

prediction, they can prove the potency of an approach.

The optimal approach to study the cycles to failure (N¢) of an IGBT is to use the exact
predicted circumstances of the application in which the IGBT will be in placed.
However, this approach is impractical due to the very long time required. This is the
main reason behind "accelerated testing" emergence; to substantially reduce the testing

time.

The Coffin-Manson model is a famous example of the mentioned empirical lifetime

models, represented by

Nf = AXx (AT))™™ (2.5)
Where A and o are curve fitting parameters [12]. From the above Equation, the

number of cycles to failure (Ny) is inversely proportional to AT; -when o is a positive

real number-.

Equation 2.5 can be used to compare two similar thermal stress scenarios where they
compete in terms of junction temperature fluctuation while the other parameters are
the same. Nevertheless, the Equation's effectiveness can be improved by including

other driving factors, such as the median temperature T}, (in Kelvin).

Ea

Nf = Ax (AT))™ x e*o*Tjm (2.6)
Equation 2.6 expresses the lifetime model by the Arrhenius equation [85]. Where Ea

is the activation energy, and K, is the Boltzmann constant. The Norris—Landzberg



49
model presented in Equation 2.7 goes one step further and includes the cycle frequency

(fz) into the model, while £ is a curve fitting parameter [86].

Ea
Nf = Ax fF x (AT~ x KoXTjm (2.7)

Finally, the Bayerer model shown in Equation 2.8 includes the heating time t,,,, effect
together with the impact of other bond wire parameters with various curve fitting

parameters [81].

B2
Nf = Ax (AT)P1 x eTmint273 5 (B2 s [Bs x yBs x phs  (2.8)
The values of parameters (4, 1, B2, Bs, B, Bs, Be) can be taken from the study [81] to

reduce the testing time, as they are widely accepted in reliability engineering [18].

2.7 Chapter Summary

This chapter presents an overview of thermal cycling and the degradation and failures
it leads to. Failure mechanisms and precursors of failure on the level of power devices
were reviewed, emphasizing the effect of temperature fluctuation on the degradation
phenomenon of power semiconductors. Moreover, temperature monitoring techniques
were discussed, covering the main approaches in the literature to perform junction
temperature estimation/measurement for power semiconductor switches. The efforts
to determine the effect of modulation techniques and various involved parameters on
thermal cycling were also reviewed. Moreover, approaches to mitigate thermal cycling
to improve the lifetime expectancy, whether by considering the degradation effect
while selecting the modulation technique or by "Active cooling" approaches aiming

to decrease AT; are discussed as well.
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The chapter is finalized by exhibiting the methods to estimate the lifetime of a power
switch using the commonly used lifetime estimation model in literature, such as the
physics-of-failure-based method and the more commonly used empirical-based
method. The development of empirical models was also addressed in justified steps;
to obtain different levels of complexity/accuracy of life estimation and hence, choose

the best model for the study.

The contributions in literature towards a more reliable operation took various natures,
including modulation parameters optimization. However, this approach is limited
since the modulation technique and other operating parameters significantly affect the
converter's overall efficiency, cost, and performance. Furthermore, although active
cooling methods offered effective ways to improve lifetime expectancy, the studies
focused on low frequency thermal cycling. While it is definitely an issue to consider,
the contributions did not offer much towards the higher frequency thermal cycling,
i.e., thermal cycling at the fundamental frequency of the inverters’ output. Therefore,
the aforementioned issues are investigated through the development of the double
switch H-bridge inverter topology while addressing its positive and negative impact

on these issues and its impact on other aspects of the converter in Chapters 3 and 4.
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Chapter 3: A Double Switch Single-Phase H-Bridge Inverter for Lifetime
Improvement

3.1 Introduction

The inverter’s expected lifetime is important for continuous power delivery for
different applications. The employment of extra switches in an inverter’s topology in
such a way that favors reliability by improving the expected lifetime is proposed in
this chapter. The principle of operation of the proposed double switch H-bridge is
described in detail in Section 3.2. In order to properly evaluate the impact of the
proposed method in terms of reliability; Section 3.3 explains the development of the
lifetime improvement evaluation curve which purpose is to directly provide the impact
on reliability due to any change in the thermal conditions. The followed comparative
analysis procedure will be covered in Section 3.4, and a summary of this chapter is

drawn in Section 3.5.

3.2 Proposed Double Switch H-Bridge Inverter

This section describes the details of the proposed double switch H-bridge topology for
single-phase inverters. The power circuit of the proposed topology and the principle

of operation are also explained.

3.2.1 Power Circuit

The proposed topology is a modification of the well-known H-bridge single-phase
inverter circuit as shown in Figure 3.1. The labeling of switches shown in Figure 3.1
follows the conventional numbering (S1, S2, S3, and S4), with added labels A and B
for each switch as illustrated in Table 3.1. Moreover, to achieve the desired output

voltage while achieving a uniform thermal stress distribution, a modified switching
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pattern that can accommodate any type of modulation technique is proposed in Section

3.2.2.

8§34

S3B

LC
Filter

Load

- Ve legl

S4B

Figure 3.1: Proposed double switch single-phase inverter topology

Table 3.1: Switches labeling approach

Conventional topology Proposed topology
S1A
St S1B
S2A
52 S2B
s3 S3A
S3B
S4A
S4 S4B

3.2.2 Modulation Technique and Principle of Operation

In general, the switching operation of a switch under an ordinary switching pattern is
split and redistributed on among all eight switches. The resulting switching operation

is shown in Figure 3.2 for sinusoidal Unipolar PWM (UPWM).
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Figure 3.2: Switching operation of UPWM using the proposed topology
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As illustrated in Figure 3.2, each switch among the eight switches operates normally
for the duration of a single fundamental cycle, then completely rests during the

following fundamental cycle’s duration as detailed in Figure 3.4.

The output voltage V, can be expressed in terms of the node voltages Vj4q and Ve g,
as expressed in Equation 3.1. V;,4q and V.4, are strictly determined by the switches’

states, a mathematical representation is given Equations 3.2 and 3.3.
Vo = Vlegl - Vlegz (3.1)

Viegi = S1a Vac + Sig Vac

Subject to (32)
Sia # Sip (3.3)
Viegz = S3a Vac + S3p Ve
Subject to (34
S34 # S3B (3-5)

Substituting Equations 3.2 and 3.3 into Equation 3.1 yields the output voltage in terms
of switches’ states as given by Equation 3.6 subject to conditions given in Equations

3.4 and 3.5.

Vo = Vac [S1a — S3a + Sip — S35l (3.6)
The switching states in the case of UPWM are determined mathematically by
comparing a reference signal 1. with a carrier triangular signal V., given in Equation

3.7.

V.= m X sin(2nfst) (3.7)
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2Xa .. 2m
V. = - X arcsm(sm(Tt)) (3.8)

S

Equation 3.7 describes the reference sinewave signal, where (m) is the modulation
index as a value between 0 and 1, (ff) is the fundamental frequency of the output
voltage and it is taken as 50 Hz. Whereas Equation 3.8 describes the carrier triangular
wave, where (a) is the amplitude of the triangular frequency taken as 1, (Ty) is the time
period for the switching signal (representing the switching frequency of the switches).

Figure 3.3 shows the typical signals for Equations 3.7 and 3.8.

Figure 3.3: Unipolar PWM Reference and carrier signals incorporating 50 Hz
reference signal, and 3000 Hz carrier triangular signal

Assuming that switches labeled with A are to be operating at odd fundamental cycles,
whereas switches labeled with B are to be operated at even fundamental cycles. Thus,

the switching functions for switches labeled with A are given by Equation 3.9.

14 (—1)G*D
S1a = )
Ve >V
Sos =0 (3.9)
Sia = 0 et




14 (-1)E+D
24 = 2

1+ (-1t

S3a = 2

S4A = 0

S3A = 0

1+ (-1t
44 = 2

The switching functions for switches labeled with B are given by Equation 3.10.

SlB

1+ (=D

(3.10)
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Where C, is the fundamental cycle’s number. This mathematical representation can
evenly split the responsibility of the output voltage between the eight switches while
achieving the main goal, i.e., decrease the thermal stress on power switches. The

switching scenarios are listed in Table 3.2.

Table 3.2: Switching Scenarios and their corresponding unfiltered bridge output
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As denoted in Figure 3.4, the switching pattern is split uniformly at every complete
fundamental cycle. Intuitively, the proposed inverter’s output is identical to the
conventional topology’s output since no technical intervention on the modulation
technique has been done. Switches A and B interchange the responsibility of operating
the inverter one cycle at a time. This keeps the operation fixed from the load’s point

of view while impacting the status of power switches as per Equation 3.6.
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Figure 3.4: Switching pattern for the proposed topology
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According to Equations 3.9 and 3.10, the proposed operation logic ensures that at least
one backup switch for each main switch (S1-S4) is out of action at all times, as per
Figure 3.2. Hence, in case of a destructive transient that leads to a catastrophic failure
of power switches in the current path, the inverter can utilize the second switch in a
conventional H bridge invert operation mode after the fault is cleared. This backup
feature prevents a complete loss of power delivery. However, to utilize this backup
feature; an isolation device such as power contactors is needed in series with each
switch to isolate any short-circuited or damaged switch from the circuit physically; so

the other switch can operate appropriately.

3.3 The Development of the Lifetime Improvement Evaluation Curve

To evaluate the effectiveness and the accuracy of the proposed double switch topology,
the performance of this topology must be initially assessed. This performance
evaluation approach using the lifetime estimation method is described in Section 3.3.1.
Moreover, this section, introduces a novel approach to visualize the lifetime estimating
in 2-D lifetime improvement evaluation curves to clearly observe the effect of
modifying absolute temperature swing (AT;), and the median temperature of the
junction (Tj,,) on cycles to failure (Ny). Finally, Section 3.3.2 discussed the loading

effect on the lifetime improvement of IGBTS.

3.3.1 Lifetime Estimation Model

The lifetime expectancy comparison between the conventional and proposed H-Bridge
topologies is made based on IGBTs’ estimated lifetime in years. The calculation of
IGBTs’ lifetime in years can be performed using Equation 3.11, which relies mainly

on Ny and the cycling frequency f..
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Ny
60 * 60 * 24 * 365 * f,

Lifetime(years) = (3.11)

Here N, is based on the empirical model given by Equation 2.6. The model shows that
N for an IGBT directly depends on two factors, namely, AT;, and Tj,,. Thus, any

changes in any of these factors will impact N.

According to Equation 2.6, N, is exponential with respect to AT; at any value of Tj,,.
Moreover, the plot of log(Ny) vs. log(AT;) appears as a straight line, as shown in Figure

3.5 [19].
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Figure 3.5: Cycles to Failure (Ny) vs. temperature swing in logarithmic means [19]

As seen by Figure 3.5, Ny can be improved significantly by reducing either of AT; or
Tj. In order to understand the effect of such reductions in AT; or Tj,; new variables
can be introduced to the model which are %AT; ,..4 (the percentage reduction in AT}),

%Tm rea (the percentage reduction in T;,,,), and n (cycles to failure multiplier). Hence,

Equation 2.6 can be rewritten such that %AT; .., is taken as the subject of the equation
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yielding Equation 3.12 which shows the final model after introducing the

aforementioned variables.

TlXNf

—17

Eq

%ATj_red =|1-

A % eKoX(Timee)* (1=%T jm_req)+273.15)

x 100% (3.12)

AT,

After applying the constants as per [87] given in Table 3.3, Equation 3.12 can be

rewritten as Equation 3.13.

Table 3.3: The used constants values for the empirical lifetime estimation model as

per [91]
Boltzmann-constant (Kj) 9.89 x 10729]
Activation energy (E,) 1.38 x 10723
A 302500
« 5.039

n X Ng

-1 1

5.039

1.38x10723

%ATj_red =|l1-

302500 X €9.89x10‘20x(ij(oc)x (A=%T jm, ) +273)

x100%  (3.13)

T,

Equation 3.13 can help visualize the effect of any change in AT;, and Tj,,. Solving for

%AT; .q While taking n as 1 and varying %7}, .4, Can yield the required percentage

reduction in both ATj, and T, that keeps Ny constant. Repeating the same procedure

for different values of n will provide the required percentage reduction in AT;, and T}y,

to achieve a specific improvement in N¢.
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A MATLAB® code was developed to visualize the effect of percentage reduction in
T;,, and AT; on the estimated Ny by constructing a novel plot satisfying Equation 3.12

for n=(2, 1, 0.5) in one plot. The full code is shown in Figure 3.6.

x = [-0.5:0.001:0.5]

DeltaTj=7;

Tm_c=75;

Nf= 302500*(DeltaTj)"(-5.039)* exp((9.89e-20)/((1.38e-23)*(Tm_c+273.15)))

y2 = 1-((((Nf*2)./((302500).*exp((9.89e-20)./((1.38e-23).*((Tm_c.*(1-x)+273.15)))))).~(1/-5.039))/(DeltaTj));
y = 1-((((Nf)./((302500).*exp((9.89e-20)./((1.38e-23).*((Tm_c.*(1-x)+273.15)))))).*(1/-5.039))/(DeltaTj));
y0_5 = 1-(((Nf/2)./((302500).*exp((9.89e-20)./((1.38e-23).*((Tm_c.*(1-x)+273.15))))))."(1/-5.039))/(DeltaTj));
figure(1)

grid minor

hold on

plot(x*100,y*100,-",'color','k’,'LineWidth',1,'MarkerFaceColor','g");

ylim([-50,501);

xticks(-50:5:50);

yticks(-50:5:50);

hold on

set(get(gcf,'CurrentAxes'),'Fontweight','bold’,'FontName','Arial’,'FontSize',15);

xlabel('Reduction in Tm(°C) in %','Fontweight','bold’,'FontName','Arial','FontSize',20);

ylabel('Reduction in ?Tj in %','Fontweight','bold’,'FontName','Arial’,'FontSize',20);
plot(x*100,y0_5*100,"-','color','r','LineWidth',1,'MarkerFaceColor','g");

hold on

plot(x*100,y2*100,"-','color','b’,'LineWidth',1,'MarkerFaceColor','g’);

hold on

box on

line([0,0], ylim, 'Color', 'k', 'LineWidth', 0.5); % Draw line for Y axis.

line(xlim, [0,0], 'Color', 'k', 'LineWidth', 0.5); % Draw line for X axis.

Figure 3.6: The developed MATLAB code to visualize the effect of percentage
reduction in Tj,,, and AT;

The resultant plot shown in Figure 3.7 outlines three main lines (A to C) that separate

four regions (1 to 4) on the evaluation curve. Hence, it better shows the impact on N
when Tj,, or AT; are reduced. Figure 3.7 incorporates %7, req, and %AT; .4 as the
x and the y axes, respectively. The plot is based on an example when T},,, = 75°C, and
AT; = 7, where the origin of the plot represents the initial thermal condition (T}, =

75°C, AT; = 7) before any percentage reduction occurs.
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Figure 3.7: IGBTS' novel lifetime improvement evaluation curve, describing the Ny’s
relationship with the percentage reduction in AT; and Tj,,

The formation of lines A, B, and C defines the borders of regions 1 to 4. Drifting the
operating point from the origin to fall in one of the four regions or on any of the three

lines puts N¢ into one of the following scenarios described in Table 3.4:

Table 3.4: Impact of thermal condition modification on N

Region/Line Impact on Ny
Region 1 Nt _new >2 Nr_o14
Line A Nt _new =2 Nf_o1q
Region 2 Nt_o1a < Nf—new <2 Nf_o1a
Line B Nt _new = Nr—o1a
Region 3 0.5 N¢_o1a < Nf_new <Nf_o1a
Line C Nt _new = 0.5 Nr_o1q
Region 4 Ne_pnew <05 Np_g1g
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The naming convention of Lines A, B, and C and regions 1 to 4 will be considered for

the remainder of the study.

It is worth noting that incorporating the constants listed in Table 3.3 into
Equation 2.6 yields the final empirical model for N, calculation considered for this

study, given by Equation 3.14.

1.38x10723
Nf = 302500 X (A'Tj)—s.039 X 89'89X10_20XTJ'"1°K

(3.14)

3.3.2 The Proposed Method’s Expected Impact on Thermal Conditions

As discussed in Section 3.3.1, any change in the thermal condition of IGBT switches
will impact the expected lifetime of power switches. This section is to give the effect
of adopting the double switch inverter proposed topology on the thermal conditions of
IGBTs, namely, Tj,, AT;, and f.. Finally, the Life-Prolonging-Factor (LPF) is
introduced and correlated with the initial IGBT thermal loading level before applying

the proposed topology.

As covered in Section 3.2, the proposed double switch inverter topology is based on
interchangeably feed the inverter’s load using eight switches. The principle of
operation detailed in Section 3.3.2 shows that the proposed PWM technique drives
every IGBT with less on-time relative to the conventional PWM. Hence, reducing the

Tj,, per IGBT. Moreover, the fundamental switching frequency f. for each switch is

reduced to half when compared with the conventional four-switch topology.

Although, the improvement of T},,, and f. comes with the price of putting the switch
in a slightly worse situation in terms of AT;. This is simply caused by the break each

switch takes for one fundamental cycle after another, which provides more time for
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the switch to cool down, leading to increased ATj, the rate at which temperature drops
depends on the system’s thermal impedance namely, thermal resistance and thermal

capacitance, as per the Equation 3.15.

1
T, = T, X e k' (3.15)

Where (T;) represents the temperature at any instant of the decay period (t), (T;)
represents the initial temperature that the decay starts from (max temperature), and R

and C are the thermal resistance and thermal capacitance respectively.

Overall, the lifetime improvement evaluation curve shown in Figure 3.7 can be used
to evaluate the effect of replacing the conventional method with the proposed method;
since the proposed method impacts , Tj,,, AT}, and f.. Doing so will drift the operating
point to the right (in the positive direction of %7}y, r.4), and down (in the negative
direction of%AT; ,..4), hence, the fourth quadrant of the curve. On the other hand,

reducing f; to half will double the lifetime in years corresponding to any N.

3.3.3 Thermal Loading Effect on the Performance of the Proposed Method and
its Indices

Evaluation of the reliability of power switches is usually based on Ny. While N is

commonly accepted as being a measure of reliability, but it is only valid for

comparisons where the cycling frequency is the same among the compared scenarios.

In this study, a comparison based on Ny is insufficient as the two compared topologies

endure thermal cycling at different frequencies f.. So, the lifetime in years is adopted
as one of the indices to compare the two topologies, which can be calculated using
Equation 3.11 -assuming a continuous working operation throughout the year for both

topologies.
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An index is needed to describe the impact of using the proposed method on the
expected lifetime for each scenario of loading. A proposed Life-Prolonging Factor
(LPF) index is considered for this purpose. LPF is expressed as the ratio of lifetime in

years for the proposed method Lifetime,, to the lifetime in years for the conventional

method Lifetime), as per Equation 3.16.

Lifetimey

LPF (3.16)

~ Lifetime
The impact of thermal loading on the LPF takes an exponential nature due to the
exponential nature of the lifetime estimation model used in this study. Figure 3.8
shows the nature of the LPF vs. T, cony (the junction temperature of the switch at the
conventional topology). As per Figure 3.8, the performance/impact of adopting the
proposed method increases exponentially with the initial junction temperature when
the conventional topology is considered Ty, con,- More detailed loading scenarios will

be provided and discussed in Chapter 4.

\ LPF = AgBTim conv

LPF

ij_conv

Figure 3.8: Expected exponential behavior of the relationship between LPF vs.

ij_conv
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3.4 Tools and Procedure Used for Analysis

3.4.1 PLECS Simulation Software

The main Tool used in this study is PLECS®, which is a software tool specially
designed for power electronics simulations. The software includes the possibility to
model different physical domains besides the electrical system, such as the thermal

domain.

e H-Bridge power circuit design in PLECS

The modeling of an H-Bridge in PLECS is straightforward, the main required
components are laid in the workspace, i.e., DC Voltage Source, four power switches
(e.g., IGBTS/IMOSFETSs). Then, the components are connected according to the

desired schematic, as shown in Figure 3.9.

(D V_dc

Figure 3.9: PLECS Basic Power Circuit construction

e Thermal components design in PLECS

The thermal domain is a powerful feature of PLECS, which can be done by simply
placing the thermal domain components on top of the power circuit such as heatsinks,
heat flow meters, constant temperature sources. In the case of an H-bridge, a heatsink
component can be placed over the components that are to be simulated with the

heatsink. The parameters of the heatsink and the thermal connection between the



68
components and the heatsink can be done by configuring a thermal network block
mediating between the heatsink and the ambient. The Thermal network block
represents the thermal impedance between the component’s junction and the ambient.
Usually, it can be represented by Cauer, or Foster network. Figure 3.10 shows an

example of the thermal domain of the H-bridge given in Figure 3.9.

== o

T T )
AL A s1 AN s3
Thermal Network He fiow et eE

C—) V_dc T ambient

AL A s2 HICZS s4

Heat Sink

Figure 3.10: PLECS Power Circuit with the thermal domain components

The thermal network block can be configured to as many RC thermal chains as desired,
i.e., (thermal resistances and thermal capacitances). The final bit to be configured to
obtain thermal related results is the components’ thermal descriptions, i.e., switching
losses and conduction losses, and internal thermal impedance. which can be done in

the losses’ configuration window for each power component, as shown in Figure 3.11.
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Figure 3.11: Losses configuration window in PLECS

3.4.2 Procedure Adopted for Analysis

This section describes the various tools and methods used in developing the proposed
double switch H-bridge topology. In addition, the steps followed to achieve the

comparative analysis are detailed.

The two topologies are built and are thermally compared on PLECS® as follows:

Step 1: Implement the desired modulation technique to drive the conventional invert

H bridge topology.

Step 2: Apply the split cycle-by-cycle at the fundamental frequency to drive the

proposed double switch H bridge topology.

Step 3: Unite all the operational parameters among the two topologies, such as:

e Modulation index.
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e (Gate resistances.
o Filters.
e Load parameters.
e Thermal descriptions.

e Heatsink and thermal network parameters.

Step 4: Starting with the conventional topology at a specific PF, the load is tweaked

until a T, at the beginning of the studied range is obtained, namely,

(~ 40°C).
Step 5: The exact same load is applied to the proposed topology.

Step 6: Extract the instantaneous junction temperature of the power switches T;, then
calculate the absolute temperature swing AT;, and the median temperature of the

junction Ty,.

Step 7: Calculate the %T},, req and %AT; .4 and plot the offset of the operating point

on the lifetime improvement evaluation curve.

Step 8: Calculate the cycles to failure N, for each topology.

Step 9: Calculate the estimated lifetime in years and compare the two topologies.

Step 10: Extract the life-prolonging factor LPF for several power levels and power

factors.

Steps 4-10 are repeated while tweaking the load to achieve a slightly higher Tj,,, until

the full studied range (~ 110°C) is covered with appropriate steps resolution.
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The analysis to be carried out in Chapter 4 expected outcomes are as follows:

To evaluate the relation between the LPF -for different PFs- with the power

level (represented by Tjp, cony °C).

e To observe the effect of the PF on the LPF at similar power levels.

e To extract approximate trendlines and their equations for each of the studied
PFs.

e To extract possible features from the curves of the considered PF values to
conclude the overall most beneficial conditions to apply the proposed

topology.
3.5 Chapter Summary

This chapter describes the proposed double switch inverter topology as an approach to
improve the reliability of IGBTs used in power inverter. The power circuit is provided
with the proposed modification that can be applied to any desired modulation
technique. The performance evaluation approach is elaborated by discussing the effect
of thermal conditions change -regardless of the inducer of that change- on the lifetime.
Then it is followed by the performance evaluation procedure in terms of loading
conditions, the focus of analysis and its expected outcomes to be carried out in the next

chapter.
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Chapter 4: Results and Discussion

4.1 Introduction

This chapter provides insights into the test system parameters used to obtain the
proposed double switch inverter topology’s impact on the power switches’ thermal
conditions and their expected lifetime. As discussed in Section 3.3.2, the proposed
topology will impact the thermal stress that is being subjected to power switches of

the inverter in different aspects, namely, median junction temperature Tj,,, junction
temperature swing AT;, thermal cycling frequency f. and consequently, IGBTs

Lifetime. The proposed method's impact on these aspects and the overall performance
evaluation process is described in Section 4.3 with some scenarios. Finally, the
detailed simulation results of the conventional and the proposed topologies under

several identical loading conditions is presented and discussed in Section 4.4.

4.2 Test System Parameters

The principle of operation and the modulation approach for the proposed topology are
implemented and evaluated as previously discussed in Chapter 3, as well as the thermal
analysis of the system which were carried out in PLECS®. In addition, a
manufacturer’s official PLECS thermal model for a To-247 single chip (650V/70A
Power switch) SCT3030AR from Rohm® is considered [88]; this ensures the best

results for the study.

The adopted system for analysis comprised the two topologies simulating the thermal

conditions under the exact same electrical conditions in PLECS®. The chosen
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electrical and thermal parameters of the testing system for both the conventional

topology and the double switch inverter proposed topology are given in Table 4.1.

Table 4.1: PLECS® testing system’s parameters

Parameter

Conventional topology

Proposed double switch
inverter topology

DC input voltage 400 V 400 V
AC output voltage ~220 VAC ~ 220 VAC
LC Filter 8mH / 4.7uF 8mH / 4.7uF

Load (reflected by
T, °C of the
conventional
topology)

Variable Load (up to
3KVA at different
Power Factors)

Variable Load (up to
3KVA at different Power
Factors)

Power switch’s
Thermal Model

Official SCT3030AR
Thermal Model
(ROHM) Including the
effect of the intrinsic
Diode

Official SCT3030AR
Thermal Model (ROHM)
Including the effect of the
intrinsic Diode

Used Thermal R:[0.12, 1.17]* R:[0.12, 1.17]*
Network C:[0.30.4]* C:[0.30.4]*
Ambient Temperature | 25°C 25°C

*The values for the thermal resistance and thermal capacitance were chosen randomly for comparative
purposes. Since both topologies are subjected to the exact same thermal system’s parameters, the study
can be carried out using an actual extracted thermal network yielding the same conclusions of this study.

4.3 Impact of Adopting the Proposed Topology on IGBT Inverter Lifetime

As discussed in Section 3.3, a lifetime improvement evaluation curve can be produced

based on %AT; ,.¢q and %7, req; t0 Visualize the effect of thermal conditions change

on the switches’ Ng.
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After reproducing the lifetime improvement evaluation curve shown in Figure 3.7 at

different thermal conditions, it was found that AT; does not affect lines A, B, and C;
hence, it does not affect regions 1 to 4. On the other hand, changing T}, results in a

different plot.

In Figure 4.1, a second case where T}, equals 100°C is plotted with the previous case

were T}, is 75°C to better observe the effect of T}, on the nature of the plot.
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Figure 4.1: IGBTS' lifetime improvement evaluation novel curve, comparing two
median temperatures of 75°C and 100°C

It can be denoted from Figure 4.1 that higher median junction temperatures give more

chance to improve the expected Ny. For example, region 1 (which indicates a
significant improvement in lifetime) in the case of 100°C, %Tj,, r.q has a closer

boundary to the origin, where the zero crossing of line A is at 12.99%. On the other

hand, line A is at 15.06% in the case of 75°C T,,,. Hence, it is easier to improve the

expected lifetime of IGBTs operating under higher Ty,,.
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In the proposed topology, each of the four switches in a single-phase full-bridge is
replaced by a pair of switches in parallel; the main intent is to split the thermal cycles
among them. Hence, the rate at which thermal cycling (f.) occurs is reduced to half

compared to the conventional topology built with four switches.

Figure 4.2 shows the effect on the switches’ instantaneous temperature waveforms

when adopting the proposed double switch topology in contrast with the conventional

topology.
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Figure 4.2: IGBT’s junction temperature for (a) conventional topology and (b)
proposed topology

Both topologies are feeding the same arbitrary load and are operating under the exact
same circumstances. As a result, Tj,, is reduced indefinitely since the losses per switch
are reduced. More importantly, the cycling frequency f is effectively reduced to half
to be 25 Hz for the proposed topology compared to 50 Hz in the case of the

conventional topology.
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As discussed previously in Section 3.3.2, the impact of adopting the proposed method
has a positive impact (the reduction of T;,,, and f) and a negative impact (the increase
in AT;). Nevertheless, the overall impact was found to be beneficial. To prove this

claim, multiple operating points are simulated in PLECS® for both topologies (a) and

(b), shown in Figure 4.3.

The impact on Tj,,, and ATj is evaluated by following the novel approach explained in
Section 3.3, namely, the lifetime improvement evaluation curve. The chosen electrical
loading levels are represented by thermal means i.e., (Tjm conv). The power factor is

kept constant for all the scenarios for both topologies. The sample scenarios and their

results are listed in Table 4.2.
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Figure 4.3: The compared two topologies on PLECS (a) conventional topology, (b)
proposed topology
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Table 4.2: Results of adopting the proposed topology at several loading scenarios

M
and AT; Tjm and AT; 088 jred

_ Ty =75.9°C | Tjpy = 68.55°C 9.68%
Soenario 4 AT, =5.18 AT; = 6.00 15.83%

_ Ty =89.56°C | T, = 79.43°C 11.31%
Scenario 2 AT; = 6.55 AT, =75 14.5%
cconios | Im=9T2C | T =85.23°C 11.88%

AT, = 7.27 AT, =83 14.17%
comioq  |_m=10407°C | T, =9114°C 12.42%
AT, = 7.9 AT, =9.12 14.14%

As clearly denoted in Table 4.2, Tj,, is reduced in all scenarios ranging from a 9.68%

reduction up to a 12.42% reduction, which has a positive impact on the lifetime. On
the other hand, AT; is increased for all the scenarios, which forms a negative impact
on the lifetime. Hence, the operating point drifts to the fourth quadrant of the lifetime
improvement evaluation curve. An individual lifetime improvement evaluation graph
is produced for each scenario; to classify into which region the operating point drifts
to (when shifting from the conventional topology to the proposed topology). In this
way, a better understanding of the effectiveness of the proposed double switch inverter

topology under specific loading conditions can be gained.

As shown in Figure 4.4, in scenarios 1, 2, and 3, the operating point moved into region
3, while in scenario 4, the operating point entered region 2, as per the previously

defined regions in Figure 3.7.
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Figure 4.4: Results for adopting the proposed topology for [(a) scenario 1, (b)
scenario 2, (c) scenario 3, and (d) scenario 4] as per Table 4.2
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Figure 4.4: Results for adopting the proposed topology for [(a) scenario 1, (b)
scenario 2, (c) scenario 3, and (d) scenario 4] as per Table 4.2 (continued)
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Normally, drifting the operating point into region 3 with f. constant is harmful since
it would decrease the estimated lifetime to the range of [(0.5 — 1) times of the original
value]. However, offsetting the operating point as a result of using the proposed
topology comes with the significant advantage of reducing f;. to half; hence, achieving
double the lifetime for the same N, compared to the conventional method. So, the
impact on lifetime for scenarios 1, 2, and 3 will boost the lifetime to fall in the range
of [(1 — 2) times of the original value]. Similarly, in scenario 4, a lifetime boost will
be in the range of (2 — 4) times of the original value. Overall, the detailed impact on
lifetime when adopting the proposed topology in the previous scenarios is given in

Table 4.3.

Table 4.3: Proposed topology’s impact on the estimated lifetime in years

Operating
of?s(;itr':;[ng Impact on the estimated lifetime
to:
Region 1 Lifetime(years)-new > 4 Lifetime(years)-old
Line A Lifetime(years)-new = 4 Lifetime(years)-old
Region 2 2 Lifetime(years)-old < Lifetirr:)eigyears)-new < 4 Lifetime(years)-
Line B Lifetime(years)-new = 2 Lifetime(years)-old
Region 3 Lifetime(years)-old < Lifetime(years)-new < 2 Lifetime(years)-old
Line C Lifetime(years)-new = Lifetime(years)-old
Region 4 Lifetime(years)-new < Lifetime(years)-old
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As per Table 4.3, adopting the proposed topology may lead to offset the operating
point from the origin of the graph into any region or fall on top of any line. All of
which are beneficial except for line C and region 4. Where line C indicates no gains
on the lifetime, while region 4 implies a decrease in the estimated lifetime. Concerning
the five remaining scenarios, they all guarantee a life-prolonging factor LPF > 1 as per

Equation 3.16.

4.4 Results of the Conventional and the Proposed Topologies with Several
Identical Loading Conditions

This section presents the test results of the proposed double switch H-Bridge topology
in contrast with the conventional method, while focusing on Tj,,, and AT; imposed on
IGBTs by the two topologies. The following scenarios are considered in the

simulation:

I.  Three values of PF are considered as Low, Medium, and High. Namely, 0.6,
0.78, 0.97.
Il.  Considering each of the three PFs mentioned, various loading conditions were

applied identically to both topologies such that the T}, ¢on,, SPans from ~40°C
to ~110°C.
IIl.  The LPF for each PF case is scattered on an LPF Vs T}, cony; to find an

exponential equation describing the behavior of LPF for each of three PFs.

Table 4.4 provides the detailed results of the two topologies for a PF of 0.6 with various
loading levels. While Table 4.5 and Table 4.6 show the corresponding results for a PF
of 0.78 and a PF of 0.97, respectively. These experiments cover an adequate range of
power factors at various power levels. Hence, this can help comprehensively

understand the impact of applying the proposed topology under any loading condition.



Table 4.4: Detailed comparison results between the conventional and the proposed topologies for the case of a PF = 0.6

Topology Tim°C AT; N¢ Lifetime (years) %Tim rea°C YAT; 1eq LPF
e
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For the case of 0.6 PF given in Table 4.4, in the lower load range (i.e., Tj;, cony < ~
47°C), the value of LPF fall in the range of (LPF < 1), which is a drift of the operating
point into ‘region 4’ according to the lifetime improvement evaluation curve’s regions
given in Table 4.3. Hence, this operating range is not beneficial to apply the double
switch H-bridge proposed topology; since it will decrease the expected lifetime rather
than improving it as intended. Whereas, for higher loads such that the Tj,, cony > ~
47°C, the LPF surpassed the value of 1 and fell in the range of (1 < LPF < 2), which is
a drift of the operating point into ‘region 3’ according to the lifetime improvement
evaluation curve. indicating an improvement in the expected lifetime. For this case, it
is clear that the higher the load gets, the better LPF gets. Hence, the most beneficial
condition to apply the proposed double switch H-bridge topology at low power factors

is when the switches are already highly thermally loaded in the conventional topology.



Table 4.5: Detailed comparison results between the conventional and the proposed topologies for the case of a PF = 0.78

Topology T °C AT; N; Lifetime (years) %Tjm_rea”C %AT; req LPF
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For the case of 0.78 PF given in Table 4.5, in contrast with the lower PF results in
Table 4.4, the mid-range PF featured a value of LPF in the range of (1 < LPF < 2) for
the same relatively lower loading range (i.e., Tj;, cony < ~ 47°C). Which is a drift of
the operating point into ‘region 3’ according to the lifetime improvement evaluation
curve’s regions given in Table 4.3. Moreover, similar to the lower PF value, the more
the switches are thermally loaded, the more beneficial the proposed topology would
be. As Ty conv Slightly surpassed ~104°C, The operating point in the lifetime

improvement evaluation curve entered ‘region 2’ indicating an LPF in the range of

(2<LPF<4).



Table 4.6: Detailed comparison results between the conventional and the proposed topologies for the case of a PF = 0.97

Topology | Tjm°C AT; N; '-(i)‘;sgrge %Tjm._rea”C WAT; req LPF
S [ T T || e |
et AT to e [ e | own | e |
o SO e | o | seeon | i
o o s 0 | e | oo | 1
Comventional | 6261 RN 6.002265006 -12.25061538 1419
e e T
e e T I
oo S 3% menE B oame | | in
convctiona] 5424 S R 12 8.055687768 -11.78247734 1681
comventional | 9232 L Sesesert — 8.597285068 -11.44736842 1.793
S S T 2 9.138099902 -11.36890951 189
e e R T
T s e
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Finally, for the case of the highest considered PF in this study with the value of 0.97
given in Table 4.6. In comparison with the previously discussed PF values, this case
showed even better results in the lower loading range, where it featured a value of LPF
in the range of (1 < LPF < 2) for even lower loading conditions (i.e., Tjm cony = ~
38°C), Which is a drift of the operating point into ‘region 3’ according to the lifetime
improvement evaluation curve’s regions given in Table 4.3, in contrast with the case

of 0.6 PF where the LPF didn’t exceed the value of 1 for Ty, cony < ~ 47°C. On the
other hand, the LPF didn’t surpass the value of 2 even for a Tjp, cony > 109°C, in

contrast with the case of 0.79 PF where the LPF exceeded the value of 2 for a loading

condition as low as Tjy, cony = ~ 104°C.

It is noteworthy that at very low temperatures, the expected lifetime shows a number
in the range of tens of thousands to hundreds of thousands of years, this indicates that
the power switch is very unlikely to fail due to thermal cycling but rather will fail due
to other factors, such as high surges of voltage or short circuit current, metallization,

or mechanical damage.

The results indicate a varying behavior for the different PF values at different loading
conditions, where no PF value showed superiority over the others in all loading
conditions. Therefore, more analysis per loading range comparing the three PFs is

required to better understand their effect on the performance of the proposed topology.

The results from Table 4.4, Table 4.5, and Table 4.6 are scattered as shown in Figure
4.5. This shows the relation between the LPF and the (T}, con,"C), Moreover, three
exponential trendlines to approximate the LPF at the three studied PFs were extracted

and are documented in Table 4.7.
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Figure 4.5: Effect of (T}, cony,°C) for each studied power factor on the LPF

Table 4.7: Approximated trendlines' equations for LPF with respect to of T}, ¢n,°C
for each studied power factor value

Power factor Approximate trendlines’ equation
0.6 LPF(PF=0.60) = 0.5904¢ %0118 Tjm_conv’C
0.78 LPF(PF=0.78) = 0.7225e %0099 Tjm_conv’C
0.97 LPF(PF=0.97) = 0.9014¢ 0073 Tjm_conv™C

To evaluate the effectiveness of the proposed method under different loading

conditions, a feature can be extracted from the curves’ equations in Table 4.7.

The average value of LPF within a specific range of T}, ;on,°C can be a helpful

feature. The higher the average value within a specific range, the better the
performance of the proposed topology in that range. Hence, the trendlines for the

different power factors can be integrated over specific periods of Tj,, ¢on,. The loading

ranges can be divided as expressed in Table 4.8.
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Table 4.8: Selected loading ranges in terms of Tj, cony,°C

Selected loading ranges for analysis
ij_conv € [40’60]°C
Tjm_conv € [60,80]°C
Tim_conv € [80,100]°C

Tim _conv € [100,120]°C

Figures 4.6-4.9 show the average LPF for different power factors operating at the

whole studied loading range.
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Figure 4.6: The average LPF for a loading range of Tj, ¢on,"C € [40,60] for (a) PF =
0.6, (b) PF=0.78, (c) PF =0.97
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Figure 4.7: The average LPF for a loading range of Tj, ¢on,"C € [60,80] for (a) PF =
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In conclusion, Figure 4.6 and Figure 4.7, show the trendlines of the LPF with respect
to Ty, conw fOr all three power factors, with a focus on the lower load range namely,

ij_conv € [40180]-

It was found that the case with the highest power factor is superior to the lower power
factor cases. On the other hand, Figure 4.8 represented the closest results among all
power factor values, compared to other levels of loading, where all three power factor
values have close average LPF within Tj, ,n, € [80,100] with a slight advantage for
the medium power factor value. Finally, Figure 4.9 shows that at higher loads, the

superiority goes to the lowest power factor, since it incorporated the highest average

LPF.

Figure 4.10 shows that higher loading levels are preferable to apply the proposed
double switch H-bridge topology in general. However, at high loading levels, low
power factors have better performance than high power factors. On the other hand, at

low loading levels, high power factors have better performance than low power factors.
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- PF=0.6
PF=0.78
PF=0.97

i

Average LPF
-

S
n

0 20 40 60 80 100 120 140
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Figure 4.10: Average LPF for all power factors throughout the full loading ranges
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4.5 Chapter Summary

This chapter presents the results of comparison between the double switch proposed
topology and the conventional topology when sinusoidal Unipolar PWM modulation
technique is applied to both. Three values of Power Factor were considered to
represent the common loads’ nature namely, Low PF, Medium PF, and High PF. Each
power factor was individually simulated using PLECS® across the full expected
thermal loading range of semiconductors (represented by the median junction

temperature Tj,,°C). Furthermore, the relationship between the %Tj,, ,.q and
%AT; ,.q (resulting from adopting the proposed topology) with the semiconductors

lifetime improvement is evaluated using the lifetime improvement evaluation curve

previously developed in Chapter 3.

Finally, a detailed comprehensive discussion compares the two topologies at low,
medium, and high power factors, covering adequate loading levels for each power
factor value. The resultant average Life-Prolonging Factor (LPF) was deduced for each
individual case; hence, the performance of the proposed topology is validated and
compared with the conventional method at numerous identical loading conditions,
proving the superiority of the proposed topology over the conventional method in

terms of reliability in the vast majority of conditions.
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Chapter 5: Conclusions and Recommendations

5.1 Overall Conclusions

This thesis presents the development of a double switch topology for single-phase
inverters intending to benefit most of the inverters’ applications in terms of reliability.
This research has two objectives, namely, (1) to develop an effective inverter topology
that can effectively boost the expected lifetime of power switches, (2) to validate the
proposed topology’s performance through a suitable empirical-based lifetime

estimation model.

To accomplish the first objective, a novel double switch topology is developed. For
this study, the simulations and the proof-of-concept are simulated using MATLAB®
and PLECS® software. The instantaneous junction temperatures of IGBT power
switches are measured and recorded for numerous loading conditions. Important
features were extracted from the instantaneous junction temperatures waveforms, such

as the junction’s median temperature Tj,,, the junction’s temperature swing AT}, and

the thermal cycling frequency for each topology f.. These features are essential for

evaluating the power switches' tendency to fail over time and estimating their lifetime.

To achieve the second objective, an empirical lifetime estimation model was
considered to evaluate and compare the estimated lifetime of the two topologies at
identical loading conditions. The models were manipulated to produce a novel lifetime
improvement evaluation curve, which can be even used to describe the effect of any

change in T;,,,°C or AT; on the estimated lifetime of power switches. This novel lifetime

improvement evaluation curve can help in future studies to visualize the effect of the

cooling system on the expected lifetime. Moreover, tests were conducted to cover a
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variety of power factors and loading levels while comparing the two topologies. The
test results indicate that the proposed topology can significantly improve the reliability

in contrast with the conventional inverter topology.

All of the research objectives are met, and the results are robust and effective. The
development of the proposed technique in this research fulfills the perpetually growing
need to design more reliable power converters. This research work can easily and
effectively be mapped and re-evaluated with great potential for vast power electronics

applications, such as three-phase inverters and DC-DC Buck/Boost converters.

5.2 Significant Contributions of the Research

The significant contribution of this thesis can be summarized as follows:

i. Currently, no research has proposed a topology to enhance the lifetime of
power switches with validation experiments. Therefore, the double switch H-
bridge inverter topology is a novel topology for reliability enhancement.

ii. A novel lifetime improvement evaluation curve is developed to directly assess

the effect of T},,,°C and AT; changes on the lifetime of power switches. The

lifetime improvement evaluation curve can be used in studies aiming to
optimize the cooling systems of any power converter in terms of the system’s
overall reliability. The developed code can be easily tweaked to suit elements
other than power switches, as long as their primary failure inducer is thermal

cycling.
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5.3 Recommendations for Future Studies

This thesis presents an inverter topology to enhance the lifetime of the inverter’s power

switches. However, the following future studies are suggested for further

development:

The adopted modulation technique was a modified version of the sinusoidal
Unipolar PWM technique. Other modulation techniques can be validated
using the double switch proposed topology, and their impact on reliability can

be assessed and compared to the results of this thesis.

. An actual module-heatsink thermal interface can be extracted and used in the

thermal simulation as the RC network to better show the impact of the
topology on the power switches’ lifetime.

In the same manner -as they were used in this study- double switches topology
can be applied to other power converters such as three-phase converters and
DC-DC Buck/Boost converters serving different applications. Reliability
assessment can then be performed on different operational scenarios of the

converters.

. A dedicated effort can be put aiming to reduce AT; when the proposed

topology is applied, which would boost the effectiveness of the topology even

more.
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