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Product lifetime validation is an essential step in a product development process. The lifetime
of power semiconductors can be years, or tens of years, in a field utilization, so a testing
method is required to obtain the necessary data in an accelerated time period. This master’s
thesis studies endurance testing of an IGBT module in a welding power source application.
The thesis was commissioned by Kemppi Oy as a part of a European Power2Power project.
The main objective was to study how a currently in use switched-mode power cycling test
could be sped up, which then could contribute to time and resource savings.

A literature review was carried out on existing IGBT endurance test methods, requirements,
and parameters. The review indicated that a constant t,, and t, control method should be
used if targeting short test duration. A maximum junction temperature Tjmax, @ junction
temperature excursion Tj, and length of a cycle period were observed as the most promis-
ing control parameters in the pursuit of speeding up the endurance test of an IGBT module.
A welding power source demonstrator was built and replicated to be used in endurance test-
ing of a complete welding power source. Key features of the demonstrator are condition
monitoring of a device under test and a computer control using LabVIEW program.

Switched-mode power cycling tests were started with three demonstrators using elevated
junction temperatures, and three more demonstrators were prepared for tests with shorter
cycle periods. Due to the lengthy nature of an endurance test, a conclusion of these tests
could not be obtained within the time frame of this thesis. However, significant observations
were made during the tests. The demonstrators were observed to function as expected, but
changes in ambient temperature were noticed to affect the test substantially. These remarks
were utilized to further develop the demonstrator and the computer control.

The research on speeding up the endurance test of an IGBT module in switched-mode power
cycling test was recognized as time-consuming and testing oriented. That said, if the test
results lead to a shorter, yet still valid, endurance test setup, long-term benefits can easily
overcome the initial resource input on the research.
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Tuotteen elinidn validointi on keskeinen osa tuotekehitysprosessia. Tehopuolijohteen elinikd
tavanomaisessa toimintaympdristossd voi olla jopa kymmenid vuosia, joten mittausdatan
hankinnassa tarvitaan kiithdytettyd testausmetodia. Tdma diplomityd tutkii IGBT-moduulin
kestotestausta hitsausvirtaldhdekdytossd. Tyo tehtiin Kemppi Oy:lle osana eurooppalaista
Power2Power-projektia. Tutkimuksen péditavoitteena oli tutkia mahdollisuuksia kiytossa ole-
van tehosyklaustestin keston nopeuttamiseksi, milld voidaan tavoitella merkittivid aika- ja
resurssisaistojd.

IGBT:n kestotestauksen metodeja, vaatimuksia, ja parametreja tutkittiin kirjallisuuskatsauk-
sena. Tutkimus osoitti, ettd vakio t,, ja t, -ohjausmetodia tulee kiyttdd lyhyttd testin
kestoa tavoitellessa. Lupaaviksi sddtoparametreiksi havaittiin maksimiliitoslimpotila Tj;max,
liitosldmpdtilan vaihtelu  Tj, ja sykliperiodin kesto. Kestotestausta varten rakennettiin kuusi
hitsausvirtaldhdedemonstraattoria, joilla pystytddn kestotestaamaan kokonaisia hitsausvir-
taldhteitd. Demonstraattorin tirkeimmét ominaisuudet ovat testattavan laitteen kunnonval-
vonta ja tietokoneohjaus kéyttaen LabVIEW-ohjelmaa.

Kolme kestotestid kidynnistettiin kdyttden korotettua liitosldmpotilaa, ja kolme muuta demon-
straattoria valmisteltiin lyhyemmén sykliperiodin testeihin. Kestotestin pitkikestoisen luon-
teen vuoksi lopullisia testituloksia ei saatu timén tyon aikaraamien puitteissa, mutta merkit-
tdvid huomioita pystyttiin tekemiin jo kestotestien aikana. Demonstraattoreiden toiminta
havaittiin odotetun kaltaiseksi, mutta ympariston limpotilan muutoksen vaikutus testijirjeste-
lyyn huomattiin merkittaviksi. Nédiden havaintojen perusteella demonstraattoria ja tietoko-
neohjausta pystyttiin jatkojalostamaan.

IGBT-moduulin kestotestauksen nopeuttamiseen liittyvé tutkimus tunnistettiin aikaa vieviksi
ja testipainotteiseksi. Kuitenkin, mikali testitulokset johtavat tuloksellisesti luotettavan kesto-
testin nopeutumiseen, ovat saatavat hyodyt merkittdavisti tutkimukseen kuluvia resursseja
suuremmat.
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VPP
Vref

Abbreviations
ADC
BIT
CL
CM
CTE
CTR
DCB
DCM
DUT
EHL
HTGB
HTRB
IGBT
IOL
LSB
LSL
MOSFET
NTC
OTP
P2P
PC

PL
QSM
RTD
SAM
SEM
TC
TL
TSEP
Ul
USL

Peak-to-peak voltage

Voltage reference

Analog-to-digital converter
Bipolar junction transistor
Consumer loop

Condition monitoring
Coefficient of thermal expansion
Current transfer ratio

Direct copper bond

Digital connectivity module
Device under test

Error handling loop
High-temperature gate bias
High-temperature reverse bias
Insulated gate bipolar transistor
Intermittent operating life
Least significant bit

Lower specification limit

Metal-oxide-semiconductor field-effect transistor

Negative temperature coefficient
Over-temperature protection
Power2Power

Power cycling

Producer loop

Queued state machine
Resistance temperature detector
Scanning acoustic microscope
Scanning electron microscope
Temperature cycling

Timer loop

Temperature sensitive electrical parameter
User interface

Upper specification limit

[V]
[V]
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1 Introduction

This master's thesis studies endurance testing of insulated gate bipolar transistors (IGBTS)
in a welding power source application. This chapter of the paper discusses a background of
the research topic, de nes an objective and delimits for the research, and presents the overall

structure of the work.

1.1 A background and motivation

Power semiconductors are one of the key factors to be considered when it comes to
reliability and a lifetime of power electronic applications. They are a fundamental part of
power electronic devices, and without any additional redundancy systems, a fault in a power
semiconductor often leads to a failure of the whole system. Conducted surveys strengthen
the conception that power semiconductors are among the most fragile components (Yang
et al., 2009). The vulnerability of power semiconductors has been widely studied, and

considerable amount of work has been concentrated on improving their reliability.

Understanding how a power semiconductor behaves under different load conditions is essen-
tial in order to evaluate the lifetime of the component and thus the overall system. Power
semiconductor manufacturers often provide some estimations of what can be expected from
their power components in terms of load cycles. In addition to these estimations, endurance
tests can also be performed to validate the calculated lifetime. However, as an expected
lifetime of a power electronic system can be even tens of years, a different kind of

an approach is needed in a component lifetime evaluation.

Accelerated endurance tests are a widely used method in evaluating a lifetime of a power
semiconductor. These tests are often guided by international standards. Different test types
include, but are not limited to, a high-temperature reverse bias (HTRB), a high-temperature

gate bias (HTGB) and an intermittent operating life (IOL) (Valentine and Das, 2016).

Understanding the failure mechanisms of a particular power semiconductor and how they

are affected by the applied endurance test type is vital to gain any comprehensive results.
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It is also worth noting that even though endurance tests are used to estimate a lifetime of
a power semiconductor, they do not necessarily apply eld-like load conditions to the tested

components (Choi et al., 2015).

This master's thesis was commissioned by welding equipment manufacturer Kemppi Oy
(from now on referred as Kemppi) located in Lahti, Finland. The endurance test Kemppi is
currently using to validate lifespans of their welding power sources lasts 2 000 h, meaning
a single test takes roughly three months to complete. The results of these tests are only of
a pass or fail type. Therefore, it is of a great interest for Kemppi to nd out if the time taken
by the test could be shortened without compromising the validity of the test results, and if

any additional information could be gained from the tested components.

1.2 A scope and delimits

The aim of this paper is to design and construct a welding power source demonstrator, gather
information on different endurance test types and their corresponding failure mechanisms,
and ultimately investigate possible ways to speed up the switched-mode power cycling test

of IGBTSs that is currently used at Kemppi.

The demonstrator will be utilized in testing of existing and future IGBTs in Kemppi's weld-

ing power sources. The purpose of the demonstrator is to allow an acquisition of more
comprehensive results from endurance tests. These results can then be used to analyze
the effect of different endurance test methods and parameters on the failure mechanisms of

IGBTS, possibly resulting in a new faster method for the switched-mode power cycling test.

Many of the endurance tests de ned in the standards are applicable for more power semicon-
ductor types than just IGBTSs. In addition, some of the failure mechanisms between different
power semiconductors are the same or similar. This paper, however, concentrates solely on
IGBTSs and their failure mechanisms, excluding other power semiconductors from the scope

of the work.
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1.3 A structure of the work

The paper consists of eight chapters. First chapter provides a background, a scope, and
delimits for the work. In the second chapter IGBTs are introduced, which provides a base for

the following chapters and the whole work. Third chapter presents relevant endurance tests
and describes testing methods, their corresponding failure mechanisms, and other essential

differences.

Chapter four introduces the welding power source demonstrator with its intended use and
requirements speci cation. This information is utilized to design and manufacture a demon-
strator prototype in chapter ve. Chapter six describes the designed computer control
implementation to the welding power source demonstrator. Seventh chapter de nes the
experiments and endurance tests to be performed with the completed demonstrator, and
presents the preliminary results gathered from the on-going endurance tests. The eight

chapter nally concludes the work carried out in the thesis.

1.4 Power2Power

Power2Power (P2P) is a European co-funded research project started in June 2019. The
project aims at innovative power semiconductors with increased power density and energy

ef ciency. P2P unites 43 participants, including Kemppi, around Europe. (In neon, 2019).

Among the P2P-project targets is to develop silicon-based IGBTs with increased power
density and improved robustness and reliability (In neon, 2821This master's thesis is

a part of the P2P project and is partially funded by it.

Figure 1.1. Power2Power is a European co-funded innovation project on Semiconductor Industry.
The project receives grants from the European H2020 research and innovation program,
ECSEL Joint Undertaking, and National Funding Authorities from eight involved coun-
tries under grant agreement No. 826417. The participating countries are Austria, Finland,
Germany including the Free States of Saxony and Thuringia, Hungary, the Netherlands,
Slovakia, Spain, and Switzerland. (In neon, 2@21
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2 Insulated gate bipolar transistors

Since the rst commercial IGBT devices came available in the 1980's, an IGBT technol-
ogy has steadily developed. Modern IGBT devices can handle 6.5 kV and 750 A, and by
lowering the maximum voltages, the current handling capability can be as high as 3.6 kA.
Typical switching frequencies for full-bridge and half-bridge IGBT topologies range from

20 kHz to 50 kHz, and some topologies are aimed at 60 kHz and above (Onsemi, 2018).

An IGBT combines the desirable characteristics of a power metal-oxide semiconductor eld-
effect transistor (MOSFET) and a bipolar junction transistor (BJT). A simpli ed equivalent
circuit of an IGBT is shown in Figure 2.1. The functionality of an IGBT is controlled with

a gate voltage similarly to a MOSFET. The main current path of an IGBT is between its
collector and emitter, represented with a pnp-type BJT. By providing a positive voltage
potential between the gate and the emitter, the MOSFET-part starts conducting, which then

leads to a current ow through the BJT.

Figure 2.1. A simpli ed equivalent circuit of an IGBT.

The structure of an IGBT does not include an anti-parallel diode. The diode is essential
especially in IGBT chip bridge con gurations, and with inductive or capacitive loads, where

a switched current creates large voltage spikes. For this reason, the necessity for an anti-
parallel diode must be considered in the circuit design, if it is not included in the IGBT

device by the manufacturer.

A modern IGBT device offers low conduction losses similar to a BJT, but due to its MOSFET-
like gate characteristics, it is simple to control, and it is capable of moderate switching

frequencies. By combining the desirable characteristics of a power MOSFET and a BJT,



16

an IGBT is a compelling power semiconductor in many high-power applications.

2.1 A structure of an IGBT

IGBT devices are available in both discrete and module designs. IGBT power modules are
designed with various number of IGBT chips, internal con gurations, and power ratings.
Two power structures can be considered as a standard for an IGBT power module design.
These designs are lead frame-based modules and direct copper bond (DCB) substrate based

modules.

A lead frame type structure, shown in Figure 2.2, is widely used with discrete IGBT power
devices. The chips are soldered on top of a metal lead frame, commonly made of cop-
per. The subassembly is then transfer molded in plastic to ensure an electrical isolation and

a mechanical protection, leaving only the connection pins exposed. (Durand et al., 2016).

Figure 2.2. A cross-sectional view of a lead frame based IGBT device. Adapted from Durand et al.
(2016).

DCB substrate based devices differ from the lead frame structure by the base of the structure,
as illustrated in Figure 2.3. In DCB substrate devices, the chips are soldered on a copper
metallization of a DCB, and the other side of the DCB is soldered onto a metallic base plate
usually made of copper. The DCB substrate itself consists of a ceramic layer with copper

metallization layers on both sides.

Figure 2.3. A cross-sectional view of a DCB substrate IGBT device structure with a baseplate.
Adapted from Zhang et al. (2018).

An IGBT module is attached to a heat sink by the base plate, through thermal paste to ensure

good thermal conductivity. There are also DCB-based IGBT devices without a base plate.
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In these versions the DCB is attached directly onto a heat sink. The base plate versions
are, however, notably more common and they can be found in 70-80% of all IGBT power

modules produced by European manufacturers. (Durand et al., 2016).

Both structure types have similar electrical connections between chips. The most widely
used interconnection technology to date is aluminum wire bonds that are ultrasonically

welded on the chips' metallization and the DCB substrate. (Durand et al., 2016).

The internal view of an IGBT module is shown in Figure 2.4. The module contains four
IGBT chips on the sides and their anti-parallel diode chips in the middle, all soldered on
a DCB substrate. The zoomed in view shows the bond wire interconnections between the

DCB substrate and the chip.

Figure 2.4. An internal view of an IGBT module, showing IGBT and diode chips, and a zoomed in
view of bond wire interconnections.

2.2 Common failure mechanisms of IGBTs

An extensive work has been focused on a research of the failure mechanisms of IGBTs and
to date the main failure mechanisms are well-known. IGBT devices can fail due to either

chip related failures, for example a latch-up, or due to package related failures (Singh et al.,
2017). With aging of components in use, the latter tends to become more common (Ciappa,

2002).
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The main failure mechanisms of power semiconductor modules are: (Durand et al., 2016)

Bond wire fatigue

« Al reconstruction and ratcheting

Solder fatigue

Delamination at the interface between mold and copper

Chip cracking

Most of the listed failure mechanisms relate to a mismatch in a coef cient of thermal
expansion (CTE) between the materials. A difference in the CTE exposes the material joints
to a thermo-mechanical stress during a normal operation, where power devices are con-
tinuously heated up and cooled down (Amro, 2009). Bond wires are often reported to be
the main culprit of power devices failures. A large mismatch in the CTE exists between
aluminum bond wires (2210 © 1/K) and silicon chips (310 ® 1/K). Thermal cycling
accumulates strain to the interface between the materials and eventually the bond wire cracks

or lifts off. (Durand et al., 2016).

Bond wire connections are typically implemented using multiple bond wires per a connec-
tion. A bond wire lift-off is a self-accelerating failure mechanism, as each lift-off increases
the current density and therefore the load on the remaining wires, thus substantially short-
ening the remaining lifespan of the device. An end-of-life failure of a power module can be

expected soon after the rst bond wire lift-off occurs.

A bond wire lift-off has long been considered as one of the main failure mechanisms for

IGBTs. However, as the IGBT technology has developed over the years, a number of cycles
to failure Nt has increased by a large factor. This has resulted in other failure mechanisms,
such as solder fatigue, to become a competing factor as the main failure mechanism. (Her-

rmann et al., 2007).
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3 Endurance tests

The following chapter describes IGBT endurance testing de ned in the standards,

the switched-mode power cycling test by Kemppi, and resulting failure type analysis.

The general requirements applicable to standard endurance and reliability tests for all semi-
conductors are de ned in the standard for semiconductor devices IEC 60747-1:2006+
A1:2010 (IEC, 2018).

Two main endurance test modes under the interest of this work are power cycling and
temperature cycling. These two can be separated based on the testing setup, and more
precisely, how a semiconductor heating is achieved. The power cycling setup is de ned
in the standard for power cycling IEC 60749-34:2010 (IEC, Z)1&nd the temperature
cycling is de ned in the standard for temperature cycling IEC 60749-25:2003 (IEC, 2003).

Endurance tests are used by semiconductor manufacturers to con rm if their product can
withstand the expected load for the estimated lifetime. The test results can be used to
establish graphs used in product lifetime calculations, or in overall testing of the validity
of a promised product lifetime. It is noted in IEC (2@3@hat many of the endurance tests
included in the standard for mechanical and climatic test methods for semiconductor devices

IEC 60749 are suitable for acceptance and reliability purposes.

Not all endurance tests or conditions are suitable for all semiconductor devices. The general
requirements that are applicable to all semiconductor devices are de ned in IECH§2010
but more precise de nitions are provided and speci ed in the relevant standard publications
for each device category. For IGBTS, the endurance testing methods are specied in IEC
60747-9:2007 (IEC, 2007).

3.1 General requirements for endurance testing

IEC (201M) de nes general requirements for endurance testing of semiconductor devices.
The requirements are applicable to all power semiconductors. The de ned requirements are

for example tolerances in ambient temperature, operating voltage, and power dissipation.
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3.2 |IGBT-speci c testing

IGBT-speci ¢ acceptance and reliability tests and methods are speci ed in IEC (2007). For
all these tests, the acceptance-de ning characteristics and criteria are listed in
a Table 1 (IEC, 2007). The values of the characteristics are provided in a device's data
sheet provided by the semiconductor manufacturers. The ve acceptance-de ning character-
istics are short-circuited collector-emitter currégt.s, short-circuited gate-emitter current

| ce.s, gate-emitter threshold voltadle ) , collector-emitter saturation voltadlee sar, and

thermal resistancBy;, .

Table 1. The acceptance-de ning characteristics for endurance and reliability tests (IEC, 2007).

Characteristics Criteria Measurement conditions
I CE:S < USL A speci edVce
I GE:S < USL A Speci edVge
> LSL
V, Speci edVcg andl
GE(th) < USL p CE c
VCE sat < USL A speciedlc
Rin < USL A speciedlc

The measurement conditions, upper speci cation limit (USL) and lower speci cation limit
(LSL), refer to a numerical value that a measured characteristic must comply in order for
a device to pass the test. Manufacturer should provide the measurement conditions in the
data sheet, which for IGBTSs are collector-emitter volt&ge, gate-emitter voltag¥sg, and

collector current .

The three endurance tests speci ed for IGBTs in IEC (2007) are a high-temperature reverse
bias (HTRB), a high-temperature gate bias (HTGB), and an intermittent operating life (IOL).

HTRB and HTGB tests are designed to stress a device's main blocking junction and gate
oxide at high temperature, respectively, and will not be further addressed within the frame of

this work.

An IOL test is designed to stress a chip and a package assembly by cycling the device on and
off repeatedly. During an on-period the device heats due to power dissipation, and during

an off-period the device accordingly cools down due to the removal of the applied power.
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The circuit for an IOL test is shown in Figure 3.1.

Figure 3.1. A schematic diagram for measuring an IOL of an IGBT. Adapted from IEC (2007).

The IOL test is performed by cycling an IGBT on and off repeatedly by alternating the gate
voltage polarity. A constant voltage source is connected between the collector and the emitter
of the IGBT. The operating conditions of the IOL test in IEC (2007) are only brie y covered.

It is stated that operating current, virtual junction temperature excursibn, Vge, case

temperaturd ., andt,, andt, must be speci ed.

Because of the loose de nition of the operating conditions of an IOL test, there are multiple

control strategies for the test. Such strategies introduced in the literature are for example:

ton = constant and, = constant
e T, =constant
* Power losseP, = constant

+ Junction temperature excursionT; = constant

The last three control methods mentioned introduce a potentially problematic aspect.
As the device under test (DUT) degrades during a test, any adjustments made to the
control parameter will reduce an accelerating effect of a positive feedback loop (Scheuer-
mann and Schuler, 2010). This leads to an increased number of cycles to fdjlure
compared to method with constagf andt, , and using these methods can overestimate
the DUT lifetime (Schuler and Scheuermann, 2009). Zeng et al. (2018) investigated that
a constanP_ method can lead up to 112% increase inkhend a constant T; method can

increase th&\; even by 152%.
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In the literature an IOL test is often associated with power cycling test. However, in the
case of IGBTSs, the standard test setup is fundamentally different and therefore should not be

mixed together.

3.3 Standard power cycling

Standard power cycling (PC) is de ned in IEC (2@)0The procedure for an IGBT PC test

is like one of a power MOSFET, both being MOS-controlled devices. The setup requires for
a DUT to be connected to a DC power supply and set into a continuous forward conductive
state throughout the entire test duration. The power cycling is achieved by switching the
externally applied powdp on, at which time the owing current heats the device internally,
and off periodically. During an off-period the device is allowed to cool down. A schematic

diagram for a standard PC test is shown in a Figure 3.2.

Figure 3.2. A schematic diagram for a standard PC cycling test.

IEC (201() de nes four test conditions shown in a Table 2. During the test;, T,;,
and T,; are kept withing the selected test condition range, t3nds adjusted so thal,;

matchesT. within O - 5 °C before the next cycle begins, as illustrated in a Figure 3.3.

A PC test duration is measured in number of cy®les There is no de ned minimuni, to
be performed de ned in the standard, as thes considerably dependent on the application.
Commonly, for test condition 1 from Table 2, the number is in integer multiples of 100 000

cycles, and for test condition 2 and 3 in integer multiples of 1 000 cycles.
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Table 2. PC test conditions and failure mode examples (IEC, 2D10

A test Temperature extremes Acycle T rC Examples of
i . vj .
condition T .[°C] Ty [°C] period failure modes
45( 5)to
la 60 5
125 € 1) Sensitive to wire
< 30 1stol5s bond fati
45( 5)to ond fatigue
1b 80 5
150 € 1)
45( 5)to
2 50 ( 20) , 75 5 Sensitive to soft
125 € 1) 1 min to _
15 min solder and wire
45 5)to i
3 60 ( 20) ( 5 95 & bond fatigue
150 € 1)

Figure 3.3. An illustration of curve shapes dfj and T as load poweP is applied periodically.
Adapted from (IEC, 20148).

The failure mode examples in Table 2 suggest that with short cycle periods of 1 sto 15 s, wire
bond fatigue is the main failure mode, and only with longer cycle periods of more than 1 min
the soft solder fatigue becomes a considerable factor. This principle is mainly con rmed by
the literature, but it is also shown that the failure modes can appear concurrently, and thus
analyzing them can be quite demanding. However, it is apparent that short cycle periods

result in only minorT, excursions.

A study by Herrmann et al. (2007) shows that in short PC teststyjtless than 20 s, bond

wire lift-off is the main failure mechanism, but at the same time damage in the chip solder
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joints was observed. This indicates that even with relatively short on-periods the solder joints

could become the lifetime limiting factor.

3.4 Standard temperature cycling

Standard temperature cycling (TC) is another endurance test type, that is designed to test
failure mechanisms of power semiconductors. A TC test procedure is de ned in IEC (2003).
The test apparatus differs fundamentally from a PC test. Instead of a DUT being heated
internally with electric current, in the TC test heating is carried out using an external heating

chamber.

Figure 3.4 shows an illustrative sample temperafigero le during a TC test. Unlike in
a PC test, the TC test setup requires for more testing parameters to be considered simultane-
ously, as these can heavily affect the failure mechanisms being tested (IEC, 2003). The main

parameters are Ts, minimum and maximum soak times, cycle time, and ramp rate.

Figure 3.4. An illustrative pro le of a TC test sample temperatufe. Soak time, ramp rate, and
cycle time must be speci ed for a TC test. Adapted from IEC (2003).

The TC test conditions depend on a tested variable. The standard has different conditions for
component testing and solder interconnect testing, but other conditions in addition to those

mentioned in the standard can also be used.

Cycle rates of a TC test are considerably slower than in a PC test. A typical TC test for

component testing has a cycle rate of 1-3 cycles per hour, specied in IEC (2003), and
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for solder interconnect tests the cycle rate is even slower, in the range of 1-2 cycles per hour.
A slower heating cycle results in complete heating of a DUT, which then results in the typical

failure mechanisms of solder fatigue and delamination.

Maximum and minimum soak levels are de ned &§max - 5 °C andTsmin + 5 °C,

respectively. There are four soak modes de ned in IEC (2003). These modes have minimum
soak times at soak temperatures of 1 min, 5 min, 10 min, and 15 min. Soak mode 1 with
one minute soak time is typically used for a component TC test, and three other modes for

testing interconnections.

The last variable is ramp rate, which for component testing is marked as non-critical.
For interconnection testing, the ramp rate needs to be adapted to a thermal mass of a sample.
The temperature of the sample should not deviate from the ambient temperature more than
a few degrees during temperature ramps. The typical ramp rate is speci ed as 15 °C per min

or less.

3.5 Implementation of endurance tests

Semiconductor manufacturers use power cycling and thermal cycling tests to estimate
lifetimes of semiconductor devices in different loading scenarios. Diagrams created with
these tests can be used to calculate the expéteding knownt,,, Tc, and T,; values.

A commonly used method to model power semiconductor power cycling capability is by
a Cof n-Manson law, which assumeé to be proportional to T,;. This relation appears as

a straight line on a logarithmi¢ vs. T,; graph. (Bayerer et al., 2008).

3.5.1 PCand TC tests by In neon

In neon's take on PC and TC tests is presented in application note AN2019-05. The docu-
ment provides a background on how the PC and TC testing is performed, and how one should
use the provided IGBT PC and TC diagrams (In neon, 282The reliability of bond wires

and solder joints is recognized as the main failure mechanisms to be tested with the PC and

TC tests.
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A TC test is used to replicate solder joint cracking and delamination. The test has relatively
long cycle periods measured in minutes, which mainly stresses the soldered joints between

a DCB substrate, chips, and a baseplate.

A PC test with short cycle periods is used to stress bond wires and soldered joints below
the chip. In neon is performing PC tests on industrial power modules with cycle periods of
ton +to =3 s. The used failure indicator is either an increas@pfby 20% or an increase

of on-state voltage by 5%, whichever is reached rst. (In neon, 2821

Like the test setup speci ed in IEC (204) In neon's PC testing is performed by cycling an
external DC power supply and not the actual semiconductor itself. This test setup removes
the impact of switching losses created by an IGBT during normal operation. As one of the
PC test conditions is T,;, a heat generated by the switching losses would partially reduce

the stress on the bond wires.

3.5.2 A switched-mode power cycling test by Kemppi

The challenge with standard PC and TC tests as endurance tests is that they do not re ect well
a real-life utilization of an IGBT, but instead they are designed to tackle on particular failure
mechanisms. For this purpose, Kemppi is using an endurance test variation that combines

features from both TC and PC tests, with a control design similar to an IOL test.

The test setup, referred henceforth as a switched-mode power cycling test, can be illus-
trated with a schematic diagram shown in Figure 3.5. The setup consists of a complete
welding power source connected between three phase power supply, usually a power grid,
and

a conventional resistive load. IGBTs are used as power switches as in eld-like inverter
operation, thus exposing them to DC-link high voltage and switching related phenomena.
This test setup of a welding power source is described as a validation test for arc welding
power sources in the standard for arc welding equipment IEC 60974-14:2018 (IEC, 2018).

This type of an endurance test setup stresses not only the IGBT chips, but also the other

related components in the power source, such as anti-parallel diodes, in close to real-life
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operating conditions. The used switched-mode PC test implements a cycle period mea-
sured in minutes, as per test condition 2 and 3 de ned in IEC (201shown in Table 2.

The requirement for the cycle period in minutes is de ned in the standard for arc weld-
ing equipment IEC 60974-1:2017 IEC (2017), which speci es that a welding power source
duty cycle must be expressed as a proportion of continuous welding time in a period of

10 minutes.

Figure 3.5. A schematic diagram for a switched-mode power cycling test. The test device is a com-
plete welding power source, with a conventional load connected to the output.

Kemppi's requirement for a switched-mode PC test duration is 2 000 h, consisting of 10 min
power cycles. In the endurance test, de ned as EDG60, a single 10 min cycle consists of 6 min
ton at the nominal power source welding output values, and 4tgirwhile the device is
allowed to cool down. Assuming a DUT survives the duration of the test without a catas-
trophic failure, its characteristics can be tested and compared to the speci ed limits. This
results in either a passing or failing score for the power source but yields no information
of the actual internal condition of the IGBTs. In cases where a device does not reach the

2 000 h, a failing score is given.

Partially because of resources, and because of the nature and outcome of the present switched-
mode PC test, Kemppi has not been able to precisely examine the emerging failure modes of
IGBT modules under test. However, the failures have long been suspected to be caused by
a solder delamination caused by temperature cycles. This assumption is mainly supported
by the literature. The common conception is that endurance test cycle periods measured in

minutes are more prone to lead to soft solder fatigue rather than to bond wire fatigue.
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3.6 Failure analysis

A failure of a device for PC and TC tests is de ned in IEC (20)L@s a device, that does

not meet the speci ed limits for one or more of the characteristics for its device category.
In addition, any kind of a mechanical damage based on a visual inspection is considered
a failure criteria. In practice many of these limits are presented in a device's data sheet
provided by the manufacturer, and therefore there exists no single de nition or a numerical

limit for a de nition of a failure.

Durand et al. (2016) reviewed PC related publications published between years 1994 and
2015. They found out that there were many variations in a de nition of the used failure
criteria. Two of the most commonly used failure de ning parameters WegeandRy, in

over 70% of the studied cases. The frequently implemented limits were 5% incréése in

and 20% increase iRy,, and these limits were often used concurrently. In 13% of the tests

an increase of 20% i¥ce was used instead of the 5%.

There is no obvious distinction in what test parameters result in a bond wire lift-off or solder
fatigue, but generally fast cycle periods and high temperature changes relate to bond wire
failures, whereas slower cycle periods and lower temperature changes lead to solder fatigue-
related failures (Cheng et al., 2017). Following a PC or TC test, a failure analysis of a DUT
is often performed. Standard examination methods include a scanning acoustic microscope
(SAM), a scanning electron microscope (SEM), an optical microscope, and a cross-section

analysis.

A lack of switching and a high voltage in a standard PC test compared to a real-life appli-
cation has been recognized, but yet there exists only a few publications related to the topic.
A practical impact of an inclusion of switching and a high voltage on the failure mechanisms

is still fairly unknown.

Smet et al. (2011) investigated ageing and failure modes of IGBT modules in a high tem-
perature power cycling test. The examination focused on two test setups, where one had
a DC current injection as in a standard PC test, and another implemented IGBT switching.

The aim of the study was to compare these two methods, how they affect the ageing modes,
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and assess the resulting failure mechanisms. The paper concludes that there were no
observed differences in the failure mechanisms between the two test methods. Both bond

wire and solder damage were identi ed in the post-measurement failure analysis.

Seidel et al. (2017) carried out a similar investigation comparing a standard PC test with

a switched-mode PC test. The study concludes with similar results to Smet et al. (2011),
as no differences were observed in the results between the switched-mode and the standard
PC tests.

It must be noted, however, that both investigations were conducted using relatively fast cycle
periods from a few seconds to about 40 seconds. These cycle period lengths of under one
minute fall under test condition 1 in Table 2. This test condition is likely to result in wire
bond fatigue rather than soft solder fatigue, which could partially explain the similarities in

the results.

As a conclusion, there seems to exist no records of investigations that study switched-mode
PC tests with cycle periods longer than one minute. Therefore, additional experiments with
longer cycle periods are needed to comprehensively understand the effect of a switched-mode

PC test on the failure modes of an IGBT.

3.7 Control methods and parameters

Control methods and control parameters are in a key role when the duration of the switched-
mode PC test is attempted to be sped up. The control parameters are de ned by the selected
test control method. The aim of con guring the control method and the parameters is to
discover a test setup that can reliably generate the same failure modes with current ED60
test, but in a shorter time span. As described in Section 3.5.2, the ED60 setup uses constant

ton andt, control method with 10 min cycle periods.

Four common control methods for intermittent endurance tests proposed in the literature
are constant,, andt, , constantT. excursion, constant power logs, and constanT;
excursion. Multiple studies show that the constant temperature excursion and the constant

power density control methods result in a noticeable increbdsedthen compared to the
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constant,, andt, method (Cheng et al., 2017) (Zeng et al., 2018).

The selected control method should be selected so that no compensation of any kind occurs
during a test. As the constant, andt, control method is already implemented in the ED60

test, it is unlikely that a faster test would be gained by changing the control method.

The constant,, andt, control method has no in-test control parameters, which means
that a possible speed up of the switched-mode PC test can only be achieved by con gur-
ing the initial test setup. In this regard, possible con gurable parameters are cycle period,

T; excursion, and maximurfy extreme.

IncreasedT; extreme is known to shorten a lifetime of a power semiconductor, and its
relativity to a component's lifetime is well known, at least in regard with standard PC and
TC results. The effect on switched-mode PC test results can be assumed to follow the
same trend. Another way to approach the junction temperature is Witlexecursion. This
method offers more control over the test, as adjustments to the excursion can be achieved by
con guring either or both the temperatures at the end of on and off periods, as shown in
Figure 3.6.

Figure 3.6. An illustrative gure showing the temperature differences between the reference ED60
test, and tests with increas@gextreme and; excursion.

Changing the cycle period can also provide results worth investigating. Possible cycle period
values can be referenced from the PC test conditions 2 and 3 in Table 2. There are possibil-
ities to either shorten or lengthen the 10 min cycle period of an ED60 test. With a shorter

cycle period, more cycles can be achieved in the same time span, but it needs to be noted that
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with shorter cycle periods, the failure mechanisms might change towards wire bond fatigue

from soft solder fatigue.

All three methods seem like promising options to achieve a speed up of a switched-mode PC
test. However, unambiguous results cannot be achieved solely from the literature sources.
Actual measurements and endurance tests need to take place, so that the impact of the

changes can be thoroughly analyzed.
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4 A welding power source demonstrator

A welding power source demonstrator is intended to be used as a test bench for acceler-
ated endurance testing of welding power source power semiconductors. The addition of
the demonstrator does not fundamentally change the endurance testing setup already in use
at Kemppi, but it removes some of the limitations, and allows for a greater control over
the test compared to the existing test setup. This, among other things, includes condition

monitoring (CM) of a DUT during the test.

In this chapter, the demonstrator is introduced and speci ed. First the main principles and
functions of the demonstrator are described, and the use of the demonstrator in accelerated
endurance testing is discussed. Finally, the requirements speci cation for the demonstrator

is de ned.

4.1 The demonstrator's structure

The demonstrator structure is designed as modular and easily accessible. A distribution of
power source components on the demonstrator can be seen in Figure 4.1. Labeled modules
2, 3, and 4 will contain a main transformer, a secondary recti er, and a secondary choke,
respectively. The components in these modules complete the welding power source
structure and are of a lesser importance in terms of endurance testing and results. Mod-
ule 1 contains a primary recti er, a DC-link, and an IGBT module, and is therefore the main
interest. The components in each module will create heat during normal operation, which

needs to be addressed in the design of the demonstrator.

Heat produced by the components is dealt by encasing each module and separating them
from each other. This should effectively reduce thermal interaction between the adjacent
modules and make temperature control easier. Each module will be equipped with industrial
grade fans, so that the components within the modules can be cooled independent of other

modules.

The demonstrator will include a separate measurement and control units. The CM of the
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Figure 4.1. A preliminary plan for the demonstrator modules based on existing welding power
sources. Module 1 contains an input recti er, a DC-link, and a power switch inverter,
module 2 contains a main transformer, module 3 contains an output recti er, and module
4 contains a secondary choke.

DUT is implemented by measuring off-line collector-emitter voltage with a separate
measurement card. Simpanen (2020) designed and manufactured a prototypgeof a
measurement card in his master's thesis, which was commissioned by Kemppi prior to this
thesis. The measurement card implemented in the demonstrator is based on the prototype
with some added modi cations and improvements. The measurement card functionality is

described in a more detail in Section 5.2.

The operation of the demonstrator will be controlled with a computer using Laboratory Vir-
tual Instrument Engineering Workbench (LabVIEW) development environment. LabVIEW
and a data acquisition device will additionally be used together with/ggemeasurement

card to record/ce of a DUT during an endurance test.

Eventually the demonstrator is intended to be duplicated to ful Il Kemppi's endurance testing
needs. This remark is included into the demonstrator design in order to avoid excessive

manual labour during the construction or the testing phases.

4.2 The demonstrator in endurance testing

The most notable bene t coming from an addition of a demonstrator to the endurance testing
setup is the condition monitoring of an IGBT DUT. Kemppi's current endurance testing setup

gives results of a pass or fail type, meaning a component either passes the test or not. In the
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cases with non-pass results, a destruction of the component is often so severe that the actual

failure mechanisms leading to the fault cannot be investigated.

This is further illustrated in Figure 4.2, which shows the damage to IGBT chips after
a malfunction in the gate driver circuit. The failure led to a short-circuit between subse-
qguent IGBT chips, and the resulted short-circuit current destroyed both chips and caused
notable damage around the chips. By comparing the gure to the intact chip in Figure
2.4, the magnitude of the destruction can be perceived. However, it needs to be noted that
a protective gel covering the chip has been removed prior to taking a photo of the chip. This

process did cause some additional damage to the bond wires.

Figure 4.2. A destroyed IGBT chip due to a short-circuit current. The protective gel normally cover-
ing the chip has been removed in order to access the chip surface.

The CM during endurance testing is implemented by measuring oMge of an IGBT
DUT. The most common failure types of IGBTs result in an increasg invhich can be
observed as a changeVWae. Therefore the condition of the IGBT DUT can be monitored

during an endurance test (Ciappa, 2002).

The measured/ce can be compared to the reference values, which can be measured at
the beginning of an endurance test. If the difference exceeds a set threshold, indicating

an approaching failure, the test can be then interrupted. This results in a failure of the



35

endurance test, but it allows for a comprehensive investigation of the defective IGBT module.
As the condition of IGBTs can be examined, an effect of different endurance test parameters

on IGBTs can be studied.

Currently the endurance testing at Kemppi is performed on complete welding power source
devices. This means that all the power source components are inside the same case during
testing, and there is no practical way to prevent thermal interaction between the components.
With the modular layout of the demonstrator, each module can be temperature controlled

separately if needed.

The modular layout allows for an effortless and quick change of individual components.
The primary transformer, the secondary recti er, and the secondary choke can be re-used
between consecutive tests, and therefore only the IGBT module needs to be changed between
the tests, thus decreasing time and modi cations required between tests. The modular layout
also bene ts testing of new products, as preliminary tests can be performed early in products'

life cycle without the need to wait for a rst prototype to complete.

4.3 A requirements speci cation for the demonstrator

The design process involves a requirements speci cation, describing the aims and the
requirements for the demonstrator. The speci cation de nes how the nal product should

function, and how certain functionality will be achieved.

The functionality of the nal product should include, but not necessarily be limited to,

following functions:

* CM of an IGBT DUT during an endurance test
« An automatic interruption of an endurance test based on a prede ned parameter(s)

» A temperature control of the modules

In addition to the above requirements, a safety aspect must not be overlooked. IEC (2017)
de nes safety requirements for a welding equipment, such as a reinforced insulation between

a power supply circuit and a welding circuit. The demonstrator's safety features should be
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implemented so that it complies with the standard for arc welding equipment IEC 60974-

1:2017, with an exception to the requirements for the enclosure of the demonstrator.

Welding power sources need to have a minimum degree of protection of IP21 or IP23,
depending whether it is designed for an indoor or outdoor use (IEC, 2017). As the demon-
strator will only be used for testing purposes in a laboratory testing area, such protection
against water will not be necessary. However, due to high voltages in use, the enclosure
should still provide a suf cient protection degree of IP2X in order to protect the operator and

other laboratory users from electric shocks.
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5 A demonstrator prototype

A construction of the rst demonstrator prototype is divided into hardware and software
sections. The hardware section consists of mechanical and welding power source parts,
their assembly, and additional measurement circuitry. The prototype produced in this chap-
ter should function like an actual welding power source, so that it could be utilized in

an endurance test using Kemppi's existing test setup.

The software section adds an advanced computer control and an user interface to the demon-
strator. The main function of the computer control at this stage is to add the ability to
automatically interrupt a test based on a prede ned control value. Other functionality can
be added, but it is not among the main points of interest of this work. Computer control is

introduced in Chapter 6.

Due to a long test duration of a switched-mode PC test and the time constraints of this
work, the rst tests will be started without the computer control implemented. The computer

control can be added to the test setup later towards the end of the test.

5.1 Welding power source components and their layout

A prototype of the demonstrator was chosen to be built using components from a X5 power
source 500 used in Kemppi's X5 Fastmig. Nominal values of the power source are 500 A,
40 V output with a 60% duty cycle (Kemppi, 201 The power module used in the demon-

strator's welding power source is In neon's F4-150R12KS4 IGBT module.

An internal circuit diagram of the F4-150R12KS4 module can be seen in Figure 5.1.
The module contains four IGBT chips and their anti-parallel diode chips arranged in
a H-bridge con guration. The module also contains an NTC-thermistor for an over-
temperature protection purpose. Based on previous tests at Kemppi, the temperature
measured with the NTC-thermistor is close to a heat sink temperatudering normal

operation.

The demonstrator frame was modeled around X5 power source 500 parts by one of Kemppi's
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Figure 5.1. An internal layout of a F4-150R12KS4 IGBT module. The IGBT chips are arranged in
a H-bridge con guration. The module has a maximum collector-emitter voN@g@nax
of 1200 V and maximum continuous DC collector currkefithax of 150 A. Adapted from
In neon (2013).

R&D engineers. A designed 3D-model can be seen in Figure 5.2. Starting from the left,

a secondary recti er, a secondary choke, and a primary transformer are directly bolted to
a base plate and encased with sheet metal. The fourth module contains the power source's
main circuit board with an IGBT module and a primary recti er connected on the bottom

side.

Figure 5.2. A 3D-model of the designed demonstrator frame. Each module is a separate unit and can
be easily accessed and changed if necessary. Adapted from Kemppa) 2021

The whole frame of the demonstrator is manufactured from sheet metal. The material is
advantageous for this type of use, as it makes the frame structure easy to modify and rela-
tively light. All the joints can be done using non-permanent connection methods, such as
nuts and bolts, and new parts can quickly be manufactured if new power source components

SO require.
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5.2 Ajunction temperature measurement card

A condition of an IGBT chip can be estimated using various methods. In most cases
ameasurement is based on measuring some temperature sensitive electrical parameter (TSEP)
that can be used to estimate virtual junction temperalyreThe utilized collector-emitter

voltage Vcg measurement card measures the forward voltage drop under a low current
injection. This is the most used TSEP in an off-line condition and it offers a high degree

of accuracy (Dupont and Avenas, 2014) (Beczkowski et al., 2013).

A change in measuréd-g over subsequent endurance test cycles under uniform test condi-
tions indicates a change Ty;, and thus a change in the thermal resistance of the DUT. If the
load conditions do not exceed the manufacturer speci cations, a continuous chavge in

can normally be assumed to be due to a degradation of the chip, mainly after solder and/or

bond wire degradation (Pedersen et al., 2017).

A Vce measurement takes advantage of a temperature dependence of diffusion voltage of
a pn-junction (Schmidt and Scheuermann, 2009). With low current, the relation between
T,; andVce is almost linear with a slope of about -2 mV per °C. In addition to the desirable
linearity, using low current does not induce any notable amount of extra heating on the device

during the measurement.

A detailed operation description of the implementgg measurement card is well-covered
in Simpanen (2020). A description given within this work focuses on main functionality
of the card, and how it will be implemented in a demonstrator. The measurement card

connections are presented in Figure 5.3.

The measurement card operates on 24 V supplied from the control card of the welding power
source through a connector X1. The same connector is used for communication between the
cards at the beginning and at the end &fca measurement event. As part of the measure-
ment card is connected to a primary of the welding power source, a galvanic isolation is
required in between the measurement card and the control card. The isolation is achieved
using CNY65-optocouplers and a THM 10-2415 DC/DC converter.

During theVce measurement phase, the measurement card injects a 30 mA measurement
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Figure 5.3. Vce measurement card connections to the welding power source and measurement equip-
ment.

current to the IGBT DUT through connectors X2 and X3, and measures the resulting voltage
through connectors X4 and X5. The IGBT DUT gate is controlled with an IXDN404 gate
driver located on the main circuit board of the welding power source. The input of the
gate driver is connected to the measurement card through a connector X6. A connector X7
Is used to provide auxiliary supply voltage to the gate driver if required by a measurement
setup. BNC-connectors X8 and X9 provide a trigger signaNgacto measuring equipment,

such as an oscilloscope.

A normal operation of the measurement card algdameasurement event is illustrated with

a owchart presented in Figure 5.4. A measurement event begins with an input signal from
the control card, which indicates that the power stage is in an of ine state. The rst delay

circuit of 690 ps ensures that the IGBT module has reached an electrical equilibrium after

interrupted switching state.

A next chain of events includes closing a MOSFET and a Reed-relay, and sending a high
signal to the IGBT gate driver. The MOSFET enables the ow of the 30 mA measurement
current, and the Reed-relay connects the measurement equipment (i.e. connector X9) to
the IGBT DUT for the voltage measurement. The relay requires a short stabilization delay,

which is accomplished with another 690 us delay circuit.
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Figure 5.4. A owchart of the Vcg measurement card main functionality. The card executes a com-
plete cycle when an input signal is received from the control card of the welding power
source.

As the Reed-relay has stabilized after the second delay circuit, the signal proceeds to the third
delay circuit of 69 ps, after which the relay and the MOSFET are opened, and the gate driver
signal is set low. During the third delay circuit, a trigger signal, controlled by a fourth delay
circuit, is sent to the measurement equipment. The fth and the nal delay circuit of 570 ps
ensures that the Reed-relay has got enough time to open completely. Finally, a con rmation
signal is sent to the control card of the power source, which con rms that a continuation of

normal power stage operation is safe.

In testing of theVcg measurement card in Simpanen (2020) it was noticed that a measured
Vce signal contains a signi cant amount of noise. This was ltered by adding a RC low
pass Iter with 33 s time constant between the coaxial cable from the connector X9 and the
measurement equipment. This resulted in a suf ciently smdgthsignal, so a similar Iter

will be implemented in the demonstrator.
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5.3 The welding power source validation

After assembling the welding power source demonstrator, its functionality was tested.
At this stage the computer control was not yet implemented, so the inverter's power stage
was controlled with a special local loop control device. First the demonstrator was powered
with a TDK-Lambda Z+ 650V/0.32A single-phase power supply to limit the current in case

of a fault.

Gate-emitter voltag¥se of IGBT2 and IGBT4 were measured using a LeCroy WaveJet 314
oscilloscope. These IGBT chips are the bottom chips of the H-bridge, shown in Figure 5.5.
A primary currentlp was measured using a Rogowski current waveform transducer
connected to the oscilloscope. A grounding of the oscilloscope probe connected to IGBT4

was left unconnected to remove a direct current path in case of an erroneous wiring or a fault.

Figure 5.5. Locations of the IGBT chips IGBT2 and IGBT4 within the H-bridge.

For the rst test, supply voltage was set to 500 V with no load connected to the power source
output, and after the power stage was turned on using the local loop corggobnd | p

under no load were measured. The waveforms are shown in Figure 5.6.

As expected, the missing ground connection of the probe connected to IGBT4 chip resulted
in a considerable amount of noise in the measured signal. For this reason, the functional-
ity of both IGBT2 and IGBT4 chips were measured separately using a single probe. These
measurements con rmed that the observed noise was caused by the missing ground connec-

tion, and no interference was detecte¥/gg .
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Figure 5.6. A single phase supplied no-load test. The gure shows alternating gate-emitter voltage
of the IGBT2 and IGBT4 chips, and the primary current, which is caused by the magne-
tization losses of the main transformer.

Regarding the upcoming gures, an exponential moving average Iter was applied to the
signals in post-processing to increase a clarity of the presented graphs, as shown in Figure
5.7. The ltering removes some minor details from the signal waveforms, but not in a level
that would compromise an analysis of the inverter operation. The Itering was repeated for

the following graphs containingsg measurements.

Figure 5.7. Filtered signal waveforms from a single phase supplied no-load test. The measured
switching frequency s is 20 kHz and the peak-to-peak currépp is 20 A.

Both IGBT gates drivers were observed to function as expected. The measured primary
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currentlp is caused by magnetization losses of the main transformer, and its amplitude
matches the expected value from previous tests carried out at Kemppi. For the follow-
ing tests, the power supply was changed to an EA-PSI 6750-06 DT 550V/6A single-phase
DC power supply, and a conventional load was connected to the power source output. During
the following tests, a low power capability of the power supply resulted in the welding power
source turning off shortly after the power stage was turned on. However, the supplied power
and energy stored in the DC-link were suf cient to obtain waveforms in a stable operation

State.

For the second and the third test the power stage's different duty ciclesre tested by
adjusting the local loop control. Captured waveforms are shown in Figures 5.8 and 5.9.
Operation of the gate drivers with different duty cycles were again observed to work as
expected, and the power source was connected directly to the three-phase grid. A 60 mV,
500 A shunt was connected between the output of the power source and the conventional
load, and recti ed secondary currdrfwas measured with a low duty cycle, shown in Figure
5.10.

Figure 5.8. Filtered signal waveforms from a single phase supplied low-PWM test. Meabylisd
20 kHz,D is 20.3%, and pp is 12 A.

Before the power source could be adjusted to its nominal values, its rmware was updated to
the correct version of the X5 power source 500. Finally the power source was adjusted to its
nominal 500 A/40 V output values, and primary transformer current waveform and recti ed

secondary current were measured, shown in Figure 5.11.
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Figure 5.9. Filtered signal waveforms from a single phase supplied high-PWM test. Meaflsyied
20 kHz andD is 91.5%, and pp is 40 A.

Figure 5.10.A grid-powered test withp and recti edl s measurement. Measurégis 20 kHz and
| sis around 25 A with a relatively low duty cycle.

Measured p waveform was observed to behave as expected. The main transformer has
a turns ratio of 7:1, so the measured primary peak-to-peak current of around 144 A matches
the 500 A secondary current. The measured switching frequensyl7.8 kHz. The lower
switching frequency compared to the previous measurements is a result of the rmware

update of the power source.
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Figure 5.11.Measured p andl s waveforms from a grid-powered nominal power test. 500;Avas
achieved with primary peak-to-peak current of around 144 A. The switching frequency
is 17.8 kHz.

5.4 AV cg measurement implementation

In preparation foNcg measurement tests, tMgg measurement card was connected to the
IGBT4 chip according to the wiring diagram shown in Figure 5.12. During the follow-
ing tests, the welding power source was disconnected from the grid, so the measurement
card required an external power supply and a control signal. The card was supplied with
an Aim TTi Ex355R 35V/5A single phase power supply and an Aim TTi TG5012A function

generator, both connected to the card through a connector X1.

Supply voltage was set to nominal 24 V with a 85 mA current limit. An input signal was set
to a square wave with peak-to-peak voltage of 3.3 V with 10 Hz frequency. Resulting
Vce was measured using a LeCroy WaveJet 314 oscilloscope. No load was connected to the

output of the demonstrator during these tests.

FirstVcg was measured at ambient room temperature. For comparison, the ambient tempera-
ture was also measured with a K-type thermocouple connected to a Fluke 179
multimeter. MeanVce of 420 mV was measured during the trigger signal, and simulta-
neously 25.0 °C was measured with the thermocouple. Simpanen (2020) medsuad

417 mV at 25.5 °C, suggesting that thlee measurement functions correctly at this stage.

The Ve signal was observed to uctuate slightly, with a maximum peak-to-peak difference
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Figure 5.12. A wiring diagram of thé/ce measurement card fdMcg measurement tests. The card is
connected to the gate driver circuit and the IGBT4 chip on the main circuit board, and
to a function generator and a power supMyg is measured using an oscilloscope.

of 3.12 mV. The ambient room temperatiMg measurement is shown in Figure 5.13.

Figure 5.13.A Vcg measurement at ambient room temperature of around 298£has stabilized
by the trigger signal and mean voltage of 420 mV during the trigger signal was mea-
sured.

To simulate an internal heating of an IGBT, the heat sink connected to the IGBT module was
heated using a 500 W hot air gun. A heating period of 60 s was performed, after which the

Vce measurement was repeated. The results are shown in Figure 5.14.

After heating the heat sink for 60 s, medg: of 389 mV was measured. The decreased
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Figure 5.14.A Vce measurement after 60 s heating. Mean voltage of 389 mV was measured during
the trigger signal.

indicates an increase in the junction temperature, and therefore the test con rms that the card

can measure a change in the IGBT chip's junction temperdtuas a function oWce.

5.5 Testing the demonstrator

The implementation of th&cg measurement card required a custom test software to be
loaded to the welding power source. The original software was modi ed so that the control
card sends &g measurement request to the measurement card always after the power
stage is turned off. The software also prohibits the power stage to be turned back on before

an OK signal has been received back from the measurement card.

The welding power source and thge measurement card were nally tested together.
The demonstrator was powered using an EA-PSI 6750-06 DT 550V/6A power supply con-
nected between two phases. The supply voltage was set to 400 V with a 3.25 A current limit,

which would limit the input power to 1300 W.

First the functionality of the custom software was tested. Vke measurement card was
disconnected from the control card, and the power stage was turned on using the local loop
control. The power stage was then turned off, and after a short delay back on. Without the

measurement card being connected, the power stage was observed to not turn on the second
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time, as the OK signal had not been received. The measurement card was then reconnected,
and the test was repeated. This time the power stage was observed to turn on the second

time, and this part of the software was stated to function as it should.

Next theVcg measurement at power stage turn-off was tested. A basélheas measured

by cycling the local loop control on and off. This resulted iWg measurement with

a mean value of 413 mV at ambient room temperature, shown in Figure 5.15. The different
Vce value compared to the previous tests is due to a higher ambient temperature during the

test.

Figure 5.15.A demonstrator controlledlce measurement at ambient room temperature. Mean volt-
age of 413 mV was measured during the trigger signal.

Next a conventional load was connected to the demonstrator output. The output power of
the demonstrator was adjusted so that the power supply did not exceed the set current limit.
The power stage was turned on for a 10 min period in order to achieve a notable temperature
rise, due to the relatively low output power. Finally the local loop control was turned off and

Vce was measured, shown in Figure 5.16.

It was observed that this timé-g is not stable as the trigger signal is received. The phe-
nomenon was studied further, and it was noticed to appear only when the current path of
the last pulse was through the H-bridge branch including IGBT2 chip as the power stage
was turned off. With IGBT4 chip branch executing the last pulgg, was observed to be

stable during the trigger signal. The cause of the phenomenon was suspected to be due to
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Figure 5.16.A demonstrator controllelYcg measurement after 10 mtg,. The measure¥cg is
not stable during the trigger signal due to the introduced inductance from the welding
cables.

the introduced inductance from the welding cables, which are used to connect the load to
the demonstrator. The issue was observed in Simpanen (2020) and was then balanced by
adding a 27 mF electrolytic capacitor in parallel to the load. With the added parallel capaci-
tor, the measure¥ce has settled with both pulses as the oscilloscope is triggered, as shown

in Figure 5.17.

Figure 5.17.A demonstrator controllefcg measurement after 10 mtg, with the added parallel
27 mF capacitor to the load. The measured voltage is stable with a mean value of 366
mV during the 40 ps trigger signal.
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The measured mearte during the trigger signal is 366 mV g was observed to contain

a minor uctuation of 0.5 mV. This results in a temperature variation of approximately
0.2 °C based on calibration curves in Simpanen (2020). Therefore, this should not greatly
affect an accuracy of thg, estimation. Finally the demonstrator was powered from the grid,
and theVcg measurements were repeated. The output power was left unchanged from the

previous test, and after a 10 ntig, similar Vg was recorded.

5.6 A heat sink temperature measurement

In addition to theVcg measurement, a heat sink temperature information was necessary for
the following tests. For this purpose, two 3 mm wide holes were drilled just below the surface
of the aluminum heat sink under the IGBT module. Two temperature sensors were inserted
into the holes with thermal paste to measure heat sink temperatbedow the IGBT2 and
IGBT4 chips.

The holes for the sensors were drilled from the same side of the heat sink, away from the
cooling fans. This was done to protect the temperature sensors from cooling air ow, which
would likely affect the accuracy of the measurement. Because of the location of the holes,
and the internal layout of the module, the second hole could not be easily drilled directly
under the IGBT2 chip, so instead it was drilled next to the IGBT4 (IGBT DUT) hole.

This resulted in the IGBT2 temperature sensor being approximately 5 mm aside from the
center of the chip. Relative locations of the temperature sensors can be seen in Figure 5.18.
Heat spread of an IGBT chip can be considered as a 3D-map, meaning that vertical and
horizontal distances from the center of the chip affect the temperature. The known variation
in the horizontal locations of the temperature sensors will therefore result in a small error
between the readings of the sensors. The actual IGBT2 chip temperature can be assumed
higher than the measured value. As the IGBT2 chip temperature is only used for a reference,

the temperature difference can be accepted.

The temperature sensor inserted below the IGBT DUT was selected to be a class A thin-

Im PT1000 resistance temperature detector (RTD). This type of a RTD offers an excellent
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Figure 5.18.Relative locations of the temperature sensors under the module. A PT1000 sensor is
located under the IGBT DUT chip, and a type K thermocouple is located under the
IGBT2 chip.

tolerance of 0.15 °C at 0 °C, and small dimensions for the application (Jumo, 2019).
A PT1000-type RTD has a relatively high resistance of 100 0 °C, which allows for an

accurate measurement even with a simple two wire measurement method.

The IGBT2 chip temperature was measured with a type K thermocouple for comparison.
According to the standard for thermocouple tolerances IEC 60584-2 the implemented class
| type K thermocouple has a tolerance of2.5 °C or 0.75% of the reading, whichever is
greater. In a PC test's temperature range the former is effective. Both temperature sensors
offer an adequate precision fotf measurement. The temperature sensors will be used for

the calibration of th&/cg measurement card in a later stage of the process.

5.7 Challenges in the initialization

This section describes challenges that emerged during the initialization phase of the demon-

strator. The issues and how they were solved are addressed in the following sections.

5.7.1 An over-temperature protection

The rst adversity of the project occurred as the welding power source performance was
tested using multiple longer consecutive cycles. The demonstrator was powered directly

from the grid, and the output was adjusted to the nominal 500 A/40 V. The test was intended
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to be run according to the ED60 endurance test cycle, with &gpiand 4 mint, .

After ve minutes had passed into an on-period, an internal alarm was activated, causing
the power stage of the demonstrator to be shut down. At the time of the shutdgwof

130 mV was measured, which would indicatg of around 140 °CTs was measured at
around 95 °C with both temperature sensors. The demonstrator and the load were allowed
to cool down, after which the test was repeated. Again the alarm was observed to activate at

around ve minutes into the test, and simiMge and T were measured.

Based on the measured high junction temperature, the issue was suspected to be caused
by a possible over-temperature, which would result in the NTC-thermistor circuit trigger-

ing an over-temperature protection (OTP) alarm. The normal temperature limit set by the
OTP-circuit is 102 °C, which should not have been exceeded according to the measured
However, based on earlier endurance tests, the temperature difference between the junction
and the heat sink is known be around 27 °C with the X5 power source 500. As the measured

difference was over 40 °C, the hypothesis of OTP was studied further.

The hypothesis was tested by increasing the over-temperature limit of the circuit. Figure 5.19
shows a simpli ed schematic diagram of the OTP circuit implemented in the welding power
source. The temperature limit of the OTP circuit is changed by adjusting residtante
aresistor R1. First the resistance of the NTC-thermistor at tempef&atwae to be calculated

using equation:

25-50(T 1 298:15K 1)

whereR 5 is the NTC-thermistor's rated resistance at 25 °C agqidy is the NTC-thermistor's
-value. The datasheet of a F4-150R12KS4 IGBT module de nes typical values for these
variables to bdR,5 =5.00 k and ,5-50 = 3375 K.

The non-inverting input voltage of the operational ampli er is calculated with equation:

R3jj(R4 + R5jjR6)
R2 + R3jj(R4 + R5jjR6)

V: = VCC (52)
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The non-inverting input voltage was calculated to equal 6.157 V with the resistors R2-R6
values in the circuit. Now the suitable OTP limit could be calculated as a function of the R1
resistance. A suitable temperature limit of 119 °C was found with R1 value set at.22 k

This limit should not interfere with the measurements, but still be low enough to function as

a temperature protection for a single test.

Figure 5.19.A simpli ed over-temperature protection circuit of the welding power source.

The EDG60 test was repeated with the same test parameters. Unfortunately, the alarm was
again activated at ve minutes into an on-period. This con rmed that the issue was not
caused alone by the OTP circuit. After a more thorough investigation, and after consult-
ing a senior R&D engineer, the issue was suspected to be caused by uncalibrated output
current. The software of the welding power source includes a programmed over-temperature

protection that operates using an internal output current measurement.

At the time the output current was manually adjusted using a potentiometer on the lo-
cal loop control, and by the measuring it via a current shunt. Due to the welding power
source not being calibrated at the factory, it would interpret the measured current incorrectly.
The erroneous reading would then trigger an alarm in the software algorithm, which is

computationally protecting the device from overheating.

After calibrating the output current, multiple ED60 cycles were successfully passed without
an alarm. This would not however solve the issue of abnormally high temperatures being

measured.
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5.7.2 Abnormal temperatures

The type tests conducted on the X5 power source 500 show that heat sink temperature
excursion Tg should be around 39 °C during a normal ED60 cycle. A calculated junc-
tion temperature excursionT,; is 66 °C, and therefore the temperature difference between
the junction and the heat sink temperatures should be around 27 °C. Measured temperatures
from the demonstrator, especially the difference between the junction and the sink tempera-

tures, showed noticeable higher values, which suggested that something was not functioning

properly.

At this stage the heat sink of the demonstrator had been modi ed. The modi cations, and
the reasoning behind them, are further explained in Section 5.8 but due to these changes,
the temperature excursions could not be directly compared to the reference values. For this
reason, th&/cg measurement card was disconnected from the demonstrator and a reference
EDG6O test was performed. Three cycles were carried out to ensure that the temperatures had

suf ciently stabilized. Temperatures shown in Table 3 were measured from the third cycle.

Table 3. Referencds values from the third ED60 test cycle.

Tamb =25.8°C T, [°C] Ton[°C] Ts[°C]

Thermocouple 31.1 81.1 50.0
PT1000 30.6 81.8 51.2

Ambient temperaturd ., will affect the recorded extreme temperatures, but it will not
affect the calculated temperature excursion in a meaningful way. A temperature extreme at
the end of the off-period, is around 31 °C and a temperature extreme at the end of the
on-periodT,, is around 81 °C, resulting in a temperature excursion of 50 °C. The difference
between the readings of the temperature sensors will be analyzed in Section 5.9. The gate
voltage waveforms of IGBT2 and IGBT4 chips were also recorded in a no-load state, while

the demonstrator was powered with the EA-PSI 6750-06 DT 550V/6A power supply.

The Vcg measurement card was then reattached to the demonstrator. Three ED60 cycles
were repeatedTs andVce at the end of an on-period were measured from the third cycle,

shown in Table 4.
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Table 4. Measured temperatures from the third ED60 test cycle Withmeasurement card attached.
Vce was measured at the end of the on-period. The recorded difference b&tyweead Ty,
is approximately 35 °C.

Tamb =27.0°C T, [°C] Ton[°C] Ts[°C]
Thermocouple 32.2 84.7 52.5
PT1000 314 85.8 54.4

Tyj (Vce) 120 °C (181 mV)

The recorded T; indicates a slight increase from the reference values. The difference
betweenT,; and Ty, is around 35 °C. This difference should not greatly differ from the
reference value of 27 °C, even with the modi ed heat sink. The results strongly indicate that
the measurement card somehow affects the welding power source operation and increases

the losses.

The process of investigation was started by disconnecting the demonstrator from the grid
and the load. The EA-PSI 6750-06 DT 550V/6A power supply was connected to the demon-
strator, and supply voltage was set to 500 V with a 0.400 A current limit. Gate voltages of

IGBT2 and IGBT4 chips were carefully observed with an oscilloscope.

A small difference between the waveforms with and without the measurement card con-
nected were found. When the inverter's power stage was turned on, the rst few gate voltage
pulses showed a clear disturbance. This was observed to disappear after few pulses. Nothing
out of the ordinary was observed during normal switching, so the attention was focused on

the observed disturbance at the beginning of the switching.

After disconnecting, measuring, and reconnecting the measurement card wires multiple
times in different con gurations, the origin of the interference was localized to the gate
driver connection wires (X6). It was observed to make no difference whether the wires
were connected to the measurement card or not, but if the other end was connected to the
gate driver IC, an interference was detected. This would suggest that the interference was
induced from the wires, and not the measurement card. This was con rmed by measuring the
output of the connector X6 on the measurement card, as nothing else but the measurement

gate signal was observed.
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A shielded twisted pair cable was implemented in the connection between the measure-
ment card and the gate driver IC, but this did not remove the interference. It suggested that
the problem might be caused by electromagnetic interference. Especially a low frequency
common-mode noise could be the culprit of the interference. Electromagnetic interference
can be reduced with common-mode chokes and series resistors, of which the latter option

was studied rst.

The Ve measurement card has a 2.2 keries resistor connected at the output line of the
connector X6. The resistor was relocated to the other end of the wire, as close as possible to

the gate driver IC input pin. This change was observed to reduce the interference completely.

During these measurements it was noticed that the measurement card ground connections
through the connectors X3 and X5 were not necessary fo¥¢gaemeasurement, and they

were since removed. The only ground connection between the measurement card and main
circuit board was thus through the connector X6, leaving only a single-point grounding

between the cards.

Three EDG6O test cycles were once more performed. Temperature measurements in Table 5
are taken from the nal cycle. Recorddd excursion is around 50 °C, which is close to the
values from the reference measurement. The difference befliyeandT,, is approximately

26 °C, which is close to the reference value of 27 °C. Therefore, it was concluded that the
re-positioning of the 2.2 k series resistor was suf cient to reduce the interference to

a working level.

Table 5. Measured temperatures from the third ED60 test cycle with xed connectivas. was
measured at the end of the on-period. The recorded difference betyemmd T,y is 26 °C.

Tamb =23.9°C T, [°C] Ton[°C] Ts[°C]
Thermocouple 29.1 78.3 49.2
PT1000 29.0 79.0 50.0

Ty (Vce) 105.0 °C (216 mV)
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