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Abstract

The widespread employment of power electronics in many critical applications, such as automotive,
aerospace, power systems and traction, in conjugation with an increasingly harsh environment, is
rendering power devices the key reliability factor in terms of operation, safety as well as retention
of their intended design functionality throughout their lifespan. Therefore, a thorough study of their
potential failure mechanisms is of crucial importance [1].

To this end, several reliability stress test systems are being developed, aiming to emulate either
real operating conditions or to focus on specific type of stress, such as power cycling (PC), double
pulse (DP), short circuit (SC), unclamped inductive switching (UIS) testing, etc. These reliability
tests are usually performed in an accelerated-ageing mode as well as in large quantities for a statistical
analysis, provided that out of focus failure mechanisms do not dominate. Nevertheless, a considerable
construction effort is needed, since numerous device under tests (DUTs) operated in a parallel mode
as well as a sophisticated data acquisition unit, for an accurate post failure analysis, is required.

The primary objective of this thesis is to implement a reliability stress system for discrete high
voltage power semiconductors under dynamic pulse testing, such as DP, SC and UIS in accelerated
mode. The system’s novelty firstly lies in its modularity to perform the case study stress tests, under
certain limitations, with a primary focus on DP testing, and secondly in its scalability allowing to
rapidly expand it in a multi-channel system. This should be accomplished in a feasible manner in
terms of cost, hands-on effort and time to get the final reliability data. Most of the power components
should be a fixed part and merely the DUT should be changed for a variety of power devices and
stress patterns. Finally, its redundancy is of paramount importance not only in terms of reducing the
energy dissipation through a failed DUT, but also to maintain uninterrupted parallel operation for a
multi-channel system [2].

In the beginning, several simulation concepts are examined based on the fundamental introduced
topology and their benefits and drawbacks are underlined. The next part presents the various hard-
ware prototypes and their sub-objectives toward the fulfilment of the main goal. Several experiments
are conducted revealing all the critical performance indicators of the system. Separate chapters are
devoted to the magnetics design and the configurable gate driver. The latter is a completely software
programmed gate driver offering the possibility to define the gate drive conditions via software.
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Chapter 1
Introduction

1.1 Motivation

Reliability physics of power electronic components is increasingly becoming a critical research field,
especially for newly developed applications due to a constant increase of new requirements. Some
of these requirements include higher power density demand, introduction of emerging applications
under harsh environments imposing higher package temperatures, new mission profiles for critical
applications (e.g. aerospace, automotives, railyway traction, etc.), stricter level failure rates in future
products as well as reliability performance challenges for emerging materials (e.g. silicon carbide
(SiC) , gallium nitride (GaN) and package technologies [3], [4]. Despite all opposition, the end goal
is to predict the reliability, and therefore to achieve cost reduction and enhanced performance for a
predefined lifespan of power electronic products.

In order to address such a complex research field, reliability engineering techniques are employed
and should be applied in order of priority for cost minimisation and reliable product generation, as
analysed in [5]. During the design stage, reliability engineering includes physics-of-failure (PoF),
a methodology based on root cause failure mechanisms under given environmental conditions and
stressor types and design for reliability (DfR) on a system level [4], [6]. During the operation stage,
the reliability can be improved by condition monitoring and active control strategies, as explained in
[4], [7]. These techniques are being constantly evolved meaning that in the short term improved power
electronic products and systems will be expected.

The root cause of failures of power electronic components is therefore of paramount importance and
should be thoroughly studied. To this end, power electronics component manufacturers and their cus-
tomers start building various reliability stress test setups not only for qualification reasons established
by standards, such as JEDEC or AEC, but also on a device and application level for an overall reliabil-
ity understanding. Such reliability stress test systems constitute a reliability study tool where the PoF
or DfR techniques can be applied leading to advanced power electronic components’ development.

1.2 Research Scope

In this section, the general concept of the proposed stress test system along with its theoretical design
criteria is introduced. Several dynamic stress test methods and the possibility to incorporate them
within a unified apparatus by merely changing the most critical parts, e.g. DUT board, etc, without
violating the design criteria are initially considered.
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Chapter 1 Introduction

In general, reliability stress tests are classified into two main categories, focusing either on device
(device-specific test) or the device within its application environment (application-specific test). How-
ever, there is another category where the DUT is stressed at the exact application environment, called
field-application test. Subcategories of these are determined by the stress level, which can fall into a
destructive or a non-destructive test, as explained in [3, 8, 9]. For example, end-of-life tests examine
the time to failure, while non-destructive tests examine the ability to pass a predefined stress level after
certain number of cycles, as defined in standards. It is worth mentioning that the application-specific
test differs from the field conditions, since an extra circuitry is added in order to acquire various online
monitoring parameters, altering the topology as well as protection against catastrophic failures.

In this case study, a variety of discrete high voltage power semiconductors and different stress test
types are of main interest, such as PC, DP or single pulse (SP), UIS and SC, as shown in Figure 1.1,
where the power devices should be evaluated regarding their reliability and robustness. Thus far,
most of the traditional qualification standards, developed over the last years, do not usually include
hard switching stress test conditions, limiting the significance of test results in terms of application
relevance. Nevertheless, a JEDEC standard points out the necessity of a test vehicle with reduced
complexity of its actual setup, since the application system may also mask the intrinsic failure mech-
anisms [10]. The most widespread switching test setup is the double pulse tester due to its simplicity,
hence avoiding system related failures from other components [10]. Additionally, it is energy efficient
due to lower power handling requirements and preferable especially for a multi-channel stress test
bench. Therefore, a design reference is established based on a double pulse setup.

Power Cycling Double Pulse Test UIS or SC Test

Figure 1.1: Different type of stress tests.

For a meaningful statistical analysis, a multi-channel stress test bench also needs to be constructed.
An initial outline of such a multi-channel bench is depicted in Figure 1.2. As can be seen, the system
consists of several parts, such as the host computer (HOST), the low voltage (LV) power supply,
the backplane board, the stress board, the high voltage (HV) and the medium voltage (MV) power
supplies. Within each backplane board, several stress boards are located, featuring certain design
criteria. One of these is the modularity, which enables the possibility to perform different stress tests
in a configurable way as well as to set them up at faster pace. Therefore, some parts are exchangeable,
such as the DUT board, the load board (inductor), and probably the test controller (µC) board. On the
other hand, the protection switch, also called guard switch (GS), is a fixed part of the stress board.
Another design criterion is the scalability, namely a hardware implementation that easily handles and
supports a large number of stress boards. Last but not least, redundancy plays a significant role,
since destructive tests can result in a DUT failure. After such an event, the failed DUT should be
immediately disconnected by the GS turn-off so that nearby stress boards can continue their operation
without being interrupted.

Concerning the HOST, its purpose is to communicate with the local µC of each stress board and to
collect in-situ data from the condition monitoring circuitry of the DUT for a subsequent post failure
analysis (e.g. on-state voltage, junction temperature estimation, load current, etc). It should also have
access to the power supplies for setting the dc voltage and current level of the stress test conditions
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Chapter 1 Introduction

under study. This is realized through an Ethernet communication, as shown in Figure 1.2.

LV Power Supply

HOST

Backplane Board

µC DUT

LOAD GS

µC DUT

LOAD GS

Stress Board

−
+

HV−
+

MV

Ethernet Communication
Nonexchangeable
Exchangeable

Figure 1.2: Stress test system architecture.

Even though the DUT energy losses are relatively low, an effective cooling interface is still required.
From stress test point of view, it is also necessary to adjust the DUT case temperature in order to
emulate different ambient conditions for worst case scenarios or accelerated wear-out purposes. One
approach is to place the whole system inside a climate chamber with the penalty of heating-up all
the system, and, as a result it is possibly to influence its performance and reliability. Alternatively,
an active cooling interface dedicated to the DUT can be placed where the case temperature can be
adjusted, hence avoiding temperature swings within the whole system.

In a nutshell, this thesis casts light on a stress test setup development serving as a reliability study
tool for discrete high voltage power semiconductors. The possibility of applying the aforementioned
stress tests is examined and the associated limiting factors are highlighted.

1.3 Stress Test Requirements

It should be stressed that this thesis is realized in collaboration with a research institute, named
Kompetenzzentrum Automobil- und Industrie-Elektronik (KAI), located in Villach, Austria, working
on modular stress test concepts, which are particularly elaborated in [9]. As a result, existing features
from previous projects, implemented at KAI and explained in [9, 11, 12, 13], are partly or completely
utilized by this project. This includes the modular architecture concept, the communication between
the HOST and the µC board as well as certain subcircuits for condition monitoring. Furthermore, the
stress test requirements stem from the research institute’s experience and its industrial activity.

Consequently, this project aims to fulfil certain practical requirements, apart from the general re-
search scope, as explained previously. One of these requirements is to investigate the possibility to
stress devices up to 1.7 kV peak voltage, across the DUT, and peak current up to 400 A depending on
the DUT. Additionally, gate voltages up to 24 V and down to −15 V should be programmable via the
µC, as required for different DUTs. Another crucial topic is to study the possibility of setting the gate
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Chapter 1 Introduction

drive conditions of the DUT via software without manual intervention by soldering external resistors.
Lastly, the stress board should be kept within specific limits in order to fit within an 19 inches rack
system, thus complexity and space should be also considered.

1.4 Achievements

In the context of this thesis, two master theses were realized to assist in the the hardware development
as titled below:

1. Design of an Intelligent Current Controlled Gate Driver for Flexible Stress Testing of Discrete
High Power Semiconductors [14].

2. Development and Evaluation of a Reliability Stress Test System [15].

During the former thesis, Tobias Kist implemented the hardware of the first prototype including
a current source gate driver (CSGD) as well. In the latter case, Angelos Georgakas developed a
backplane board accommodating up to four stress boards. Furthermore, the stress board was designed
with the invaluable assistance of a layout designer. The author contributed to the design phase in both
projects.

1.4.1 Author’s Contribution

Three scientific papers were published by the author as titled below:

1. Modular Dynamic Pulse Stress Test System for Discrete High Power Semiconductors [1].

2. Configurable Gate Driver for a Stress Test Bench of Newly Developed Discrete Silicon Power
Devices [16].

3. Scalable Multitasking Dynamic Pulse Based Reliability Stress Test for High Voltage Discrete
Semiconductors [2].

The scientific analysis and methodologies are part of the author’s contribution. In particular, this
includes circuit design, analysis and improvement, concept development, design of magnetics and
DUT boards.

1.5 Thesis Outline

This thesis is classified into seven chapters. The introductory chapter formulates the research objec-
tives, as already shown. The second chapter presents already existing setups on the field of reliability
stress systems as well as the different failure phenomena that can be studied with the proposed stress
test setup, as found in literature.

Chapter 3 introduces the new flexible circuit concept of the stress test system and the modular way
to execute the different stress tests. The pros and cons of each configuration as well as the emerging
hardware trade-offs are pointed out. Moreover, computer-aided simulation tools, such as PLECS® and
SPICE are employed for an improved comprehension. Chapter 4 discusses the hardware prototypes
constructed through the course of this thesis and their purpose to the final goal. Different experiment
examples and design decisions are elaborated.
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In chapter 5 the load interface realization and the different inductor design options, which were
considered through this thesis, are shown. Chapter 6 analyzes the configurable gate driver, developed
based on an open loop current source approach. Its limitations and possibilities are recorded based on
various experiments and simulation tests for different DUTs.

Finally, chapter 7 discusses potential new features and incomplete topics of this project together
with a summary of the research outcome.

5



Chapter 2
Background

2.1 Introduction

Lifetime models of power electronic devices are an essential part of the reliability engineering. In
order to predict their lifetime, several techniques are combined, such as numerical solutions, the
Coffin-Manson technique, handbook based failure rate models and experimental accelerated tests for
validation [4]. Therefore, reliability stress test systems are being developed for increasing the statisti-
cal significance. This chapter presents a short overview of some of the currently published stress test
benches in conjugation with the particular failure mechanisms under study. It is also worth mentioning
that stress tests must be carefully applied so as to avoid any unintended failure mechanism excitation.

As the content of this thesis deals with the development of a reliability stress test system, dedicated
to study the long-term aging mechanisms, mostly intrinsic failure phenomena of power electronic
devices are of main concern. Even though extrinsic causes inadvertently contribute to the final out-
come, they are not discussed. The intrinsic failure mechanisms are the result of a prolonged exposure
to certain stressors, such as temperature gradients, voltage, humidity, or pollution [4], leading to the
final wear-out of the devices. Then depending on the stress test type, which can be a robustness or
accelerated-ageing test, different failure modes are finally manifested. Therefore, the second part is
devoted to briefly show some of the potential failure phenomena that could be studied by the proposed
reliability stress test setup for different power semiconductors, as found in literature.

2.2 State-of-the-Art

2.2.1 Power Cycling Stress Test Setups

Generally speaking, PC testing is classified into active power cycling (APC) and passive temperature
cycling (PTC), as denoted in [4, 17]. Particularity, the APC methods also split into the conventional
method, by applying a pulsating dc current, and methods emulating realistic operating conditions. It
should be noted that PTC can introduce significant test errors, since self-accelerating mechanisms are
not triggered, as explained in [18].

Based on the prior state-of-the-art, it is evident that most of the projects focus on APC. The op-
position method was initially employed in [19] as an APC technique for emulating realistic operating
conditions, since the DUT operates under pulse width modulation (PWM) scheme. Advanced results
of this method for insulated gate bipolar transistor (IGBT) modules are presented in [20], in which the
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Chapter 2 Background

stressing conditions can be easily adjusted, e.g. through the switching frequency. Another advantage
of this method is that the overall system losses are retained low enabling the possibility to carefully
increase the stress level. The aging indicators are the on-state voltage and the indirect junction tem-
perature measurement.

An advanced accelerating PC test for three phase applications, emulating field conditions, is pre-
sented in [21, 22, 23]. Various stressing conditions can be applied by adjusting the output frequency,
the modulation index, the switching frequency, the output current and voltage as well as the power
factor. This stress test setup also incorporates in-situ on-state measurements for detection of associ-
ated failure modes, e.g. bond wire lift-off. A considerable increase of the on-state voltage, as a result
of the bond wire lift-off, can be detected and can be set as a failure criterion. Finally, the junction
temperature is estimated in-situ by employing the I-V characteristics of the DUT.

A PC ageing test bench dedicated to photovoltaic applications has been published in [24]. The
authors highlight the importance of relevant mission profiles, since accelerated tests might introduce
not relevant degradation mechanisms compared with the actual field conditions. Based on photovoltaic
data from the field, namely rms output current and ambient temperature, they estimate the losses by
characterizing the DUTs. Subsequently, they identify the thermal model via the intrinsic body diode of
the DUT and based on that they estimate the junction temperature. This test bench combines passive
and active cycling so as to emulate the ambient conditions as well. Finally, they perform intermediate
stops for re-characterization of the DUT and monitor several aging indicators, such as the leakage
currents, threshold voltages and input-output capacitances.

In the case study of [25], a PC test apparatus has been implemented for high power IGBT modules
based on dc pulse current injection (conventional method). This stress system is able to stress up
to 10 samples. Different on-state voltage measurements are shown in conjugation with the validation
method. The benefits of such an approach include less noise in measurements, absence of overvoltages
and high dc-link voltage.

An APC test bench for SiC metal-oxide-semiconductor field-effect transistors (MOSFETs) is in-
troduced in [18]. The DUT operates in linear mode by regulating the drain-source voltage whilst a dc
current is injected through the channel, in contrast to the method presenting in [23] where the source
current is controlled. However, it should be noted that such methods might cause instability due to
thermal runaway [26, 27] and should be cautiously applied as stressed by the authors as well. Further-
more, the stress test conditions should be carefully selected, as pointed out, since numerous different
failure modes appear and each of them is associated with several stressors. Some of the most frequent
failure modes encountered by encapsulated power semiconductors are bond wire lift-off, bond wire
heel-cracking, brittle cracking, gate oxide time dependent breakdown, etc. Finally, they present how
to select ageing indicators for end-of-life criteria based on economical constraints, as a large scale
testing is necessary.

2.2.2 Double Pulse Tester Setups

The most widespread setup for power electronic devices’ switching characterization is the double
pulse tester (DPT). Such a setup is necessary in order to record the dynamic transient behavior of
the devices under various conditions, such as dc-link voltage, switching current, gate and ambient
conditions. Efficiency and electromagnetic interference (EMI) performance is of great importance for
almost every application, meaning that such test becomes a valuable tool for power electronic systems
design [28].

In [29], an automated DPT for testing devices up to 1000 V, 60 A and 250 ◦C, also consuming less
space, is introduced. The setup is composed of different modules for increased flexibility. Instead of
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using a high voltage power supply, they employ an ac/dc converter, connected into a power outlet, and
subsequently by another dc/dc converter to scale the dc-link voltage according to the test conditions.
Logic circuitries are employed in a closed loop configuration which in turn automatically decide the
pulse duration. The feedback signals are captured via oscilloscope probes and the settings are given
via a graphic user interface. Similar automated DPT with different heating method is proposed in [30]
for TO-247 power devices. On the contrary, this automated test uses a power supply unit (PSU) and
focuses more on the importance of the parasitic loop inductance.

DPT focusing on the characterization of SiC devices and their challenges are presented in [28, 31].
Special attention is paid to the parasitics of the printed circuit board (PCB) and the proper probe
selection, since these types of devices show high dv/dt and di/dt transient behavior. Equivalently,
DPTs for GaN devices are analyzed in [32, 33]. GaN devices exhibit dynamic on-state resistance,
owing to trapping phenomena as described, which need to be measured for further investigations,
and for that reason, different measurement methods are proposed by the authors. Additionally, these
devices also require the implementation of special PCB layout due to their superior properties.

From stress testing point of view, the DPT is getting more attention not only for wide bandgap
devices as shown in [10, 34, 35], but also for silicon (Si) devices, since different failure modes related
to hard switching events can occur, as will be shown shortly. The necessity for a test vehicle able to
perform repetitive hard switching tests is also pointed out by a JEDEC standard for GaN devices [36].

2.2.3 Short Circuit Stress Test Topologies

SC ruggedness is of crucial importance for power electronic devices, e.g. in motor applications [37],
and their ability to safely turn off such events under different ambient conditions. There are three
different SC types that a power device can experience, as reported in [3, 38]. In brief, these are
classified into SC type I, when a device directly turns on into a SC condition, SC type II, when a
device experiences a SC event during the on-state phase, and SC type III, which occurs across the
load the moment of freewheeling diode conduction. Therefore, meticulous study of such detrimental
events should be examined in terms of robustness and reliability.

Several setups are realized to achieve this and a few examples are given here. In [38], a simple setup
has been realized to test discrete IGBTs under different SC type events and different case temperatures
through a hotplate where the dominant failure modes are presented. In [39], the SC robustness of
high power IGBT modules is investigated, where special care on the design of low stray inductance
busbars is shown. The short circuit characteristics of SiC and how they are influenced by different
case temperatures are analyzed in [40], using a similar setup as the previous study.

2.2.4 Avalanche Stress Test Topologies

Avalanche robustness of power electronic devices plays a significant role, since several industrial
applications can experience such events while some other applications, e.g. automotive, are designed
to withstand this phenomenon in a repetitive mode during their operational life [41, 42]. Especially
large parasitic loop inductances can provide sufficient energy to the device during inductive switching
which can cause the device to enter in avalanche mode [43]. Therefore, single pulse and repetitive
avalanche ruggedness should be studied on the design stage of the power devices, which is becoming
even more critical for emerging devices because their reliability is still to be proven in the development
process.

The conventional UIS circuit for single pulse avalanche is described in [44]. However, several
laboratories and research institutes follow different approaches. In [42], an extra fast switch together
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with a freewheeling diode is employed so as to define the avalanche energy by excluding the effect
of input power supply voltage. This test bench studies 1.2 kV SiC MOSFETs under single pulse
or repetitive avalanche mode. The overall execution process is highly automated where different
inductors and case temperatures can be selected. Ageing indicators, such as threshold voltage, drain
leakage current, on-state resistance and gate-source leakage current are measured when the device is
cooled down after certain thousand cycles. One of the downsides of this setup is the inability to adjust
the gate resistance and the turn-off gate voltage. Finally, the authors present several methodologies
for ageing mechanism comprehension.

In [45], an auxiliary 3 kV IGBT is connected in parallel to the DUT in order to avoid the self-
heating during the current increase through the inductor, as it happens in the conventional setup. The
DUT is a SiC MOSFET with voltage rating of 1.2 kV and current rating of 42 A. A programmable
pulse generator is used for setting the pulse width for the different study scenarios. Single pulse and
repetitive tests are conducted, in which ten seconds off-period is set for proper cool down.

Another avalanche stress test bench focusing on SiC MOSFETs is shown in [46]. In this research
only single pulse events are carried out in order to estimate the avalanche energy that the DUT can
sustain before failing. A series high voltage IGBT (3 kV) and a limiting current resistor are con-
nected to the DUT. The adjustable parameters are the dc voltage and the pulse duration of the IGBT.
Consequently, the avalanche current or the avalanche duration is controlled, as explained.

The last example shows a study for automotive applications where Si MOSFETs are used [41]. In
this stress test bench many devices can be stressed under repetitive avalanche in parallel mode. Various
inductors from 2 µH to 100 mH can be selected and the peak current can be set up to 250 A. The DUTs
are placed within a climate chamber in which the temperature can be regulated from−40 ◦C to 150 ◦C.
The statistical significance is improved, since many DUTs are simultaneously stressed, as highlighted.

2.3 Failure Phenomena under Study

2.3.1 Avalanche Breakdown

The avalanche mode is activated when high electric fields are induced inside the power semiconduc-
tor’s structure in excess of a critical electric field. This high electric field in turn causes free carriers to
accelerate and receive sufficient energy so that electron-hole pairs are released via impact ionization.
This phenomenon can lead to an uncontrollable situation and subsequently to catastrophic failure. It
should be pointed out that single pulse avalanche failure mechanisms are mainly latch-up and thermal
runaway, while the dominant repetitive avalanche ageing mechanism is related to hot carriers trapping
into the gate oxide [42, 47]. This causes a cumulative damage and can be observed by monitoring
representative ageing indicators, because they drift over the stressing period, as stated previously.

Latch-up

The catastrophic failure through the latch-up event can be described based on the graph shown in
Figure 2.1. Within a MOSFET structure, a parasitic bipolar junction transistor (BJT) is formed be-
tween certain p- and n-doped regions. When the avalanche current starts flowing through the device
and combined with the high electric field, it can create high current densities along the base of the
parasitic BJT structure and possibly cause its activation. In this case an uncontrollable situation is de-
veloped leading to final destruction. The parasitic BJT activation is described by a critical current as
given in Equation (2.1). The level of this critical current shows the minimum instantaneous required
current for the activation. As the temperature rapidly increases the critical current decreases, because
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the base resistance substantially increases, making the device more vulnerable to latch-up especially
at the beginning of the avalanche pulse [48]. It is also worth noting that different technologies have
their own structural features, for example high voltage power devices which can significantly affect
their latch-up robustness [49, 50].

icrit(Tj(t)) =
VBE(Tj(t))
RPB(Tj(t))

(2.1)
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Figure 2.1: (a) Latch-up due to critical current, (b) parasitic bipolar transistor in a power MOSFET
[51].

Thermal runaway

A more commonly experienced catastrophic failure is the thermal runaway due to high energy avalanche
pulses. Under these conditions the junction temperature of the device approaches the intrinsic temper-
ature of the semiconductor material which eventually leads the device to losing its properties [48]. The
carrier density is dominated by thermal generation, and thus the temperature increase has a positive
feedback effect, and, as a result the device is driven to destruction. However, it should be highlighted
that the associated mechanism is quite important, since for example SC events can also lead to high
temperatures without failure [3].

2.3.2 Short Circuit Testing

SC events constitute an extreme operating condition for the power electronic devices, because con-
currently high voltage and current are present, resulting in high power dissipation and temperature
gradients. The most frequently appearing failure modes of discrete power devices up to 1.2 kV are
analyzed in [52, 53, 54, 55] and reproduced in Figure 2.2. There are four distinctive points where a
catastrophic failure can occur as listed below:

(α) This failure mode might happen when a high dc-link voltage is present and is probably a power
limited fail.
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(β) This failure mode occurs when high energy is dissipated through the device causing the junction
temperature to reach its intrinsic value and finally thermal runaway occurs.

(γ) This destruction occurrence is experienced during SC turn-off and resembles a dynamic latch-
up.

(δ) This mode happens several microseconds after a successful turn-off attributed to device’s leak-
age current. A positive feedback phenomenon develops inside the device leading to thermal
runaway.
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Figure 2.2: Different locations of the SC failure modes.

Every device presents a critical energy level (Ec), which distinguishes the failure modes appearing
from β to δ. This critical energy depends on the ambient conditions, the dc-link voltage, the SC
duration and the SC current level. When the applied energy is well above the critical energy the
failure mode β is manifested. On the other hand, when the energy is below the critical energy, the
failure mode γ occurs. The latter case allows the device to handle more than one SC events acting as
accumulated damage leading to the final failure. In case of failure mode δ, the applied energy is close
to the critical energy and the device fails, after the first pulse with a delayed failure mechanism. It
is also worth mentioning that IGBTs with higher voltage rating, e.g. above 3.3kV, present different
trends in regard to their SC robustness which can vary under different dc-link voltages [3, 56].

2.3.3 Double Pulse Testing

As technology advances, a lot of applications require not only increased power density due to minia-
turization and compact design, but also increased product reliability [6]. To keep up pace with this
demand, extensive research is being conducted in the field of emerging devices as well as structural
improvements to existing Si devices [57, 58]. However, these technological improvements might
trigger different failure mechanisms that need to be thoroughly investigated and explained.

Newly developed IGBT devices can achieve superior balance between switching losses and on-
state voltage drop, and thus enhanced power density [57]. It has also been proven that high current
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and voltage gradients can result in dynamic avalanche (DA) during commutation and a potential long-
term drift in their switching behavior [59, 60, 61]. In addition, the DA phenomenon causes current
filamentations and eventual destruction, as analysed in [62]. In [63], a comparison between two
different IGBT structures and their impact on both on and off long-term switching behaviour under
DA is presented, highlighting the importance of repetitive pulse testing. Finally, a study in [35]
evaluates the reliability of 1.2kV-rated positive intrinsic negative (PiN) vertical GaN diodes under
hard switching conditions through DP testing, in which trapping mechanisms lead to wear-out.

2.3.4 Power Cycling Testing

The main goal of the APC is to study the thermo-mechanical effects between the interconnected
materials within the power electronic packages. Every interface material presents its own coefficient
of thermal expansion (CTE) and due to repetitive PC, thermo-mechanical stresses are induced by
contraction and expansion of the attached substrates, leading to their wear-out. In particular, in APC
tests the heating source is the semiconductor die itself, and therefore interconnections in the vicinity
of the die are mostly stressed, such as bond wires and solder joints. The most frequently manifested
failure mechanisms are solder cracks, bond wire lift-off and bond wire heel-cracking [4]. It is also
worth mentioning that at high temperatures (e.g. above 125 ◦C) different failure mechanisms can
occur, for example, the increased degradation pace of encapsulation materials [4]. Last but not least,
a study in [64] shows that in SiC MOSFETs a die related degradation mechanism dominates over
the bond wire lift-off due to threshold voltage shift, pointing out that emerging devices can exhibit
non-standard failures.

To model such effects several empirical models have been developed over the years utilizing Coffin-
Manson and Arrhenius models. Modified models have also been created by taking into account other
effects, such as the heating time, the bond wire effects, or the voltage class [4]. In [65], it is stated
that short heating pulses stress the die itself and the nearby connections, while longer heating pulses
allow the development of creep or reconstruction to occur, highlighting the impact of the heating
time. However, the nature of the empirical models is statical, meaning that they are inadequate to
describe the actual deformation mechanisms under complex thermal loadings and sometimes lead to
doubtful extrapolation results. To overcome this, physics-based models are being developed, giving
better understanding of the actual ageing mechanisms, and thus gaining additional ground [4].
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Chapter 3
Stress Test Concepts

3.1 Introduction

As has been previously pointed out, this project examines the feasibility of performing different stress
tests within a unified stress test bench with the prospect of being scaled. By considering this goal, this
chapter introduces the fundamental circuit architecture of the stress board and the modular way to per-
form the case study reliability tests, as introduced in Figure 1.2. Subsequently, based on this topology,
different stress test concepts are evaluated in terms of performance and practical realization effort. It
should be also stressed that the final outcome of this chapter is closely related to the development of
the hardware prototypes.

In order to illustratively indicate the location of the case study stress test types within the safe
operating area (SOA) of a typical power device, an area graph is portrayed in Figure 3.1. It is note-
worthy that certain type of tests are performed outside the SOA with the view to examine the ability
of the devices to withstand such temporary or constantly applied events. For example, there is a stress
type called in literature ”switching cycle”, applied especially in SiC MOSFET devices in order to
assess their robustness outside their SOA by examining potential new failure mechanisms, as shown
in [66, 67]. This type of test is essentially a SP test but a DP test could be examined as well.
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Figure 3.1: Case study stress test types related to SOA of a typical power device.
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The simulation analysis largely focuses on the DP and PC testing by examining alternative concepts
with the use of the PLECS® tool. Since the SP is a subcategory of the DP test, it is not covered. The
stress tests locating outside the SOA, namely SC and UIS, are studied with the assistance of the SPICE
simulation tool.

3.2 Stress Board Block Diagram

The fundamental element of this stress test system is the stress board. The generic block diagram as
developed in its final form is illustrated in Figure 3.2. It is composed of a full bridge, and capacitor
banks both at input and output (Cin and Cout). The left branch of the full bridge consists of two parallel
connected protection switches, named GS, and their freewheeling diode (D1) whereas on the right-
hand side of the bridge is the DUT board, holding the DUT and its clamping diode (D2). Additionally,
there is a Hall-based current transducer, in between the transducer and the DUT board a configurable
load (inductor) board can be also connected. This setup offers the flexibility to exchange different
DUT boards, loads and power connectors so that different stress tests can be modularly configured.

Guard Switch

Cin

D1

X

Hall Sensor

DUT Board

D2

Cout

PGND

Figure 3.2: Dynamic pulse stress test system block diagram.

3.2.1 Modularity of the Introduced Concept

Figure 3.3 demonstrates how the stress board can be configured in various ways so that the case
study stress tests can be realized. It is obvious that this introduces several trade-offs in terms of their
effective application, as will be discussed.

The most distinctive stress test of this project is the DP test, which can be realized in two differ-
ent ways. One way is to bridge the output to the input side for the standard DP setup (Figure 3.3a).
Another way is to connect the HV rail at the output and the MV at the input and to perform a dis-
continuous PWM boost operation (Figure 3.3b). One of the main objectives of the DP stress test is to
apply high electric fields during the hard switching events, accomplished by introducing the HV rail.

As far as the PC is concerned, the attention is toward the conventional method with a dc pulsed
current. Therefore, the input supply should provide sufficient current in order to meet the stress
conditions. Furthermore, in this case the load is substituted with a jumper cable or board that just
bridges the two ends (Figure 3.3c).
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Another stress test category includes the UIS in which the DUT is exposed to repetitive avalanche
events. As can be seen in Figure 3.3d the clamping diode D2 is not employed and thus the load’s
energy is dissipated through the DUT. The UIS test can be executed in two different ways. The
simplest one is just to ramp up the current through the inductor and then turn off the DUT. However,
when the breakdown voltage of the DUT is close to the supply voltage, then the use of the GS and
lower freewheeling diode D1 is advantageous.
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Figure 3.3: Block diagrams of the configured stress tests: (a) standard DP test, (b) discontinuous DP
boost test, (c) PC test, (d) UIS test, (e) and SC type I test.
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Finally, this setup allows to perform SC type I where the load is exchanged with a short cable as
that for the PC. As will be shown later this particular test poses a limit to the minimum achievable
loop inductance.

3.2.2 Protection Scheme

One crucial requirement of such a system is to guard itself in case of destructive stress testing or unex-
pected DUT failure. Consequently, a fast reacting protection circuit is required not only to reduce the
energy dissipation through a failed DUT for a post failure analysis, but also to maintain uninterrupted
parallel operation for a multi-channel system. This is accomplished by introducing the left branch of
the full bridge to the stress board as its main protective circuit. The feedback signal of the Hall sensor
is employed to turn off the GS, as will be explained in chapter 4. However, this branch can also be
actively utilized to execute certain tests, in the view of achieving specific objectives, e.g. performing
tests in a faster repetition mode.

3.3 Concept Simulation

3.3.1 Power Cycling

+
−Vsup

isup
Cin

iin

Stress Board 1

GS1

L1

DUT1

Stress Board 2

GS2

L2

DUT2

Figure 3.4: APC concept by employing the left half bridge, single phase buck converter (solid line),
two phase buck converter (dashed line).

As already mentioned, the APC splits into two categories, from which the conventional method is
only considered in this research. The objective of the PC is to study the ageing mechanisms of the
power devices packages due to the thermo-mechanical stresses. The development of a multi-channel
stress test system for this particular type of test requires a dedicated PSU capable of providing high
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currents at low voltages. On the other hand, the other types of tests are related to constant voltage
PSU, in which high voltages are necessary and anticipated on the dc-link to occur. In the market, it is
quite difficult to find a single PSU that can accomplish such a complex mission profile. Furthermore,
the use of two different PSUs could be an option, however it imposes constraints in terms of cost and
preparation.

Additionally, the industrial requirements for this particular test are not strictly defined offering
the flexibility to investigate alternative concepts. It should be also noted that the stressing profile is
of paramount importance, since the final result is highly affected. For example, [68] highlights the
importance of temperature swing duration for the final number of cycles required to reach the end-of-
life criterion, focusing on intelligent IGBT power modules. Another study in [69], focusing on IGBT
power modules, indicates that short load durations are more representative for die and bond wires
related failure mechanisms, however, longer pulse durations are appropriate for failure mechanisms
related to creep or reconstruction of metal layers and solder interfaces. Hence, the actual mission
profile is of paramount importance and especially for discrete packages several discrepancies versus
modules are expected mainly due to their size and structure.

By taking into consideration these facts, this section discusses a concept with voltage-based PSU, in
which the left half bridge of the stress board can be actively utilized. The degradation of the reliability
stress test system is highly significant fact for its long-term functionality, since it has to sustain loads
with less degradation than the DUT itself. Figure 3.4 shows the proposed concept where the left half
bridge functions as a buck converter by regulating the injected current to the DUT. The dashed lines
indicate the possibility of connecting two stress boards and a filter to remove high frequency noise,
and thus forming an interleaved topology for improved reliability. Another option is to place two
DUTs in series within one DUT board or to connect two DUT boards in series separately.

Interleaved topologies bring about certain benefits, such as current ripple reduction both at input
and output leading to less frequency harmonic content, reduction of energy losses, both conduction
and switching losses on the GS and its freewheeling diode since the current decreases to half, the
inductor losses are reduced as well, the sufficiency of filters with less attenuation capability and the
possibility to avoid potential hotspots on the PCB boards [70].

Besides the benefits, it should be emphasized that this concept can be applied in fast PC stressing
scenarios, meaning that the PC period (TPC) has to be relatively low as well as the duty cycle. The
inability of the voltage-based PSU to provide high currents in conjugation with the limited input
capacitor bank can pose an upper limit.

The following subsections discuss simulation examples by using some parameters related to the
subsequent hardware prototypes. Table 3.1 lists the simulation parameters of the PLECS® model.

Table 3.1: PC Simulation Parameters

Isup,max 30 A Switching frequency 40 kHz
Capacitor bank 800 µF Ambient temperature 25 ◦C

L1,L2 50 µH ∆T 75 K
DUT MOSFET DPC 0.2
TPC 1 s Vsup 12 V

This type of PSU can deliver up to 30 A maximum current at lower voltages. As for the capacitor
bank, the system can also include the output capacitor and thus double the total capacitance. The
value of the inductor is explained as part of the design in chapter 5. Concerning the DUT, a discrete
superjunction MOSFET, rated at 700 V and 75 A, is simulated, which has been electrically charac-
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terised in the SPICE simulator and afterwards its thermal model is imported in PLECS®. The DUT
during these simulations is considered to be connected to an ideal heat sink at 25 ◦C. Finally, the
switching frequency of the buck converter is set to 40 kHz.

Single Channel Operation

In this case a single channel is examined by using the two phase interleaved buck converter. The two
phases are operated at a 180° phase shift. The supply voltage is set to 12 V while the voltage across
the DUT reaches a peak around 3.2 V (a lookup table is used to reproduce the on-state voltage based
on the DUT’s current and temperature). Figure 3.5 depicts the junction temperature swing together
with the corresponding currents. For each buck converter the reference current is set to 42 A, and,
as result the DUT’s current rises up to 84 A. It should be noted that the waveforms of Figure 3.5a
associated with the current are downsampled, and thus their actual ripple is not displayed. The actual
current ripple is shown in Figure 3.5b, it is evident that the current ripple of the DUT is smaller and
its harmonic content less than that of the individual converters. For this scenario the duty cycle of the
buck converter is around 0.34 and as it increases, the current ripple of the DUT decreases. In [71],
the output current ripple of a two phase interleaved buck converter normalized in regard to the single
phase buck converter is provided, indicating that for the case study duty cycle a reduction of roughly
50 % is achieved. The analytical expression is given in Equation (3.1).
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Figure 3.5: Two phase buck converter PC simulation example: (a) junction temperature swing and
current evolution, (b) actual current ripple (the load current of each converter is scaled for
illustrative reasons).
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This particular superjunction MOSFET can withstand pulse currents higher than the rated one (as
stated in data-sheet), allowing to perform PC above its nominal value. The supply voltage is selected
at this value in order to intentionally increase the duty cycle, and thus reduce the output current
ripple. However, this might be not necessary since the high frequency accumulated damage may not
cause significant influence on the final outcome. It is also worth mentioning that further duty cycle
increase by reducing the supply voltage can lead to unstable situation, because the input current will
start rising, as given by the product of the duty cycle and the output current (D · IDUT ). This is an
inherent limitation of this concept and can be partially compensated by adding more capacitance to
the system or by increasing the supply voltage, as illustrated in Figure 3.6. It can be seen that an
increase in the duty cycle of the PC results in limited temperature swing, which can be resolved by
either increasing the capacitor bank to 1.3 mF, Figure 3.6a, or by increasing the supply voltage to
14 V, Figure 3.6b. The increase of the supply voltage causes a drop to the duty cycle, which, in turn
reduces the input current. Nevertheless, this scenario affects the dynamic response of the system with
a slight modification to the junction temperature transient swing. To sum up, it can be observed that
this type of concept relies on the energy stored at the capacitor bank and the ability of a high voltage
buck converter to operate reliably at lower voltages.
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Figure 3.6: Junction temperature swing for different PC duty cycles: (a) solid lines refer to Table 3.1,
whilst dashed line has a Cin = 1.3 mF , (b) solid lines refer to Table 3.1, whilst dashed line
has Vsup = 14 V.

Multi-Channel Operation

The last example examines a multi-channel scenario, in which there are two interleaved buck convert-
ers operating in parallel mode. Each interleaved buck converter has a load of two series connected
DUTs. The supply voltage is increased to 42 V and the PC duty cycle is set to 0.4, whilst the remain-
ing parameters are the same as that of Table 3.1. The simulation result is depicted in Figure 3.7. It
can be seen that the temperature swing is slightly higher than 75 K and the on-state voltage goes up
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to 6.7 V, as the sum of both on-state voltages. Therefore, the duty cycle is lower than the previous
simulation example, close to 0.175, and as a consequence, the current ripple increases, as shown in
Figure 3.7b.
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Figure 3.7: Multi-channel PC simulation example of two interleaved buck converters: (a) junction
temperature swing and current evolution, (b) actual current ripple (the load current of each
converter is scaled for illustrative reasons).

3.3.2 Double Pulse Testing

Among the reliability stress tests presented in this dissertation, the most distinctive one is the DP
testing which is also the primary focus. Three different ways of realizing a repetitive DP in conjugation
with their benefits and drawbacks are presented. Two concepts are performed with the arrangement of
Figure 3.3a and the last one with the arrangement of Figure 3.3b. The following subsections analyze
each topology separately.

Discontinuous DP Boost Test

In order to facilitate the analysis a simplified symbolic DP waveform, which can be applied repeatedly
with certain duty cycle and repetition frequency in a discontinuous mode, is illustrated in Figure 3.8.
During the execution of this test, the GS is constantly on and is turned off in case of DUT failure.
The input voltage is set to the MV level and the current is ramped up to a desired current level I1
with certain slope, determined by the load (inductor). Subsequently, the DUT is switched off and the
current flows through the D2 and the HV, which is practically an electronic load (EL). Depending
on the voltage difference between the MV and the HV rail as well as the value of the inductance,
the current can experience different negative slopes, which might not be acceptable, as denoted in
Figure 3.8. During the next time interval (tr2), the DUT is turned on again and the current rises. The
duration of this interval should be adequately long enough to fully turn on the DUT, and finally, the
DUT is turned off and the current falls to zero.
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Figure 3.8: DP symbolic waveform.

By using a simplified approach, the load current can be calculated in Equation (3.2), where Vin is
the MV supply voltage and Vout is the HV rail. Any voltage drops across resistive components, power
devices, etc are neglected, leading to linear expressions.

iload(t)≈


Vin
L t, 0 6 t 6 tr1

I1 +
Vin−Vout

L (t− tr1), tr1 6 t 6 tr1 + t f 1

I1 +
Vin−Vout

L t f 1 +
Vin
L (t− tr1− t f 1), tr1 + t f 1 6 t 6 tr1 + t f 1 + tr2

I2 +
Vin−Vout

L (t− tr1− t f 1− tr2), tr1 + t f 1 + tr2 6 t 6 tr1 + t f 1 + tr2 + t f 2
(3.2)

The main rationale behind this circuit architecture is that the MV rail can be designed with lower
voltage power devices, e.g. 600 V voltage class, whilst the HV rail can handle higher voltage class
power devices, and dissipate the energy through the EL, functioning in constant voltage mode. How-
ever, this arrangement introduces certain implications in terms of performance. The most important
one is the DP profile and how much the current is allowed to drop. Normally, during a standard DP the
current should preferable present negligible decrement for a proper switching loss characterization.
From stress testing point of view, the long-term drift is expected to be examined, and therefore high
current gradients with minor current drop would probably be preferred. Another possibility is to let
the current drop in a more realistic way such as in a real application, namely 5 % to 20 %. Therefore,
the inductance of this setup can be estimated in Equation (3.3), where ∆V is the voltage difference
between the two rails and α is the percentage of the current drop.

L≈ ∆Vt f 1

I1α
(3.3)

Four parameters determine the size of the inductor, the falling interval which is around 3-6 µs, the
voltage difference which can go up to 1 kV and even more, the peak current which can rise up to
400 A and the percentage of current drop.

In order to further elaborate on this concept, a simulation example of four identical DUTs, operating
in parallel mode, under the test conditions listed in Table 3.2 is given. The first step is to calculate
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the required load based on a predefined current drop, which in this case is selected to 5 %, and, as
result the obtained inductance is rounded to 134 µH. The DUT is an IGBT rated to 1.2 kV and 75 A.
It should be mentioned that the PSU and EL are considered ideal in terms of modelling, meaning that
their dynamic response is not included.

Table 3.2: Discontinuous DP Boost Test Simulation Parameters

IMV,max 30 A IHV,max 30 A
Vin 400 V Vout 800 V
Cin 400 µF Cout 400 µF
L 134 µH † α 5 %

t f 1 5 µs tr2 5 µs
I1 300 A TDP 6 ms

† The series dc-resistance is simulated to 30 mΩ

The PLECS® simulation model also includes the on-state voltage drops of the power devices with
look-up tables. These relate to the actual power devices employed in the hardware prototypes, as
given by their data-sheets. Likewise, their thermal models are included. However, their accuracy
has only been validated with respect to manufacturer data. At the output of each stress board next
to the DUT, there is a certain number of ceramic capacitors of X7R dielectric material, assisting to
reduce the loop inductance and consequently large overshoots across the DUT, as will be explained
in chapter 4. Their capacitance among other parameters is also influenced by the dc-bias voltage.
This dependency can be modelled by a mathematical expression, as described in [72]. The model is
reproduced in Equation (3.4), and it consists of four coefficients, namely Co, Csat , Vth and Vtra.

C(Vbias) =
Co−Csat

2
(
1− tanh

2(Vbias−Vth)

Vtra

)
+Csat (3.4)

In this case the multi-layer ceramic capacitors (MLCCs) are from KEMET and the coefficients can
be estimated by employing a non-linear curve fitting solver, presented in [73]. The outcome for a
single capacitor is shown in Figure 3.9. It is evident that the real behavior shows certain discrepancy
especially at higher voltages, causing the fitting model to deviate.

The next step is to extract the resulting coefficients, and then to substitute them in Equation (3.4).
Finally, the model is imported to the simulation model by initializing the lumped capacitance based on
the initial voltage. Between the ceramic capacitor arrangement and the output capacitor bank (Cout),
there is a parasitic loop having certain inductance, which can be estimated via the hardware setup,
however, in this case is assumed to 200 nH.

The simulation performance of this type of test is depicted in Figure 3.10. It can be seen that the
peak current reaches roughly 290 A by applying a 100 µs pulse. Theoretically speaking, it would
be expected to reach close to 298 A, however this is not the case since the voltage across the input
capacitor bank drops during this pulse duration. Another minor contribution is from the resistive
elements as included in the simulation model. The input capacitance is selected based on the available
capacitors in the laboratory, as they were used in the design process of the prototype.

During the DP duration, the input capacitor bank discharges, as shown in Figure 3.10b, determined
by the supply and load current given in Equation (3.5), where isup is the supply current of the PSU and
t can be for example tr1 or any other time during the DP. The left part of Equation (3.5) is essentially
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Figure 3.9: Ceramic capacitor’s voltage dependence modelled by curve fitting.
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Figure 3.10: Simulation of the multi-channel discontinuous DP boost test: (a) load current of each
stress board, (b) collector-emitter voltage of each DUT.

the net charge that the capacitor obtains or releases at the given time interval.∫ t

0
(isup(t)− iLoad(t))dt =Cin

∫ Vin(t)

Vin(0)
dVCin (3.5)

By substituting in Equation (3.5) the ideal supply current of 30 A, the theoretical peak current of
298 A and the time duration of the first pulse, the capacitor voltage drop can be estimated.

∆Vin ≈
(298 ·0.5−30) ·100 ·10−6

400 ·10−6 ≈ 30V

By taking the average voltage during this interval, the peak current can be estimated to 287.3 A,
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Figure 3.11: Incorporated thermal model for each power component of the stress board.

while the actual simulation peak current is 288.1 A. Furthermore, the total voltage drop can be roughly
calculated by considering ideal triangular waveform for the load current with the estimated peak
current and the total DP duration. The unknown parameter of the DP duration is the second falling
time interval t f 2, which is approximated in Equation (3.6), yielding 89.5 µs. By repeating the previous
step and substituting the total DP duration, the total voltage drop is found to be 56.7 V. The simulation
voltage drop is 58.5 V, thus indicating reasonable accuracy. Finally, the recharging time interval can
be calculated by substituting the total voltage drop in Equation (3.5), resulting in 756 µs. This result
provides an indication when to trigger the DP of the next channel.

t f 2 ≈
LIp,est

Vout −Vin(tr1)
(3.6)

Regarding the thermal performance of this concept, the following procedure is applied to reveal an
indicative response. For each employed power device, namely the GS, the diodes D1,D2 and the DUT,
thermal impedance, on-state voltage drop, and switching losses, as extracted from their data-sheets are
imported into the PLECS® model, as described in the manual [74]. The thermal behavior of the heat
sinks is modelled with their thermal resistance, as given in their data-sheet, multiplied with a factor
of proportion due to forced convection as shown in the manufacturer’s manual [75], where the air
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flow is assumed to be 2 ms−1. The thermal interface material (TIM) is modelled only with its thermal
resistance which is assumed to be 1 KW−1. The final thermal models are depicted in Figure 3.11,
as approximately reflecting these of the final hardware prototype of Figure 4.5. Even though the
DUT and the D2 share the same heat sink, in this analysis their thermal models are separately treated.
Nevertheless, it should be pointed out that a more precise approach would be to extract the thermal
impedance of the whole system, as shown in [76]. Last but not least, heat spreading effects are not
considered which can contribute to the actual temperature evolution.

The final simulation result in Figure 3.12a shows the detailed junction temperature course for each
DP at the beginning of the test. The final average temperature, as depicted in Figure 3.12b, is estimated
via another simulation model including only the thermal impedances, in which the average losses of
the first model are imported. Essentially, the actual temperature will be the superposition of both
figures. However, as the temperature rises, the energy losses slightly change, and thus the ∆T and Tav.
It should be clarified that the accuracy of this thermal model may be limited with respect to parameter
uncertainties, but still its contribution of relative temperature rise values strengthens the comparison
between the concepts.
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Figure 3.12: Temperature evolution for a single stress board: (a) junction temperature at the beginning
of the test, (b) average junction and heatsink temperatures - sum of the average switching
and conduction losses (PGS = 15.5 W - both GS, PDUT = 35 W, PD2 = 7 W).

The average losses of the DUT are approximately 35 W, meaning that with this type of heat sink
a repetition frequency of 166.7 Hz is the feasible maximum for this mission profile. Another point
related to the temperature gradients of the stress board is the load rms current, which in this case is
around 31 A. The main benefit of this DP test is that relatively short DPs can be achieved and the ∆T
of the GS remains low for its own reliability. On the contrary, some of the drawbacks include the use
of the EL which raises the system’s cost, the necessity of more PSUs and ELs or potential connection
of chokes at the output to dissipate energy, as employed in motor drive applications, if a high number
of parallel stressed DUTs is required, since the average input power of this simulation example is
7.7 kW. Finally, some operating points might require high loads which can considerably slow down
the accelerating stress test goal, as can be noticed in Equation (3.3).
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Standard DP Test

In this section the arrangement of Figure 3.3a is analyzed. Since the output is connected via a short
cable to the input, the EL is not required and the total available input capacitance doubles. The GS
is maintained in the on-state during the DP as in the previous arrangement. The major difference
is that inductor’s stored energy is dissipated through the D2 and GS. Moreover, the left half bridge
must now be able to sustain high voltages, because it follows the supply voltage. The benefit of this
configuration is that at the first falling time (t f 1) the current presents relatively low drop, determined
by the voltage drops across the GS, the diode D2 and the other resistive elements. Furthermore, the
inductor’s value contributes to the final current rate of change.

The simulation parameters of this scenario are listed in Table 3.3. The load is selected to 50 µH
so as to increase the load current rate of change but not too much, since at the second pulse (tr2) the
current can go beyond the switching capabilities of the DUT. Therefore, in this case this time duration
is reduced to 3 µs.

Table 3.3: Standard DP Test
Simulation Parameters

Isup,max 30 A I1 300 A
Vsup 800 V TDP 20 ms

Cin, Cout 400 µF L 50 µH †

t f 1 5 µs tr2 3 µs
† The series dc-resistance is simulated to 16 mΩ,
as roughly derived in chapter 5

The load current and collector-emitter voltage for each DUT are illustrated in Figure 3.13. The rms
current of the load is roughly 49 A, indicating that the stress board might be overloaded leading to
higher temperature gradients, even though the repetition frequency is merely 50 Hz, three times less
than the previous example. Furthermore, the current at the second pulse goes up to 350 A as another
shortcoming. On the other hand, the current during the first falling time exhibits negligible drop of
just 2 A.

The thermal performance of this simulation example is presented in Figure 3.14. It can be seen
that the diode D2 takes over the largest burden with the highest average junction temperature and ∆T .
These operating conditions reveal that this type of test causes more stressful conditions to the GS and
the stress board itself, which might not be in favour regarding the system’s reliability.

This DP concept must limit significantly the repetition frequency in order to maintain low tem-
perature gradients based on the given models. However, another type of cooling could be utilized
to improve the performance with the penalty of extra cost. One of the benefits is that the PSU out-
put power is relatively low, in this example around 616 W, allowing to parallel more channels with a
single PSU.

Full Bridge Based DP Test

The last executable DP is realized with the circuit arrangement of Figure 3.3a and its principle of
operation is explained in Figure 3.15. In this concept the GS is actively employed in order to accom-
plish short DPs. Initially both switches are turned on and the current starts ramping up, then the first
turn-off time interval occurs, in which the current flows through the GS and D2. Upon the end of this
interval, a concurrent pulse transition is applied so that the GS is turned off and the DUT is turned
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Figure 3.13: Simulation of the multi-channel standard DP test: (a) load current of each stress board,
(b) collector-emitter voltage of each DUT.
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Figure 3.14: Temperature evolution for a single stress board: (a) junction temperature at the beginning
of the test, (b) average junction and heat sink temperatures - sum of the average switching
and conduction losses (PGS = 38 W - both GS, PDUT = 8.4 W, PD2 = 41 W).
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on. This moment is very critical for this configuration and is affected by the gate drive conditions
and the involved propagation delays. Once the transition ends, the current is directed to D1 and the
DUT. Finally, the DUT is switched off and the remaining load energy recharges the input capacitor
bank through D1 and D2. It is also worth mentioning that alternative options can be considered, e.g.
the GS turn-off can be delayed as denoted with the dashed line or can occur after the DP duration as
highlighted with the dotted line. However, these scenarios cause an increase in the energy losses due
to the additional current increment.
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Figure 3.15: Full bridge DP ideal symbolic waveform.

The execution of such a reliability test can have certain limits, one might be the junction temperature
of the DUT or the temperature gradients of the stress board together with the mounted components.
Therefore, the load rms current can serve as an index concerning the reliability of the stress test
system and can be provided as an input. The analytical rms expression of the ideal waveform is given
in Equation (3.7).

ILoad,rms =

√
1

TDP

∫ TDP

0
i2load(t)dt ≈ I1

√
1
3

tr1 + t f 2

TDP
+

t f 1 + tr2

TDP
(3.7)

Based on Equation (3.7) and a given design limit of the rms value, the maximum repetition frequency
can be calculated on condition that the desired junction temperature is not violated, yielding in Equa-
tion (3.8).

fDP ≈
(

ILoad,rms
I1

)2

2LI1
3Vsup

+t f 1+tr2
(3.8)
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A similar simulation example is given where the theoretical optimal case is presented. The sim-
ulation parameters are listed in Table 3.4, where the load is decreased further so as to increase the
rise time and to reduce the self-heating effect. Furthermore, the repetition frequency is set to 200 Hz,
which is the highest possible among the presented concepts. Figure 3.16 shows the zoomed collector
current of the first DUT, where the current rises up to 300 A within 8 µs. During the falling time, the
load current drops by about 3 A. In practice, though, the current decrement might be different. In
Figure 3.16b, it can also be seen that during the off-state the collector-emitter voltage settles around
570 V, a value determined by leakage currents and high ohmic voltage dividers, which can be signifi-
cantly different in the actual setup.

Table 3.4: Standard DP Test
Simulation Parameters

Isup 2 A I1 300 A
Vsup 800 V TDP 5 ms

Cin, Cout 400 µF L 20 µH †

t f 1 5 µs tr2 5 µs
† The series dc-resistance is simulated to 20 mΩ,
as roughly derived in chapter 5
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Figure 3.16: Simulation of the multi-channel full bridge based DP test: (a) load current of each stress
board - collector current, (b) collector-emitter voltage of each DUT.

The thermal response is depicted in Figure 3.17, it can be discerned for the same cooling capability
the temperature gradients are lower than in the previous cases, however as mentioned, the absolute
simulation accuracy depends on the provided thermal models. It should be pointed out that the switch-
ing losses of the GS are characterized only for the turn-off at room temperature as will be shown in
chapter 4. At the point of characterization the laboratory did not have an equipment to attach to the
power device so as to apply elevated temperatures. Therefore, a scale factor of 1.5 is used to scale up
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Figure 3.17: Temperature evolution for a single stress board: (a) junction temperature at the beginning
of the test, (b) average junction and heat sink temperatures - sum of the average switching
and conduction losses (PGS = 6 W - both GS, PDUT = 32 W, PD2 = 2 W, PD1 = 2 W).

the switching losses at 125 ◦C, adding to the error uncertainties. Additionally, in the simulation the
parallel arrangement of the employed devices is considered ideal, which in practice needs certain de-
sign measures to be applied to ensure symmetrical stress. Another possibility to improve the thermal
response is to apply the projected average temperatures of Figure 3.17b to the full model by setting
them as initial temperatures.

The great benefit of this concept is that multiple devices can be stressed in parallel without the use
of EL. The input power of this example is just 55 W. It should be mentioned that in the electrical
simulation domain, the switching losses are not modelled. Another stress indicator is the load rms
current, which in this case is around 16.3 A and can be associated with the PCB and inductor losses.
In a nutshell, this concept possessed the most noticeable advantages among the presented solutions.

3.3.3 SC and UIS Testing

In this section simplified SPICE simulation models are presented by giving examples of UIS for a
single superjunction MOSFET and SC for a single IGBT. These models can also be useful in terms
of comparison between the experimental and simulation results.

Avalanche Testing

Most of the power electronics applications include triangular waveforms, and therefore avalanche
stress under similar conditions is more relevant. A symbolic waveform of an avalanche single event is
shown in Figure 3.18. The avalanche energy can be calculated in Equation (3.9), where the avalanche
duration tav is estimated in Equation (3.10).

Eav =
∫ tav

0
vds(t)iLoad(t)dt ≈VBR(DSS)

∫ tav

0
iLoad(t)dt ≈ 1

2
tavIpVBR(DSS) (3.9)
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Figure 3.18: Avalanche symbolic waveform.

tav ≈
LIp

VBR(DSS)−Vsup
(3.10)

As already mentioned, the UIS test can be executed in two different ways. A simulation example
is presented in Figure 3.19 to elaborate on that. The supply voltage is set to 200 V, the employed
load is a 30 µH inductor and the repetition frequency is set to 40 kHz. A 3 µs pulse is required to reach
roughly 20 A peak current. During the standard avalanche test the GS is in the on-state, and, as a result
the avalanche energy and time are calculated based on Equation (3.9) and Equation (3.10), yielding
9 mJ and 1.5 µs respectively. The other way of avalanche testing is by actively employing D1 and the
GS. In this case, a turn-off signal is also transferred to the GS immediately before or after that of the
DUT, and thus the effect of the supply voltage does not influence the avalanche energy. Therefore,
the avalanche energy is calculated in Equation (3.11).

Eav =
1
2

LI2
p (3.11)

By substituting the case study parameters, this is found to be 6 mJ. The avalanche time is around
1 µs, a difference which can be discerned in Figure 3.19. Moreover, an operator of such a system
can also add a snubber, consisting of a series capacitor and resistor, across the load in order to damp
oscillations, occurring after the avalanche event. However, the power dissipation of such an approach
is of high concern. It should be emphasized that the avalanche breakdown voltage is temperature
dependent, tending to vary during the avalanche regime, meaning that an accurate way of calculation
is to numerically calculate the integral in Equation (3.9). For low voltage devices the second test
might be preferred, since high test errors can be introduced due to small differences between supply
and avalanche breakdown voltage.

SC Testing

The last category of applicable tests is the SC in which the inductance is substituted with a short.
A trenchstop IGBT is used as the DUT, rated at 600 V and 120 A. The dc-link voltage is set to
400 V and the loop inductance to 200 nH for the purpose of modelling. The loop inductance is largely

31



Chapter 3 Stress Test Concepts

0 10 20 30 40 50
Time ( s)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Vo
lta

ge
 (k

V)
vds_1
vds_2
iLoad

0

3

6

9

12

15

18

21

24

C
ur

re
nt

 (A
)

Figure 3.19: Simulation of a repetitive avalanche test using a superjunction MOSFET for two different
scenarios. One scenario employs D1 and a snubber in parallel with the load (vds 1), whist
the other one is the standard avalanche pulse (vds 2).

formed along the input capacitor bank, the GS, the DUT and the power ground, refer to Figure 3.3e.
Additional details will be shown in the experimental results. The gate resistance is set to 20 Ω and
the gate voltage is adjusted to three different voltage levels as shown in Figure 3.20. The repetition
frequency is chosen to 25 kHz for illustrative reasons, however, in practice will be much lower in order
to avoid self-heating and to maintain the rms current at low values. For each different gate-emitter
voltage the current saturates at different peak values, as determined by the IGBT characteristic I-V
curves. It can also be seen that the employed IGBT’s SPICE model does not include any temperature
effect, as its current is constant during the saturation.
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Figure 3.20: Simulation of a repetitive SC of a trenchstop IGBT under different gate-emitter voltages.
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3.4 Conclusion

This chapter demonstrates the different relevant stress test concepts that can be realized based on the
topology of Figure 3.2, named stress board. The application of all of these concepts increases the
system’s complexity in terms of selecting components that can fulfil such diverse mission profiles.
Theoretically speaking, the reliability of the stress board must be much higher than that of DUT so
that multiple DUTs can be stressed. Therefore, the PC concept is excluded, since the switching be-
havior of high voltage devices under low voltage levels is not efficiently implemented in the proposed
environment.

The presented simulation concepts especially those focused on DP testing are linked to the last
developed hardware prototype. The majority of used parameters are extracted from the data-sheets
of the actual components and are subsequently imported to the simulation models. As far as the
accuracy of the simulation model is concerned, its thermal model is simplified and based on data-sheet
values only, and further modelling may be required. However, these simulation models comprise the
foundations for a future modelling. As an example related to advanced thermal modelling, a study in
[77] shows thermal modelling of standard extruded heat sinks by applying different methods which
could also be applied here.

33



Chapter 4
Hardware Implementation

4.1 Introduction

Part of this chapter content is related to the author’s publications in [1, 2]. This chapter discusses the
different hardware prototype stages implemented over the course of this thesis. In particular, three
different prototypes have been constructed serving certain objectives in the comprehension of the
system’s design and its own reliability. Some of the previously demonstrated stress test concepts are
evaluated with a strong focus on the DP testing. In the beginning of this thesis an early stage hardware
prototype is developed with the intention of studying early design weaknesses and potential new
concepts such as the configurable gate driver, which is explicitly analyzed in chapter 6. In the second
hardware prototype, a more compact solution is realized including a thermal management as well,
which can fit into a subrack of a 19-inch tower system, highlighting its scalability. A backplane board
is also constructed holding the input, output capacitor bank and an electromagnetic compatibility
(EMC) filter. Finally, the third hardware prototype incorporates specific design modifications offering
less set-up time and adjusted thermal management to allow the execution of the improved DP test
based on the full bridge circuit.

An experimental section is undoubtedly part of this chapter, giving a short overview of the actual
experimental laboratory setup in conjugation with the employed measuring instruments. Several de-
sign topics are analyzed, such as an estimate of the critical loop inductance, consisting of the local
MLCCs, the DUT, the D2 and the PCB tracks, the SC loop inductance, the protection scheme, the
proper GS selection and their SC robustness, etc. Apart from the design aspects of the system itself,
its performance is also presented by giving plethora of experimental examples and highlighting the
key facts.

4.2 Hardware Prototype Overview

This section provides a general overview of the different hardware steps followed in a chronological
order so that the reader can easily follow the subsequent experimental sections.

4.2.1 First Hardware Prototype

The block diagram of the first constructed hardware prototype together with the key components of
the setup is depicted in Figure 4.1. In this hardware prototype the left half bridge is designed with MV
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devices, composed of two parallel connected MOSFETs, and two parallel connected surface-mounted
device (SMD) diodes without a heat sink. The GS is connected in a back to back configuration.
The input and output capacitor bank are film type capacitors with nominal capacitance of 420 µF.
A closed loop Hall sensor is selected to sense the load current for protection, condition monitoring
and performance reasons. This type of closed loop Hall sensor offers the flexibility to measure high
peak currents, in this case up to 400 A (design limit), by adjusting the output measurement resistance.
Additionally, it has a fast reaction time, useful for protection reasons. The load in this prototype can
be readily plugged via a cable connector. Concerning the right half bridge of the block diagram, the
DUT is plugged through an edge connector, offering power and signal contacts. Lastly, the clamping
diodes of the DUT are SMD type and are located on the stress board.

Guard Switch

Cin X

Hall Sensor

DUT Board

Cout

PGND

(a)

Test Controller
       Board

DUT

    Load
Connector

GS

   Hall
 Sensor

Cin

Cout

(b)

Figure 4.1: First hardware prototype: (a) block diagram, (b) hardware setup [1].

One of the requirements is to easily adjust the gate voltage of the DUT to facilitate the various
stressing conditions. This is accomplished by software programmed adjustable gate voltage rails, as
elaborated in chapter 6.

Another integral part of this hardware prototype, which is maintained with minor modifications, is
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the DUT board and its interface, providing extra flexibility. The primary focus of this thesis are TO-
247 discrete packages, and, as a result dedicated DUT boards are realized, as shown in Figure 4.2. It
is also worth mentioning that DUT boards for SMDs could be manufactured. It is evident that a DUT
board increases the modularity of the system by bringing about certain advantages, such as mount-
ing different types of devices, adjusting the gate drive conditions by placing different gate resistors
(located on the rear side of the DUT board), adding and examining different condition monitoring cir-
cuitry which can be connected via the low voltage area through the signal contacts. Particularly, these
DUT boards include the gate sensing voltage, the drain/collector sensing voltage, the source/emitter
current and the temperature sensor (Pt100 resistor), glued to the front side of the package. These
condition monitoring circuitries have yet to be evaluated, however, to large extent the required space
has been allocated for this purpose.

Low Voltage
Area      

(a) (b)

Figure 4.2: DUT boards: (a) front side of a 3-pin TO-247 device, (b) front side of a 4-pin TO-247
device.

In conclusion, this hardware prototype is realized with the goal of testing new concepts and studying
early design flaws. This justifies its bulky size which in practice cannot support the requirement of a
scalable system. However, it is the preamble of the following prototype versions.

4.2.2 Second Hardware Prototype

The prime goal of the second hardware prototype is to perform the different stress test types in a
repetitive manner as well as to shrink its size in order to provide a scalable solution. The fundamen-
tal concept is to utilize a subrack system which can be readily inserted into a 19-inch tower system,
holding the maximum possible amount of stress boards. Additional fact is that KAI possesses a com-
petence in the design of such systems, offering the flexibility of standardized construction with less
cost and effort. The developed hardware prototype with its block diagram is illustrated in Figure 4.3.
One of the design criteria is to increase the voltage stress level capability to 1.7 kV peak voltage. To
this end, the GS is composed of two parallel connected IGBTs from IXYS rated at 1.7 kV and 75 A at
110 ◦C in a TO-264 package. Its freewheeling diode D1 is composed of two series SMD diodes rated
at 1.2 kV so that they can sustain higher voltages, located beneath the GS on the bottom layer. An-
other new feature is the screw-based load interface, in this illustration case a magnetic core inductor is
mounted as analyzed in chapter 5. The right half bridge is composed of the DUT board, maintaining
the same features as the first hardware prototype, and its SiC clamping diode located on the front and
attached to the DUT heat sink. An adjustable spring pressure bar to mount the DUT is also employed.
Each channel is rated for 30 A rms current to achieve lower temperature gradients and avoid excessive
hotspots. There is also the possibility to mount a dedicated fan to the DUT heat sink. Finally, on
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the stress board there is a certain number of ceramic capacitors to assist the hard switching events by
reducing the critical loop inductance for each active switch.

Guard Switch

Cin

D1

X

Hall Sensor

D2

DUT Board

Cout

PGND

(a)

(b)

(c)

Figure 4.3: Second hardware prototype: (a) block diagram, (b) stress board (100 mm×220 mm), (c)
front side of the stress board.
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The major advantage of this hardware architecture is that several parts can be modular, such as the
DUT board, offering dedicated design for different packaging technologies, the load, and even the test
controller board. It should be pointed out that some tests might require higher inductance loads, but
the available board space might limit the feasibility of such loads.

The bulky capacitor banks are now shifted to the backplane board accommodating up to four chan-
nels for parallel stress test scenarios, as portrayed in Figure 4.4. These capacitor banks are rated up to
1.5 kV, offering higher voltage range than the previous prototype, but on the other hand they provide
only about half the capacitance. It should be noted that the capacitor selection is also affected by the
market availability. The backplane board also incorporates an EMC filter to cancel out unintentional
noise to the PSU. It can be seen that the size of this board is designed in a way to fit into the subrack
and subsequently to the 19-inch tower.

Figure 4.4: Backplane board within the subrack of a 19-inch system.

To sum up, this hardware prototype version consolidates the particular features that can render this
reliability stress test system scalable under reasonable size.

4.2.3 Third Hardware Prototype

As far as the third hardware prototype is concerned, there is a series of additional introduced modifi-
cations, in the view of enhancing its modularity and performance. Figure 4.5 presents the lateral and
front side view of the latest prototype. One of the central changes is the shift of D2 (see Figure 3.2) on
the DUT board, as shown in the front view. Therefore, the system’s operator can test different combi-
nations of clamping diodes and DUTs, thus enabling the possibility to resemble realistic application
conditions. Furthermore, this shift allows now the DUT’s heat sink to a small degree to slide back-
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ward or forward along the stress board and simultaneously to maintain its electric potential to power
ground, offering extra flexibility in regard to mounting different types of discrete power devices. In
order to ensure high voltage functionality (1.5 kV dc-link voltage), the edge connector splits in a way
to increase the creepage distance between the high (collector/drain) and low voltage (emitter/source)
potential, as related to the rms voltage according to IEC 60664-1. The last modification of this board
area is about the critical loop inductance of the DUT where both the DUT and D2 are placed relatively
tight as well as the ceramic capacitors, which are placed directly next to them on the stress board.

(a)

(b)

Figure 4.5: Third hardware stress board prototype (100 mm×226 mm): (a) lateral side view, (b) front
side view.

The next stage including significant amendments is the load interface, which is substituted by an
edge connector with card guides instead of the screw-based connection. The main advantage of this
approach is the reduced effort of mounting, and, as a result less time to initialize the stress test. Based
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on the full bridge based DP concept, the required load inductance can be further reduced, which can
assist in the development of compact solution, as shown with the air core coils. Nevertheless, the stray
field might couple noise to sensitive surrounding circuitry which needs to be addressed, as further
discussed in chapter 5. Moreover, the load’s sectioning and the card guides can reduce the mechanical
stress and offer better electrical contact especially in case of a horizontal placement within the tower.

In this hardware prototype, the left half bridge is modified in a way to support the full bridge based
DP test. Consequently, the freewheeling diode D1, a through hole TO-247 rated at 1.7 kV and 110 A
continuous forward current at 100 ◦C, is mounted on a different heat sink type than the previous board
so that it can dissipate energy in a more efficient way. The other side of the heat sink accommodates
the two parallel connected IGBTs, rated at 3.6 kV and 125 A at 25 ◦C from IXYS in a TO-247PLUS-
HV discrete package, offering improved creepage distance. Additionally, based on their reverse-bias
safe operating area (RBSOA), they are capable of turning off 200 A each up to 2.8 kV, which is well
beyond the design limits and consequently covering the design specifications. A new programmable
gate driver, using an inter-integrated circuit (I2C) communication interface, is employed having an
additional redundant protection circuitry, that is the desaturation method. Last but not least, the heat
sink orientations are such that the air forced cooling direction is along the air core inductor’s magnetic
axis. Supplementary holes on the load board could additionally assist in a better-balanced inductor
cooling.

The last introduced feature is the fiber optic arrangement, as noticed on the right hand side of
Figure 4.5b, providing the possibility to connect adjacent channels in a daisy chain so that they can be
sequentially triggered without potential coupled noise issues through standard wired connection.

To conclude, the last hardware version improves the overall thermal management as well as intro-
duces features allowing advanced modularity and configurability of stress tests, reaching the goal of
1.5 kV dc-link voltage.

4.3 Experimental Results

Throughout this section, the most significant experimental results are highlighted, clarifying the de-
sign goals and the way toward to achieving them. In particular, a generic description of the physical
laboratory environment and afterwards the key design characteristics of the stress test system as de-
veloped over the course of the various hardware prototype stages are given. Finally, several examples
of stress tests are presented to demonstrate the stress test bench’s overall performance.

4.3.1 Summary of Laboratory Setup

The generic view of the HV laboratory setup is depicted in Figure 4.6. This laboratory division is
dedicated for HV power electronic applications, used by two projects. In the middle, a rack tower
is located holding the PSUs, the HOST, the Ethernet switch and all the functional safety features.
Specifically speaking, there is a PSU from Keysight Technologies providing supply voltages up to
1.5 kV and currents up to 30 A, and an EL rated at 800 V and 30 A. Furthermore, their power handling
capability is limited to 15 kW and 3.2 kW respectively. Each µC is connected via Ethernet cable
to the Ethernet switch and subsequently to the HOST, as also denoted in Figure 1.2. The dc bus
voltages can be set and measured through the HOST. As for the functional safety, it is realized via a
programmable logic controller (PLC), which monitors the voltages across the HV PSU and the EL.
The hardware setup is situated within a safety box, which is locked via a relay mechanism when
a predefined threshold voltage is exceeded. The voltage level status is signalled with tower lights.
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Finally, the LV power supply provides 24 V for the proper operation of the auxiliary hardware circuits.

HV PSU

EL

HOST

Ethernet
 Switch

Safety
  Box

 LV PSU

Figure 4.6: HV laboratory setup.

Apart from the requisite safety measures, the laboratory is equipped with measuring instruments
necessary for the evaluation of the developed prototypes. All the employed measuring equipment is
listed in Table 4.1. For clarity reasons, all the following presented experiments have been conducted
at room temperature.

Table 4.1: Measurement Equipment

Oscilloscope LeCroy HDO6104 Current Probe LeCroy CP150
Voltage Probe LeCroy HVD3106 Current Probe LeCroy CP030
Rogowski Coil PEM CWT MiniHF 3 - 600 A Fiber Optically Isolated

Voltage Probe
LeCroy

HVFO103Rogowski Coil PEM CWT MiniHF 06 - 120 A

4.3.2 Critical Loop Inductance Estimation

One of the most critical performance indicators of the reliability stress test system is its critical loop
inductance. Generally speaking, in a boost type dc/dc converter the output loop presents the largest
criticality, since the current does not flow continuously. Therefore, its output loop should be theo-
retically minimized so that excessive overshoots can be mitigated. In order to estimate the critical
loop inductance, an estimation technique is employed in this thesis, as analyzed in [78] where loop
resistance errors are eliminated. The advantage of this method is its simplicity and easy applicabil-
ity. The instantaneous turn-on and turn-off Kirchhoff’s voltage law (KVL) equations are combined
together for this purpose. By considering the same instantaneous current at turn-on and turn-off and
subsequently subtracting them, the loop inductance is estimated in Equation (4.1).

Lcr =
vce,o f f−vce,on
dic,on

dt +
dic,o f f

dt

(4.1)
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A DP is applied to acquire the turn-on and turn-off by using an IGBT in a TO-247 package as the
DUT. The voltage drop during the DP is assumed to be negligible and thus its influence is disregarded.
The final outcome of the experiments is depicted in Figures 4.7 to 4.9 and their summary is listed in
Table 4.2 by explicitly considering each hardware prototype.

Table 4.2: Critical Loop Inductance Estimation Results

Units First Second Third
vce,o f f (V) 380 346 372
vce,on (V) 256 192 253.3

dic,o f f
dt (Ans−1) 2.37 1.8 1.47

dic,on
dt (Ans−1) 1.2 0.94 0.85
Lcr (nH) 35 56 51
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Figure 4.7: First hardware prototype - critical loop inductance estimation at 50 A: (a) turn-off, (b)
turn-on.

For each case, the numerical calculation of the emitter current rate of change is performed by
recording its instantaneous value. The measurements for the first two hardware prototypes are per-
formed without the use of heat sink, while the measurement for the third prototype is executed in its
final mounting position, as shown in Figure 4.5b. This has an additional impact on the final outcome.
As already mentioned, the first hardware prototype is composed of SMD diodes and ceramic capac-
itors directly beneath them, hence a shorter loop area is formed. On the other hand, the second and
third hardware prototype are tested with a through hole diode which finally increases the total loop
area. An SMD diode can also be used on the latest DUT board version, in the prospect of further de-
creasing the loop inductance. Therefore, the presented example accounts for the worst case scenario.
Last but not least, some of the potential error sources of the presented method include the accuracy of
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the measuring instruments, their bandwidth, signal processing and read-out errors, parasitic elements
of PCBs and involved components, and potential coupled noise on the probes.
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Figure 4.8: Second hardware prototype - critical loop inductance estimation at 40 A: (a) turn-off, (b)
turn-on.
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Figure 4.9: Third hardware prototype - critical loop inductance estimation at 50 A: (a) turn-off, (b)
turn-on.
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4.3.3 SC Loop Inductance Estimation

Another crucial performance indicator is the minimum applicable SC inductance. The smaller the
stray inductance, the lower the dc-link voltage drop and thus a potential increase of the thermal stress
on the DUT. It should be understood that the modular nature of the system can limit the stray induc-
tance to higher values. Furthermore, the distributed arrangement of the channels can cause impedance
modifications per channel.

A simplified curve fitting model is applied to estimate the loop inductance forming along the capac-
itor bank, the GS, the Hall sensor, the load board, the DUT and the power ground (see Figure 3.3e),
as given in Equation (4.2). Even though the actual circuit arrangement is more complex, the cir-
cuit simplification provides a quick but reasonable estimation. The unknown parameters Rl and Ll
are extracted by applying the non-linear curve fitting solver, described in [73], in Equation (4.2), af-
ter conducting a single SC test, using an IGBT as the DUT, by capturing its collector-emitter voltage
(vce DUT ) and the short circuit current (isc). The supply current is preset to 10 mA, the initial dc voltage
is precharged to 800 V and the input capacitance is the rated value of the input capacitor bank.

vce DUT (t) =VCin(0)−
∫ t

0

isc(t)− isup(t)
Cin

dt−Rlisc(t)−Ll
disc(t)

dt
(4.2)

The first hardware prototype is excluded from this analysis and only the last two are presented, since
they approach the final solution. The final outcome of the experiments is shown in Figure 4.10. Both
cases have similar gate drive conditions except their positive gate voltage, which is set to 16 V, see
Figure 4.10a and 15 V, see Figure 4.10b. The other conditions are the negative gate-emitter voltage
to −5 V and gate resistance to 15 Ω. The summary of the estimated parameters is listed in Table 4.3.
It is evident that the third prototype is strongly affected by the new component arrangement, mostly
attributed to larger on-state GS voltage drop, the load interface and the new GS spatial arrangement.
Therefore, further investigations should be carried out even with the assistance of dedicated software
tools, able to extract loop inductances of sophisticated PCB arrangements. For example, a measure
that can be applied to reduce the stray inductance is to parallel connect many capacitors [39]. Another
helpful measure could be the back to back arrangement of the IGBTs, since their stray field might be
partially compensated.

Table 4.3: SC Loop Inductance Estimation Results

Units Second Third
Ll (nH) 175 480
Rl (mΩ) 29.5 68

4.3.4 SC - Overcurrent Protection Topology

The output of the closed loop Hall sensor is essentially a current signal, which is converted to a
voltage signal by feeding it to a shunt resistor (RM), named measurement resistor, and tied to the µC
ground. This signal is subsequently subject to certain signal conditioning filter stages, as illustrated
in Figure 4.11. Finally, the adjusted signal is read by the µC and is also transferred to the overcurrent
protection.

The general principles of operation of the closed loop Hall sensors are thoroughly elaborated by
the manufacturer in [79]. Some of the advantages include galvanic isolation, fast response time and
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Figure 4.10: SC loop inductance estimation: (a) second hardware prototype (Hall signal across the
measurement resistor), (b) third hardware prototype (Hall signal after the signal condi-
tioning filter circuit).

high accuracy, but, to the contrary, their size is relatively large and they cost more than other tech-
nologies. In this specific application, fast response time is of paramount importance for the detection
of overcurrents and SCs as already mentioned.

Regarding the signal conditioning filters, a low pass filter is initially placed for the attenuation of
potential high frequency noise, meaning that its cut-off frequency is relatively high compared with
the transducer’s bandwidth. Then a resonant filter is necessary, as the step response of the Hall sensor
during a SC pulse causes a resonance, and, as result it can erroneously trigger the protection, as shown
in Figure 4.12. This is attributed to the leakage inductance and parasitic capacitance of the sensor’s
built-in transformer. The introduced resonant filter is tuned in a way to cancel this frequency out,
acting as band stop filter. This idea stems from the twelve-pulse line frequency converter used for
high voltage direct current (HVDC) applications, in which the current harmonics should be cancelled
out, as explained in [80]. The final damped result is depicted in Figure 4.10, as a new introduced
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feature of the last hardware prototype. The next stage includes the differential amplifier circuit, which
scales the input signal to match with the voltage range of the µC. More specifically, it scales an input
signal from 0 A - 500 A to 0 V - 3 V. A small offset is also provided, accounting for potential error
drifts of the Hall sensor. Finally, the signal is transmitted to the µC and the overcurrent protection
comparator, configured in a active-to-low arrangement. The overcurrent voltage reference (VOC,re f ) is
provided via a digital-to-analog converter (DAC).

Immediately after the comparator, the signal is propagated to the error logic circuit, as meticulously
described in [14, 15]. When the comparator’s output is set to low, an error signal drives the gate of
GS to its off-state.
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Figure 4.11: Hall sensor’s signal conditioning filter circuitry.

As it will be shown shortly, repetitive SC testing can cause a SC type II across the GS when the
DUT fails, a quite stressful event for the GS and the D1. Then the current’s rate of change depends on
the ratio of the dc-link voltage and the stray inductance, meaning questionable response of the current
transducer. Therefore, a new programmable gate driver over I2C is additionally investigated, offering
additional features, such as the desaturation protection method, two level turn-off, soft-off, etc.

The desaturation protection method is not analytically covered here, since it is a mature topic and
the reader should refer to [81] for further details. Since the GS is composed of two parallel connected
IGBTs, the desaturation method is designed based on the half maximum allowable current, namely
400 A. The total sum of voltages include the on-state voltage drop at 125 ◦C of the GS, a resistor,
and two series connected diodes to the collector of GS. A charging current flows through this path
when the desaturation protection is inactive. Utilization of this protection method during repetitive
SC testing can be challenging, since the parasitic loop inductance, an unknown parameter during the
design, can cause additional issues. Figure 4.13 shows an example of unwanted trigger scenario and
how to avoid it by increasing the filter time. The DUT is an IGBT subject to SC pulse. The moment the
current rises rapidly, the GS exhibits an overvoltage owing to its parasitic inductance. The desaturation
pin of the gate driver includes a zener diode in order to be protected from overvoltages, clamping close
to 12.5 V. After the temporary overvoltage, the desaturation pin starts charging, since the GS voltage

46



Chapter 4 Hardware Implementation

0 5 10 15 20 25 30
Time ( s)

0

100

200

300

Vo
lta

ge
 (V

) -
 C

ur
re

nt
 (A

)

vce

isc

iHall

Figure 4.12: SC response of the Hall transducer of the first hardware prototype. The Hall signal is
measured across RM.

is such that sets the diodes to be reverse biased. The threshold voltage is programmed to 9.2 V and the
filter time is around 1.2 µs, which eventually triggers the desaturation protection and the GS is turned
off. In order to overcome this issue, the filter time is increased by getting the results of Figure 4.13b.
However, this filter time increase results in a slower reaction in case of DUT failure.

0 5 10 15 20
Time ( s)

0

25

50

75

100

125

150

175

200

C
ur

re
nt

 (A
)

vce_GS
vDesat
isc

1

2

5

8

11

14

17

20

23

Vo
lta

ge
 (V

)

(a)

0 5 10 15 20
Time ( s)

0

25

50

75

100

125

150

175

200

C
ur

re
nt

 (A
)

vce_GS
vDesat
isc

1

2

5

8

11

14

17

20

23

Vo
lta

ge
 (V

)

(b)

Figure 4.13: Desaturation detection method: (a) trigger scenario, (b) no trigger scenario.

A final example for a 350 A SC pulse with the maximum allowable filter time is depicted in Fig-
ure 4.14. It can be seen that the voltage in the desaturation pin is clamped until the voltage across
the GS falls allowing the diodes to be forward biased again and consequently reducing the voltage.
It is evident that this method under these conditions introduces considerable delays, rendering it in-
effective. It should be pointed out that after the high current rate of change, the voltage across the
GS would be expected to drop much faster, a phenomenon requiring further research. In a nutshell,
this additional protection method can be used as redundant option, since the gate driver can be readily
programmed to activate both or either one of the presented protection methods.
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Figure 4.14: Desaturation method response with the maximum programmed filter time.

4.3.5 Comparator Based DP Execution

This section discusses the possibility to use a comparator in the view of executing DPs in a closed
loop. The stress board is equipped with a comparator featuring a latch pin, which in turn is connected
to a NAND gate. The inverting input of the comparator is tied to another DAC providing the reference
signal, whilst the non-inverting input is connected to the current measurement after the differential
amplifier, see Figure 4.11. The output of the comparator together with a reset signal coming from the
µC are connected to the NAND gate, and subsequently its output is attached to the comparator’s latch
pin. When the comparator is triggered, its output transitions to the high voltage state, and, as a result
the NAND gate latches the comparator’s output. Then, this signal can be read by the µC by sending a
DP event afterwards. Such a feature has not been practically implemented yet.

An experiment is conducted to indicate the challenges of this approach. Figure 4.15 illustrates
an open loop DP under 900 V using a toroidal air core inductor as developed in chapter 5. The
trigger level of the comparator is set to 150 A, as denoted by the dashed line. It can be seen that the
comparator changes its state approximately 0.6 µs after the actual current reaches 150 A. At the point
of comparator’s high state, the load current rises up to 180 A indicating that stress tests with small
loads are hard to be achieved with this method. On the contrary, scenarios with higher loads can be
accomplished, since the current’s rate of change is lower.
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Figure 4.15: Open loop DP and comparator’s response.
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4.3.6 GS Design Considerations

This section discusses some design considerations of the latest employed IGBTs, fulfilling the target
mission of the GS. One of properties of the latest hardware prototype is the full bridge based DP
test, in which the GS is required to perform one single turn-off event. From thermal modelling point
of view, the turn-off losses are characterized by using the GS as a DUT with its own freewheeling
diode D1. A DP is applied for different current levels and gate resistances at 1.2 kV, as depicted
in Figure 4.16. This measurements is taken by using the second hardware prototype. According to
manufacturer’s data-sheet and application note [82], it is stated that these devices, at that development
point, are not yet completely latch-up free at elevated temperatures and their voltage rate of change
should be reduced. Therefore, the gate resistance should be increased, as a precaution measure, and as
a consequence it causes the switching losses to increase, as listed in Table 4.4. It is decided to increase
the gate resistance to 100 Ω in order to confine the voltage rate of change at around 10 Vns−1. It is
also clear that at zero current, there is a small amount of turn-on losses, attributed to the parasitic
capacitances that need to be charged or discharged. These losses can also be included in the modelling
for an enhanced performance, though, in this case they are excluded.
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Figure 4.16: DP execution for GS switching loss estimation - Vge = 15 V, −5 V: (a) Rg = 20 Ω, (b) Rg

= 100 Ω.

Some of the potential measurement errors in the switching loss estimation include the delay be-
tween the voltage and current probe, which can be deskewed as proposed in [28], and the time-control
between the adjacent pulses, especially when the gate resistance increases since extra time is required
for the voltage to reach its on-state value. Another effect is the self-heating during the DP, meaning
that short pulses should be applied. In these experiments, a toroidal air core inductor is employed,
as shown in chapter 5. Last but not least, the parasitic effects of the actual hardware arrangement, as
developed in the last prototype, can result in slightly different switching loss profile and the measure-
ments must be repeated again.

A potential research study could also test the long-term behavior of the GSs by using different gate
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Table 4.4: Switching Loss Estimation at Different Current Levels

Ic (A) Eo f f (mJ) - Rg = 20 Ω Eo f f (mJ) - Rg = 100 Ω †

50 1.38 4.06
80 3.2 7.54
100 4.125 -
120 5.39 13.15
150 7.77 17.29
180 10.38 22.36
200 12 25.82

† Used parameters in the simulation model chapter 3

resistors, and their robustness against latch-up. This outcome could lead to further decreasing the
switching losses and subsequently the temperature gradients.

The next design consideration is the symmetrical stress of the parallel connected IGBTs. To this
end, certain design measures should applied such as, splitting the gate resistors to eliminate the risk
of parasitic oscillations, use of a tight thermal coupling interface, and equalizing the parasitic emitter
inductances [83]. Furthermore, any mismatches between the IGBT characteristics can cause dynamic
current sharing imbalances.

In order to evaluate the layout design in terms of the GS dynamic behavior, two operating points
are considered. The first refers to 300 V and load current from 130 A to 150 A, as shown in Fig-
ure 4.17, and the second one to higher dc voltage at 900 V and 195 A, as shown in Figure 4.18. It
is evident that the dynamic behavior exhibits adequate dynamic response with a minor discrepancy
at the last scenario. It can be discerned that there is a slight difference between the parasitic emitter
inductances, causing the manifested undershoot difference. Therefore, this deviation should be exam-
ined thoroughly, in the prospect of improving the dynamic current sharing during the switching event.
Furthermore, additional experiments should be carried out during the practical implementation to test
the performance at all possible operating points.

One of the most important tasks of the GS is to reliably withstand SC type II events when the
DUT fails. In order to examine the GS behavior under this extreme condition, several destructive
experiments take place. Figure 4.19a presents an indicative dynamic response immediately after the
DUT’s destruction. The measured current via the Rogowski coil is saturated approximately at 800 A
due to its range limitations. However, the Hall signal, as measured across the measurement resistor, is
able to follow up to the maximum oscilloscope’s preset voltage window frame. It is obvious that the
current possibly rises even beyond 2 kA, indicating a heavy stress across the GS and then D1. During
this experiment, the overcurrent limit is set to maximum, that is 400 A, and the gate-emitter voltage is
reduced to 12 V. The Miller effect causes the gate voltage to additionally increase, and, as a result the
current rises further. The trigger event occurs roughly 2 µs after the Hall signal reaches 400 A.

During the development of the last hardware prototype, certain measures are applied in the prospect
of alleviating the stress on the GS during such a detrimental event. One major difference is that IGBTs
with smaller transconductance are used in the view of getting smaller saturation current. Another
feature is the two level turn-off provided by the new programmable gate driver with the intention of
avoiding excessive overshoots at turn-off. The last feature is the use of clamping diodes so as to reduce
the Miller effect. It is of paramount importance to ensure that the IGBT enters its saturation area first
before turning it off, otherwise there is a high risk to cause a latch-up, as meticulously described in
[3]. However, it should be mentioned that this phenomenon also depends on the device’s technology.
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Figure 4.17: GS dynamic turn-off behavior under 300 V: (a) collector and emitter current of each
IGBT at 150 A total load, (b) collector-emitter voltages at 130 A total load, (c) and gate-
emitter voltages at 130 A total load.
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Figure 4.18: GS dynamic turn-off behavior under 900 V and 195 A total load: (a) collector and emitter
current of each IGBT, (b) collector-emitter voltages, (c) and gate-emitter voltages.
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Figure 4.19: SC type II across the GS at 800 V - Hall current is measured across the measurement
resistor: (a) second hardware prototype, (b) third hardware prototype - collector-emitter
voltages, (c) and gate-emitter voltages.
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By introducing the new features, the SC type II response of the new IGBTs under identical condi-
tions is illustrated in Figures 4.19b and 4.19c. At first glance, it is noticeable that the Rogowski coil
(isc) is saturated again at a similar value. The Hall signal is also measured across the measurement
resistor (RM), showing a peak at roughly 1 kA. As the SC current rises rapidly, the collector-emitter
voltage rises under two distinctive steps, as determined by the Miller capacitance. During this time in-
terval, the feedback through the Miller capacitance injects a current to the gate. For this reason, there
are clamping diodes provided, connected to the positive gate supply voltage to protect against high
feedback gate voltages. However, this circuit also includes its own parasitic inductance, and therefore
it needs special design attention. Moreover, ringing phenomena might occur due to the interaction
between the parasitic inductances and capacitances, meaning that further research is required. In this
case, the overvoltage is confined up to 23 V, which is smaller than the previous case and for shorter
duration. At that point, the maximum SC current is also reached, which is not measurable with the
employed equipment. Immediately after the collector-emitter voltage reaches its maximum, a short
phenomenon occurs, named self-turn-off (STO) as analyzed in [84]. The gate voltages diminish at
around 5 V and so does the current. Subsequently, the gate voltages return to their previous levels and
the two level turn-off is initiated, meaning that the trigger signal has already transferred. The main
objective of the two level turn-off is to initially limit the current to lower value by reducing the gate
voltage at the first ramp stage, as denoted with the falling time t f 1. Then, there is a plateau region,
in this case programmed to 11 V but the actual value is about 11.5 V. Finally, the last ramp stage is
activated and the current falls to zero. It is evident that the introduced features improve the SC type
II behavior. Last but not least, D1 has to carry the remaining current when the GS’s channel is off,
assisting in the overvoltage reduction, and thus with the two level turn-off this burden is additionally
relaxed.

Some other important facts regarding these experiments are the use of different DUTs, namely
IGBTs of the same voltage class but different capabilities. This can partially affect the total SC
impedance and the final response. Another observed difference is the offset between the two gate
voltages in Figure 4.19c. This is mainly attributed to the dc gain inconsistency, as detected, of the
probes and secondly any potential imbalances in the gate drive unit, which might need further investi-
gation. Although the two level turn-off is fully programmable, the actual response can be affected by
the loading conditions, namely gate charge, parasitic inductance, SC current and the gate resistance.

In principle, the use of different voltage class and technology devices can result in a dissimilar SC
behavior, as already mentioned in chapter 2 and observed. Therefore, their long-term robust behavior
under various operating points should be examined. Since the repetitive SC robustness under SC
type II cannot possibly be studied with the present equipment, their robustness under SC type I and
single pulse SC is evaluated by using the second hardware prototype, giving an indication of their
ruggedness. To this end, two IGBTs are subject to repetitive SC testing and one is subject to single
pulse SC test in order to determine its critical energy [53], as will be presented shortly.

4.3.7 Single and Two-Channel Stress Tests

This section demonstrates the prototypes’ performance for the case study stress tests under single
or two-channel parallel mode operation. Currently, all the condition monitoring is essentially exe-
cuted off-line in the form of read-outs. All the used DUTs are either TO-247 3-pin or 4-pin discrete
packages. Finally, the long-term ruggedness of the complete setup at different operating points is an
ongoing procedure which could only partly be covered within this thesis due to limited testing time
and resources.
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UIS Test

In this section, two experimental examples are demonstrated, as conducted with the second hardware
prototype , one for a superjunction Si MOSFET, as shown in Figure 4.20, and one for a SiC MOSFET
as shown in Figure 4.21. The single pulse UIS experiments are conducted with a load of 53.4µH,
refer to chapter 5.

As for the Si MOSFET UIS test, the gate resistance is selected to 7.5Ω and the gate voltage is preset
to 15V and −10V. Figure 4.20a shows a single pulse UIS test where the input supply voltage is ad-
justed so as to achieve different avalanche energies, as given in Equations (3.9) and (3.10). By further
increasing the energy, the device reaches a point of catastrophic failure as depicted in figure 4.20c.
During this event, the peak current rises up to 87A, after a 10µs pulse. The overcurrent level is preset
to 90A, leading to 3µs trigger time, owing to hardware delays. Apart from single pulse UIS tests,
repetitive testing can be applied, as it is the main objective of the multi-channel system. A stress test
scenario of two DUTs operating in parallel mode with two identical loads of 53.4µH and 50.2µH is
presented in Figure 4.20b.

Regarding the SiC MOSFET UIS test conditions, the gate resistance is opted to 15Ω and the gate
voltage is set to 20V and−5V. The peak current reaches 138A and the overcurrent is programmed to
150A resulting in 2µs trigger time. Such destructive tests not only should be interrupted quickly, but
also the dissipated energy through the DUT should ideally be minimised for a post-failure analysis.

The already developed prototypes reveal that the available load space is relatively limited, which,
in turn indicates that robustness tests with high loads are most probably ineffective to be achieved
with the presented mounting options. They can only be applied externally, which is an unfavorable
solution. Therefore, repetitive UIS tests with smaller loads are the most feasible solution. Last but not
least, the practical implementation of the test system should include research to define the maximum
achievable load given the available space.

SC Test

This section gives an insight about IGBT’s SC behavior by utilizing the developed reliability stress
test system, in particular the second hardware prototype. An experimental repetitive SC test of two
IGBTs, stressed in parallel mode, is presented in figure 4.22a. The gate drive conditions for this
example are set to 15V and −5V gate voltage and 15Ω gate resistance. In order to avoid self-heating
effects, the repetition frequency is reduced to 0.5Hz. The SC pulses for each DUT are sequentially
generated with 20.5ms time delay. The overshoot of DUT 1 is larger, since the current is measured
with the CP150 current probe, which requires a larger loop for proper connection. On the other hand,
the current of DUT 2 is measured with the Rogowski coil. Under these conditions, the peak current
reaches 350A.

Figure 4.22b presents a single pulse SC robustness test where the gate voltage is preset to 16V and
after a successful SC turn-off of 440A peak current, the device fails with a delayed failure mechanism,
as reported and analysed in [53, 55]. The occurrence of this failure mode indicates that the critical
energy is close to the applied energy under the specified conditions [53]. Numerical calculation yields
approximately 8.2J.

In order to competently extend the system’s robustness to reliably perform repetitive SC tests at
dc-link voltages up to 1.5 kV, the third hardware prototype employs IGBTs of higher voltage class,
which can additionally support the full bridge based DP, as already mentioned. The IGBTs of the
second hardware prototype are rated at 1.7 kV, and their switching capability is limited to 150 A, as
stated in their data-sheet based on the RBSOA. Furthermore, their ability to withstand SCs close
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Figure 4.20: UIS test of a superjunction Si MOSFET: (a) single pulse UIS under different supply
voltages, (b) repetitive UIS of two parallel DUTs with 250Hz repetition frequency, (c)
single pulse UIS failure.
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Figure 4.21: UIS test of a SiC MOSFET: (a) single pulse UIS under different supply voltages, (b)
repetitive UIS of a single channel DUT with 500Hz repetition frequency, (c) single pulse
UIS failure and protection scheme reaction.
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to their voltage limits is highly questionable. An additional fact for this system is that a solution
with discrete IGBT packages is preferred over a module one due to its compact design. By taking
into account these facts, repetitive SC are conducted for the assessment of the latest IGBTs, at the
maximum dc-link voltage (1.5 kV), as shown in Figure 4.23a. The gate voltage is set to 13V, limited
by the current measurement range, and the gate resistance to 100Ω, for slow switching reasons. The
two devices has survived 120000 shorts under these conditions and due to the limited time at that
point of the experiment, the test had to stop.

The critical energy for this device is in the range of 18.6J, as estimated by the robustness test of
Figure 4.23b. The IGBT fails after a successful SC turn-off of 40µs and 480A peak current. This
failure event was not captured, as it happened outside the oscilloscope’s time window. Therefore, the
dissipated energy during the SC type II should be limited well below the critical energy, for an overall
system reliability enhancement. As a last statement, it should be noted that this IGBT belongs to a
voltage class above 1.2 kV and their SC capability might differ at different dc-link voltages and thus
should be investigated further [3].
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Figure 4.22: SC test of a 1.2kV - 75A IGBT: (a) repetitive SC test with 0.5Hz repetition frequency,
(b) single pulse SC robustness test.
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Figure 4.23: SC test of a 3.6kV - 50A IGBT: (a) repetitive SC test with 0.33Hz repetition frequency,
(b) single pulse SC robustness test.

DP and SP Test

The last experimental section is devoted to repetitive DP and SP tests, as conducted by using the third
hardware prototype. This includes the comparison between the standard DP and full bridge based
DP, the critical timing issue of the latter concept in terms of proper DUT stress testing, the thermal
performance of a two-channel test at higher dc voltage and finally a SP for a SiC MOSFET outside
its SOA, as stated in its data-sheet. All the tests are conducted by using a Keysight 33622A waveform
generator, since at that point the firmware for the µC was pending.

The first experiment compares the thermal performance between the standard DP and the full bridge
based DP for a trenchstop IGBT of 600 V voltage class having a similar rated freewheeling diode D2.
The stress test conditions are selected as follows, the dc-link voltage is set to 380 V and the peak
current is ramped up to 300 A using the toroidal air core inductor (see chapter 5) with 50 Hz repetition
frequency. As for the gate drive conditions, the gate voltages are preset to 15 V, −5 V and the gate
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resistance to 20 Ω. The outcome is depicted in Figure 4.24, the DP time intervals are based on the
nomenclature of chapter 3 as follows, tr1 = 15 µs, t f 1 = 4 µs and tr2 = 3 µs. All the oscilloscope channels
are downsampled for a proper data acquisition and subsequent data processing. The thermal images
are captured with a forward looking infrared (FLIR) E8 series camera, placed inside the safety box
with no user direct accessibility. Beneath the stress board, there is a fan of sufficient diameter to cool
down the board, consuming roughly 12 W. The airflow direction is denoted with an arrow. The load’s
rms current is already 27 A for the standard DP and 8.2 A for the full bridge based DP test. Therefore,
the use of the standard DP causes the load, the D2 and the GS to be heated up more under the same
stressing conditions, validating qualitatively the simulation analysis.
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Figure 4.24: Comparison of standard DP and full bridge based DP: (a) standard DP test, (b) thermal
image of standard DP test, (c) full bridge based DP, (d) thermal image of full bridge
based DP.

Concerning the full bridge based DP test, its critical timing should be noted, that is the moment of
turning off the GS and turning on the DUT. In this specific case the current temporally flows through
the diodes, which can result in inappropriate stressing. Therefore, certain delay might require to avoid
this phenomenon, as shown in Figure 4.25 by increasing slightly the energy losses. Lastly, it can be
discerned that when the full bridge is in its off-state, the dc-link voltage is gradually applied across
the GS and simultaneously the DUT’s voltage falls to zero.

The next experiments are performed at 800 V and 920 V dc voltage under two-channel parallel op-
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Figure 4.25: Introduction of 1 µs delay to properly stress the DUT.

eration. The results are presented in Figure 4.26, each channel holds a trechstop IGBT rated at 1.2 kV,
75 A and having a similar rated clamping diode. Both tests are executed under 200 Hz repetition fre-
quency. One channel has the air core inductor and the other one the toroidal air core inductor as a
load. In the latter experiment case, auxiliary fans are positioned on the DUT’s heat sink to enhance
the cooling capability consuming roughly 2 W each, as shown in Figure 4.24d. The load’s rms current
of each case is 13.57 A and 8.5 A, respectively. The positive gate voltage is adjusted to 20 V so that
the DUT can turn on properly at high loads. Alternatively, the gate resistance can be decreased. The
current decrement during the first falling time is 6 A and 4 A, respectively. The hottest part of the
system is the DUT as expected.

The last experiment refers to a SP test of a SiC MOSFET, rated at 1.2 kV, in the view of testing its
robustness outside the SOA, as mentioned in chapter 3. In this case study, the dc voltage is precharged
to 1.3 kV and the peak current reaches 112 A, which is more than twice its nominal current. The tran-
sient response together with the setup temperature gradients, as captured by the FLIR, are illustrated
in Figure 4.27. A pulse of 1.7 µs duration is applied to the toroidal air core inductor to reach the
desired peak current. The peak voltage goes up to 1.37 kV during the turn-off event. The repetition
frequency of this stress test is set to 500 Hz. The temperature gradients seem to be low, and, as a result
the repetition frequency can be further increased on condition that the case study failure mechanism
is not greatly affected by the temperature rise.

4.4 Conclusion

This chapter summarizes the different design steps and methodologies followed over the course of this
thesis, in the view of realizing a scalable stress test system by maintaining a relatively compact design
so that it can fit into a subrack system and finally to reap its benefits. However, several trade-offs arise,
for example by shrinking the spatial area allocated for the load, there can be a detrimental effect for
UIS tests requiring high inductances, but otherwise it can assist in the acceleration of repetitive DP
testing as highlighted. Furthermore, reducing the impedance of the SC test needs improved component
placement, as emphasized. This might come into contradiction with the modular goal, namely load
and DUT interface, impinging another limit.

From performance point of view, it is demonstrated that the system can handle stress tests up to
1.5 kV and 400 A. However, its long-term capability could only partly be assessed over the course of
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Figure 4.26: Full bridge based DP test (Rg = 20 Ω, Vge = 20 V, −5 V): (a) two-channel 800 V - 290 A
(load current measured with Hall sensor), (b) single channel thermal image, (c) two-
channel 920 V - 195 A (load current measured with Rogowski coil), (d) two-channel
thermal image.
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Figure 4.27: SP Test of a SiC MOSFET (Rg = 20 Ω, Vgs = 15 V, −5 V) : (a) single channel transient
response, (b) thermal image.
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this thesis, meaning that further long-term reliability tests should be applied. It is also of paramount
importance to highlight that the introduced DP concept, apart from its valuable benefits, presents
a critical point during its execution under the ideal pulse generation. Particularly, in a multi-channel
operation, it is more laborious to tune this critical point for each channel due to the involved tolerances.
Therefore, the gate drive conditions of both active switches (GS and DUT) should be well modelled
in order to accurately turn on the DUT and subsequently turn off the GS and thus to avoid unintended
stress test conditions.
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Chapter 5
Magnetics-Load Interface

5.1 Introduction

The accomplishment of a given stress profile requires the implementation of suitable loads, namely
inductors. Therefore, the development of magnetic components constitute an indispensable part of
this stress test system. The design of magnetics mainly focuses on the DP stress test, due to higher
challenges such as the high peak currents. In general, several factors of the magnetic components
can influence the system’s behavior in long or short term, such as saturation, stray magnetic field,
volume, dielectric withstand capabilities, parasitics, losses, etc. However, an in-depth analysis is
beyond the limits of this thesis and the reader should follow the relevant cited references. Additionally,
the connection of the magnetic components through the load interface has an impact on the stress test
preparation in terms of time. Therefore, different solutions introduce trade-offs which are discussed
and highlighted for further evaluation.

At the beginning of this chapter a mathematical background related to the different inductor solu-
tions is presented. The following sections show the designed inductors for each prototype by pointing
out their advantages and disadvantages. Finally, a discussion takes place regarding their utilization
within the stress test system and certain emerging research topics are highlighted.

5.2 Mathematical Background

5.2.1 Air Core Inductor

The realization of high peak currents in the range of 400 A in a relatively compact design can be solely
achieved by air core inductors. The great benefits of air core inductors are the absence of saturation
due to the excitation current and the absence of core losses. On the contrary, the drawbacks are the
stray field and the necessity for a higher number of turns for achieving a given inductance which can
have an influence on the winding losses and the self-resonance frequency.

The cross section of a multilayer coil wound on a circular bobbin is depicted in Figure 5.1. This type
of air core inductor can be constructed relatively easy and its inductance is estimated by an empirical
equation, known as the Wheeler’s formula, and given in Equation (5.1) [85], where L is the inductance
in µH, r, w, and h are the average radius, width and height of the coil in meters respectively, and N is
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the number of turns.

L =
4000r2N2

127(6r+9h+10w)
(5.1)

w

h

r

Aw

Figure 5.1: Cross section of air core inductor.

Based on the given geometry and a desired inductance, one can set an optimization problem for a
minimum dc-resistance, which is solved in [85]. The optimal solution is given in Equation (5.2).

Rdc,min =
5.395ρL3/5

γ1/5A4/5
w

lmin =
5.395A1/5

w L3/5

γ1/5

N =
0.6656γ1/5L2/5

A1/5
w

h =

√
10γAwN

3γ

(5.2)

Where Aw is the cross section area of the used wire, γ is the winding filling factor, ρ is the resistivity
of the wire material and l is the length of the wire (l=2πrN). By substituting the optimal number of
turns into the height, it yields in Equation (5.3).

h =
0.86L1/5A2/5

w

γ2/5 (5.3)

Likewise for r and w in Equations (5.4) and (5.5) entails that r = 1.5h and w=0.9h for the optimum
coil geometry.

r =
lmin

2πN
=

1.29L1/5A2/5
w

γ2/5 (5.4)

w =
NAw

γh
=

0.774L1/5A2/5
w

γ2/5 (5.5)
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5.2.2 Toroidal Inductor

A toroidal inductor and its geometry are shown in Figure 5.2. The inductance of this type of inductor
is calculated by applying the Ampere’s law around a circle of radius r as denoted by the dashed line.
Then the magnetic flux density is expressed as a function of the radial distance Equation (5.6) [86].∮

~B · d~l =
∮

B · dl = B2πr = µoµrNI

B =
µoµrNI

2πr

(5.6)

Subsequently, the magnetic flux can be obtained by integrating over the rectangular cross section
Equation (5.7).

Φ =
∫∫

~B · d~S =
∫ r2

r1

µoµrNI
2πr

hdr =
µoµrNIh

2π
ln(

r2

r1
) (5.7)

Finally, the inductance is derived as the ratio of the total flux over the applied current, given in
Equation (5.8).

L =
NΦ

I
=

µoµrN2h
2π

ln(
r2

r1
) (5.8)

h

r2
r1

r

dr

r

B

Figure 5.2: Geometry of a toroidal inductor with a rectangular cross section.

A simplified version of Equation (5.8) is employed in many applications, in case r1 � r2− r1,
yielding Equation (5.9), where Ae is the cross section of the toroid.

L≈ µoµrN2Ae

2πr1
(5.9)

5.3 Load Design

For each hardware prototype different inductors has been constructed in order to evaluate the hardware
performance. Therefore, each section describes the realised inductors for the case study prototype.

5.3.1 First Hardware Prototype

For the assessment of the first hardware prototype, an air core inductor of 180 µH is set as a design
target. An enamelled magnetic wire with cross section Aw= 2.081 mm2 is employed. By substituting
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in Equation (5.2) for the optimal solution gives Equation (5.10).

N = 72.72γ
1/5

h =
12.96
γ2/5 mm

r =
19.45
γ2/5 mm

w =
11.66
γ2/5 mm

(5.10)

Assuming a filling factor γ = 0.8 yields:

N = 70

h = 14.17mm

r = 21.26mm

w = 12.75mm

Therefore, the outer diameter is OD=55.27 mm and the inner one is ID=29.77 mm. Based on the
available bobbins in the laboratory, the constructed inductor ended with 84 number of turns, by totally
filling the bobbin across the height, as illustrated in Figure 5.3a. It is a 5 layer inductor, in which
the last number of turns are not distributed uniformly across the height of the bobbin. Based on the
obtained geometry, Equation (5.1) gives an inductance of 184.5 µH.

(a)

Rw(f )

L

Cp

(b)

Figure 5.3: First hardware prototype: (a) geometry of air core inductor (r=21.075 mm, w=13.85 mm,
h=30 mm), (b) equivalent lumped model [87].

For the measurement of the acquired inductance an Agilent 4294A precision impedance analyzer is
employed. The small signal frequency response is depicted in Figure 5.4. The inductance is estimated
at low frequencies around 1 kHz where the effects associated with the parasitic capacitance and ac-
resistance are negligible, as shown in Figure 5.3b. An inductance of 175.3 µH with a dc-resistance of
approximately 95 mΩ is obtained. The parasitic capacitance is estimated based on the self-resonance
frequency, occurring at 2.867 MHz. By neglecting the effect of the ac-resistance around the resonance
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frequency, it can be calculated in Equation (5.11) [88].

Cp =
1

ω2
resL

(5.11)

Consequently, it is roughly Cp=17.58 pF. It should be noted that the inductor is relatively loosely
wound, due to the fact of increased space between adjacent layers. Furthermore, the majority of
stored electric energy is concentrated between successive layers as highlighted in [89, 90], explaining
the relatively low acquired capacitance regardless of the high number of turns.
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Figure 5.4: Small signal frequency response: (a) amplitude(| ~Zm |)-phase(θ), (b) ac-resistance (Q-
factor error influences the accuracy around the self-resonant frequency).

As far as the winding resistance is concerned, it can be extracted from the impedance analyzer
measurement following the methodology presented in [88]. The small signal impedance measurement
is given in Equation (5.12).

~Zm = Rm + jXm (5.12)

By substituting the equivalent lumped model of Figure 5.3b and solving for Rw yields in Equa-
tion (5.13).

Rw(ω) =
1

2C2
pω2Rm

(
1−
√

2LRmC2
pω3−2RmCpω+1

√
−2LRmC2

pω3 +2RmCpω+1
)

(5.13)

The final result is plotted in Figure 5.4b, it can be seen that the resistance increases to a noticeable
extent even at lower frequencies in the range of 10 kHz. In principle, the winding resistance’s depen-
dency on frequency is attributed to skin and proximity effect, and, as a result the current does not flow
uniformly within the wire. The outcome is reasonable since a single magnet wire is used.

The relation between the DP and the introduced energy losses of the load are not covered in this
thesis. However, it should be emphasized that the repetition frequency is mostly retained to low fre-
quencies in the range of few kHz depending on the stressing conditions, hence the spectrum of the
current is also confined at low frequencies as well as the ac-resistance. Nevertheless, the switching
events might cause the development of high oscillations adding some high frequency spectrum compo-
nents of low amplitude. A potential impact of a high ac-resistance may occur during the DP execution,
specifically the moment of the DUT off-state. The time domain effect of the high ac-resistance can
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cause larger current drop during this interval. Such an approach is given in [91] for improved time
domain transformer models.

5.3.2 Second Hardware Prototype

During the development of the second hardware prototype, it was set as a goal to design 50 µH loads.
Two different types of inductors were designed, one with magnetic core and the other one with air
core. The design area is confined to 65 mm×65 mm×70 mm as specified in the PCB layout. Fur-
thermore, a Litz wire is used in order to reduce the ac-resistance. The following sections discuss the
aforementioned solutions.

Air Core Solution

For the construction of the air core inductor an off-the-shelf bobbin together with an available Litz
wire in the laboratory is employed. The Litz wire includes 50 strands of 0.355 mm diameter each,
and thus Aw = 4.95 mm2 total cross section area. It is worth mentioning that each strand has its own
insulation and the bundling of these strands together leads to a smaller filling factor. The bobbin and
the layout area itself impose some dimensional constraints, such as the outer diameter limited to OD
= 65 mm, the inner to ID = 23 mm and the height to h = 23 mm. Table 5.1 shows the optimal solution
for a filling factor of γ = 0.7 together with the constructed one. The realized inductor deviates from
the optimal owing to imposed limitations. The minimum dc-resistance is calculated by using the
resistivity of annealed copper at 25 ◦C, which is ρ = 1.757×10−5 Ωmm.

Table 5.1: Optimal and Suboptimal Solution
Optimal Implemented

N 34 42
h(mm) 16.36 23
r(mm) 24.55 22
w(mm) 14.72 21

l(m) 5.26 5.8
Rdc(mΩ) 18.68 20.58

The small signal frequency response of this coil is depicted in Figure 5.5. The self-resonance occurs
at 6.4 MHz, from which can be deduced by evaluating Equation (5.11) that the parasitic capacitance
is Cp = 12.7 pF. Figure 5.5b shows an Ls−Rs measurement in order to approximate the actual induc-
tance. The outcome gives around L = 48.8 µH and dc-resistance close to 23.5 mΩ.

At this point, some of the potential error sources in the impedance measurement should be men-
tioned as described by an application note of Keysight in [92]. Initially, an open and short compensa-
tion should be applied so that fixture residuals impedances can be deducted from the DUT impedance
measurement. For magnetic core inductors an auto level control (ALC) function should be activated
because they exhibit non-linear magnetization characteristics, and, as result a constant current is in-
jected through the DUT. Another source of error might occur when the DUT is an air core inductor,
resulting in eddy currents in the fixture itself. Last but not least, the Q-factor measurement accuracy
is crucial, especially for high Q-inductors which can cause significant deviation of the absolute value.
It should be noted that remote data reading for most cases was not possible due to bridge imbalance
errors during the reading process attributed to the Q-factor error.
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(a) (b)

Figure 5.5: Small signal frequency response of the air core inductor: (a) self-resonant frequency -
6.4 MHz, (b) at 1 kHz, inductance of 48.8 µH and Rdc ≈ 23.5 mΩ.

Magnetic Core Solution

For the design of the magnetic core inductor two different types of magnetic cores from Magnetics®are
evaluated. Both types are powder cores with distributed air gap. One of the design criteria is the
high saturation flux density leading to high flux (FeSi) and Kool Mµ®(FeSiAl) composition alloys
presenting 1.5 T and 1 T saturation flux density respectively. The latter core material is 4-6 times less
expensive than the former material according to manufacturer. Moreover, Kool Mµ®shows slightly
less core losses than the high flux core. The strongest benefit of the high flux material is its saturation
level which is required for reaching high peak currents.

The relative magnetic permeability is selected to µr=14, providing the maximum saturation levels.
In general the magnetomotive force should be sustained low, meaning that both the current and the
number of turns need to be kept low. In this case the number of turns can be reduced by stacking
more cores. Therefore, two toroidal cores are stacked together in order to reduce the number of
turns and thus the magnetomotive force. The dimensions of the toroidal cores are as follows OD =
63 mm, ID = 31.7 mm and h = 26 mm. The toroid’s cross section is not an ideal rectangle, however,
the manufacturer provides the cross section Ae = 360 mm2 and the average magnetic path length le
= 144 mm. Consequently, Equation (5.8) is not accurate enough to determine the number of turns.
Additionally, Equation (5.9) is also not accurate since the thickness of the toroid is by no way smaller
than the internal radius. In this case, a more accurate approach is to take the average magnetic path
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length, and, as a result the number of turns can be estimated by Equation (5.14).

N =

√
Lle

2Aeµoµr
(5.14)

By substituting the known parameters, the number of turns are N ≈ 24.
By assuming an ideal winding factor the minimum attainable dc-resistance is calculated in Equa-

tion (5.15), where ρ = 1.757×10−5 Ωmm (at 25 ◦C), lpert urn = 135.3 mm and Aw the same as that of
the previous air core inductor design.

Rdc =
ρNlpert urn

Aw
= 11.52mΩ (5.15)

The final design is presented in Figure 5.6 with its small signal frequency response. This inductor is
a single layer inductor with self-resonant frequency fres = 8.38 MHz, yielding a parasitic capacitance
of Cp = 6.7 pF. It can be seen that the actual dc-resistance is larger than the minimum one due to the
non-ideal filling factor. The initial inductance for this design is L = 53.4 µH.

As for the high flux magnetic core a slightly different approach is followed. Each core is wound
separately and then the final two inductors are connected in series. The final design yields an inductor
with N = 23 of inductance L = 50.2 µH, parasitic capacitance Cp = 7 pF and dc-resistance measured at
1 kHz approximately Rdc ≈ 18.5 mΩ due to individual winding.

(a) (b)

Figure 5.6: Small signal frequency response of the magnetic core inductor (Kool Mµ®): (a) self-
resonant frequency - 8.38 MHz, (b) at 1 kHz, inductance of 53.4 µH and Rdc ≈ 16 mΩ.
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(a) (b)

Figure 5.7: Inductor location on the stress board: (a) air core inductor, (b) high flux inductor (884 g
weight).

Pros and Cons of the Implemented Inductors

The location of each inductor on the stress board is determined by the forced air flow (cooling) and
the stray magnetic field regarding the air core inductor. Figure 5.7 shows the final location of each
inductor on the second hardware prototype stress board. As for the air core, its magnetic flux axis is
placed parallel to the board in order to alleviate the influence of the stray field on the PCB and the
surrounding components. This orientation offers better cooling capability, since the air can easily pass
through the inner of the toroids.

The single layer design compared with the seven layers of the air core gives smaller parasitic ca-
pacitance which reduces the stress on the DUT. This capacitance is added to the parasitic capacitance
of PCB, diode and DUT which affects the channel current during switching events because of the
voltage gradients, as also elaborated in [93].
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Figure 5.8: Saturation current level: (a) high flux inductor, (b) Kool Mµ®inductor.

The magnetic core inductors should be also evaluated in terms of their ability to sustain peak cur-
rents without saturation. In order to test it, a single DP is executed at 400 V, as shown in Figure 5.8.
Regarding the high flux inductor, the DP includes the following time intervals: 21 µs on-state, 4 µs off-
state and 3 µs on-state, while the Kool Mµ®inductor has 19 µs on-state, 4 µs off-state and 3 µs on-state.
The inductance is estimated by evaluating Equation (5.16), where ∆t is the case study time interval,
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∆I the current difference in the case study time interval, and Vdc the applied dc voltage.

L' Vdc∆t
∆I

(5.16)

The dc voltage is assumed to be constant during the DP. During the first on-state the ∆I is 165.2 A
and 152 A for the high flux and the Kool Mµ® respectively. Hence, the inductance is estimated to
be 50.8 µH and 49.98 µH, indicating that the Kool Mµ® inductor starts saturating. During the second
on-state time interval the inductance is estimated to be 46.45 µH and 37.7 µH, demonstrating that the
high flux inductor can carry peak currents up to 200 A and the Kool Mµ® up to 150 A before their
saturation occurs.

Concerning the ac-resistance of the two coils, it is shown in Figure 5.9 as extracted from Equa-
tion (5.13). By qualitatively evaluating the graph, it is evident that the ac-resistance of both coils
starts increasing at higher frequencies compared with the first hardware prototype inductor in Fig-
ure 5.4b due to the Litz wire. When the proximity losses start dominating, the ac-resistance of the air
core inductor starts increasing at lower frequencies, since it is a seven layers coil. On the other hand,
the magnetic core inductor exhibits better performance due to single layer construction.
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Figure 5.9: Ac-resistance of the constructed inductors.

It should be emphasized that the ac-resistance of the magnetic core inductor includes the core
losses, which are reflected in the impedance measurement contributing to the real part, as highlighted
in [88], shown in Figure 5.10. Therefore, Equation (5.13) gives the effective series resistance (ESR)
for magnetic core inductors. The small signal core losses are estimated with the Steinmetz equation,
yielding Equation (5.17), where Ve is the effective volume 51800 mm3 [88]. The ac-excitation current
is 20 mA and the constants α, β and k are provided by Magnetics®. The accuracy of the Steinmetz
model is greatly reduced at low frequencies where the complex permeability model provides more
solid results. On the contrary, the Steinmetz model is more reliable at higher frequencies [88]. Last
but not least, the core losses in the large signal analysis will have a considerably different profile.

73



Chapter 5 Magnetics-Load Interface

Such an analysis is not covered in the context of this thesis and is left as a future study topic.

Rc,e f f = 4Vek1Îβ−2

k1 = k f α(
L

N2Ae
)β

(5.17)
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Figure 5.10: Winding resistance of the the Kool Mµ®inductor: (a) ac-resistance, (b) equivalent lumped
model including the core resistance (normally represented in parallel, its series reflection
to the measurement is highlighted here).

Finally, a crucial topic for a safe design is the voltage difference between adjacent turns. In general,
a multilayer inductor can experience larger voltage differences especially between different layers,
which has to be withstood by the insulation of the employed wire. For example in [89], different
winding schemes are presented where the optimal winding scheme, called bank, minimizes the voltage
difference between adjacent turns. Nevertheless, the realization of such scheme is strenuous and can
be affected by the core shape as well.

5.3.3 Third Hardware Prototype

As has been already mentioned, the main purpose of the DP stress test is to study the behavior of
the power devices under hard switching conditions. Hence, the self-heating effects due to conduction
losses should be reduced, ideally minimized. Based on this rationale, the loads should be reduced so
that the conduction intervals can be shrunk. Additionally, an edge connector is introduced instead of
a screw-based load interface, consuming less time for the connection. Another detrimental effect is
the stray field of the air core and therefore an alternative solution is also discussed in this section by
introducing toroidal air core inductors.

Taking into consideration the aforementioned facts, 10 µH inductors are designed which can be
connected in series within the load interface as shown in Figure 5.11. This flexibility enables the
possibility to design dedicated inductors in the available design area. There are also card guides
offering extra mechanical and electrical support between the boards for an enhanced connection.
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(a) (b)

Figure 5.11: Third hardware prototype: (a) load board (40 mm×70 mm), (b) card guides and load
connection.

Toroidal Air Core Inductor

The construction of the toroidal air core inductors is realized by employing a wooden bobbin, having
OD = 60 mm, ID = 25 mm and height h = 18 mm. Since the cross section is rectangular the required
number of turns for a 10 µH can be found from Equation (5.8). The results gives a rounded number of
56 turns. A different type of Litz wire is used for these coils, having 990 strands of 71 µm diameter
each, and thus Aw = 3.92 mm2 total cross section area. The window area of this coil is 491 mm2, while
the total cross section area of the Litz wire including the wrapping is 7.07 mm2, which barely can fit
the required number of turns.

Experimentally a 9.2 µH inductor was implemented having 41 turns. it is worth mentioning that a
bank winding technique was attempted but the geometry of the bobbin and the high number of turns
affected the final winding arrangement. It should be stressed that the attained flux per turn, linked
with the surface per turn, and the mutual inductances are quite complicated to predict, a topic which
is beyond the scope of this thesis. However, there are advanced methods in literature, for example as
presented in [94] for estimating air core inductances of various geometries. The small signal frequency
response and the inductor itself are depicted in Figure 5.12. The parasitic capacitance is roughly Cp =
11.7 pF.

Air Core Inductor

For the air core inductor a similar approach is followed, as previously shown. The implemented and
the optimal solutions are listed in Table 5.2 for a filling factor γ = 0.7. The same bobbin has been
employed again, giving a final inductance L = 9.4 µH, measured with impedance analyzer as shown
in Figure 5.13. By evaluating Equation (5.1) with the dimensions of the implemented coil gives an
inductance of 9.5 µH showing excellent agreement with each other. The parasitic capacitance of this
coil is roughly Cp = 10.4 pF, based on its self-resonance frequency (4-layer).

The ac-resistance for each inductor is illustrated in Figure 5.14. The smaller wire cross section
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(a) (b)

Figure 5.12: Small signal frequency response of the toroidal air core inductor: (a) self-resonant fre-
quency - 15.3 MHz, (b) at 1 kHz, inductance of 9.2 µH and Rdc ≈ 16.6 mΩ.

Table 5.2: Optimal and Suboptimal Solution
Optimal Implemented

N 19 19
h(mm) 10.8 15
r(mm) 16.2 17.75
w(mm) 9.72 12.5

l(m) 1.91 2.12
Rdc(mΩ) 8.56 9.5

improves the ac-resistance in a broader range of frequencies compared with the previous air core
inductor. Furthermore, the decreased number of layers probably assists in the reduction of the prox-
imity losses. This is evident for the toroidal air core inductor, in which the field distribution results
in a smaller ac-resistance. Even though the outcome is better by using thinner Litz wire, the cost of
such a solution increases. Therefore, a trade-off between performance and cost arises, which is not
addressed here.

Finally, two inductors are placed in a series connection of identical characteristics for each type.
The total inductance of the two series air coils yields 19.6 µH, whilst for the toroidal air core inductors
yields 18.4 µH. The air core presents a total parasitic capacitance Cp = 7.3 pF and the toroidal one Cp
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(a) (b)

Figure 5.13: Small signal frequency response of the air core inductor: (a) self-resonant frequency -
16.1 MHz, (b) at 1 kHz, inductance of 9.4 µH and Rdc ≈ 9.9 mΩ.

= 5.6 pF. The total mass of the toroidal inductors is around 323 g, roughly twice as that of the air core
inductors 173 g. The result shows that the air core inductors are less bulky than the toroidal and have
smaller dc-resistance. On the other hand, the toroidal coils exhibit better ac-resistance and potentially
less stray field.

As for the stray field of each inductor, it is evaluated qualitatively by placing a passive probe in a
closed loop above the inductor during a DP execution, shown in Figure 5.15a, so as to capture the
induced voltage. Figure 5.15b indicates that the toroidal air core has negligible stray field at least in
this direction. On the contrary, the air core inductor induces a voltage, which depends on the loop
area, the magnetic density, angle and frequency. In case that the air core inductor influences the
performance of adjacent circuits, it renders the toroidal air coil the sole problem solution.

5.4 Peak Current Estimation

The determination of a precise switching current is critical for this application and is influenced by
several factors, such as the gate drive conditions, the load and the involved propagation delays. This
section discusses the possibility of applying a pretesting routine so as to determine the peak current.
However, its feasibility might limited by the microcontroller and other facts, as shortly analyzed.

The main idea of this routine is to oversample the load current, sensed by the Hall sensor, during a
predefined DP or single pulse, and then numerically calculate the current derivative. By considering
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Figure 5.14: Ac-resistance of the toroidal and air core inductor.

the time interval in which the derivative of current is positive and multiplying that by its mean value,
the load peak current can be estimated. Two examples at 200 V are plotted in Figure 5.16, in which
the microcontroller applies a 10 µs pulse. These waveforms have been captured and sampled with
100 MHz sampling frequency by an oscilloscope. As mentioned earlier, this sampling frequency
is quite challenging for a microcontroller, meaning that its conversion outcome at lower sampling
frequencies might be quite different than the presented one.

As for the air core measurement, the load current cannot be easily measured due to the stray field’s
presence and the tight load interface Figure 5.11, hence the Hall sensor’s measurement accuracy is
considered. In Figure 5.16a the numerically calculated emitter and Hall sensor current derivative
can be seen, where the Hall signal shows a delay of around 500 ns, primarily caused by the sensor’s
reaction time and secondarily by the signal conditioning filter. During the switching events, there is
additionally some noise in the Hall sensor’s signal which might be attributed to coupled noise into the
probes or can be directly coupled into the circuitry itself. Despite that fact, the time interval for the
average di/dt calculation starts around 1.16 µs and ends at 10.9 µs, giving 9.73 Aµs−1. Multiplying
that with the time interval yields a peak current of 94.77 A, whilst the actual sensor’s peak current
is 94 A relatively close to the real one. By applying the same procedure for the measurement of the
emitter current (Rogowski coil), the average slope is 8.98 Aµs−1, giving a final peak current of 88.1 A,
whilst the actual is 87.86 A. It should be noted that there is some discrepancy between the load’s peak
current and the actual switching current, affected by the gate drive conditions.

The second example is performed with the two series toroidal air core inductors, as shown in Fig-
ure 5.16b. In this case the load current can be measured with a Rogowski coil since the stray field
is negligible. The average slope calculated with the Hall sensor is 9.71 Aµs−1 (0.9 µs - 10.8 µs), giv-
ing a peak current of 96.12 A, while with the Rogowski coil the average slope is 9.6 Aµs−1 (0.6 µs -
10.6 µs), giving a peak current of 96 A. The actual load peak current is 96.25 A, proving the accuracy
of this method for predicting the load peak current. In this case the switching current is approximately
95.5 A.

The last example presents the same methodology, performed at 500 V with an IGBT rated at 600 V.
At first glance, it can be observed that the Hall sensor’s signal deviates more than the actual load
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Figure 5.15: Stray field evaluation: (a) experimental setup, (b) induced voltage across the passive
probe.

current. In order to estimate the switching current, it could be possible to either measure the gate-
source voltage or the collector-emitter voltage. Capturing these signals with sensors has yet to be
implemented and it is presented here in order to understand the challenges. This time the slope is
determined by the gate-source signal, namely when it is approximately at the point of Miller plateau.
The Rogowski coil measurement yields a peak current of 164.73 A. By assuming a deterministic
reaction time of 500 ns as given in the data-sheet, the derivative of the sensor is shifted and the same
procedure is applied, giving 159.26 A. As in the previous cases, the load peak current is estimated
with the Rogowski coil to 165.7 A and with the Hall sensor to 160.35 A, while the actual is 166 A. It
can be concluded that the Rogowksi coil measurement is highly accurate, while that of the Hall sensor
gives a relative error of 3.4 %. All in all, this methodology has a great potential, however the limited
sampling frequency, noise, high slopes may render this method unfavorable.
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Figure 5.16: Peak current estimation: (a) air core inductor (19.6 µH), (b) toroidal air core inductor
(18.4 µH).
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Figure 5.17: Peak current estimation (toroidal air core inductor), Halls sensor’s derivative signal is
shifted by 500 ns as denoted with the dashed blue line.

5.5 Conclusion

This chapter provides an introduction to the magnetics design targeting the accomplishment of dy-
namic pulse stress testing, and mainly intended for DP. Over the course of the hardware prototype
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development, different loads and load interfaces have been adopted. Particularly, the toroidal air core
inductor is the most attractive solution due to low or negligible stray fields, especially when high peak
currents are necessary. The air core inductor comprises the most compact solution with the penalty of
stray field, which needs further investigations in terms of near field coupling with the pending signal
conditioning circuitry. As for the magnetic core inductor, it can provide low parasitic capacitance for
a single layer design and ac winding losses with the drawback of lower peak currents. The preparation
of such tests needs considerable effort, which can be reduced by employing a modular design, as pre-
sented in the development of the third hardware prototype by means of an edge connector. Finally, the
possibility of predicting the peak current with the introduced method together with its shortcomings
is also presented.
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6.1 Introduction

This chapter is mainly related to the author’s published article in [16]. As has already been highlighted
in chapter 1, the intention of this multi-objective stress test system is to perform various types of
tests in a multi-channel manner so as to enrich the statistical significance of the result. However,
setting up such repetitive reliability tests for multiple channels requires substantial manual labour. To
partially overcome this hassle, this chapter introduces a configurable gate driver based on an active
gate drive (AGD) solution with adjustable gate voltage rails, which can be software programmed. This
in turn enables an operator to set variable turn on/off speeds without hand-operated switching speed
adjustment by gate resistors, as will be shown later. Last but not least, it should be pointed out that
the CSGD development is a part of the first hardware prototype.

In general, most of the power electronic applications utilize a passive voltage source gate driver,
named conventional gate drive (CGD), due to simplicity and cost reduction [95]. Such a solution is
still prevalent, though, this chapter investigates alternative solutions offering less manual intervention.
Therefore, the attention is turned to AGD concepts, where customized performance is provided for
attaining the application’s objectives. Some of the most recent studies are summarized in [95, 96, 97,
98, 99] where an in-depth overview of the different methods, such as open loop versus closed loop
gate control, status feedback and protection techniques, are presented. From a stress test system point
of view, the goal is to apply a dynamic repetitive stress so as to study the long-term behavior of the
devices under hard switching conditions. Additionally, a simplified test pattern should be generated
and executed repetitively, preferably by a not too complex local microcontroller.

By analysing the potential solutions, closed loop and feedback status solutions offer the flexibility
of independent di/dt, dv/dt or even overall slope shaping control, which could be employed for sophis-
ticated stress test scenarios. However, they tend not only to increase complexity and cost, especially
the digital option, but also their required feedback circuits should be adjusted for different DUTs,
introducing challenges as shown in [100]. Therefore, an open loop gate drive solution is preferred
due to less cost, complexity and space requirements for a multi-channel system. In [101] an open
loop CSGD for IGBTs with switching speed adjustment is proposed, however an accurately timed
switching pattern for proper pulse execution is required. Another open loop approach is the employ-
ment of step-wise switched resistors but its flexibility is mainly limited by the fixed amount of parallel
resistors, which is not in favour for a reliability stress test [102, 103]. Taking into account these facts,
an open loop CSGD is proposed, whose gate current is adjusted via DACs in a closed loop manner.

82



Chapter 6 Configurable Gate Driver

Furthermore, low-dropout voltage regulators (LDOs) are employed for setting the desired gate voltage
for the respective DUT.

This chapter covers topics, such as the circuit architecture of the CSGD, a qualitative compari-
son between a CGD and the CSGD during a single DP execution for various switching speeds, the
derivation of the CSGD’s small signal output impedance and its importance against external voltage
disturbances, its small signal stability analysis extracted by a SPICE model, the comparison between
the experimental and simulation results and finally potential performance improvements in the form
of simulations.

6.2 CSGD Circuit Architecture
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Figure 6.1: Circuit diagram of the closed loop CSGD.

The circuit diagram of the introduced CSGD is depicted in Figure 6.1. The gate driver is com-
posed of two voltage controlled current sources, one P-type and the other one N-type (PMOS/NMOS
driver) in a closed loop arrangement for a predefined charging and discharging current. Each current
source employs a sufficiently fast operational amplifier to drive the PMOS/NMOS into its saturation
operating area. This is accomplished by configuring the operational amplifier in a way to act as a
proportional integral (PI) controller. The required signals are realized by a current sensing resistor
RM 1, RM 2, whose voltage drop is fed back to the inverting input and a voltage reference signal con-
nected to the non-inverting input. The voltage reference is set through a DAC over an isolated serial
peripheral interface (SPI) communication. Subsequently, the operational amplifier regulates the gate
voltage of the PMOS/NMOS driver in way that the sensing resistor’s voltage drop is equal to the volt-
age reference, and therefore a gate current control. An additional high ohmic resistor is connected in
the negative feedback path in combination with a zener diode for discharging the PMOS/NMOS gate
voltage and clamping it to a designed zener voltage level. These operational amplifiers are supplied
relative to the adjustable positive and negative rail. Just like the operational amplifier’s supply, the
DACs are supplied relative to the adjustable rails.
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Figure 6.2: SPI and hardware interface of the CSGD. The red block arrow denotes the SPI commands,
whilst the green notched arrow indicates the adjustable gate voltage rails. Turn-off current
source, prototype dimensions: 27 mm x 22 mm, located on bottom side. Turn-on current
source, prototype dimensions: 27 mm x 31 mm, located on top side. Signal isolators and
DACs occupy a space of 29 mm x 25 mm.

The adjustable voltage rails are realized with LDOs, whose output voltage can be regulated with a
reference signal provided via another DAC over the SPI interface. They support positive gate voltage
up to 24 V and negative one up to −15 V. Subsequently, there are some buffer capacitors to support
these supply voltages over the switching process.

The loading procedure and execution is explained with the assistance of Figure 6.2. In the begin-
ning, an initial SPI command is sent via the µC for setting the desired gate voltage rail across the buffer
capacitors Cbu f f er 1 and Cbu f f er 2. Subsequently, suitable voltage references are loaded via DAC 1 and
DAC 2 for attaining specific gate current. It is worth noting that the voltage reference is maintained
during the total pulse duration, which is a property of the source code. For example, in case of a DP,
if the first pulse is 10 µs then the voltage reference will be active during this time interval.

6.3 Preliminary CSGD Assessment

One of the major objectives of the CSGD is to drive IGBT devices sufficiently fast so that the DA
phenomenon can be studied, as highlighted in chapter 2, as well as potential parameter shifts of
MOSFET devices owing to repetitive hard switching events. Therefore, adequately high peak gate
current should be obtained. To this end, the first hardware prototype incorporates PMOS and NMOS
switches able to provide high currents (Case I), as listed in Table 6.1. Furthermore, a CGD is included
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Table 6.1: CSGD Experimental Parameters

Case I † Case II
R2

‡ 520Ω R2
‡ 150Ω

R1
‡ 130Ω R1

‡ 100Ω

C ‡ 100pF C ‡ 10pF
PMOS DMP6180SK3 PMOS BSS83P *

NMOS IRLR024N NMOS 2N7002 *

† Initial design
‡ Refer to Figure 6.7
* Two in parallel

for performance comparison reasons.
The preliminary experimental evaluation of both gate drivers is conducted by applying a single DP

while using as a load the air core inductor of Figure 5.3 and dc-link voltage of 150 V. The gate voltage
is preset to 20V and−8V. The gate current measurement is achieved by a short cable encircled around
the current probe (CP030) to the gate path of the DUT. Then, the DP is executed for testing the CSGD
and the CGD at various turn-off events. The current is initially ramped up to 75A and afterwards to
120A, for either an IGBT or a MOSFET.

The first group of waveforms refer to an IGBT in a TO-247 package, rated at 600 V and 120 A,
plotted in Figure 6.3 and Figure 6.4. It should be stressed that only the turn-off transients are demon-
strated, in which can be discerned that gate currents above 3 A cause the manifestation of DA, as also
reported in [57]. A similar trend is seen when the CGD is used, Figure 6.4, proving the ability of the
CSGD to stress this type of devices at high dv/dt and di/dt conditions.
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Figure 6.3: Experimental CSGD turn-off switching transients of a trenchstop IGBT: (a) collector-
emitter voltage and emitter current, (b) gate-emitter voltage and gate current.
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Figure 6.4: Experimental CGD turn-off switching transients of a trenchstop IGBT: (a) collector-
emitter voltage, (b) gate-emitter voltage.

The second group of waveforms refer to a superjunction MOSFET in a TO-247 package, rated at
600 V and 75 A, plotted in Figure 6.5 and Figure 6.6. It can be observed that the CSGD response
exhibits more oscillatory behavior which is damped with the CGD, especially at slower switching
speeds. This abnormal behavior occurs when the load current transitions to its off-state, appearing
as an external disturbance to the CSGD due to the source inductance. Two main factors indicate
the CSGD ability to overcome smoothly such events. The first one is its output impedance and the
amplitude variability over the frequency, which can alter the gate current due to high external voltage
spikes. The second one is the phase margin (φm), influenced by the feedback circuitry, indicating the
CSGD ability to regulate the current back to its reference value. These are the linear effects, though,
there is another effect which will be discussed later. To partially overcome this, it is decided to
investigate the use of different PMOS and NMOS switches with less parasitic capacitances, combined
with different feedback gains, with the prospect of improving the output impedance. A combination
of two parallel NMOS/PMOS driver MOSFETs is chosen, for an increased gate current handling
capability (Case II), as shown in Table 6.1. In both cases, the small signal output impedance and loop
stability is analyzed.

6.4 Small Signal Output Impedance

In this section, the small signal output impedance model of the currently employed gate driver is
derived and its possible effects during the switching transients are indicated. As already shown, the
turn-on and turn-off current source circuits are symmetrical, therefore it is adequate to independently
analyse one of them. Particularly, the PMOS output driver mostly operates in the saturation area dur-
ing regulation, and therefore its equivalent small signal model is substituted, as shown in Figure 6.7.
Moreover, different operating points, influenced by drain-source voltage and voltage reference, af-
fect the dynamic behavior, and consequently the frequency domain analysis. Finally yet importantly,
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Figure 6.5: Experimental CSGD turn-off switching transients of a superjunction MOSFET: (a) drain-
source voltage and source current, (b) gate-source voltage and gate current.
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Figure 6.6: Experimental CGD turn-off switching transients of a superjunction MOSFET: (a) drain-
source voltage, (b) gate-source voltage.

the DUT itself can cause a major impact on the dynamic response, especially during the switching
transients.

Initially, all the independent voltage sources should be grounded for the ac small signal model
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derivation. Then, the output voltage of the operational amplifier is derived by applying the superpo-
sition principle for the inverting and non-inverting input, yielding Equation (6.1). Where A(s) is the
open loop frequency response of the operational amplifier gain, u+o (s) is the frequency response from
the non-inverting input to the output and u−o (s) identically for the inverting input.

uo(s) = u+o (s)+u−o (s)

u+o (s) = 0

u−o (s) =
Z2(s)
Z1(s)

1+ 1
A(s)(1+

Z2(s)
Z1(s)

)
RMi(s)

(6.1)

Subsequently, the gate-source voltage is obtained in Equation (6.2) after manipulation of Equa-
tion (6.1) to find the final transfer function.

ν̂gs(s) = uo(s)−u1(s)

ν̂gs(s) = Gop(s)RM î(s)

Gop(s) =
(1+ Z2(s)

Z1(s)
)(1+ 1

A(s))

1+ 1
A(s)(1+

Z2(s)
Z1(s)

)

(6.2)

Applying Kirchhoff’s current law (KCL) at the source and the drain node of the PMOS results in
Equation (6.3). The gate-source îgs(s) and the gate-drain îgd(s) current can be expressed as functions
of ν̂gs(s) and ν̂ds(s). By substituting Equation (6.2) in Equation (6.3), the current through RM, î(s),
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can be expressed as a function of ν̂ds(s), Equation (6.4).

î(s) =−gmν̂gs(s)− (
1
ro

+Cdss)ν̂ds(s)− îgs(s)

îg(s) = î(s)+ îgd(s)+ îgs(s)

Gνds(s) =
1
ro

+Cdss

(6.3)

Equivalently, the îg(s) can be represented as a function of î(s) and ν̂ds(s). Substitution of (6.4) into
îg(s) leads to the final small signal output impedance in Equation (6.5).

î(s) =
−( 1

ro
+Cdss)

1+Gνgs(s)RMGop(s)
ν̂ds(s)

Gνgs(s) = gm +Cgss

(6.4)

The output impedance serves as a performance indicator of the current source, because gradual fre-
quency increase causes the impedance magnitude to diminish. Consequently, the driver becomes sus-
ceptible to external disturbances and oscillations. Figure 6.8 shows the small signal output impedance
of both cases by using the full SPICE model, in which Case II shows higher output impedance at
frequencies beyond 10 kHz.

zo(s) =−
ν̂ds(s)
îg(s)

zo(s) =
1+GνgsRMGop

Gνds(1+CissRMGops)+Cgd(1+GνgsRMGop)s

(6.5)

Figure 6.9 indicates the SPICE simulation response of the NMOS current source of Case II for
different biasing scenarios. As the drain-source voltage decreases during the discharging, the output
impedance declines mostly due to the significant change of ro, dependent on the parameter λ. How-
ever, as the voltage reference is increased, the output resistance (ro) decreases, as influenced by the
biased current, and the transconductance (gm) increases, leading to smaller output impedance varia-
tions. Finally, the derived model is compared with a simplified and full SPICE model of the NMOS
driver. In the mathematical model, the ideal open loop gain and gain-bandwidth product (GBP) of the
operational amplifier together with the NMOS data-sheet parameters are employed. The simplified
SPICE model includes an ideal operational amplifier, using again the ideal gains of the operational
amplifier, as well as elimination of the majority of the NMOS internal parasitic components. The main
difference between the full and the simplified model lies in the large internal gate resistance, which
is 50Ω. Last but not least, the feedback gain selection and the operational amplifier’s frequency re-
sponse contribute to the final output impedance magnitude as can be inferred from Equation (6.5),
which is not explicitly covered.
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Figure 6.8: Full SPICE model - NMOS small signal output impedance biased at 15 V drain-source
voltage for two different operating points. Where 0 dB refers to 1 Ω.

6.5 Stability Analysis

As has been already discerned, such a system includes many state variables and its full mathematical
analysis can lead to higher order transfer functions, which are cumbersome to solve. Furthermore,
a simplified model might not be sufficient enough to describe the system’s stability. Therefore, the
system’s loop gain is estimated by simulating the full SPICE model using Tian’s method [104].

Initially, the loop gain of Case I and Case II is presented in Figure 6.10. For this simulation scenario
the gate inductance is assumed to be Lg = 30 nH, the Rg = 1 Ω and the R3 = 110 kΩ. Moreover, a zener
diode is included from the SPICE library. Both cases are stable since at 0 dB the phase margin is
high enough, above 90 deg. However, Case I has slightly larger bandwidth and thus rendering it faster
than Case II. It is also worth noting that any resonance in the loop gain might appear in the transient
response, especially when its gain is high.

The next step is to point out some of the main factors that influence the system’s stability by taking
as a reference the Case II. Figure 6.11 shows the system’s loop gain around a dc biased operating point
for three different gate inductances (Lg), as well as the introduction of the zener diode, simplified by
an equivalent capacitance (Cz). At low frequencies the gain is mainly limited due to the presence of
R3, affecting the integral ability of the PI controller. It can be seen that the system is only stable for
Lg = 30nH, having a phase margin of φm = 58.5deg. The introduction of the zener diode reduces the
total bandwidth and stabilises the system, as it shifts the low frequency pole of the feedback network
around the operational amplifier, resulting in phase margin of φm = 84deg at Cz = 100pF.

It should be clarified that different techniques can be used, though, the introduction of the zener
diode is only presented. In addition, the exact values of all the board and component parasitics can
also affect the system’s stability. Lastly, damping components such as ferrite beads are of particular
importance, since they can improve the stability and subsequently the transient performance.
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Figure 6.9: NMOS - ”2N7002” current source output impedance magnitude: (a) drain-source voltage
biasing effect, where the long arrow denotes the direction of voltage decrease (b) voltage
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points the direction of voltage increase (c) comparison of derived model and SPICE mod-
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Figure 6.11: Simulation of the NMOS driver (”2N7002” - two in parallel) loop gain, biased at 20 V
drain-source voltage and 1 A gate current: (a) gate inductance effect (Lg), (b) zener diode
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Figure 6.12: Experimental CSGD turn-off switching transients of a superjunction MOSFET - Case II:
(a) drain-source voltage and source current, (b) gate-source voltage and gate current.

6.6 Simulation - Experimental Results

This section is devoted to comparison of the experimental results of Case II and the SPICE simulation
model of the CSGD. The test conditions are the same as that of the previous section. Before comparing
the simulation with the experimental results, the CSGD response of Case II is plotted in Figure 6.12.
It can be seen that its transient response is less oscillatory which is attributed to its higher output
impedance , see Figure 6.8, as well as its slower loop gain response in which the resonance appears at
higher frequencies, see Figure 6.10.

Regarding the accuracy of the simulation model, certain facts should be highlighted. A more qual-
itative representation of the system’s behavior is presented since it relies on the component models,
their availability, as well as the board and component parasitics. Additionally, the clamping diodes are
simulated with an ideal diode model for complexity reduction and simulation convergence. It should
be mentioned that external parasitics are added, e.g. source or emitter inductance, to improve the ac-
curacy of the model. Last but not least, the probe location attached to the DUT has an additional effect
on the comparison, due to the enclosed inductance. The following subsections discuss the simulation
and experimental waveforms of the aforementioned conditions.

6.6.1 Case Study - IGBT

The turn-on transient response is illustrated in Figure 6.13. Three different switching speeds for a
turn-on current of 75A are examined, where the SPICE simulation reference current (dash-dotted
line) is also added. The simulation response is slightly faster than the experimental one, probably
due to higher input capacitance of the investigated device versus the SPICE model. This can also be
inferred by the gate current integral, which is the total input charge. In general, as the DUT’s input
capacitance gets smaller, the switching speed is increased. The increased di/dt combined with the
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Figure 6.13: Experimental (solid line) and SPICE simulation (dashed line) turn-on switching tran-
sients of a trechstop IGBT where for each case the average die/dt is recorded: (a)
ig = 0.2A, (b) ig = 0.8A, (c) ig = 2A.

common emitter or source inductance results in a temporary voltage dip across the PMOS/NMOS
driver, as also reported for another CSGD type in [105]. This causes the current source to enter the
ohmic region, a non-linear impact, and thus current destabilization.

The turn-off transient response is plotted in Figure 6.14. Likewise, three different switching speeds
are indicated. It can be seen that the behavioral SPICE model does not include the tail current effect.
Furthermore, it can be concluded that this IGBT has a limit for its current switching speed, as the
emitter inductance is roughly (Le) 13nH, as stated in the data-sheet. This IGBT type also shows a
different turn-off behavior than previous IGBTs in regard to a dip during the end of Miller plateau, as
described in [106, 98].

6.6.2 Case Study - MOSFET

The turn-on and turn-off switching transients are presented in Figure 6.15 and Figure 6.16 respectively.
In this case study, the MOSFET SPICE model shows superior accuracy over the counterpart IGBT
model, so that concrete conclusions can be drawn from simulations.

As MOSFET devices intrinsically switch faster due to less input capacitance, both current sources
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Figure 6.14: Experimental (solid line) and SPICE simulation (dashed line) turn-off switching tran-
sients of a trechstop IGBT where for each case the average die/dt is recorded (tail current
is omitted): (a) ig = 0.2A, (b) ig = 0.8A, (c) ig = 2A.

get destabilised at turn-on and turn-off during the DUT’s current decay. This happens due to the
combination of output impedance effect and ohmic region regime. This transient voltage dip across
the NMOS/PMOS can also go down to low voltages, causing the gate current to rapidly diminish.
This non-linear effect dominates over the output impedance effect, limiting the switching speed.

All the waveforms show that the obtained gate current deviates from its reference, which is mainly
attributed to the overall system’s bandwidth as well as a crossing current that occurs during the tran-
sition between on and off-state. As for the latter case, for example, when the NMOS is turned off and
the PMOS is turned on, this current flows from the positive to negative supply until the NMOS is fully
switched off and vice versa. As for the former effect, it causes slower charging of the NMOS/PMOS
gate, and thus additional time delay. In particular, the simulation models of some components are not
available such as the zener diode which has an impact on the system’s bandwidth, as stated previously,
and may thus affect the transient response.
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Figure 6.15: Experimental (solid line) and SPICE simulation (dashed line) turn-on switching tran-
sients of a superjunction MOSFET where for each case the average dis/dt is recorded: (a)
ig = 0.2A, (b) ig = 0.8A, (c) ig = 2A.

6.7 Performance Enhancement

As already explained, the inherent limitations of the proposed current source can limit the di/dt, espe-
cially for the faster devices, namely MOSFETs. Typically, the voltage reference should be increased
for faster switching capability. However, the driver’s thermal peak current limit poses an upper de-
sign threshold. Alternatively, the di/dt can be increased by adding an inductor or a ferrite bead in
series to the gate. This causes the output impedance to increase, and thus the voltage dip across the
NMOS/PMOS driver during the current decay to be modified. Additionally, ferrite beads can also
damp resonant peaks due to the formation of resonant tanks between the gate inductance and the par-
asitic capacitances of the NMOS/PMOS driver. A simulation has been carried out for three different
gate inductors, and their effect on the switching transients is illustrated in Figure 6.17. The simula-
tion accuracy of the superjunction MOSFET allows to conclude that faster switching is possible by
carefully increasing the gate inductance on condition that gate control is retained. At higher switching
speeds the transition is governed by other mechanisms for this type of MOSFET, as stated by the
manufacturer’s application note [107].
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Figure 6.16: Experimental (solid line) and simulation SPICE (dashed line) turn-off switching tran-
sients of a superjunction MOSFET where for each case the average dis/dt is recorded: (a)
ig = 0.2A, (b) ig = 0.8A, (c) ig = 2A.

6.8 Conclusion

From a stress test point of view, an open loop CSGD offers the flexibility to reduce the required
manual effort of adjusting the gate drive conditions, less hardware complexity and cost. A software
programmed interface is provided for setting the desired gate voltage and current reference. The devel-
oped prototype offers a modular way to execute different stress test conditions so that drift phenomena
and potential unknown failures can be investigated.

The CSGD parasitics and non-linearities together with their repercussions on its performance have
been thoroughly highlighted. A TO-247 IGBT and Si-MOSFET have been experimentally tested to
evaluate the CSGD performance at different operating points. An additional comparison between the
experimental and SPICE simulation switching transients indicates that there is room for additional
model improvement. Particularly, the simulation model of the MOSFET presents better accuracy,
and thus can be utilised as a tool for additional circuit analysis. A simulation for three different
gate inductors shows the ability of the CSGD to perform even faster current switching speeds under
certain conditions. Consequently, a suitable inductor or ferrite bead can be employed to cover the
desired switching speed range of the case study DUT. Subsequently, this inductance can be a fixed
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Figure 6.17: Simulation of gate inductance effect (Lg) on turn-on and turn-off of a superjunction
MOSFET at ig = 0.8A: (a) turn-on, (b) turn-off.

component within the DUT interface.
As far as the overall circuit performance and analysis is concerned, there are several research topics

that could be further investigated, however they are beyond the scope of this thesis. Some of them
include, the CSGD ability to stress a broad range of discrete devices at several operating points, po-
tential long-term reliability issues due to imposed oscillations in case that cannot be eliminated, the
meticulous explanation of the formatting resonant tanks by incorporating PMOS/NMOS switches,
component and PCB parasitic effects and lastly the validation of the output impedance model by possi-
bly utilizing system identification techniques, as explained in [108], initially applied in the simulation
domain and subsequently in the actual lab environment or directly measured by suitable instrument.
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Future Work and Conclusion

7.1 Future Design Aspects

Thus far, this thesis is mainly focused on topics related to the design considerations and performance
of the reliability stress test system itself, as this is its primary goal. Currently, all parameter drifts
(ageing indicators) during the stress testing are periodically measured via offline read-outs. However,
there is a dedicated space allocated on the DUT board as well as on the stress board where certain
condition monitoring circuitry has been placed, such as the gate-voltage sensing, the front side case
temperature acquired via Pt100 resistor and the collector/drain sensing voltage. Their performance
has yet to be assessed. Additional circuitry details are provided in [14, 15]. Apart from that, further
research is also required to develop suitable circuit arrangements in the view of measuring in-situ
the representative ageing indicators for each applicable stress test, e.g. the on-state voltage drop
under SC testing as highlighted in [54] or the threshold voltage drift under UIS testing as indicated
in [42] provided the stressing conditions are not violated. The great benefit of the in-situ condition
monitoring is the reduced time to obtain the final stress testing outcome, since the separate step of the
offline read-outs is omitted.

Another topic of vital importance is the setup’s ability to stress devices at elevated case temperatures
which can be achieved either via a climate chamber or through a liquid cooling interface. Both cases
should be evaluated in terms of their benefits and drawbacks. In particular, the great advantages of the
liquid cooling interface would be that the total system is not heated up, improving its own reliability,
and its cooling capability enabling the possibility to accelerate the stressing conditions. Therefore,
different liquid cooling approaches can be followed either by cooling down multiple channels using
one cooling plate or by individually cooling down each channel with a dedicated cooling plate, as
shown for example in Figure 7.1.

Additional future protection measures can be introduced such as the adjustment of the gate-emitter
voltage of the GS at the beginning of each stress test. For instance, when the stress test target is the SC
test, the gate-emitter voltage can be reduced below 15 V in order to limit the SC current during the SC
type II across the GS and when the target is the DP test, then the gate-emitter voltage can be increased
to 15 V or even more so that the conduction and the switching losses can be reduced. Nevertheless,
as the EMC analysis is also a pending topic, they have to be considered simultaneously. Furthermore,
the new programmable gate driver features an analog-to-digital converter (ADC) to measure the GS
external temperature by forming a resistive divider using a negatitive temperature coefficient (NTC)
thermistor. This thermistor can be potentially positioned on an accessible hot spot in the vicinity of the
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(a) (b)

Figure 7.1: Liquid cooling interface options: (a) cooling plate for multi-channel, (b) cooling plate for
each DUT board.

GS, e.g. on the heat sink or the GS itself, which, in turn can warn the gate driver for over temperature
event and subsequently to stop the test.

Another future topic is the optimization of the capacitor bank size by considering the total amount
of parallel channels located on a backplane board as well as the number of backplanes boards shared
by a single PSU. Moreover, the DP scheme generation is also crucial in terms of the capacitor’s
sizing, which can be accomplished by either sending concurrent or successive pulses among the chan-
nels. The same rationale applies to the other tests on condition that the stressing conditions are not
influenced.

In order to get deeper insight into the power device characteristics, additional modelling can be
employed by using both experiments and SPICE simulations for all tests. For instance, an experimen-
tal UIS pulse of a superjunction Si MOSFET with its corresponding SPICE model is compared as
presented in Figure 7.2.

It can be seen that the SPICE behavioral model exhibits higher avalanche breakdown voltage and
avalanche duration (tav) than the actual device, indicating apparent divergence. Regarding the junction
temperature estimation, both power pulses are fed to the SPICE thermal model, leading to the obtained
thermal response. It should be mentioned that the experimental single avalanche pulse refers to the last
measurement of Figure 4.20a. The subsequent avalanche pulse essentially causes the DUT to fail, as
shown in Figure 4.20c. As analyzed in [49, 109], a curve fitting model can be applied to estimate the
junction temperature based on the captured drain-source voltage, since it depends on the temperature
and the drain current. This methodology could be used in-situ for the indirect junction temperature
estimation. A similar approach could also be applied to the SC test.

7.2 Conclusion

The major objective of this dissertation is to develop a reliability stress test bench aiming at studying
the wear-out mechanisms of discrete high voltage power semiconductors under specific dedicated
stress test conditions. The complexity of the actual application setup may mask the intrinsic failure
mechanisms under study, and therefore the reliability stress test bench should provide a simplified
test environment. To this end, a double pulse tester is introduced as the main topology due to its
simplicity. An additional half bridge is also added to protect the setup against catastrophic failures.
As demonstrated later on, this half bridge is actively employed to perform the repetitive DP test, in
the prospect of accelerating the stress conditions as well as minimizing the input power supplied by
the PSU, and thus it enables a multi-channel functionality with less required power supply capacity.

This test bench has also to satisfy certain requirements in terms of set-up effort and multi-channel
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Figure 7.2: UIS comparison of a superjunction Si MOSFET with its counterpart SPICE model.

functionality. The first feature is its modularity, which is achieved by introducing the DUT board,
the load interface and even the configurable gate driver. In particular, different DUT boards can be
realized by mounting various types of discrete packages and technologies. Likewise, various loads can
be implemented through the allocated load interface to perform the stress tests. As for the gate drive
conditions, adjustable voltage rails are used to preset the gate voltages, whilst the switching speed can
be either configured via the DUT board interface by mounting suitable gate resistors or by employing
the developed CSGD able to set the switching speed completely via software programming without
any hands-on effort. The other significant feature is its scalability, to this end a stress board has been
constructed fitting into a subrack system of a 19-inch tower, which can be readily scaled to form a
multi-channel test bench with the utter goal of meaningful statistical analysis over a sufficient number
of DUTs. This standardised solution offers an easy to realize solution, and, as a result it enables its
rapid scalability. The last characteristic is its redundancy, meaning that during a catastrophic failure
of the DUT the protection scheme should be immediately activated not only to reduce the energy
dissipation through the failed DUT, but also to maintain uninterrupted parallel operation of the multi-
channel system.

One of the system’s design challenges is to ensure its reliability and long lasting operation. There-
fore, several design considerations should be followed, as already shown. More specifically, the GS
has to perform multiple tasks, since beside its protective function it can be actively used in all stress
tests, and therefore its final mission profile becomes quite complex. For example, its SC robustness
against SC type II has been extensively investigated by adding a two level turn-off in conjugation with
additional measures to reduce the stress. Moreover, its ability to turn off at high currents and voltages
without being overheated is of paramount importance for the full bridge based DP test. In principle, it
is of vital importance to sustain the average temperature and ∆T at relatively low levels to minimize
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the accumulated damage. This measure can alleviate the thermo-mechanical stress related degrada-
tion effects. Another potential issue is the latch-up effect as stated by the manufacturer, requiring to
increase the gate resistance. It is therefore apparent that the employed technology necessitates fur-
ther investigations in terms of its actual capabilities, which needs to be investigated during the future
practical implementation of the test system.

In conclusion, this thesis discloses the pros and cons of different stress test concepts using the in-
troduced topology and their manufacturing feasibility. However, the primary focus is on the repetitive
DP testing. A scalable single channel hardware solution is finally proposed and its performance is
demonstrated via several experimental examples. The critical performance indicators together with
the design trade-offs are extensively emphasized and proposal for future system improvements are
given.
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