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CHAPTER 1. INTRODUCTION 

This chapter presents the background and motivation of this research project 
followed by its objectives. Then, the thesis outline is presented. Finally, all 
publications related to this research work are listed at the end of the chapter. 

1.1. RELIABILITY IN POWER ELECTRONICS 

The power electronics play a still more important role in various applications such 
as renewable generation, automotive, motor drives, aerospace and railway 
transportation to achieve efficient conversion of electric energy from one stage to 
another stage and also achieve high performance of the systems [1-4]. In 1973, 
William E. Newell defined the scope of power electronics that is interstitial to all 
three of the major disciplines of electrical engineering: electronics, power, and 
control as shown in Fig. 1-1 (a) [5]. The field of power electronics has grown 
during the last few decades, especially in terms of efficiency and density, by taking 
advantage of innovative solutions in active and passive components, digital signal 
processor, circuit topologies, control strategies and systems integration [4, 6]. 

 

      

Fig. 1-1 Defined scopes of (a) power electronics by William E. Newell in 1973  
(b) power electronics reliability by CORPE in 2010 [7]. 
 

As power electronics have gradually gained an important status in a wide range of 
industrial fields for power generation, distribution and consumption, recent research 
endeavors to improve the reliability of power electronic systems to comply with 
more stringent constraints on cost, safety and availability in various applications [7, 
8]. Automotive and Aerospatiale industries have brought increasingly stringent 
reliability constraints into their power electronic systems because of their safety 
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requirements. Additionally, other industrial fields are also following the same trend 
that is improving the reliability of power electronics systems with cost-effective and 
sustainable solution [6]. 

Recently, the reliability research in power electronics has been defined by the 
Center of Reliable Power Electronics (CORPE) which is a strategic research center 
between industry and universities, led by Aalborg University, Denmark. It also 
includes multi-disciplinary knowledge as shown is Fig. 1-1 (b) [6, 7]. There are 
three major aspects to be able to concern: 

- Analytical analysis based on physics-of failure in order to understand root 
cause of failure and failure mechanism of power electronic products.  

- Design For Reliability (DFR) and robustness validation process in order to 
meet the expected lifetime and failure rate of products. 

- Intelligent control and condition monitoring in field operation to improve the 
reliability and availability of products. 

Nowadays, much research about reliability have been performed in the power 
electronics field considering the above aspects such as reliability tests and physics 
of failure analysis of failure root and failure mechanisms [9-11], lifetime modeling 
and prediction [12-15], active thermal control [16-18], condition monitoring [19-
23], and fault-tolerant strategies [22-26], as examples of a dynamic research field. 

 

1.1.1. FIELD EXPERIENCES OF FAILURES IN POWER ELECTRONIC 
SYSTEMS  

Examples of field experiences in photovoltaic (PV) and wind power systems show 
that the power electronic converters are one of the most critical parts in terms of 
failure rate, lifetime and maintain cost [27-29]. 

Fig. 1-2 shows the unscheduled maintenance events and costs by the subsystems 
based on field experiences between 2001 and 2006 in a large utility-scale PV 
generation plant. The PV inverter covers 37 % of unscheduled maintenance events 
and make up 59 % of unscheduled maintenance costs [27]. Therefore, PV inverter 
is one of the important parts in respect of reliability in overall PV system and also 
to reduce the cost of operation. 

In the case of wind turbine systems, around 350 wind turbines from multiple 
manufacturers have been investigated [28]. The downtime events have been 
analyzed for 10-minute average Supervisory Control and Data Acquisition 
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(SCADA) data, fault/alarm logs, work orders, service reports and operation and 
maintenance (O&M) reports. Totally, 35,000 downtime events have been 
considered to determine the distribution of failure rates and downtimes between the 
sub-assemblies. 

Fig. 1-3 shows the contribution of subsystems and assemblies to the normalized 
failure rate and downtime of wind turbine. The power electronic frequency 
converter accounts for 13 % of the overall normalized failure rate and 18.3 % of the 
overall normalized downtime of the investigated wind turbines. It can be seen from 
the result that the power electronic converter is also one of the important parts in 
terms of reliability in wind turbine system. Another study has also been performed 
in [29] where more than 6000 onshore wind turbines and their subassemblies in 
Denmark and Germany have been investigated for 11 years. Similar results are 
derived that the power converter is one of the subassemblies, which have the 
highest failure rates in wind turbine system. 

         

Fig. 1-2 Field experiences of system maintenance in PV generating plant [26]  
(a) Unscheduled maintenance events by subsystem. (b) Unscheduled maintenance costs by 
subsystem. 
 

          

Fig. 1-3 Failure rate and downtime results of sub-systems and assemblies in wind turbine 
systems [27] (a) normalized failure rate (b) normalized downtime. 
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1.1.2. RELIABILITY CRITICAL COMPONENTS IN POWER 
ELECTRONICS  

The power electronic systems consist of various components as shown in Fig. 1-4. 
Each component affects the reliability and robustness of the overall systems and, 
especially, reliability-critical components play a key role in the robustness and 
reliability of the overall power electronic systems. 

Two surveys were performed to investigate the reliability critical component in 
microelectronics and power electronics systems [30, 31]. Fig. 1-5 shows the failure 
distribution in power electronic systems based on two surveys. It can be seen from 
the results that the power devices and the capacitor are the most fragile components 
in power electronic systems. 

 

 

Fig. 1-4 General structure of power electronic systems connected to a source and load [29]. 

 

         

Fig. 1-5 Failure distribution in power electronic systems (a) survey is more on 
microelectronics products [30] (b) survey is more on power electronic products [31]. 
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Each component in power electronic systems has the different critical stressors to 
affect the reliability. Table 1-1 shows the critical stressor for different components 
in power electronic systems [7]. It can be seen that the temperature swing, steady 
state temperature, humidity, voltage and vibration are the main stressors in the 
power electronics system and stressors have different levels of effect on each 
component in the power electronics system. Therefore, it could be helpful to focus 
on the critical stressor according to components when the various reliability 
researches are performed and the challenges are seen [32]. 

 
Table 1-1 Critical stressor of different components in power electronic systems [7] 

 

 

1.2. INSULATED GATE BIPOLAR TRANSISTOR (IGBT) MODULE 

1.2.1. STRUCTURE OF IGBT MODULE  

There are various kinds of power devices used in power electronic systems and 
different types of power devices are used according to the specification of the 
system like power range, blocking voltage switching frequency, and cost. Among 
the power devices, the IGBT is the one of the most used power device in various 
applications in the power range of from several hundred W to several MW due to 
their advantages like good power handling capabilities, high speed switching 
capability, relatively simple voltage controlled gate driver, short-circuit robustness 
and etc [33, 34]. 



STUDIES ON IGBT MODULE TO IMPROVE THE RELIABILITY OF POWER ELECTRONIC SYSTEMS 

6
 

In many practical applications, the power devices are used in a form of package, 
also called module, in order to [34] 

- provide electrical connection between one or more semiconductor chips and 
the circuit. 

- reduce costs for high power applications by connecting several chips with 
internal insulation of individual components. 

- dissipate the heat generated during chip operation to a cooling system with 
electrical insulation. 

- protect the semiconductor chip from harmful ambient influences. 

 

 

Fig. 1-6 Structure of standard Insulated Gate Bipolar Transistor (IGBT) module (weak 
connections that are relevant to reliability are marked red) [34]. 

 
Fig. 1-6 shows the structure of standard IGBT module [34]. A Direct Copper 
Bonded (DCB) substrate is soldered to a base-plate. The DCB provides electrical 
insulation between power components and cooling systems. Further, it conducts the 
current via copper track and provides also good thermal connection to cooling 
systems. In the lower power range, IGBT modules without the base-plate are more 
frequently used, while in medium and high power range, IGBT modules almost all 
have a base-plate. The base-plate provides thermal capacity and helps for the 
thermal spreading by increasing the contact area to a heat-sink. IGBT and diode 
chips are soldered to DCB. Bond wires are commonly used in order to connect the 
emitter of the silicon chips to a substrate and in order to connect the substrate to 
terminals. Finally, it is covered by silicone gel for insulation. Depending on 
packaging types, other materials like epoxy resin are also used. 
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1.2.2. SELECTED FAILURE MECHANISMS IN IGBT MODULES 

Bond wire fatigue 

Bond wire fatigue is one of the common failure mechanisms in power IGBT 
modules. As shown in Fig. 1-6, IGBT module consists of various materials and 
each material has the different Coefficient of Thermal Expansion (CTE) as listed in 
Table 1-2 [35]. The IGBT and diode produce the loss during switching and when 
conducting the electric currents and it appears as a heat source in the module. The 
converter load variation, the periodical commutation of power switching device and 
the ambient temperature change cause the temperature variation in the IGBT 
module. The large CTE mismatch between bond wires (Al) and chip (Si) under the 
temperature variation causes the thermo-mechanical stress in bond wires and it 
leads to the bond wire lift-off or crack failure [9, 33-38]. These failures occur at lots 
of electrical interconnection between chips and output pin of the IGBT. 

To prevent bond wire related failures several strategies have been proposed such as 
bond wire geometry optimization [39, 40], replacement of Al bond wire to Cu bond 
wire for lower CTE mismatch [41, 42], Direct-Lead-Bonding (DLB) [43], and 
advanced packaging, where the bond wires are replaced with flexible circuit board 
[44]. 

Metallization reconstruction 

To obtain direct electrical connection between semiconductor chips and substrate or 
output pin of module, a metallization layer is added to semiconductor chips [45]. 
Under the temperature variation, compressive and tensile stresses are introduced in 
the thin metallization layer due to the CTE mismatch between aluminum and silicon 
chip and the stresses can be far beyond the elastic limit. Under these conditions, the 
stress relaxation can occur by diffusion creep, grain boundary sliding or plastic 
deformation through dislocation glide depending on temperature and stress 
conditions [35, 36]. Depending on the texture of the metallization, it leads to either 
extrusion of the aluminum grain or voids formation at grain boundary. The 
reconstruction of aluminum metallization leads to an increase of the metal sheet 
resistance due to rough metallization surface, weakness of the connection between 
metallization layer and bond wire and non-uniform current distribution [46, 47].  

To improve the emitter interconnection, a special emitter contact design called 
reinforced modules has been proposed [48]. The emitter contact includes a metal 
plate, which is Ag-sintered to the metallization and wire bonded on the top surface. 
Reinforced modules have comparably low current densities on the emitter contact 
of the IGBTs as well as lower von Mises stress at the bond interface, which makes 
them immune against bond wire lift-off and aging of the front metallization. 
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maybe broken. However, even if relatively low electric field is applied, continuous 
application of such a low electric field for a long time may also cause breakage as 
time elapses. This type of failure is referred to as a Time Dependent Dielectric 
Breakdown (TDDB) [58]. 

The electron is injected to the gate oxide by tunneling and it slowly degrades the 
quality of the oxide and over time, leads to failure of the oxide [59]. Once a 
dielectric breaks down, the current is able to flow more easily through the gate into 
source of an N-MOSFET completely destroying functionality. The evidence of 
TDDB is changes in the drain current as well as a large increase in the leakage 
current [60]. 

Another failure mechanism is the hot carrier injection. Hot carriers refer to either 
holes or electrons that have gained very high kinetic energy after being accelerated 
by a strong electric field in areas of high field intensities within a semiconductor 
device [61]. Hot carrier is injected to the gate oxide because it has high kinetic 
energy to overcome the surface energy barrier. Hot carrier effects are mainly due to 
that the device dimensions are reduced without reduction of the operating voltage, 
resulting in high electric fields in the device [61]. Hot carrier injection usually 
results in higher circuit current densities. If hot carriers are injected into a gate 
oxide film, the gate oxide film is charged, or the Si-SiO2 interface is damaged [58]. 
As a result, the transistor characteristic such as threshold voltage, leakage current 
and trans-conductance are changed [62]. 

The hot carrier injection is related to the channel lateral electric field and the TDDB 
in a thin gate dielectric is strongly dependent on vertical electric field. However, 
there seems to be similar electron and hole behaviors. Consequently, long-term hot 
carrier injection causes device breakdown which means that this effect might be 
related to the TDDB mechanism [63]. 

Burnout failure 

Burnout failure may occur in the IGBT module as the final act of the wear-out. 
Furthermore, it is very closely associated with short-circuit condition under the 
operations in real applications where a high current is generated through the device 
while the device is handling a high voltage [36]. If the short-circuit condition is 
lasted for too long time, the IGBT chip is destroyed instantaneously. The repetitive 
tolerable short-circuit over long time interval may lead to thermal runaway 
conducting fast destruction of the devices [35, 64]. There are many causes of the 
short-circuit condition such as operations outside the safe operating area of the 
IGBT, malfunction of gate driver, inhomogeneous current sharing, dielectric 
breakdown and cosmic ray irradiation too [36, 65]. 

The selected failure mechanisms in the IGBT modules are summarized in Table 1-3. 
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In [9], the AC power cycling test has been performed. This circuit allows 
performing the power cycling test under more realistic converter operation 
compared with conventional DC test with small power losses. However, in this 
setup, some features such as on-line monitoring system are required for more 
advanced power cycling test. Further, there is lack of detailed information on 
control and configuration of test setup and test procedure. In other words, there is a 
still lack of study on AC power cycling test and test results in the prior-art test 
activities at the moment. Therefore, an advanced power cycling test setup and 
procedure are still needed in order to perform the power cycling test under the 
realistic operating condition in an efficient way and minimize the uncertainty which 
may be able to come from other parameters or test conditions and to affect test 
results. 

 
1.2.4. IGBT MODULE FAILURE HANDLING METHODS IN POWER 

ELECTRONICS CONVERTER 

Typically, failure mode in an IGBT module can be divided into two modes; short-
circuit fault and open-circuit fault.  

The short-circuit fault may occur because of abnormal operating conditions such as 
the wrong gate voltage, overvoltage, avalanche stress, temperature overshoot and 
etc. It is difficult to handle the short-circuit fault because it leads to the over-current 
which can cause serious damage to other components in power electronics 
converters. Therefore, most short-circuit fault detection and protection methods are 
based on hardware circuits. The de-saturation detection method, which measures 
the on-state collector-emitter voltage of IGBTs during turn-on state, is the common 
method to detect the short-circuit fault [85-87]. Further, electric fuses are also used 
to protect the power electronics circuit under the short-circuit current. 

The open-circuit fault may occur due to the lifting of the bond-wire in power 
module. Gate drive fault may also be one of the common causes of the open-circuit 
fault. The open-circuit fault does not cause a serious damage, compared to the 
short-circuit fault, but reduces the system performance considerably. It leads to the 
distortion of the output phase currents, increase of the currents in the other normal 
phases and unbalance of the neutral-point voltage in the case of neutral-point 
clamped inverters. Further, it may cause secondary problems in other components 
or loads like transformer and motors by applying the distorted currents. If the open-
circuit fault occurs, fault-tolerant control needs to be applied to maintain the 
converter system performance. The fault detection is performed before the fault-
tolerant control, because the fault-tolerant strategies are typically different 
according to the specific faulty switch. In addition, identifying the faulty switch can 
give the advantage to know where the converter needs to be repaired. 
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The most of the open-circuit fault detection methods are based on characteristics of 
output currents [87-90]. These methods are cost-effective because they do not need 
any additional hardware but there are limitations in detection speed and accuracy 
under the small output current. On the other hand, the open-circuit detection 
methods based on the output voltage measurements [87, 91, 92] have advantages in 
terms of detection speed and accuracy but they need additional hardware to measure 
the output voltage. Therefore, they are not cost-effective. 

After the faulty switch is detected, the fault-tolerant methods are applied in order to 
keep the operation of power electronics converter system for high availability. 
Generally, fault-tolerant methods are based on the topology modifications and thus 
require additional components in the form of silicon switches and/or fuses to 
provide continuous operation and minimize the effects of the fault [93-96]. 
Depending on the systems, there are also fault-tolerant methods based on the 
control strategies [97, 98].  

It is worth to point out that there are no generalized fault-detection and fault-
tolerant methods for various converters because they have different characteristic 
under the fault conditions. Therefore, specialized fault detection and fault-tolerant 
methods are needed for the different converters and applications. 

 

1.3. THESIS OBJECTIVES 

1.3.1. REASEARCH QUESTIONS AND OBJECTIVES 

As power electronics have progressively gained an important status in a wide range 
of industrial fields, the reliability and robustness of power electronics are becoming 
one of the important topics. To improve the reliability of the power electronic 
system, more multidisciplinary reliability research which is defined as shown in Fig. 
1-8 especially about the reliability-critical components is needed. Taking into 
account three respective aspects of reliability in power electronics, following 
research questions are raised: 

1. How can the reliability test be performed under more realistic operating 
conditions in order better to analyze and understand the root cause of 
failure and failure mechanism? 

2. How to develop the lifetime model under more realistic condition of real 
applications for an accurate lifetime prediction for an IGBT module? 

3.  How to improve the reliability and availability of a complete power 
electronic converter under the failure condition? 
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Based on the above research questions, various reliability studies on power IGBT 
module are performed as shown also in Fig. 1-8.  

The main objectives of this project are 

1. Development of apparatus and methodologies for an advanced accelerated 
power cycling test of power IGBT modules. 

2. Development of a lifetime model of the IGBT module regarding thermal 
stresses under realistic electrical condition based on the advanced power 
cycling test. 

3. Development of open-circuit fault detection and fault-tolerant control 
methods to improve the reliability and availability of the power converters. 

In this thesis, a 600 V, 30 A transfer molded Intelligent Power IGBT Module (IPM) 
is used as target component for the first two objectives and two types of neutral-
point clamped IGBT-based three-level inverters (NPC and T-type) are considered 
for the last objective. 

 

 

Fig. 1-8 The objectives of this project corresponding to the scope of power electronics 
reliability defined by CORPE in 2010 [7]. 
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1.3.2. PROJECT LIMITATIONS AND ASSUMPTIONS 

In this project, the power cycling tests were performed under limited temperature 
range and temperature cycle period, which are relatively higher temperature stress 
and shorter period because the lower temperature range, which is more similar with 
real conditions and longer cycle period, requires a long test time. This is the 
fundamental limitation in power cycling test as well as the limitation in this project. 

Further, the accelerated power cycling tests were carried out with restricted number 
of samples and test conditions to make the lifetime model due to the limitations in 
the test time and cost. More test results obtained in the future might change the 
parameter values. Therefore, the model and the parameter fit should be considered 
as preliminary. 

The open-circuit fault conditions for the verification of fault detection and fault-
tolerant control methods were made by eliminating the gate signal of the IGBT 
because it is difficult to make the real open-circuit fault condition of the IGBT 
module. 

 

 
1.4. OUTLINE OF THE THESIS 

 The PhD dissertation consists of six chapters and is organized as follows: 

Chapter 1: Introduction 

The background and motivation for the research project are presented. Based on the 
research questions, the objective of the project are described as well. Finally, the 
outline of each chapter is also given. 

Chapter 2: Advanced Accelerated Power Cycling Test for Reliability 
Investigation of Power Device Modules 

An apparatus and methodology for an advanced accelerated power cycling test are 
presented. A detailed explanation of apparatus such as configuration and control 
methods for the different functions of accelerated power cycling test setup is given. 
Then, an improved in-situ junction temperature estimation method using on-state 
collector-emitter voltage VCE_ON and load current is proposed. Finally, a procedure 
of the advanced accelerated power cycling test and experimental results are 
presented in order to verify the validity and effectiveness of the proposed test setup 
and methodology. 
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CHAPTER 2. ADVANCED 
ACCELERATED POWER CYCLING 

TEST FOR RELIABILITY 
INVESTIGATION OF POWER DEVICE 

MODULES 

This chapter presents an apparatus and methodology for an advanced accelerated 
power cycling test for IGBT modules. A detailed explanation of apparatus such as 
configuration and control methods for different functions of the advanced 
accelerated power cycling test setup is given. Then, an improved in-situ junction 
temperature estimation method using on-state collector-emitter voltage VCE_ON and 
load current is proposed. Finally, a procedure of the advanced accelerated power 
cycling test and experimental results are presented. 

2.1. ADVANCED ACCELERATED POWER CYCLING TEST 
SETUP 

The most of the power cycling tests has been performed with the conventional DC 
power cycling test as mentioned in Chapter 1.2.3. However, in such test, the tested 
module is not operated under realistic electrical conditions. Further, an overload 
current may be required to apply high temperature swing in a short period because 
the temperature is increased by only conduction losses. There is a lack of study on 
the effect of the operating conditions of the power modules on the test results and 
thus this effect is still an open question [77-79]. Several accelerated reliability tests 
have been performed at product level with a real load such as motor [79-81]. 
However, power cycling tests with real loads are not cost-effective because the real 
load generates the large power losses during test. Further, it requires long test 
period. In the case of power cycling test with small load inductor, there are 
limitations to emulate the various operating conditions such as power factor, 
modulation index and etc. 

 Therefore, the power cycling test under more realistic operating condition in a cost-
effective way is needed in order to minimize the uncertainty which may be able to 
come from other parameters or test conditions and to affect test results.  
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2.1.1. CONFIGURATION OF ACCELERATED POWER CYCLING TEST 
SETUP  

Fig. 2-1 shows a configuration of an advanced accelerated power cycling test setup. 
Two three-phase converters are connected through load inductors. One is a test 
converter and the other one is a load converter. An IGBT module that will be tested 
is used for the test converter. In the load converter, an IGBT module which has a 
higher rated power than the tested module is used in order to reduce the effect of the 
thermal stresses on the load IGBT module during accelerated power cycling tests. 
By using a higher rated power module for the load converter, the load converter can 
run for a long time even though the tested IGBT modules are changed after a 
certain number of power cycling tests.  

These two converters are connected with a DC source (VDC) via an electric fuse (see 
Fig. 2-1). If there is an abnormal high current during the power cycling test, the 
electric fuse disconnects the two converters from the DC source in order to protect 
the overall system. The detailed information for the electric fuse can be obtained in 
[99].  

The on-state collector-emitter voltages (VCE_ON) of IGBTs and forward voltages (VF) 
of the diodes are measured in real time by an on-line VCE_ON measurement circuit to 
monitor the wear-out condition of the IGBT module under test [19]. VCE_ON is a 
good indicator to determine the wear-out of the power device module regarding 
bond-wire lift-off, delamination of solder joints and chip metallization degradation 
[82]. Further, the junction temperature of the power devices can also be estimated 
by VCE_ON because it is one of Temperature Sensitive Electrical Parameters (TSEPs) 
in the IGBT [83, 84]. 

 

 

Fig. 2-1  Configuration of power cycling test setup. 
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