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Abstract

Power electronics is a technology that can efficiently transmit energy to the user, with
power semiconductor devices playing a pivotal role as a key component in power
conversion. The trend in power semiconductor devices is towards higher power ratings

and higher power densities which all lead to higher heat generation inside the device.

High thermal stress generated during the operation results in failing power semiconductor
devices. Insulated Gate Bipolar Transistors (IGBTs) are the most widely used power
electronic switches for medium and high power conversion applications. IGBTs are
mostly packaged using bond wires. Bond-wired IGBT modules for high power levels,
however, do have reliability issues and often fail open circuit. In High Voltage DC
Transmissions (HVDC) power modules that fail open must be avoided. For that reason,
in HVDC press pack IGBT (PP IGBT) modules are used which are known to fail short-
circuit. Although PP IGBTs reduce the risk of module failures by allowing electrical and
thermal contact within the module through pressure, instead of through bonding wires

they fail eventually over time.

Monitoring the health condition of PP IGBT modules is therefore essential and the aim
of this work is to develop an on-line measurement technique that can provide an early
warning of degrading PP IGBT modules for HVDC applications. This thesis compares
different existing online health monitoring techniques and identifies where within a press-
pack to monitor the health of the module. A new parameter, the collector groove lid
deformation, is identified. The relationship between junction temperatures and
deformation is shown. The new technique is called Temperature Sensitive Mechanical
Parameter (TSMP) in analogy to the well-known Temperature Sensitive Electrical

Parameter (TSEP).

Sensors suitable for measuring deformation are analyzed and compared, and an FBG-
based (Fiber Bragg Grating) online monitoring system is proposed, which can monitor
multiple series-connected PP IGBT modules in real time through a single optical fibre
and can also determine the location of faulty modules and the approximate distribution

of chips based on deformation variation. Experimental work is carried out on different



PP IGBT modules, and different test requirements are considered by modifying the
internal structure of the modules. Practical and simulation work are presented and
discussed to verify the effectiveness of the proposed health monitoring system for PP

IGBTs.
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Chapter 1 Introduction

1.1 Background

Transporting electric energy over a large distance presents a challenge as high voltage
AC (HVAC) transmission lines become too lossy over a long distance [1]. To deal with
the losses, high voltage DC (HVDC) transmission lines can be installed [2]. Several
HVDC lines have been installed worldwide. For example, in the UK an HVDC line
connects the city of Hunterston in Scotland with Flintshire in Wales. The total cable
length is around 422km, and it transmits 2,200MW of power at a DC voltage of 600KV
[3][4]. The longest HVDC transmission line in the world is in China, with an operational
DC voltage of 1,100KV and a length of 3,293km from Changji to Guquan. This line can
transmit 12GW of electricity [5].

In order to achieve these high voltages, semiconductor devices are required to convert
AC voltages to DC voltages and vice versa. There are two types of converter topologies:
multi-level converters and standard converters. The structure of multi-level converters
requires the use of several bond-wired power modules. Bond-wired power modules can
handle a maximum voltage of 6.5kV. The FZ500R65KE3 power module from Infineon,
for example, can operate at this voltage level [6]. By adding and controlling these power
modules in specific sequences, different voltage levels can be achieved. There are
commonly three multi-level converter types: diode clamped, capacitor clamped and
cascade converters. Multi-level converters have the advantages of producing low output
voltage distortion, reducing electromagnetic interference (EMI) and drawing input

currents with low distortion [7].

The main disadvantage of multi-level converters, however, is their use of bond-wired
power modules that tend to create an open circuit in the case of a power failure [8]. In
many applications power modules that fail open are seen as a benefit, as this decouples
the input from the output. For example, if a device such as a home battery charger fails
open circuit, it electrically disconnects the high voltage AC supply from the low battery
voltage. In terms of supplying a large amount of energy to suburbs, towns and industrial
areas, an open circuit results in a blackout. In order to avoid this, press-pack
semiconductors are used. They do not have bond wires, and in the case of a failure, they

fail by short circuit [9]. Press-pack semiconductors are not commonly used in multi-level



converters. They are used in a string arrangement, meaning that many press-pack
semiconductors are connected in series to gain the maximum HVDC. This requires that

all the devices be turned on and off simultaneously.
1.2 PP IGBT application

The press-pack insulated gate bipolar transistor (PP IGBT) concept was first proposed by
the Fuji Electric Corporation of Japan in 1993 [10], and since then, PP IGBTs have been
continuously improved. PP IGBTs offer various advantages, such as low thermal
resistance, double-sided heat dissipation, short-circuit failure and high current rating
capabilities, making them ideal for HVDC transmission [10][11]. At present, PP IGBTs
are mainly manufactured by companies including Littelfuse-IXYS UK, ABB, Fuji
Electric, Dynex and Toshiba. PP IGBT devices are constructed by connecting multiple
IGBT chips and multiple diode chips in parallel. Due to the relative ease of scaling these

devices, PP IGBTs have experienced a rapid growth in market share [12].

1.2.1 Medium voltage drive

Figure 1.1 Medium voltage drives for marine application using PP IGBT [13]



Medium voltage drives (MVD) (sometimes called variable frequency drives) are variable
speed drives that control the torque and speed of AC motors. In such drives, voltage in

the range of 2,300V to 4,160V is considered medium voltage [14].

PP IGBTs are ideal components for medium voltage converters since they offer higher
power potential and thermal cycling capability [15]. Medium voltage drives using PP
IGBTs can be found in steel mills, pumps, marine applications and wind generation.

Figure 1.1 shows a variable frequency marine drive using PP IGBTs [16].

1.2.2 Pulsed power application

Pulsed power is a niche market that started in the 1960s [17]. Originally, pulsed power
generators were used for nuclear fission and military applications. Pulsed power produces
a very high peak power output in a short burst. This burst can be repeated depending on
the application. Today, pulsed generators are employed in a wide range of industrial
applications. PP IGBTs have been used in a great number of pulsed generators due to
their ideal performance and high-power ability. For example, pulsed generators using PP
IGBTs can be found in medical, water treatment, food processing and exhaust gas

treatment applications [18]. Figure 1.2 shows a 5-terminal pulsed power switch

application using PP IGBTs.
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Figure 1.2 S5-terminal pulsed power switch application using PP IGBTs [13]



1.2.3 HVDC

The early introduction of the AC transformer, which allows for longer distance and low-
loss high voltage AC transmission, has historically made HVAC the dominant

transmission technique [19].

However, HVDC systems, which outperform HVAC systems in terms of long distance
transmission, are becoming increasingly essential for energy transmission. The use of
HVDC transmission started in the 1960s when thyristor valves became more widely

available.

As a result, fifty to forty years ago, HVDC transmission lines were thyristor-based. The
development of the IGBT in the 1980s paved the way for further HVDC market
innovation in the late 1990s [20][21][22] since IGBT has the advantages of low driving
voltage, high blocking voltage range and low saturation voltage, the normal frequency
range of IGBT is from 1k to 500k and the voltage can up to 6500V. With the development
of PP IGBT technology, it was now possible to turn the device on and off with much
greater control capability and a reduction in voltage and current distortions [23]. Figure

1.3 shows the basic schematic of an HVDC converter using PP IGBTs.
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Figure 1.3 HVDC converter station using PP IGBTs [24]



1.3 Failure modes of PP IGBTs

As PP IGBTs become more widely used, their reliability is of particular concern in certain
applications, such as marine applications, in which maintenance costs are high and access
is limited. Due to the internal layout of the module, the temperature deviation of the chips
and contact pressure differences lead to an unbalanced current distribution for each IGBT
chip, resulting in reliability issues. Therefore, an understanding of the failure modes of

PP IGBT modules is critical.

Several studies in the literature list failure modes of PP IGBT modules. For example, [25]
reports a failure due to fretting friction and the metallization of the molybdenum plate,
caused by a mismatch in the coefficient of thermal expansion (CTE) of the molybdenum
plate and the silicon chip. [26] highlights gate oxide breakdown and the re-metallization
of IGBT chips as failure modes. Another proposed failure mode involves the cracking of
the chip surface caused by overvoltage between the collector and the emitter [27].
Collector lid warpage failure caused by the thermal gradient in the lid is reported in [28].

The detailed failure modes summary is shown in section 2.3.2.

Each of these failure modes poses a challenge for the reliable operation of PP IGBTs. It
is therefore essential to monitor the condition of PP IGBTs. The work presented in this

thesis focuses on the online condition monitoring (CM) of PP IGBTs.
1.4 Motivation

As different failure modes cause reliability issues in PP IGBTs, CM methods must be
applied. CM is the process of monitoring a device parameter that is linked with the

degradation and failure of the device.

Not many CM techniques have been applied to PP IGBTs, in part due to their compact
structure, which limits the ability to add sensors inside the package, but also because PP
IGBTs are multi-chip devices. In such devices, it is challenging to distinguish which of
the chips or areas has failed or is going to fail. In [29], the plasma-extraction transit-time
(PETT) method was applied to detect chip temperature, the oscillation voltage, frequency
and duration were different based on different chip temperature. Temperature sensitive
electric parameter (TSEP) methods have also been applied to detect failing modules, such
as monitoring dic/dt [30] and Vce(T) [31], this kind of TESPs is related to junction

temperature, however, the average temperature within each module were obtained not the



junction temperature of each chip. In [32], the sequential Vce(T) method was proposed

for the measurement of junction temperature distribution with a separated gate controller.

All of the methods proposed thus far either require a bespoke additional circuit for each
PP IGBT or are suitable for offline detection only. In HVDC applications hundreds of PP
IGBTs are connected in series. Adding a circuit for each PP IGBT becomes expensive

and increases complexity, therefore adding to reliability issues.

Therefore, it is necessary to develop an online CM method for PP IGBTs that is reliable,
easy to implement, scalable and low in cost. This thesis introduces such a method is
making use by detecting deformations at specific locations on the PP IGBT. The measured
deformation is shown to be linked to temperature rise, which in turn is linked to
degradation within the PP IGBT. As such, the proposed technique operates similarly to
TSEP methods, in which temperature rise is seen as an indicator of a failing power
module. However, the proposed method collects information not from an electrical
parameter but from a mechanical parameter and is therefore called a temperature sensitive

mechanical parameter (TSMP) method.

1.5 Aims and objectives

The main aim of this research is to monitor the health condition of PP IGBTs.
The specific objectives of this research are as follows:

e to evaluate existing CM techniques applied to classical bond-wire modules

e to assess existing CM techniques applied to press packs

e to build a high-fidelity PP IGBT model for use in FE simulations using
ANSYS

e to investigate the effect of thermo-mechanical coupling on PP IGBT
conditions

e to explore the relationship between deformation on the collector lid groove
and the temperature of PP IGBTs

e to determine the area of faulty chips by examining the different degree of
deformation on the lid groove

e to find suitable techniques that measure the deformation of press-pack lids

e to determine the relationship between lid deformation and the temperature

profile produced by IGBT chips



e to build and test a lab-scaled prototype using the selected new technique and
to demonstrate the operation principle

e to collect experimental results to validate simulated results
1.6 Contribution to knowledge
Based on the knowledge gathered, the research makes following contributions:

e proposes a new indicator called the temperature sensitive mechanical
parameter (TSMP) to monitor the health condition of PP IGBTs

e demonstrates the relationship between the new indicator and the faulty chip
area

e shows a clear relation between press-pack lid deformation and chip
temperature

e applies the fibre Bragg grating (FBQG) technique to press packs for the first
time to measure the deformation of the lid as a TSMP

e constructs and tests a bespoke testing prototype with integrated FBG sensors
and an interrogator able to conduct operations at different chip temperature
profiles

e cstablishes an early warning system for failing PP IGBTs connected in series

that identifies the location of failing module and failing IGBT chips
1.7 Thesis structure
The organization and contents of the thesis are briefly described here.

Chapter 1: The focus of this chapter is to explain the research as a whole and to detail the

objectives and methodology of the thesis.

Chapter 2: This chapter presents the literature review in four sections. The first section
briefly covers the requirements for and importance of CM. The second part focuses on
reviewing the failure modes and CM technology for conventional IGBT modules. The
chapter then reviews the failure modes and CM methods for PP IGBT modules. The last

part is a chapter summary.

Chapter 3: This chapter presents a detailed FE simulation of a PP IGBT module. By
building different models and varying model parameters, an investigation of the

relationship between the deformation and health of a PP IGBT module is carried out.



Chapter 4: In this chapter deformation detection methods for micro-range deformations
are discussed. By comparing the pros and cons of each sensor, a suitable method that can

be applied to PP IGBTs is determined.

Chapter 5: This chapter describes the application of FBG sensors to a press-pack stack,
introduces the setup for the test rig and shows the test results for a single PP IGBT. It also
presents the test results for the application of FBG sensors to two PP IGBTs connected in
series and demonstrates the detection of faulty modules. Finally, the results with water

cooling effect are shown as the basis for the early warning system.

Chapter 6: A summary of the research is provided in this chapter along with

recommendations, conclusions and a discussion of possible future research.
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Chapter 2 Literature Review

2.1 Introduction

Condition monitoring (CM) is the process or technique used to monitor the operational
characteristics of a device by detecting changes in parameters and trends that can be
used to predict maintenance needs before a severe failure [33]. CM can be applied to a
variety of components, including transformers [34][35] and electric machines [25][36]
but also semiconductor power devices [37][38][39]. Although engineers have made
extensive efforts to improve the reliability of semiconductor power devices, some
industry surveys show that when power electronic equipment fails, the power
semiconductor devices are still the most fragile components. A survey presented in [40]
shows that IGBT power modules are the most used power semiconductor devices in the

converters, at 42% [40].

Many CM technologies have been applied to power modules over the past ten years.
However, the main challenges are an insufficient relationship between the detected

parameter and failures within multi-chip power modules.

Most published papers on CM for power modules describe the use of thermal models
to determine the junction temperature of the chip. This is because most degradations in
power modules cause an increase in junction temperature. Although this project focuses
on detecting the health condition of PP IGBT modules, the failure modes and detection

methods of traditional packaged IGBT modules must be understood first.
2.2 Overview of condition monitoring methods for conventional power modules

2.2.1 Structure of conventional IGBT power modules

The first bond wired IGBT power modules appeared in 1980 [41][42]. Due to
continuous technological advancement, significant innovations have been made in both
materials and packaging structures, allowing for the current widespread use of IGBT
power modules. Interestingly, due to changes in both packaging and materials over the

years, failure mechanisms and failure modes have also changed.
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Figure 2.1 Schematic of conventional IGBT module

The typical structure of a bond wire IGBT is shown in Figure 2.1. The Figure shows
that bond wires are placed on top of the silicon chip to electrically connect the chip to
the direct copper bonded (DCB) or terminal connection points. The bottom side of the
chip is soldered to the DCB substrate; the DCB is a copper—ceramic—copper sandwich
that has good electrical insulation and good thermal conductivity. The DCB is soldered
to the baseplate, which is made mainly from copper or aluminium silicon carbide (AL
Sic). The bottom of the baseplate is mounted to the heatsink. A layer of thermal paste

is used in between the two to increase heat flux conductivity.

IGBT power modules have a housing made mostly of plastic. Silicone gel is injected
inside the module for the mechanical protection of the bond wires and electrical

isolation of the DCB copper tracks. Figure 2.2 provides a cross-section view of a typical

bond wire IGBT module [43].
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Figure 2.2 Cross-section view of a conventional IGBT module [43]

There are many advantages using this packaging, such as low cost, mature technology,
and easy assembly. However, the traditional IGBT module packaging has some
shortcomings like the mismatch in the coefficient of thermal expansion (CTE) between
the different materials for example. This is leading to mechanical stress at the
boundaries of each material. Cracks in the solder and bond wire lift-offs are some of

the fatigue appearances caused by thermal stress [44].
2.2.2 Condition monitoring method for conventional IGBT modules

The reliability of power IGBT modules has long been a hot topic of research in the field
of power electronics. Many failure mechanisms and failure modes have been reported.
Failures can be random and sudden or progress slowly due to wear-out. Failure
mechanisms can include conditions such as temperature, current and voltage, humidity,
and mechanical vibration [45][46]. These mechanisms normally lead to wear-out.
Cosmic rays, on the other hand, are a known mechanism for sudden failure, and CM
techniques are unable to detect this type of event. This study focuses on wear-out failure
modes because they can be monitored by CM. The wear-out failure modes of
conventional IGBT modules are summarized in Table 2-1; these are divided into chip-

related failures and package-related failures.
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Table 2-1 Failure modes summary of conventional IGBT modules

Components Driving force

Gate oxides break down

Chip fracture or crack.
[47](8][48][49]
Chips

Secondary break-down,

Time dependent dielectric break-
down [50][51][52]

Bond wire fatigue [53][54]

Package Chip reconstruction [55]

Solder joint cracks [56]

Three different methods can be used to monitor wear-out failures in IGBT devices in
order to obtain their operational conditions and in-service usage: 1) the use of
expandable devices such as the fuse which is the hardware redundancy method; 2) the
model-driven method; and 3) the data-driven method also known as signal-based
method [57]. The hardware redundancy method uses a precognition unit that provides

warning signals for the IGBT chip-related failure mechanism [58].

The precognition unit is made by scaling down the design so that it experiences the
same operating conditions as the chip but fails faster, thus providing an early warning
of the actual chip failure. The model-driven method, also known as the life prognosis
method, is used to determine the health of an IGBT module by collecting specific data
from the module online for input into a damage model and then determining how much
damage has occurred [59]. The data-driven approach aims to determine the health
condition of the IGBT module from statistics based on the module’s historical data by
collecting online important parameters that can identify performance degradation to

indicate impending failures [60].

Amongst these methods, data-driven methods are the most commonly used to monitor
the wear-out of IGBT modules. The prognostic cell method is rarely reported on in

relation to power module (IGBT, MOSFET) applications, and this method does not
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indicate package related faults [61].

Moreover, although model-driven methods can calculate IGBT module life
consumption online, the failure models built are mostly empirical models based on
experimental results that are often inaccurate. It is also difficult to build failure models
that are applicable to multiple failure modes due to the complexity of the failure process
of IGBT modules [62]. By contrast, a large amount of literature has been reported on
the use of data-driven methods to monitor conventional IGBT modules, which can
provide a good reference for the CM of PP IGBT modules. Thus, this section mainly

reviews the data-driven methods.

There are two common techniques to capture data in data-driven methods. The first
technique is to capture a voltage or current parameter that is associated with the internal
condition of the IGBT module. For example, by tracing collector current and gate
source voltage, gate oxide degradation can be detected. Another approach involves
linking the junction temperature with the voltage and current values measured at the

module terminals.

The junction temperature is a preferred parameter, as it is a good indicator of the health
condition of the power modules. For example, the on-state voltage of the IGBT chip
has a linear relation with the junction temperature of the chip. Electric parameters that
have a relationship to the junction temperature are called temperature sensitive

electrical parameters (TSEPs).

TSEP methods are the most widely researched methods for determining the health
condition of a device [63][64]. In order to measure these parameters, additional
circuitry is required to measure the parameters in a safe and efficient way. The second
technique for collecting data involves adding sensors either internally within the power
module or externally. For example, the bond wire lift-off can be observed by measuring

strain gauges to detect the mechanical stress within an IGBT module.
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Thus, there are different detection methods available to identify different failure modes.
Notably, some of these can only be conducted in the laboratory, such as those that use
a strain gauge, whereas others can be used for in-field operations, such as TSEP

methods. The following section provides a few examples of data-driven methods.

Gate oxide breakdown can be determined by measuring the gate-emitter threshold
voltage Vge-m and collector current [66][67]. Vge-nm 1s the lowest gate voltage that
allows IGBTs to turn on and the collector current to flow. The relationship between the
threshold voltage and the junction temperature under different gate oxidations was
determined in [65], while Figure 2.3 shows the observed threshold voltage among
devices of aged and new has a negative coefficient with junction temperature. This was
because the bandgap of the silicon decreases with the increase of the temperature, which

means the higher temperature leads to easier conduction of IGBT [65].

The leakage current is defined as the current flowing through the collector when the
gate is short-circuited, and a rated voltage is applied to the collector and the emitter. In
[68] it was concluded that the leakage current and the junction temperature show an
exponential relationship, in which the leakage current rises sharply after the
temperature reaches a certain value (Figure 2.4). Thus, one TSEP involves measuring

the leakage current to determine the junction temperature.
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[69]

A detection method for latch-up failure was investigated in [69], this failure mode is

caused by the activation of the parasitic thyristor within IGBT structure when continue

on-state current breach a certain value. The study recorded the voltage turn-off time tosr

comparison between different latch-up scenarios and healthy module, as shown in

Figure 2.5, as the device gradually fails, the turn-off time increases accordingly.

Another study investigated the use of on-state voltage Vck as a TSEP, this is used off-

line when IGBT is not in use [70]. By plotting the constant small collector currents in

(mA range) versus on-state voltage, the impact of junction temperature change can be
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observed, the relationship between the on-state collector-emitter voltage drop and

junction temperature is negative, as seen in Figure 2.6.
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Figure 2.6 Relationship between on-state voltage and small collector current [70]

Bond wire lift-off can be detected via externally embedded sensors. For example, in
[71], an integrated detection resistor and a sub-circuit were added to determine the state
of the device, allowing bond wire lift-off to be observed in a single chip structure and
a parallel connected IGBT module. In [72], another sensing technology was applied to
detect the bond wire lift-off. In this method, a resister is connected in parallel with the
emitter bonding wire, and the resistance voltage drop is used to diagnose the bond wire

status in the module.

For detecting solder joint cracks, [71] proposed using a scanning acoustic microscope
(SAM) image to record the condition of the solder joint as well as the DCB solder layer.
The SAM uses ultrasonic sound waves to measure the surface of the object, and when
cracks occur, the reflected waves produce a different frequency signature compared to

the frequencies when there are no cracks.

Resistance temperature detectors (RTDs) were used in [73] and compared with the
TSEP method. The RTDs were soldered on the four edges of the chip, while for TSEP
the forward voltage under low current (Vr.ict) was used. Figure. 2.7 shows the difference
between the two methods. In this particular case the two techniques show a surprisingly

good overlap.
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Figure 2.7 Comparison between TSEP method and RTD embedded sensor
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2.3 Condition monitoring for PP IGBT modules

2.3.1 Press-pack IGBT module structures

The most fundamental difference between a PP IGBT module and a traditional IGBT
module is the lack of bond-wires in PP IGBT modules. To provide electrical contact

between the chip and terminals the IGBT chip is effectively mechanically clamped

between two plates [74].

Heatsink
Molybdenum plate
Silicon chip
Molybdenum plate
5
Ceramic housing JL J L J L J

Plastic frame

Electrode flange

Heatsink

Figure 2.8 Classic press pack structure

Press-pack technology was first introduced to power semiconductor devices, including
diodes, GTOs and other thyristors; before the advent of high power IGBTs, only these

three power electronic devices were available for high power applications. Later, with
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their increasing power capabilities, IGBTs found their way into PP IGBTs [28].

The classic PP IGBT structure, shown in Figure 2.8 [26], comprises five layers: two
molybdenum plates, two metal lids and a die in the middle. Each side of the die connects
to a metal lid via a molybdenum plate in order to supply thermal and electrical contact.
The metal lid is made of copper with a thin layer of nickel on the surface on both sides.
The lid provides electrical contact, heat transfer and pressure. The molybdenum plates
on both sides of the die provide pressure balance due to their CTE value that is similar
to that of the silicon chip. The CTE values of these materials are listed in Table 2-2. The
gate distribution board is connected to the die through a spring-loaded pin, and the
entire construction is placed in a ceramic capsule [27]. The ceramic capsule provides a

hermetic seal and strong protection for the module.

Table 2-2 CTE value of PP IGBT modules

Material Silicon Molybdenum copper
CTE (1/°C) 4.8"-6 4.9%-6 1.717-5
module outer frame
submodule frame (fibreglass reinforced
module lig (Polymeric) polymer)
(copper) spring

current bypass washer pack

silicon chip base-plate

silicon gel

Figure 2.9 View of ABB PP IGBT with spring contacts [75]

An alternative PP IGBT structure called StakPak (protected trademark of ABB) is
shown in Figure 2.9. The use of disc springs permits the incorporation of a mechanism
that limits the force on individual chips to a predetermined value [75]. An important
feature of this mechanical construction is that the sensitivity to non-uniform pressure

distribution is greatly reduced [76].
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There are several obvious advantages to press-pack technology compared with classic
packaging. First, PP IGBTs are much more power dense compared to solder-based
packaging. This is because the clamping of the chip not only provides good electrical
contact but also good thermal contact. Second, bond wire failing modes do not exist,
and therefore PP IGBTs have higher a reliability compared to classical power modules.
Third, the chip is cooled on both sides, reducing thermal stress [77]. Fourth, the current
distribution within a PP IGBT is more homogenous compared to its counterpart. Finally,
PP IGBT power modules can be easily connected in series, so that in the case of a failure
they short circuit, giving them an advantage in applications such as HVDC

transmissions [9].
2.3.2 Condition monitoring method for PP IGBT modules

Similar to the traditional IGBT module, it is necessary to understand the failure
mechanism and failure mode of the PP IGBTs before introducing CM techniques. The
failure mechanisms and failure modes of PP IGBTs are different compared to traditional
modules due not only to differences in structure but also to the pressure variable that is
introduced into the PP IGBT. As with traditionally packaged IGBT modules, the failure

mode of press packs can be differentiated at the chip level and the packaged level.

As summarized in [26], there are several possible failure modes for PP IGBTs, which
at the chip level are similar to traditional IGBT modules, such as gate oxide breakdown
and re-metallization of the chip. However, the causes of these failures are different. For
example, in PP IGBTs the gate oxide breaks down mostly due to non-uniform pressure
distribution. Re-metallization of the chip occurs through the application of a clamping
force that is either too large or too small, too large clamping force may cause the chip
crack and too small force may leading the high thermal resistance between the die and
the heatsink, then both of these may leading the high temperature occurs in the die level

causing the metal contact window on the die melting and re-metallized.

Another failure mechanism at the chip level is chip fracture or cracking or sliding wear
on the surface [27]. This failure is caused by an overvoltage drop between the collector
and emitter and local short circuits within the module. Figure 2.10 shows a failed IGBT

chip with sliding wear on the surface.
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Figure 2.11 Failed Mo plate and IGBT chips [13]

Failure modes unique to PP IGBT modules include failures associated with the
molybdenum plates. For example, [25] proposed that the fretting friction and
metallization of the Mo plate is caused by a CTE mismatch between the Mo plate and
silicon chip. The difference in CTE not only causes mechanical stress but also increases
the thermal contact resistance between the Mo plate and the silicon chip. Figure 2.11

shows a failed IGBT chip and metallization of the Mo plate.

In terms of the failure modes at the PP IGBT package level, [28] reports collector
electrode warpage failures caused by the thermal gradient in the lid leading to lateral
expansion. Figure 2.12 illustrates collector lid warpage. Collector lid groove expansion

was reported in [52], caused by over clamping, over temperature and short circuiting.

Table 2-3 summarizes the current failure modes, failure mechanisms and their causes
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for PP IGBT modules. Comparing these failure modes with those of conventional IGBT
modules, the main differences are the failure of molybdenum plates and failures at the

module level.

Table 2-3 Failure modes and failure mechanisms of PP IGBT modules

Components Driving force Causes

. Non-uniform pressure distribution
Gate oxides break down p

[59]
Chip fracture or crack. Over current
Deformation Short circuit

High switching frequency
Over voltage drop

Chips Metallization of chip. Mismatch in CTE
Chip fracture or crack. Thermal contact resistance
Deformation. Increases

Over clamping force

Ablation between chip Less clamping force

d Mo plat
e o P Mechanical damage
[59][70][64][61]
Deformation. Short circuit

Mismatch in CTE
Thermal contact resistance

Metallization of Mo

plate and Si chip. .
increases
Mo plates Sliding wear of the :
Over clamping force
surface. .
Less clamping force
Ablation between Mo Mechanical damage
plate and silver shim [61][66] [67]
Thermal gradient in the lid
Collector with lateral expansion
electrode Over clamping force Less
Package warpage clamping force Chip crack
Collector lid or burnout
groove expand Hermetic seal infringement

[59]
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Figure 2.12 Collector electrode warpage [13]

A limited number of studies on CM methods for PP IGBT modules can be found in the
literature. Most of the research on CM of PP IGBTs has focused on changes in internal
physical variables affected by external forces, such as mechanical and thermal stress.
To understand these changes, physical models are often designed and simulated using

finite element analysis.

For example, [58] developed a 3D finite element model (FEM) PP IGBT model to
numerically simulate the mechanical clamping conditions of the static thermal
distribution of IGBT chips. In [59], a Computational Fluid Dynamics (CFD) simulation
was carried out, focusing on the coolant channel design for the PP IGBT heatsink to
minimize temperature propagation. Another study investigated the influence of
clamping force on electrical contact resistance and thermal contact resistance [60]. To
validate simulation results, various tests have been conducted. Power cycling tests have
revealed two possible failure modes: damage to the gate oxide and micro erosion
between the die and the molybdenum plate [61]. Yet another study investigated the
influence of the pressure between the chip layer and the molybdenum plate, where very
high mechanical pressure can result in mechanical damage to the chip, but mechanical
pressure that is too low can cause a sudden rise in the chip junction temperature [62].
Overall, the clamping force is one of the most important parameters affecting the
reliability of PP IGBTs, and this phenomenon has been studied widely
[63][64][65][66][67].

All of the above studies used physical models to determine CM methods. CM
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techniques that do not rely on the use of models have been described in [71], which
applied the plasma-extraction transit-time (PETT) method to detect the junction
temperature. It was found that the junction temperature is not the only factor affecting
the oscillation of PETT, as the different signals interact with each other and are complex
to identify. In addition, the module structure needs to be changed to achieve control of
the PETT output within the EMC range. TSEP methods were studied using dic/dt [72]
and Vce(T) [73][74]; however, as with classical multi-chip power modules, only the
virtual average temperature can be determined, making it more difficult to identify the
failure of a single chip. One study proposes the sequential Vce(T) method for the
measurement of junction temperature distribution using a separated gate controller [75].
This method can obtain the junction temperature distribution inside the PP IGBT
module by measuring the individual chip in different cycles. However, this method
requires a new module layout to reconstruct the gate board, and the junction

temperature can only be measured offline.
2.4 Summary

In summary, the most popular CM methods for classical bond wired power modules are
TSEP methods. These work well for single-chip devices. In multi-chip devices, TSEPs
not work well, as one measured electrical parameter represents all chips. Thus, clearly
identifiable degradation is difficult to detect. This also applies to PP IGBTs, leaving the
use of embedded sensors as the only valuable CM method for PP IGBTs. However,
implanting sensors to determine temperature is not practical due to limited internal

space.
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Chapter 3 FE simulation of PP IGBT modules

The previous Chapter listed the various failure modes that can occur within press packs.
As with standard bonded power modules, the IGBT temperature rises in a failing press
pack. Any increase in temperature leads to internal mechanical pressure within the
power module, which ultimately results in mechanical stress and deformation. It is
therefore important to understand where stress and deformation takes place in a
PPIGBT module. This Chapter presents simulation results for two different press-pack

modules.

The first PP IGBT investigated is the IXYS TOS00EB45G (Littelfuse-IXYS UK) with
a rated collector—emitter voltage of 4,500V and collector current of 800A. The second
PP IGBT is the Toshiba ST2000GXH32, which has a rated collector-emitter voltage of
4,500V and collector current of 2,000A. Simulation results for the second PP IGBT
modules are shown in Appendix A. A cross-sectional image of the Toshiba module is
shown in Figure 3.1, illustrating the collector lid, emitter lid, ceramic housing, internal
pillar and upper and lower molybdenum plates. Figure 3.1 does not show components
such as the gate spring pins and the resin-frame, which can be ignored due to the frame’s

low temperature dependencies.

Upper Mo
plate
Collector lid
IGBT chip
Lower Mo
plate Ceramic
housing

Plastic frame

Emitter lid

Figure 3.1 Cross-section schematic of the IXYS PP IGBT

3.1 Simulation of deformation using ANSYS software

In this project, the finite element (FE) method was used for simulation analysis. This
method involves dividing the continuous object of analysis into finite parts using an

imaginary grid, and then combining the parts to reform the whole. In the FE analysis
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method, an approximate function is used to express grid displacement, and the
relationship between an external influence and the displacement of each node is
established through physical principles and laws or other analytical methods. The
research described in this thesis used ANSYS as the FE analysis software. The
advantages of ANSYS include its powerful functions, convenient operation and
friendly interface, especially for multi-physics coupling simulations, making it suitable

for PP IGBT multi-physics coupling analysis.

In practical applications, the current temperature and stress are coupled together inside
the PP IGBT. Therefore, the core of the coupled simulation should be modelling both
solid heat transfer and solid mechanics. Modelling both solid heat transfer and solid
mechanics will provide the thermal expansions and contractions of each FE piece,
resulting in the observation of expansions and contractions for the entire component.
Thus, the displacements and deformations at any point within the PP IGBT can be

observed.

In order to observe deformation, the power loss of the chips must be calculated based
on the device data sheet and chip size. Inputting calculated power loss to the chips
results in heat, which results in deformation. Another factor that adds to deformation is
the clamping force. The clamping force depends on the application and is often dictated
by the semiconductor manufacturer. ANSYS uses both input parameters to calculate

thermomechanical performance within the PP IGBT.

It must be noted that due to the complexity of the PP IGBT, the model takes into account
the CTESs of the different materials, the individual thermal time constants that are driven
by the material properties and dimensions of those materials, the local mechanical stress
interaction between the different materials, and the appearance of local frictions
resulting in tiny gaps that change the local thermal impedance. Poor contact between
layers of different materials leads to an increase in thermal resistance, which leads to
the additional accumulation of heat and the further uneven distribution of expansion

and deformation.

In the simulation, the physical principles and laws used internally to calculate the
deformation are described in the following equation. The temperature calculation is
derived from the power loss of the chip and the cooling capacity of the heat sink.

Equations (3.1) and (3.2) explains the relationship between the temperature and power
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loss. The deformation is then calculated by (3.4). These parameters are set in the

material properties mentioned previously.

As shown in (3.1) and (3.2), where p is the density, C,is the specific heat capacity, kis
the thermal conductivity, and q is the heat flux, Tis temperature function with position
x and time t. The temperature is the crucial parameter in the physical model since it

affects the mechanical and electrical performance.

0 q
aT(x, t) — adT(x,t) = @ (3.1)
k
a = Cp_p (32)

Despite describing the internal heat flux, thermal convection must be considered to
reflect the cooling with the ambient temperature. Based on (3.3) convection q, is
defined by the film coefficient h, the surface area A, and the difference between surface

temperature Tgyyrqce and ambient temperature Tgmpient-

qdc = hA(Tsurface - ambient) (3.3)

To analysis the mechanical deformation (3.4) is used that describes the principle of the

strain generation. E is Young’s Modulus, ois stress and €is strain.
o =Ese=alAT (3.4)
3.2 FE model setup

For the FE simulation the static thermal and structure platform provided by ANSYS
was used, with the friction model applied to address surface roughness between the

different materials.

Figure 3.2 shows the 3D model with a multi-zone mesh, which provides a balance
between accuracy of results and computation speed. In the simulation, all elements of
the PP IGBT were stacked layers of materials that showed a uniform, isotropic and

elastoplastic mechanical response and followed isotropic flow rules.

To analyse the relationship between deformation and the static strain of the thermal and
mechanical stress, the thermal heat generated by the power consumption of the
semiconductor chips and the pressure exerted by the external fixture were used as the
two key variables. In this work, the simulation included several restraints. The device

was assumed to operate in a normally-on state, and the average current injected into the
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chip was used as the source of thermal strain. At the same time, a convective heat
transfer coefficient was set between the outside of the device and the heat sink. The
outer edge of the heat sink was maintained at room temperature. In addition, the
pressure applied by the external clamping fixture was set on the top of the collector
heatsink and kept uniform, while a fixed support was set on the bottom of the emitter

heatsink.
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Figure 3.2 3D finite element (FE) model of a PP IGBT with a multi-zone mesh
3.2.1 Geometry data for PP IGBT

In order to create an FE module and to simulate it as discussed in the previous sections
two data sets are requires: geometry of the model and material data. Pressure, current
distribution, and performance of electric, thermal and deformation are all related, so it

is essential to have an accurate geometric model and the correct material data.

Table 3-1 Material and dimensions of the components inside the module

Component Thickness (mm) | Surface area (mm?)
Si chip 0.5 201.2
Collector Mo plate 0.51 210.25
Emitter Mo plate 0.55 96
Pillar 6.5 90.25
Collector pole 6.7 5675
Emitter pole 6.7 5675
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Table 3-1 shows the dimensions of the main components inside the PP IGBT module.
Detailed schematic diagram of the PP IGBT module is presented in Figure 3.3, the
diameter of the whole collector lid is 124mm and the diameter of the projection on the
lid in contact with the heat sink is 85.1mm and the height of the collector groove is
around 0.8 mm. These data provide the information for selecting the suitable sensors in

the later use.

@ 124mm Max

@85.1mm Max . 0.8mm Min
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Figure 3.3 Detailed schematic diagram of PP IGBT module

3.2.2 Material data for PP IGBT

Despite designing an accurate geometrical model, material data must be exact too for
FE simulation. Thermal and mechanical parameters have been entered into the model
and Table 3-2 shows all relevant information for the FE analysis. The data shown were
either given by Littelfuse-IXYS UK, found in the literature or were available from the
library of ANSYS.

It is worse noting that thermal conductivity of silicon is relatively small when operating
between 20°C-125°C. Also, for aluminium and copper, the thermal conductivity can be
considered as constant when operating between -50°C to+150°C. Therefore, in this
thesis the thermal and mechanical parameters remain unchanged during the simulation.
Based on the above equations, pre-set material properties and the actual size of the
geometry model, ANSYS is able to calculate deformation at any point within the PP
IGBT.
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Table 3-2 Material properties used for the FE model

Coefficient | Coefficient
Young’s Material
Poisson’s of thermal | of thermal
Material module density
ratio conductivity | expansion
(GPa) (kg/m?)
[W/(m*K)] | a(1/°C)
Silicon 162 0.23 2330 148 4.8E-6
Molybdenum 320 0.28 10220 130 4.9E-06
Copper 129 0.34 8933 385 1.71E-05

3.3 FE simulation using evenly distributed IGBT power

Figure 3.4 shows the basic simulation procedure. The 3D geometry of the PP IGBT

model was developed in Inventor using all information about the geometry and material
data. The 3D model was then transferred to the ANSYS platform. The heatsink block
was built using Designer in ANSYS and attached to the PP IGBT model. Once all the

information had been inputted, the thermal simulation was conducted through a static

thermal analysis in ANSYS. The results of this step were transferred to the ANSYS

static structure to simulate the mechanical parameters of such a deformation.

Geometry
model in
Inventor

Transfer to

ANSYS
—>

With detailed

dimestion

Geometry
in Designer

Co-simulation
transfer

With the drawing of
heatsink block

Co-simulation
_ Thermal _ transfer
simulationin  —— pm
static thermal
With the thermal

With the mechanical

coefficient setting

Mechanical
simulation in
static structure

coefficient setting

Figure 3.4 Simulation flowchart of modelling and thermal and mechanical

analysis

The procedures illustrated in the flowchart in Figure 3.4 were able to detect deformation

based on heat stress and mechanical clamp pressure. The module structure and material

properties remained unchanged during the simulation.
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In the first simulation, it was assumed that all IGBTs in the press pack produced the
same power. Adding sensors to PP IGBTs is difficult; the only accessible points for
adding sensors are the module’s lids and ceramic housing of a PP IGBT module. Strictly
speaking, the ceramic housing of a PP IGBT is mechanically decoupled from wear-out
failures. As such, studying the ceramic housing would not be beneficial. The two lids,
however, are thermo-mechanically coupled. The lid is normally flat with a small cone
in the centre and a groove which appears close to the end of the lid. This groove is
common in PP IGBTs, as it acts as a spring when pressing the lid into the ceramic

housing.

As the groove acts like a spring, it was therefore predicted that the groove itself would
be exposed to deformation. Assuming a constant total heat power of 1.6kW (1/4 max
power dissipation), Figure 3.5(a) shows the simulation results of the deformation in the
collector lid. As all the IGBTs grew hotter, the temperature produced heat that led to
the expansion of the lid. As seen in Figure 3.5(a), the maximum deformation occurred
in the inner lining of the groove. A maximum deformation of 56.58um was recorded at
one point on the inner lining. This can be compared with the lowest deformation of
39.43um, which appeared at the outer ring of the lid. Figure 3.5(a) shows that the
groove in the lid was the only part of the module that showed consistent stress and

therefore deformed along the entire length of the groove.

Therefore, this work focused on detecting the deformation of the lid groove as a
function of IGBT heat loss and mechanical clamp pressure. The results demonstrated
that the deformation of the groove is a good indictor to detect overheated IGBT chips.
Because of the ease of detection and the fact that the deformation of the lid groove
changed with the alteration of the junction temperature of the chips, this new parameter
was chosen as a health conditioning indicator for PP IGBT modules and is referred to
as a TSMP. Most publications have ignored the deformation of the collector lid groove,
with most studies treating the lid as a solid unit in simulations. Figure 3.5(b) shows a

close-up of the groove.
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Figure 3.5 Collector lid groove deformation results (a) Deformation results of the

collector lid and (b) detailed schematic of collector lid

In the second simulation, different boundary conditions were set to investigate the
influence of heat stress and pressure on deformation. Based on the characteristics of the

steady-state operation, each of the 14 IGBT chips and 7 diodes were given the same

constant heat loss. The rated current of the press pack was 800A.

This resulted in a heat loss of 600pW/um? for each IGBT and 200pW/um?® for each
diode (1/3 of rated current effect). With the rated clamping force of 30kN applied to the
top heatsink, the temperature distribution across all chips and the deformation

distributions along the groove were simulated, as shown in Figure 3.6(a) and (b). The

results shown in Figure 3.6 were based on settled power dissipation.
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As indicated in Figure 3.6(a), the highest chip temperature was 80°C when the module
reached thermal steady state. IGBT chips situated at the outer orbit had on average a
lower temperature compared to the IGBT chips placed closer to the centre of the PP
IGBT. The highest chip temperatures could be observed at the corners of chips,
especially when several IGBT chips were situated close together. The deformation
along the groove varied from 39.748um to 36.968um. The difference between the
maximum and minimum deformations was 2.780um. The deformation on the groove
was more consistent in the direction perpendicular to the tangent plane because the

internal pressure and thermal stress were more uniform. This represents the deformation

of the device under the rated current and pressure in a healthy state.

(a) (b)

Figure 3.6 Simulation results (a)Temperature distribution across chip surface

and (b) deformation against lid groove at 80°C

Figures 3.7(a) and (b) show the deformation distribution results and the thermal
distribution of the chips based on high current dissipation. Heat losses of 1000pW/um?
for each IGBT and 700pW/um? for each diode were allocated. As shown in the figures,
the temperatures across all chips were much higher than in the previous simulation. The
maximum temperature observed was 149°C. The maximum deformation increased
from 70.331um to 73.809um. The position of the maximum and minimum

deformations was the same as in the rated case.
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Figure 3.7 Simulation results (a) Temperature distribution across chip surface

and (b) deformation against lid groove at 149°C
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Figure 3.8 Relationship between the maximum temperature of the chip and the

maximum groove deformation

In order to study the relationship between groove deformation and thermal stress in a
healthy state, the simulation was conducted by keeping the external clamping force
constant and altering the power consumption of the chips. Figure 3.8 shows the
relationship between the maximum temperature of the chip and the maximum groove
deformation caused by varying the power consumption. It is evident that as the power
consumption increases, the chip temperature rises accordingly, and as a result, the

deformation of the groove increases nearly linearly.
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3.3.1 Press-pack simulation varying clamping force

To further investigate the relationship between the groove deformation and the
clamping force, a varying clamping force was applied. Figure 3.9 shows how the
deformation changed as the clamping force was increased. The power dissipation was
kept constant, a heat loss of 800pW/um? was allocated for each IGBT and a heat loss
of 300pW/um? was allocated for each diode. As the clamping force increased from 5 to
40kN, the total deformation of the groove (blue curve) decreased. The drop (45um to
39um), however, was relatively small. Equation (3.5) expresses the basic total
deformation composition, which consists of deformation in three directions. The

deformation of the lid along the X-axis was barely noticeable (orange curve).

Uotal = J U2 +U,% + U,? (3.5)

—&— Total deformation X axis deformation
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Figure 3.9 Relationship between the clamping force and groove deformation

Comparing the results between altering power density while keeping clamping force
constant and varying clamping force while keeping power density constant, it is evident
that power dissipation has a bigger impact on the groove deformation than clamping

pressure.
3.4 FE simulation using unevenly distributed IGBT power
3.4.1 Press-pack simulation with one chip failed

Up to this point, simulation was carried out assuming an even power distribution across

the IGBT chips and diode chips. Likewise, it was assumed that clamping pressure was
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equally distributed amongst all chips. In real applications, however, each chip has its
own power loss, and clamping forces are not equal. This results in changes in thermal
resistances. Some chips are better thermally connected than other. In addition to
different thermal resistances, current will also flow unevenly through the chips due to
different electric resistances. These changes grow over time and will result in chip
failure, which in a PP IGBT results in a short-circuit. This section and the next simulate

these scenarios when chips overheat.

In this section, a 3D model containing a failed chip is investigated. When failure occurs,
normally the failed chip carries most of the injected current. In this case, the failed
IGBT chip was allocated with a heat loss of 3200pW/um?, and the rest of the IGBT
chips were allocated with a heat loss of 400pW/um?. A heat loss of 200pW/um? was
allocated to each diode, based on the same total heat loss (1/3 rated current effect).
Figure 3.10(a) shows that the overheated chip was placed in the upper left part of the
PP IGBT. Figure 3.10(b) shows the groove deformation. The maximum value was
45.83um and, unlike in previous simulations, the position of the maximum deformation

was now close to the position of the overheated chip.
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Type: Temperature
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(a) (b)

Figure 3.10 Simulation results (a)Temperature distribution across chip surface

with one overheated chip and (b) deformation against lid groove at 97°C

To further explore the influence of the overheated chip on groove deformation, the
results displayed in Figure 3.11 were obtained by adjusting the power loss on the faulty
chip. As the power loss continued to rise, the deformation value closest to the

overheated chip grew, but the deformation values adjacent to the overheated chip also
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increased. The reason why the adjacent value increases is because the temperature of
the remaining chips rose due to thermal coupling, which caused the overall temperature

of the collector lid to rise.
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Figure 3.11 Relationship between the maximum temperature on the faulty chip

and deformation on the groove

It can therefore be observed that in a healthy PP IGBT that shows an equal power
distribution, the groove deformation grows with an increase in power loss and an
increase in applied clamping force. The resulting deformation is evenly distributed
along the entire groove. However, when a chip is faulty and becomes overheated as a
result, the deformation increases at the point closest to the overheated chip. Also, for

high chip power loss (short-circuit), the deformation of the entire groove increases.
3.4.2 Press-pack simulation with two chips failed

Although simulation results of an overheated chip show the difference in the
deformation at the groove, it is necessary to study the situation when there are multiple
overheated chips. This section shows results when there are two overheated chips

placed at different positions within the PP IGBT modules.
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Figure 3.12 Simulation results (a)Temperature distribution across chip surface

with two overheated chips and (b) deformation against lid groove at 112°C

Figure 3.12 shows the deformation distribution on the groove and the thermal
distribution on the chip surface with two overheated IGBT chips positioned diagonally
to each other. It can be seen that the groove deformation near the two overheated chips
was significantly larger than in the remaining circumference of the groove. In order to
further explore the influence of two overheated chips, the results shown in Figure 3.13
were obtained by adjusting the power of the faulty chips while keeping the total power

unchanged.

Figure 3.13(a) indicates that as the power loss of the overheated chip increased, the
deformation of the groove near the two overheated chips increased slightly, while the
deformation of the rest of the groove decreased slightly, as shown in Figure 3.13(b),
causing greater differences in deformation in different regions. In this case, the current
was more highly concentrated on the overheated chip, and the temperature of the
remaining chips increased by thermal coupling was slightly lower than before, resulting

in a larger difference in the deformation of the groove.
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Figure 3.13 Simulation results for two overheated chips (a) Relationship between
the maximum temperature and maximum deformation by increasing the power
dissipation on the two faulty chips (b) Relationship between the maximum

temperature and deformation of the remaining circumference of the groove

The above results are based on two overheated chips in the diagonal position. In order
to better study the influence of two overheated chips on groove deformation, it is also
necessary to select two additional overheated chip layouts for simulation. The following
discussion focuses on the situation in which two chips overheat or even short-circuit on

the same side.
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(2) (b)

Figure 3.14 Simulation results (a)Temperature distribution across chip surface

with two overheated chips and (b) deformation against lid groove at 112°C

Figure 3.14 shows the results of the deformation distribution and heat distribution for
this case. The positions of the two overheated chips are clearly shown, with the
maximum groove deformation positioned between the two chips. Compared with the
simulation results for an overheated chip, the maximum deformation was reduced under
the same total power consumption, but the difference between the minimum

deformation points and the maximum deformation point was still obvious.
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Figure 3.15 Relationship between the temperature and deformation by

increasing the power dissipation on the two faulty chips
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Figure 3.16 Maximum deformation point comparison between the two

overheated chips orange: adjacent position and blue: opposite position

Similar to the previous process, the power of the overheated chips was adjusted to study
the influence of two overheated chips on groove deformation. In the case of maintaining

the total power loss unchanged for all the IGBT chips.

Figure 3.15 shows the deformation as a function of temperature. It can be seen from the
figure that as the heat loss of the overheated chips increased, the deformation of the
groove near the two overheated chips increased slightly, with the position of the
maximum groove deformation point located on the symmetry axis of the two

overheated chips. This is caused by the thermal coupling effect.

In order to compare the effect of overheated chips on deformation for the two layouts,
the simulation results of the maximum deformation point and the difference between
the maximum point and minimum point obtained for each condition are shown in Figure
3.16 and Figure 3.17, respectively. It can be seen from Figure 3.16 and Figure 3.17 the
maximum deformation value for the layout with the two faulty chips on the same side

is greater than that with the two faulty chips diagonal to each other.
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Figure 3.17 Deformation difference comparison between orange: adjacent

position and blue: opposite position

3.5 Summary

In this chapter, a detailed deformation analysis based on FE simulation applied to PP
IGBT modules was presented. First, the simulation parameters for the FE simulation
were selected, and second, a 1:1 high-fidelity model was established. The effect on the
deformation of the collector lid groove was investigated by adjusting the power
dissipation of the chip and external pressures. In addition, multiple models were
established based on the position of the selected faulty chip or chips. The simulation
provided evidence that lid circumference measurements can be used to detect faulty
chip operations that result in high chip temperatures. The research outcomes from this
chapters include the following:

1. The power dissipation of the chip has a greater effect on groove deformation than
external pressure.

2. Regardless of the number and position of the faulty chips, the deformation of the
groove is larger adjacent to the chip or chips than at other locations on the groove.

3. When the input power is known, the approximate position and number of faulty chips
can be determined by the groove deformation.

4. Based on the simulation, it can be concluded that deformation on the lid groove can

be used as a new indicator of the health condition of PP IGBTs.
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Chapter 4 Deformation detection methods for micro-range

applications
4.1 Detection system limitation

As shown in the previous Chapter the deformation on the collector lid groove can be
used as a new health condition indicator for PP IGBT. This Chapter identifies a suitable

practical sensor that is able to detect deformation of the groove.

As with any sensor, the cost should be low, and it should fulfil additional criteria as
well. First, it must fit into the space. The groove is only a few millimetres deep, and
due to their physical positions, the distance between the press pack lid and the heat sink

is also only a few millimetres.

Thus, the sensor has to be very small in order to fit within the groove. Second, the lid
is exposed to very high voltages; therefore, the isolation grade must be high (on the
order of several thousand volts). Third, due to switching, PP IGBTs produce high
electromagnetic interference (EMI); thus, the sensors must be noise immune. Fourth,
as shown in the previous chapter, the absolute value of the deformation is in
micrometres, which is small compared to the lid size, which means high accuracy and

high sensitivity are required.

According to these practical conditions, several market-available sensors for
deformation detection were compared. Table 4-1 lists these commercially available

sensors, and each sensor is discussed in more detail in the following sections.
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Table 4-1 Deformation Sensors

No . Immunit | Requirement | Complexit
Sensor Sensitivity
y s y
Strain gauge sensor Wheatstone )
1 GF=2 Poor ] Medium
[78][79] bridge
Low-coherence
5 interferometry fibre- | Nanomete | High | Need reading High
optical sensor r range unit
[80][81][82]
Fabry-perot
) APLYpEro Nanomete ) Same as )
3 interferometer High High
r range above
[83][84][85]
C e strai Need
apacitive strain sensor
4 P 0.02 Pf/pe | Poor additional Medium
[85][86][87] .
circuit
ESPI (Electronic
kle patt Need CCD
5 Specitic patten 0.5um | High e High
interferometry) camera
[88][89]1[90][911[92]
SAWR (Surface
) Need
Acoustic Wave )
6 100Hz/ pe Poor network Medium
Resonator)
analyzer
[93][941[95]1[96][97]
FBG (fiber Bragg
ti Need
7 grating) lpm/ue | High | . o High
[98][99][100][101][102 integrator
]

4.2 Strain gauge sensor

The strain gauge sensor is a common strain detection sensor that is utilized in various
applications. Strain is another word for deformation caused by force. Normally, a strain
gauge sensor is a device where the electrical resistance changes proportionally to the

amount of strain it is subjected to [78].
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Strain gauges offer a number of benefits, including low cost, ease of maintenance,
adaptability for long-distance communication, and a simple operation. They do,
however, have drawbacks, such as loss of precision over time and the requirement of a

very good surface finish for the application.

alignment marks

‘ »

solder tabs

[&— active grid —p|
length

carrier

Figure 4.1 Bonded metallic strain gauge [87]

The most widely used gauge sensor is the metallic strain gauge. The metallic strain
gauge is made of a grid pattern of very tiny metallic foil wires. Figure 4.1 shows the
principal of a bonded metallic strain gauge. To lessen the effects of shear strain and
Poisson Strain, the cross-sectional area of the grid is minimised. The grid is adhered to
a thin backing, referred to as the carrier, which is connected to the test specimen directly.
As a result, the strain of the test specimen is immediately communicated to the strain

gauge, which responds with a linear change in electrical resistance.

The gauge factor, which is a quantitative expression of the sensitivity to strain of the
gauge, is a basic parameter of the strain gauge (GF). GF is the ratio of fractional change
in electrical resistance to fractional change in length, R is the resistance and L is the
longitude length of the active grid. Equation (4.1) shows the expression of GF, the
typical value of the GF is around 2 for commercial metallic strain gauge [78]:

AR
GF = R (4.1)
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In practice, strain measurements rarely include amounts greater than a few milli-strains.
As a result, determining the strain necessitates the precise measurement of very minor
changes in resistance. Strain gauges are mostly employed in a Wheatstone bridge
configuration with a voltage or current excitation source to monitor minor changes in
resistance. Figure 4.2 illustrates the general Wheatstone bridge which consists of four

resistive arms and is powered by a voltage or current excitation source.

Figure 4.2 Wheatstone bridge circuit

When replacing one resister with a strain gauge sensor, any variations in strain gauge
resistance will cause the bridge to become unbalanced, resulting in a nonzero output
voltage. Equation (4.2) shows the relationship between the strain and the output of the
Wheatstone bridge, where “epsilon” is the strain, V; is the input voltage, V, is the output
voltage of Wheatstone bridge.
E _ GF - ¢ 1 4.2)
Vi

4 1+GF-%

In order to analyse the feasibility of using strain gauges to measure PP IGBT
deformation, electrical simulation was employed. By selecting the most used strain
gauge resistance value of 1,000 Ohms, the IGBT drive voltage 15V and the simulated
deformation values from the previous sections, the relationship between the

deformation and the output voltage ratio is obtained in Figure 4.3.

As can be seen from Figure 4.3, the ratio between output voltage and input voltage
varies between 0.0001 to 0.0007, which is very low. Therefore, the noise immunity is
poor. Another challenge is the tolerance of the resistors which lead to offsets in the

output voltage.
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Although strain gauges have the advantage of low cost and low complexity of
installation, they are not suitable for PP IGBT deformation measurements due to their

low sensitivity and poor immunity to electromagnetic interference.

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Z+ deformation (um)

Figure 4.3 Output voltage ratio based on the Z+ deformation

4.3 Low-coherence interferometry fibre-optical sensor

Low-coherence interferometry (LCI) is an optical technology that can be utilized for
micron-level accuracy in industrial surface metrology. The signal obtained by an
interferometric detector based on LCI fluctuates depending on the external environment,
such as changes in temperature, deformation and liquid refractive index.

Figure 4.4 depicts the optical arrangement of a typical fibre optic based LCI system. A
Michelson interferometer is made with a single 2x2 fibre coupler [81]. The fibre coupler
divides the power of a low coherence source, often a super-luminescent diode, between
the sample and reference arms of the interferometer. The light is then reflected and
directed back into the readout unit by two silver mirrors situated at the ends of the
measurement and reference fibres.

Optical interference can only be noticed if the difference in the pathlength between the
reflected beam of the sample and the reference arm is less than the coherence length of

the light source [80].
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Figure 4.4 Configuration of low coherence interferometry optical sensor

Like most fibre optic sensors, those based on the LCI principle are highly immune to
EMI and sensitive, but at the same time they are expensive and difficult to install. Figure
4.5 depicts the internal structure of a sensor based on the LCI concept [81]. A pair of
fibres placed in suitable packaging make up the sensitive section. The measuring fibre
is pretensioned and mechanically linked to two anchor locations to track the structure’s
deformation, whereas the reference fibre is not pretensioned nor anchored. The change

in integrated strain between the two anchor sites is proportional to the difference in the

length of these two fibres.
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Figure 4.5 Standard configuration of low coherence interferometry deformation
sensor [90]

In terms of the sensitivity of the LCI sensor, it can detect nanometre range deformation
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[89]. Based on the simulation results in the previous sections it was shown that PP IGBT
deformation are in the order of a few tens to a few hundreds of microns, and therefore

the sensitivity of the LCI-based fibre optic sensor matches these conditions.

Although this technique may work for one device, it is not applicable for measuring
deformation for several PP IGBTS. That is because the sensor measures the integrated
strain between two anchor points. This means that the number of optical probes
increases relatively. In addition, due to the presence of two internal optical fibres, the
sensor needs to be encapsulated, which is typically in the size of several millimetres in
diameter, meeting the recess dimensions but also making installation more difficult.

Overall, this solution is costly and difficult to be installed.
4.4 Fabry-perot interferometer sensor

The Fabry—Perot interferometer (FPI) is another alternative for measuring deformation.
Multiple reflections between two closely separated smooth mirror surfaces are used in
this interferometer [84]. Figure 4.6 depicts the operation concept of this device. When
light reaches the second surface, a portion of it is transmitted, resulting in numerous
offset beams that might interfere with one another. When the external environment
changes and a deformation occurs, the distance between the mirrors changes, resulting

in a change in the interference fringes.
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Figure 4.6 Operation principle of Fabry-Perot interferometer [84]

Similar to the previously compared optical fibre sensors, the advantages of FPIs include

their small size, light weight, high accuracy, resistance to EMI and high tolerance of
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corrosive environments. Concomitantly, their disadvantages include their difficulty in
mounting and use of multiple connections.

The sensor in this example is made up of two mirrors (two fibre-optic ends) facing each
other, as shown in Figure 4.7 [86]. By utilising tubes aligned and combined to generate
an air gap that acts as a low precision Fabry—Perot cavity of length d, one fibre acts as
an input—output fibre and the other acts solely as a reflector. Currently commercially
available sensors can achieve a sensitivity of 0.lpm/m, meeting the deformation

requirements for measuring PP IGBT health conditions.
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Figure 4.7 Typical construction of FPI [86]

In terms of required size, the two fibres forming the air gap need to be aligned so that
encapsulation is indispensable and the PP IGBT collector recess must be of sufficient
size to accommodate which in practical terms is hardly achievable. In addition, the need
for multiple points of measurement requires the use of multiple FPIs and
interferometers which add significantly cost. Therefore, FPIs are less feasible for

detecting groove deformation.
4.5 Capacitive strain sensor

Another possible option is the capacitive strain sensor which can be used for detecting
deformation. The capacitance variation between the two flexible conductive plates is
the operating principle of the sensor. Variations in the distance between the capacitor
plates and the electrode surface area occur when the sensor is under strain, affecting the
device capacitance [87][88]. Capacitive strain sensors can be tailored to the object being
monitored. This is because these sensors can have electrodes with different pitches and

arcas.
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Figure 4.8 Layout of the capacitive strain sensor [87]

Figure 4.8 shows the basic schematic construction of the capacitive strain sensor. The
two electrodes are made of copper. The coating of the two plates is inside the
polydimethylsiloxane (PDMS) elastomeric structures due to their non-conductive. The

initial capacitance value of the plate is:

Eo&rA
C = 4.3
- (43)

Where er is the relative permittivity for the medium between the two plates and €0 is
the dielectric constant of free space equal to 8.85 x 107'* F/cm [96], A is the electrode
surface area and the d is the distance between the plate. When the strain applies to the

sensor, the output capacitance changes accordingly.

Commercial capacitive strain sensor can detect 1-1000 pe deformation which meets the
need to detect groove deformation. However, the sensitivity of capacitive strain sensors
increases with the area of the electrode plate and is therefore limited for this application,
because the groove surface area is very small. Furthermore, although a flexible
insulating material is used as a substrate for the electrodes, additional circuitry is
required to measure changes in capacitance. This circuitry however is exposed to strong
EMI generated by the switching devices and therefore causes a risk to produce exact

measurements.

Therefore, although the cost of the capacitive strain sensor is low, reliability is not high

considering the actual measurement environment.
4.6  Electron speckle pattern interferometry (ESPI)

Electron speckle pattern interferometry (ESPI) is a full-field, non-contact optical

metrology technique for measuring displacement and strain. For displacement and
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strain measurements, the adoption of ESPI in industry has grown over the last few

decades. Recently, it also has moved into MEMS and healthcare applications [88].

The ESPI method is often used to measure the deformation of opaque surfaces.
Microelectromechanical systems [89], solder connections [90], flip-chip packaging [92]
and vibration analysis are some of its applications [91]. Statistical interference patterns,
known as speckles, are created when a rough surface is illuminated using coherent laser

light and then imaged with a CCD camera.

An interferogram is created by superimposing a reference light split from the same laser
source onto these speckles. When the surface of an object is distorted, the speckle
interferogram changes as well. ESPI surface deformation measurements are typically
separated into in-plane and out-of-plane measurements, with sensitivity limits of 80 and
25nm, respectively [90]. Figure 4.9 shows the schematic of an out-of-plane

measurement using ESPI.

As shown in Figure 4.9, the speckles, like fingerprints, are a part of the studied surface.
The speckle interferogram changes as the test object is loaded, such as through
mechanical methods, thereby distorting the surface. When an interferogram of the
surface is compared before and after loading, a fringe pattern appears, revealing the

surface’s displacement as contour lines of deformation [92].

Due to the presence of speckles, these qualitative fringe images have poor contrast and
are noisy. A technique known as phase shifting creates a quantitative phase map from
a series of speckle images for each surface condition. This phase map, unlike the fringe
images, has quantitative and directional information that can be readily converted into

a displacement value.
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Figure 4.9 ESPI out-of-plane configuration [90]

Equation (4.4) express the basic displacement of the surface, where dop is the out-of-
plane displacement, N is the fringe order (phase divided by 2x), A is the wavelength of

light, and B is the angle between the two beams

NA

1+ cos (g)

dop = (4.4)
In contrast to several of the previous methods, there is no doubt that ESPI has sufficient
resolution to detect deformation. Furthermore, due to the non-contact measurement,
ESPI is also very resistant to interference, and the laser can easily be directed to the
groove surface. However, several disadvantages must be considered with ESPI, such as
its requirement of at least one set of cameras to set up a module’s recess for
measurement.

This can be satisfactory for verification in laboratory conditions, but in real-world
applications the inspection of multiple modules in series not only increases the cost
significantly but would also be difficult to construct. Therefore, ESPI is not a suitable

technique.
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4.7 Surface Acoustic Wave (SAW) sensor

SAW sensors have been used as deformation sensor. This is due to their advantages
such as robustness, compact size, low cost and wireless passive sensing [93].

SAW sensors, are made out of fork-finger or interdigital transducers (IDT) and their
spacing may be stretched or shortened, resulting in a shift in resonant frequency [94].

Figure 4.10 shows the basic structure of a SAW sensor with a piezoelectric substrate.

Figure 4.10 Basic SAW sensor structure with a piezoelectric substrate

Figure 4.10 shows that IDT are placed on a piezoelectric substrate by a
photolithography and stripping process. The left IDT is excited by an external electric
source producing a surface acoustic wave on the substrate. The right IDT receives the
wave and converts it into an electrical output signal that can be measured. As the
piezoelectric substrate is placed on the surface that shrinks or expands the distances
between the fingers changes resulting in a different electric output signature. Equation
(4.5) describes the sensor sensitivity to express the linear relationship between the
change in strain level and the change in frequency [95], where f is the initial frequency,

the f, is the measured frequency and the ¢ is the strain.

f—f
€

Ssen = (4.5)

Typical SAW sensors have a sensitivity in this range from 100Hz/ pe to 200Hz/ pe [95],
which is well suited to the needs of lid groove degradation. However, the usual SAW
sensor with a piezoelectric substrate cannot be used well in the collector groove of a PP
IGBT module due to the rigidity of the substrate. A flexible SAW sensor based on a
single crystal LiINbO 3 film could be used due to its flexibility instead (Figure 4.11

[96]).
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Figure 4.11 SAW sensor structure based on single crystal LiNbO 3 film substrate
[97]

While single crystal LINbO 3 SAW sensors can be well embedded in a PP IGBT
collector groove, these sensors require the application of external excitation circuit to
operate, which can be influenced by the switching noise. In addition, each PP IGBT

would need its own external circuitry adding complexity and cost.
4.8 Fiber Bragg Grating (FBG) sensor

FBG sensor is a grating-based sensor which is a simple and intrinsic sensor. Over the
last few decades, FBG sensors have developed rapidly, taking them from being a
technology based primarily on laboratory applications to working extensively in
practical applications [98]. It has several advantages such as: small size, good corrosion
resistance, immune to electromagnetic interference, low thermal conductivity, and

distributed measurement ability [99].

Figure 4.12 shows the basic construction of FBG sensing system. The basic principle
of the FBG-based sensor system is injecting laser light into the coupler via a broadband
light source, all the way into the FBG fibre and all the way to the centre wavelength of
the injection being monitored. Then the shift of the reflection or transmission center
wavelength (Bragg) is detected by an optical spectrum analyzer, the shift is related to

the amount of strain.

55



grating

coupler sensor
Broadband — — wavelength
Optical T A ) et monitoring
Source

wavelength
monitoring

Figure 4.12 Basic FBG sensor system configuration [98]

Figure 4.13 illustrates the corresponding change in the spectrum when the sensitive area
of the grating senses a change in the external environment. It can be seen that both the

reflected and transmitted spectra show a shift in the Bragg wavelength of the device.

Similar to several previous fibre optic sensors, the sensitivity of the FBG is perfectly
suited to measure the deformation of the lid in PP IGBT. Equation (4.6) developed for
vacuum, describes the Bragg wavelength of the FBG, Ay is the function of the

periodicity of the grating A and the effective refractive index of the fiber n, ¢ [100].

Figure 4.14 shows an important advantage of the FBG, as the measurement is a change
in the central wavelength of the grating, by giving different wavelengths to different

gratings, it is possible to achieve multiple measurements on a single sensor [100].

This is a fundamental advantage compared to the sensors previously discussed as one
string of fibre can hold hundreds of sensors. It is therefore possible to measure the
grooves of hundreds of in series connected press packs with only one long string of
fibre. The deformation for each groove can be monitored with a single light source and
only one spectrum analyser which makes it a cost-effective solution, in particular when

compared to the cost of HVDC systems.
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Optical fibres are perfectly sized, as on one hand they are small in diameter (milli-
meters) and on the other hand they can be bended to follow a curved structure. Figure
4.15 shows the principal schematic of positioning a FBG fiber to measure the
deformation of the lid. The idea is to wrap the fiber around the groove. Therefore, the
FBG sensor is selected as the main sensor for detecting groove deformation of PP

IGBTs.
4.9 Summary

In this chapter, several sensors are described and compared. Sensors can be generally
categorized into the type of output they produce e.g., voltage, light and frequency.
Strain gauge and capacitive strain sensor measure deformation based on the change of
the output voltage, the sensitivity of the two sensors is sufficient as they operate in
micrometer range. Both sensors have advantages in cost, however, the immunity to the
electro-magnetic field is poor. SAW sensor detects the deformation by measuring the
change of the frequency of an acoustic wave. Immunity to electro-magnetic noise
remains poor and the connection between the sensor and the device is difficult. The
long-gauge-length fiber optical sensor and FBG sensor are fiber optical sensor, the
immunity is high enough as well is the sensitivity. Fabry-Perot interferometer sensor
and ESPI sensor are based on the interferometry principle to detect deformation. Their
sensitivity and immunity meet most of the requirements, but both sensors require
expensive additional detector units. Of all the sensors discussed it was concluded that

FBG sensors are the best choice for detecting groove deformation.
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Chapter S Implementation of FBG sensor for deformation detection

5.1 FBG sensor comparison and selection

The previous chapter describes the relationship between deformation of the lid grove
and IGBT chip temperature. An increase in temperature leads to deformation that can
be measured with FBG. The position and amplitude of deformation can be used to
estimate the approximate location of faulty chips. This chapter describes the hardware
setup that shows the FBG in operation and the chapter will confirm the new proposed

TSMP technique.
5.1.1 FBG operating principle

The basic operation principle of the FBG-based measurement system is to monitor
changes in wavelength of the Bragg centre as influenced by external parameters such
as deformation and temperature. A single-mode fibre core is exposed transversely to
intense UV light in a periodic pattern to create Bragg gratings. The refractive index of
the fibre core is permanently increased by exposure to strong UV radiation, resulting in
a fixed refractive index modulation dependent on the exposure pattern. A grating is a

type of fixed refractive index modulation.

Each spatially periodic change in refractive index reflects a small amount of light. All
reflected light is coherently merged into a single big reflection with a specified
wavelength when the grating period is nearly half the wavelength of the input light. The
Bragg condition is the name for this. The wavelength at which incident light is reflected
is referred to as the Bragg wavelength. Other wavelengths of light are largely unaffected
by the Bragg grating and will continue to pass through the fibre grating. As a result,
light propagating across the grating experiences negligible signal attenuation or
modification. Only wavelengths that satisfy the Bragg criterion are affected and

reflected significantly.

As mentioned in previous chapter, the central wavelength of the reflected light satisfies

the following Bragg equation:

/13 = ZneffA (51)
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Both the refractive index and the grating period are influenced by changes in external
parameters, so the magnitude of the change in wavelength at the centre of the reflected
light can be used to determine the change in the corresponding physical quantity at the

site to be measured.

In order to calculate the sensitivity of the Bragg wavelength with the strain, (5.2) is
obtained that the sensitivity with strain is the partial derivative of (4.6) with respect to

displacement:

Mg
AB

_ oA Onerr
= Zneffa+2AT (52)

The first term in (5.2) is the strain of the grating period due to the extension of the fiber,
and the second term is the variation of the index of refraction caused by the strain.

Alg

S (1 — pederse (5.3)
B

The expression (5.3) describes the classical form of the Bragg wavelength displacement

with the strain which combined both phenomena, where &g is the longitudinal strain

of the grating, and the p, is the photo-elastic coefficient which has a numerical value

of = 0.22.

Therefore, based on (5.3), the strain can be measured by sensing the shift of the central
wavelength. However, the results measured using FBG sensor measurements have both
the effect of deformation and the effect of coupling temperature. Therefore, the effect

of temperature on the center wavelength change of the fibre needs to be removed.

The formula (5.4) expresses the pure deformation measured by FBG sensor, where CTE
is the coefficient of thermal expansion of the specimen, TCS is the temperature cross

sensitivity of the FBG sensor, AT is the change of the temperature.
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Figure 5.1 Scanning filter interrogating FBG technique

Another important aspect that makes up an FBG-based measurement system is reliable
wavelength interrogation. The use of scanning variable passband filters to track the
FBG signal is one of the most successful approaches for interrogating FBG sensors.

Figure 5.1 shows the basic FBG grating detection technic by using scanning filter.

As can be seen from Figure 5.1, a coupler returns light reflected from a Bragg grating
sensor array to a scanning adjustable optical filter and a detector. Depending on the
spacing between the mirrors in the device, this filter passes a narrow band wavelength

component.

A piezoelectric stack controls the mirror spacing electronically, allowing the passband
wavelength to be tuned. When the filter is tuned, the passband is scanned for the return
signal of the grating, and when that signal is detected, the wavelength can be estimated
and recorded using the voltage of the filter. The sampling rate of the interrogator which

can record the reflect wavelength is up to 1k Hz.
5.1.2 Selection for FBG sensor

There are different FBG sensors available on the market. All of them have advantages
and disadvantages and Table 5-1 summarises the most common FBG sensors available.
All sensors can achieve a sensitivity of 1pm/ pe change of central wavelength which is

sufficient for the proposed TSMP.
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Table 5-1Commercial FBG sensors

Housing Temperature Price
FBG for strain Housing material ) )
diameter dependencies £
SMW-01 Glass fibre 1.0mm or Need £152.6
(FBGS) reinforced plastic 0.5mm compensate
FSA Strain 0.8mm Need £89
polycarbonate
Sensor (HBK) compensate
FS62 —Strain 0.2mm Need £159
Stainless steel
Sensor (HBK) 6mm compensate
. Need £234
Smart fibers steel or aluminum 2-4 mm
compensate

In summary, they all meet the sensitivity required for the measurement. One key
parameter for TSMP is the diameter of the sensor as the sensor must fit within the
physical space of the lid groove. SMW-01 with glass fibre reinforced plastic, FSA and
FS62 offer sensors smaller Imm in diameter which would allow to be fitted within the

groove.

In addition, in terms of price the three chosen sensors are comparable. However,
through communication with the manufacturer and in terms of the complexity of real
procurement, the product of FSA from HBK was chosen as the measurement element

for this project [110].

5.2 Test rig setup

To validate the collector groove deformation as TMSE a test rig was built with the

components shown in Figure 5.2.
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Figure 5.2 Schematic of collector lid

As shown in Figure 5.2, the commercial PP IGBT from Littlefuse (TOS800EB45G) was
used in this work. The rating current and voltage are 800A and 4,500V respectively.
The PP IGBT that was used is an open device meaning the collector lid was not pressed
(the lid fits within the module but to seal the device, the lid has to be pressed within the
flange).

The open module was deliberately chosen so that later IGBT and diode chips can be
rearranged. As an open module was used the device has no gas which is commonly
injected in press packs. The inert gas is used to prevent degradation of the electrode due
to oxidation. A pre-set pressure clamp was purchased (WC43) which can accompany
up to 3PP IGBT modules and heatsinks. The clamp provides the required pressure and
setup to apply an even pressure contribution. A detailed drawing of the clamp can be
found in Appendix B. The PP IGBT is double sided cooled by the water heatsink
(RG75108L). The dimension of the heatsink is shown in Figure 5.3.
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Figure 5.3 Dimension of heatsink

The heating current for the PP IGBT is generated by the Regatron programmable power

supply which can program the period and magnitude of the injected DC current.

The FBG measurement system consists of 3 parts: the FBG fibre, the FBG interrogator
and the Catman data acquisition software. Table 5-2 lists the specification of the
selected FBG sensor and Figure 5.4 shows the schematic of the dimension of the FBG

sensor and the detailed size of each grating.

The selected FBG fibre is based on the type of FSA strain sensor from HBK with
customized parameter. There are three gratings of different central wavelengths each

45mm apart on the fibre, their central wavelengths are 1508nm, 1518nm and 1528nm,

respectively.
Omocer fiber,
Braided cable, Laboratory splice connection @195um
@1mm @ 3x60mm F8G 1 [8G2 F8G 3
/ CWL: 1508nm CWL: 1518nm | CWL: 1528nm
e (331 . b
J0O0mm: 45mm LSmm Lhmim
FC/APC
Connector Protection tube

90.3x10mm

Figure 5.4 Schematic of FBG fibre with grating [110]
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Table 5-2 Specification of FBG sensor

Elements Specification
Central wavelength (nm) 1508,1518,1528
Cable type Braided cable @1mm
Connectors FC/APC
Braided cable length (mm) 1000
Braided cable bend radius <Smm
Reflection 20% +/-3%
protecting tubes 0 0.3x10mm

Figure 5.5 FBG fibre install on the lid groove with EP310 in the environmental

chamber
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In order to keep the FBG fibre in position, the fibre was wrapped around the groove,
tightened to make sure that close contact is achieved with the inner lining of the groove
and glue (EP310) was used to keep the fibre in position. Figure 5.5 shows the principles
in applying the glue. Once the fibre has been put into position it was hold by sticky
bands and glue was applied. Then the PP IGBT was put into an oven so that the glue
hardens to apply its gluing force. The PP IGBT was kept in the oven for at least 2 hours
under 150°C.

5.3 Experimental results and discussion

The work described in the Chapter 3 shows that thermal stress and clamping force result
in deformation of the groove. Results have also shown that thermal stress produces
more deformation compared to the clamping force. The relationship between
temperature and grove deformation was also discussed. Figure 5.6 shows the principal
relationships between the electrical, thermal and mechanical parameters that are all

drivers of the groove deformation.

The current and voltage inside the PP IGBT produces heat during switching and
conduction. This heat must be dissipated using heatsinks. As the heatsinks are attached
to the outside of the PP IGBT, a heat flux path is created from the semiconductor chip
to the top and the bottom of the PP IGBT collector and emitter lids respectively.
Consequently, the material between the chip and the lids will have a temperature which
depends on the thermal impedance paths. Due to manufacturing intolerance of press
packs some IGBT chips are better cooled than others. It is also well known that chips
that are not thermally well connected will become hotter. This is because the i-v
characteristic of IGBT switches is changing with temperatures. Consequently, IGBT
chips that are less thermally connected will produce higher temperatures compared to
those who are better connected thermally. Furthermore, in case an IGBT chip has failed
in press packs they most commonly become short-circuit. That means that this chip will

produce most heat compared to all other chips.

It is also known that the produced heat in the IGBT that travels along the different
materials sandwiched between the chip and the lid impacts on the physical dimensions
of the material. The materials used in PP IGBTs have all a positive temperature
coefficient meaning when exposed to higher temperature the material physically

enlarges in size. Enlargement of adjunct materials leads to deformation and mechanical
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stress between the different materials. Deformation and stress will change the thermal
contact between materials. As thermal contact worsen, chips are exposed to more heat
which results in changes of electrical parameters worsen the performance of the IGBT
chip which in effect increases the chip temperature even more, producing even bigger
deformation and stress. As Figure 5.6 shows the whole system shows a positive
feedback-loop meaning that any change results in an accelerated degradation in the
system which ultimately results in a short-circuit. As previous chapters have shown all

of the accelerated processes show up in the lid groove deformation.

Possible failure
l deformation
related to chip
Electrical temperature
energy Producing
joule heat
Condition
Higher junction itori
5 J ) monitor mng Detected by
temperature Thermal "
FBG sensor
energy
Producing
thermal stress
Changing thermal
contact resistance )
Mechanical
Increasing contact energy

resistance when
pressure lost

Figure 5.6 Diagram of lid groove deformation affected by electrical/temperature

and mechanical energy

Measuring deformation is measuring a mechanical parameter and mechanical
parameters have normally long time constants (seconds to minutes). These time
constants are much larger compared to those affecting the electrical characteristics of
power modules. It is therefore necessary to consider whether measuring the groove
deformation can detect module faults in time. The diagram 5.7 shows the relationship
between the bottom temperature and the change in temperature of the groove when the
collector lid is subjected to heat. As can be seen from the graph, the time difference
between the two temperature changes is in the order of milliseconds. In addition, the
unique short-circuit failure mode of the PP IGBT [70] ensures that the PP IGBT can
continue to operate for a period of time under a short-circuit fault, so that a module

failure can be detected in time for replacement.
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5.3.1 Full module deformation test

Experimental evaluation is carried out by measuring the collector groove deformation
through a series of tests. The initial test is implemented to see the performance of the

deformation measurement ability of FBG sensor.

The basic schematics of the test circuit is presented in Figure 5.8, the FBG fibre is well
glued around the collector lid groove for monitoring the deformation, the heat load of
the entire system is generated by providing a constant current Inear through the chips,
the heatsink is fixed to the sides of the PP IGBT module by means of locating pins, but
no chiller is connected to the heatsink (no water cooling). Thermal couples are attached
to the lid groove and close to the operating chips to record temperatures. Figure 5.9
shows a picture of the experimental test setup. Additional Figures of the FBG

measurement system are presented in the Appendix C.
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To emulate operation of a failing PP IGBT the chips within the PP IGBT have been
altered. The module normally contains 7 diode chips and 14 IGBT chips. By retaining
the 7 internal diodes and removing the 12 gate pins from the remaining 14 IGBTs, a
situation where only two IGBT chips are operating is generated. Figure 5.10 (a) and (b)
show that the position of the two working IGBT chips within the module and the
removal of the gate pins, respectively. Also, there are three gratings of different central
wavelengths on the same FBG sensor fiber and their positions are also shown in Figure

5.10 (a).
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The result of the deformation characterization of grating 1 which is most close to the
operated chips is shown in Figure 5.11. The PP IGBT module is subjected to the heating
current of 60A, which corresponds to the heat load of around 144 W, the clamping force
is 30KN applied by pre-clamped fixture. In addition, the gate control voltage was varied
from 12V to 18 V to produce different heat load conditions. Measurement was
conducted for a 5-minute period. The temperature change for grating 1 is shown in
Table 5-3, and after temperature compensation based on (5.4), the deformation result is
shown in Figure 5.11. As observed, the deformation on the groove is reduced as the
heat load decreases. Figure 5.12 presents the deformation results of the three gratings
at different gate voltages strain 3, 2 and 1 represent grating 1, 2 and 3, from which it
can be seen that each set of results has the same trend and the deformation of both
grating 2 and grating 3 is less than grating 1, due to their different positions. This

provides a reference for determining the approximate area of the faulty chip.

Table 5-3 Temperature change after heating period

Before heating
Group After heating (°C) AT (°C)
Q)
Gate voltage at 12V 20.0 43.6 23.6
Gate voltage at 15V 20.9 40.3 19.4
Gate voltage at 18V 21.3 39.3 18.0
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Figure 5.11 Experimental results for deformation measurement under various

gate control voltages
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Figure 5.12 Deformation results of 3 gratings based on different gate voltage

During the measurement of the deformation, the chip temperature during the switching
event of the IGBT module cannot be determined directly. That is due to the influence

of the thermal mass of the lid and the heat delay from the chip to the groove.

For most practical applications of PP IGBTs applied to HVDC, this is not a major
problem. This is because in this applications junction temperature fluctuations are less
likely to be generated, as they are usually operated for long periods of time at the same

average collector current. Therefore, in the above experiments the current is injected
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through a constant current source simulating the relatively long-term constant current
operation. Figure 5.13 shows the transmitted power of a HVDC transmission line from
UK to France from 15.02.2019 to 15.03.2019 [121] and it can be seen that the
transmission power fluctuates little in the whole month, as the voltage scale value is
essentially constant in HVDC systems, this means that current fluctuations are also

small. [120].
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Figure 5.13 HVDC transmission line transmitted power

To further investigate the variation of PP IGBT collector groove deformation under
different current conditions, deformation was observed by varying the input current but
keeping the gate voltage at a constant of 15V. Experiments were conducted at S0A, 70A
and 80A. Again, each measurement is performed for 5 minutes which is same as before.

The temperature record is shown in Table 5-4.

Figure 5.14 shows the deformation measurement results based on the same operation
chips position and gratings arrangements as Figure 5.10 (a) and the temperature

compensated results after heating phase.

As can be seen from the results, with increasing input power the measured deformation
increases accordingly. It is worth noting that in the absence of a cooling effect, a time
frame of 5 minutes was chosen as it was difficult to achieve steady state inside the
safety-protected cover and at room temperature. So data shown are on the slope. If tests
could have been conducted for longer the slope would become smaller until steady state

1s reached.
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Table 5-4 Temperature change after heating period

Before heating
Group After heating (°C) AT (°C)
°C)
Input current at 50A 19.0 32.1 13.1
Input current at 60A 20.9 40.3 19.4
Input current at 70A 23.0 46.2 23.2
Input current at 80A 24.0 55.7 31.7
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150
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Figure 5.14 Experimental results for deformation measurement under various

input current

The results obtained so far are based on static heat power by either varying the collector

current or the gate-emitter voltage which is not a true representation of detecting a

failure when in operation.

According to the literature [81], a PP IGBT module was subjected to power cycling

under constant current, and the collector voltage suddenly underwent a thermal

breakdown and it rapidly changing to 10 V from the beginning of the cycle to 6690

cycles, indicating that the faulty module was instantaneously subjected to far more input

power than before. The result of the collector voltage change under power cycling is

shown in Figure 5.15.
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Figure 5.15 Voltage changing of PP IGBT during power cycling [81]

Therefore, in order to emulate this behavior the PP IGBT was operated at two different
collector currents. For the first 50 minutes it was operated at 8A to represent normal
operating conditions as 8A produces less heat power. At 48 minutes the current was
increased to 20A emulating the failure of chips. Results of this experiment are obtained

and shown in Figure 5.16.
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Figure 5.16 Experimental results for deformation measurement with increasing

input current

Table 5-5 Temperature change at different heating phase

Group Before heating (°C) After heating (°C) AT (°C)
Input current at 8A 18.8 20.1 1.3
Input current at 20A 20.1 24.0 3.9
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Table 5-5 shows the temperature change at different heating phase. As can be seen from
the figure, the rise in heat leads to a nearly instantaneous increase in deformation. This
clear change can be used to determine that a PP IGBT module has a short-circuit chip.

This figure shows that the proposed TMSP is detecting failing chips.
5.3.2 Experimental validation for two modules deformation detection

One of the most superior advantages of FBG sensors is that they can achieve multi-
point measurements through a single optical fibre. This advantage is particularly

suitable for applications using PP IGBTs.

This is due to the fact that the output of a Bragg grating is wavelength, which is an
absolute parameter that is not affected by the total amount of light source or the loss of
the fibre. Distributed measurements can therefore be achieved by associating each

grating with a specific spatial location.

The upper limit on the number of gratings per fibre depends on the operating
wavelength of each grating and the wavelength width of the input light source.

Currently 20 or more grating elements can be multiplexed in a single fibre [110].

The same interrogator can multiplex the reflected wavelengths of FBG fibres, meaning
that one interrogator can monitor a stack of series connected PP IGBT modules at the

same time.

The performance on the simultaneous measurement of two lid groove deformations in
a single FBG fibre were carried out. Figure 5.17 (a) shows the test circuit and the
distribution of the IGBT operating chips inside the two modules and Figure 5.17 (b)
shows the number and positions of gratings. In the test, one module has all 14 IGBT
chips operating deemed as normal operation, the other module emulates a failed
operation, with only two IGBT chips carrying the current. The picture of the

experimental setup for two modules test is shown in Figure 5.18.
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Figure 5.17 Experimental schematic for two modules (a) Two modules test circuit

(b) Distribution of IGBT chips inside the two modules

Table 5-6 Temperature change after heating

Group Before heating (°C) After heating (°C) AT (°C)
Grating 1 20.1 29.0 8.9
Grating 8 19.8 42.0 22.2
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Figure 5.18 Experimental test setup for two PP IGBTs
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Figure 5.19 Experimental results for deformation measurement of two modules

The result of the deformation characterization for the two modules and the temperature

compensated results for gratings 1 and 8 are shown in Figure 5.19. The temperature

change recorded for grating 1 and 8 is shown in Table 5-6. The gratings are selected

since grating 1 is on the module operated under normal condition and grating 8 is the

sensor closest to the chip carried current on the module that simulates failure.

The total of eight gratings in one FBG fibre is used, four for each module, and details

of the grating dimensions are shown in the Appendix D. The two modules are subjected
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to a heating current of 80A with the same gate voltage of 15V. The clamping force is

30KN which is the pre-set rated clamping force.

The measurements are performed for a duration of 2 minutes. It is worth mentioning
that similar to the previous experiments, three heat sinks were used to connect the PP
IGBT modules and fixture for the dual module deformation measurements, but without
the effect of the chiller. Therefore, a shorter time range of 2 minutes was chosen to

record data without the cooling as it can clearly show the differences in the slopes.

Results in Figures 5.19 show clearly that the deformation of the grating 8 closest to the
two faulty chips is much larger than the rest. In addition, with the exception of the
grating 8 close to the failed chip, the remaining seven gratings detected a range of

deformation that was relatively close.

The results of gratings 4 and 7 show the slight difference compared to the other 5
gratings. This is because grating 7 is the closest sensor on the fault module to the IGBT
chip carrying current apart from grating 8, while grating 4 is positioned closer to the
area of the through-current IGBT chip than the other three gratings on the normal
operation module. By assigning different wavelengths to the gratings at different
locations, it was possible to obtain information about the failed module and to

determine the location of the failed chip in general.

Similar to the experiment before, two currents were applied to emulate the failure of a
device. First a current of 30A was applied until 1.7minutes. Then the current was
increased to 70A to emulate higher heating power. This jump is to indicate a failing
device chip (e.g. short-circuit). The gate-source voltage was kept constant to 15V and

the clamping force was 30KN.

Table 5-7 Temperature change at different heating phase

Group Before heating (°C) After heating (°C) AT (°C)
Grating 1 at 30A 20.1 22.0 1.9
Grating 1 at 70A 22.0 28.2 6.2
Grating 8 at 30A 20.3 23.4 3.1
Grating 8 at 70A 23.4 43.4 20
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Like in the experiments before the heatsinks were not cooled by water and the
temperature change is shown in Table 5-7. Figure 5.20 shows the results of the
measured deformation. From the figure, it can be seen that the deformation value of the
faulty module rises steeply with the transient increase of current, and the difference
between the faulty and healthy modules can be clearly seen. The experiment verifies

the feasibility of using the same fiber for multiple modules.
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Figure 5.20 Experimental results for deformation measurement of two modules

under varied current

5.3.3 Results with water cooled heatsinks

So far, the heatsinks used in the experiments were not water cooled. This was done
intentional to run experiments at lower and safer currents. The choose PP IGBT operates
at much higher currents and to compare deformation between simulation results and
practical results a larger current is required and to cool the module water cooling is

required too.

Figure 5.21 (a) shows the test circuit and (b) shows the distribution of the IGBT
operating chips inside the module and the number and the position of the gratings. In
this test, the module with all 14 IGBT chips were used and three different collector
currents were applied: 280A, 420A and 560A. The clamp force was 30kN and the gate
source voltage was 15V. A valve determines the flow rate and a flow meter is placed at
the inlet pipe. A thermocouple was also placed at the inlet pipe to monitor the inlet
temperature of the water. The picture of the experimental setup for water cooling test is

shown in Figure 5.22.
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Figure 5.21 Experimental schematic with heatsink (a) Water cooling test circuit

(b) Distribution of IGBT chips inside the module

Figure 5.22 Experimental test setup for water cooling deformation measurement
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Figure 5.23 Experimental results for deformation measurement of water-cooled

test

Table 5-8 Temperature change at different heating phase

Before heating
Group After heating (°C) AT (°C)
Q)
Input current 280A 16.1 26.5 10.4
Input current 420A 16.2 33.7 17.5
Input current S60A 16.1 433 27.2

The result of the deformation characterization for grating 4 with the water-cooling
effect is shown in Figure 5.23. The flow rate is set at 12L/m, and the chiller outlet

temperature is set as 20°C.
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Figure 5.25 Experimental results for deformation measurement of water-cooled

test with temperature compensated

The experimental results were obtained by applying current for 14 minutes at a
laboratory room temperature around 20°C in order to reach the steady state. The
temperature change is shown in Table 5-8. The results with temperature compensation
are shown in Figure 5.25. The average steady state values of the deformation for the
three different input currents are: 57 um, 112 um and 166 um, respectively. Although
there are fluctuations in the measurements, they are all within 5% of the steady state
value. The reason for this fluctuation is that the inlet water temperature to the heatsink
is changing. This changing is due to the chiller operation mechanism which works to
regulate the outlet water temperature in accordance with the internally detected inlet

water temperature.

Figure 5.24 shows the deformation results of 4 gratings based on different current, it
clearly shows that the results of 4 gratings has very close trend, this is because the IGBT
chips are all carrying current and evenly distributed. The slight differences in the
measurements of the different gratings may be due to the different contact levels of

each grating.
5.3.4 TMSP as an early warning system

As can be seen from the Figure 5.23, the difference in deformation values for different
input currents varies uniformly at a cold-water flow rate of 12L/min. Equation 5.5
expresses the amount of heat carried away by the module under the action of water

cooling. Where Cw is specific heat capacity, the Mw is the mass and AT is the change
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of temperature.

E =Cw-Mw-AT

(5.5)

Due to the limitations of the experimental equipment, the maximum injected current

can only up to 560A, therefore a finite element simulation was carried out in order to

obtain the steady state deformation values for the injected rated current under the same

heat dissipation conditions.

Figure 5.26 shows the comparison between the simulated and experimental results for

input currents of 280A, 420A and 560A under similar thermal conditions, it is worth

pointing out that the difference between the measured deformation values in the

experiment and the simulation may be caused by the imperfect contact between the

FBG fiber and outer lining of the groove, and the error quantity is around 15%. However,

it shown that the trend of the experimental and simulated deformation is consistent at

different input powers. As the rated current of the PP IGBT is 800A but the current

source was limited to 600A deformation can be extrapolated using the trendline shown

in Figure 5.24. At 800A the deformation is 259 um assuming 20°C inlet water

temperature. As such, for different currents a deformation value can be found so long

the current applies for a given period so that steady state can be reached. Again, in

HVDC transmission the current profile does not vary too frequently like for example in

electric drives applications [104].
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Figure 5.26 Comparison between experiment results and simulation results

In order to establish an early warning system the same principle as applied in TSEPs is

used. For example, when measuring the collector-emitter voltage as condition
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monitoring for conventional packaged IGBTs, the difference between the measured and
trendline values are used. If the difference exceeds a threshold a warning signal [119]
is produced. The threshold activating a warning signal is an error of [119]:

1500
Irate

AVce(%) = (5.6)

Like TSEPs when PP IGBTs start degrading, the trendline will differ from the baseline.
In HVDC applications current and water temperature are measured so TSMP constantly
monitors the current and inlet temperature. When both have been constant for a while
(steady state) the measured deformation is logged as reference value and compared with
the baseline value. If both values differ significantly one can conclude that the PP IGBT
starts failing.

The percentage value of the warning threshold depends on many factors and is out of
scope in this research. As the deformation mainly come from thermal effect caused by
the injected current, for simplicity using (5.6), assuming the rated current of 800A the
threshold for the deformation is 1.875%. Thus, if the deformation increases from 259

um to 263.86 um a warning is provided. However, other percentages can be chosen.
5.4 Summary

In this chapter, the FBG sensor used in the experimental measurements is first selected
based on fiber dimension and cost. Then the experimental platform was built based on
the FBG measurement system. The internal configuration and external conditions of
the module were adjusted according to different experimental purposes. The feasibility
of using collector groove deformation as the new indicator for monitoring the health
status of PP IGBT modules was verified. The main research outcomes in this chapter

arc:

1. The feasibility of using FBG fiber optic sensor to measure the collector groove
deformation is verified. The module status can be determined by measuring the

deformation when thermal breakdown occurs under average current input.

2. The use of FBG fiber optic sensors enables the simultaneous monitoring of multiple
modules and the determination of the location of the faulty module and the approximate

area of the faulty chip.

3. Validating deformation values of PP IGBT module operating at full power with

simulation results.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

Power electronics play an important role in power systems and are a vital part of the
process of transmitting and controlling energy. They are used in many important
applications of national importance, such as HVDC and wind power. In HVDC
applications PP IGBTs are used to control the amount of energy transmitted. Due to
their unique packaging structure, PP IGBT have many advantages over conventional
bond wire IGBT modules, such as their double-sided heat dissipation, short-circuit
failure mode, high power density and high reliability. PP IGBTs are also increasingly

being used in other applications, such as high-power drives.

Although PP IGBTs show good reliability, they are also prone to failure. This can be a
particular challenge in HVDC applications, in which hundreds of PP IGBTs are
connected in series and a catastrophic failure of a single module could result in the
complete loss of energy transfer to suburbs or towns. As such, monitoring the health of
PP IGBTs is essential to ensure that degrading modules can be changed before they fail.
In this thesis, health monitoring devices for PP IGBT modules were investigated and
compared. PP IGBT modules are electrically and thermally contacted by pressure
instead of a bonding wire. In addition, PP IGBT modules achieve high power densities
based on the internal parallel connection of multiple chips. Some condition monitoring
methods for conventional IGBT modules are not applicable to PP IGBT modules.
Therefore, this study investigated a bespoke health condition monitoring circuit for PP
IGBTs as well as monitoring circuits for measuring the health of conventional IGBT
modules that can be adapted to PP IGBTs. The investigation led to the development of
a new concept for the health monitoring of PP IGBTs, namely the temperature sensitive
mechanical parameter (TSMP). The TSMP method monitors the condition of PP IGBT
modules via a new indicator: deformation of the lid groove. As such, the thesis describes
the development of a measurement system by focusing on how to detect deformation
at the groove of the PP IGBT module and how the deformation is linked with the health

of the power module.

High-fidelity physical models of two PP IGBT modules were built to simulate the
variation of the physical parameters of the PP IGBT modules under average current

injection. From the finite element simulation, it was concluded that the deformation at
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the collector groove changes the most with clamping fixture pressure and internal chip
power dissipation, while being easily measurable from outside the module. The
simulation results showed that the heat generated by the internal chip due to losses has
a greater influence on the deformation than external pressure. At the same time, the area
and approximate location of the faulty chip can be derived from the deformation values

at different points along the groove.

Different sensor types were investigated for detecting deformation at the groove. The
FBG sensor was selected to measure the collector groove deformation, as it has the
advantages of high sensitivity, immunity to electromagnetic interference, the possibility
of distributed measurement and a relatively low cost. This type of sensor can achieve

high sensitivity around 1pm/pe with high accuracy.

A test platform was built based on the FBG measurement system. The experimental
results validated the conclusions of the finite element simulation. By varying the input
current, IGBT chip positions, gate-source voltages, clamping forces and cooling
temperatures, thermal stresses were emulated in a PP IGBT module, and the
relationships between deformation at different points along the groove using FBG with
the chip temperatures and clamping forces were recorded and discussed. In addition,
the superiority of the FBG sensor for distributed measurements was also practically
verified. Finally, the deformation range for normal operation of PP IGBT modules with
water cooling effect is investigated, for the 800A rated PP IGBT module, additional

maintenance was required when the deformation exceeded 259 um.
6.2 Future work
6.2.1 Installation process improvement

Based on the work in this thesis, the proposed method for detecting deformation has
the potential for further development. In order to make TMSP with FBG more
applicable to practical applications, it is desirable to bring the fiber and the collector
into better contact than just using a professional adhesive to connect these two objects.
In addition, although there is enough space in the collector groove for installing the
FBG fiber, better results could be extracted when making a bespoke thin slot in the
middle of the collector lid to ensure better contact between the FBG sensor and the

current collector lid.
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6.2.2 Measurement improvement

The gratings on the FBG fiber should be designed according to the size of PP IGBT
modules, which can ensure a better monitoring of the area of the faulty chip. Also, for
distributed measurements, an extra layer of coating should be added outside the braided
cable, considering the protection of non-sensitive areas of the fiber and the reliability
of long-term use. Finally, the proposed method should be applied to other applications

such as electric drives.
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Appendix A

FE simulation for Toshiba model

The finite element simulation of the Toshiba PP IGBT is divided into two different
models. Figure A.1 shows the schematic diagram of the first model, which is unique to

the general PP IGBT structure in that it has a single upper Mo plate.

Figure A.1 Geometry model of Toshiba with whole upper Mo plate

Figure A.2 (a) illustrates the temperature distribution in the static thermal and (b) shows
the deformation results on the lid. Based on the normal operation feature of PP IGBT,
each IGBT chip has the loss around 100W under rated current condition. According to
the manual sheet of PP IGBT, the power loss of each diode chip can be assigned as 30W
and the clamping force is 13.5KN. And the room temperature is set at 22 °C. The results
lead to similar conclusions, with the deformation of the lid of the collector being
greatest at the groove. The simulation of Toshiba's model focuses more on the second
which has the most common PP IGBT structure, where each sub-module has a separate

upper Mo plate.
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(b)

Figure A.2 (a)Temperature distribution of the chip layer (b) Deformation of collector
lid

The second geometry model from Toshiba is presented in Figure A.3, it clearly shows

that each chip has individual upper Mo plate.

Figure A.3 Geometry model of Toshiba with individual upper Mo plate
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Following the similar procedure as in chapter 3, the investigation of varying the input

power dissipation is carried out.

(©

Figure A.4 Simulation results of temperature distribution across the chip surface and

deformation against the temperature of the upper lid groove (a) 3000 pw/um3 (b)
3300 pw/um3 (c) 3600 pw/um3
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Figure A.4 shows the temperature distribution of chips on the collector side when the
power dissipation of the die is set from 3000 to 3600 pw/um3 and presents the Z-axis
deformation of the lid groove according to each temperature distribution, it can be seen
that the IGBT chips on the outer ring have higher temperature compared with diode
chips owing to the different power loss. In addition, higher temperature trend at the
edge of each chip. Figure A.5 shows the relationship between the temperature and

deformation, the deformation value increase with the rise of the power loss.
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Figure A.5 Relationship between the maximum temperature of the chip surface and

maximum deformation of the lid groove
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Appendix B

PP IGBT clamping fixture drawing and picture
Drawing containing dimensions for the clamping fixture is presented in Figure B.1.
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Figure B.1 Dimensions of clamping fixture
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Figure B.2 shows the picture of the clamping fixture, the steel base is post-mounted for
using in lab.

| |

—

i

Steel base

Figure B.2 Picture of clamping fixture with steel base
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Appendix C

FBG based measuring system pictures

Figure C.1-2 show the detailed picture of FBG based measuring system.

Collector current
input

Figure C.1 Picture of FBG measurement system in left side

96



Emitter output
current :

Figure C.2 Picture of FBG measurement system in right side
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Appendix D

FBG sensor with 8 gratings drawing and pictures

Drawing containing dimensions for the FBG sensor is presented in Figure D.1.

Splice protection,

P3x60mm Ormocer fiber, Braided cable
FC/APC Braided cable, @195um section, @1mm
Connector P1lmm
é FBG 1 FBG 2 FBG 3 0.58m— FBG 4
—EE EEE -EEEEE =
1m .6m 0.06 m 0.06 -0.6m
0.0GD
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T B R R
FBG 7 FBG 6 FBG 5

Figure B.1 Dimensions of FBG fiber sensor

Figure D.2 shows the picture of the FBG sensor.

Figure D.2 Picture of FBG fiber sensor
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