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Abstract

In this dissertation, the feasibility of operati®j devices at 200 °C [degree Celsius] is
investigated and the guidelines on the developnoérs high temperature Si converter for
operating with 105 °C high temperature liquid coolan hybrid electrical vehicle (HEV)
applications are provided.

First, the characterization of a Si IGBT operatiag 200 °C junction temperatures is
presented. It is shown that the commercial 175 f{GGBT under test can be successfully
switched at an elevated junction temperature of 20@ith increased but acceptable losses.

Second, a comprehensive evaluation of Si IGBT rdggss at high temperature operation is
provided through experiments. The important crieconsidering latch-up immunity, short
circuit capability, and avalanche capability areegi to ensure the safe and reliable operation of
Si IGBTs at 200 °C.

Third, the feasibility of operating Si devices bdsmnverters continuously at the junction
temperature of 200 °C is demonstrated. A Si IGB&sghleg module is developed for 200 °C
operation utilizing high temperature packaging tedbgies and appropriate thermal
management.

Fourth, a method is proposed to measure the jundgmperatures of IGBTs during the
converter operation using IGBT short circuit cutréefhe calibration experiments show that the
short circuit current has good sensitivity, lineaand selectivity, making the method suitable for
use as temperature sensitive electrical paraméi&ER). By connecting a temperature
measurement unit to the converter and giving atsti@uit pulse during the converter operation,

the IGBT junction temperature can be measured.



Fifth, a 30 kW Si IGBT based three-phase convdrésrbeen developed for operating at the
junction temperature of 200 °C with the high tenapare coolant in HEV applications. The
experimental results demonstrate that the thresgheonverter can operate at junction
temperature of 200 °C with the 105 °C high tempeemtoolant, thus eliminating the need for
the additional 65 °C coolant in HEV.

Additionally, the emerging 600 V GaN HEMT is invigsited as a potential replacement of

Si devices for high efficiency and high temperatar&iture HEV applications.

Keywords: high temperature, Si IGBT, 200 °C, reduced caplitemperature
measurement, hybrid electric vehicle
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Chapter 1. Introduction

This chapter introduces the background of high tmamjpre power electronics converter

applications. The structure and organization ofdissertation is then given.

1.1 Background

Power electronics are widely used in a variety rmdustrial applications. During their
operations the switches generate relatively lamgeuwnts of heat in the order of hundreds of
watts (W) per die, leading to their temperaturereéase. Semiconductor devices and the
associated packaging materials ultimately dictdie inherent temperature limitations. The
development of high temperature capable powerreleics will allow a significant increase in
power density or reduced cooling. Applications sastaircraft, vehicles, space exploration, and
deep oil and gas wells drilling can benefit muamnirthe high temperature power electronics [1]-
[3]. Table 1-1 lists some of the high temperatypli@ations [3].

In the automotive applications, the underhood aotora environment is harsh and pushes
the development of high temperature electronic comepts. The electronics operating above
125 °C are defined as high temperature electroinicthe automotive industry. The actual

temperatures for various electronics mounting locatare listed in Table 1-2 [4].



Table 1-1 High Temperature Electronics Applicationg3]

High temperature electroniceak Chip Current Future
application ambient power Technology Technology
Automotive
Engine control electronics 150 °C <1kW BS & SOI BS & SOI
On-cylinder & exhaust pipe | 600 °C <1kwW| NA WBG
Electric suspension & brakes 250 °C >10kW BS WBG
Electric/hybrid vehicle 150 °C >10kW BS WBG
Turbine engine
Sensors, telemetry, control 300 °C <1 kW BS & SOI SOl & WBG
600 °C <1kw NA WBG
Electric actuation 150 °C >10 kw| BS & SOl WBG
600 °C >10 kW | NA WBG
Spacecraft
Power management 150 °C >1 kKW BS & SOI WBG
300°C >10 kW | NA WBG
Venus & Mercury| 550 °C ~1 kW NA WBG
exploration
Industrial
High temperature processing 300 °C <1lkw  SOI SOl
600 °C <1kw NA WBG
Deep-well drilling telemetry
Oil and gas 300 °C <1lkw | SOI SOl & WBG
Geothermal 600 °C <1kW| NA WBG

BS = bulk silicon, SOI = Silicon on insulator, NA ot presently available, WBG = wide
bandgap

Table 1-2 Automotive Temperature Extremes (Delphi Blco Electronic Systems) [4]

Location Typical continuous max temperaturg Vilmatievel
On engine / On transmission 140 °C Up to 10Grms
At the engine (intake manifold) 125°C Up to 10Grms
Underhood (near engine) 120 °C 3-5Grms
Underhood (remote location) 105 °C 3-5Grms
Exterior 70°C 3-5Grms
Passenger compartment 70-80 °C 3-5Grms

With the more stringent regulations on emissiond frel economy, global warming, and
constraints on energy resources, the electric,ithybnd fuel cell vehicles have attracted more

and more attention by automakers, governments,castbmers and will likely increase in



popularity in coming years. Typically, a full hybdrelectrical vehicle in city driving can save
about 30% to 50% energy, while the cost increabests80% to 40% [5].

Although HEVs possess many advantages, they alse bartain limitations. Today’'s
hybrid electric vehicle (HEV) traction drives cammoeet the aggressive power density and cost
targets set by Department of Energy (DOE) for 2848 2020 because the electric machine and
drive electronics are packaged as separate comimof@[v]. Figure 1-1 and Figure 1-2 show
the hybrid electric drive system in Ford Fusion HEMI Toyota Prius 2010, respectively. It is
shown that the electric machine and drive electoriave their own housings and thermal
management systems. The connectors and cablelsefanterconnections between the machine
and drive add to the weight and cost. Also the poslectronics are not capable of operating
with the 105 °C engine coolant. A separate liquidling system with coolant temperature at 65
°C is used specially to remove the heat from tletdt drive system due to the temperature

limitations of power electronics.

Figure 1-1. Ford Fusion HEV hybrid electric drive gystem (Permission is obtained to use the picturep].
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Figure 1-2. 2010 Toyota Prius hybrid electric drivesystem [7].

To reduce the cost and complexity, it is advantagdo integrate the machine and power
electronics together into a single combined machins-drive structure, as well as eliminate the
need for the 65 °C cooling loop and cool the poedectronics with 105 °C engine coolant
instead.

The integration of motor and drive offers a numbgattractive features such as reduced
drive volume and the elimination of power transmosscables. Radiated electromagnetic
interference and voltage transients due to povegrstission over long cable distances are also
reduced. The integrated modular motor drive (IMMEQncept and a demonstrator were
introduced in [8], as shown in Figure 1-3 and Fegli4.

However, there are still many issues unsolved @s®ot with achieving the physical
integration of the motor drive inside the machineuging. Designing power electronics to
operate in the hash thermal environment insidelestrie motor with the 105 °C engine coolant

is a challenging task, which drives the demandigi kemperature power electronics [9]-[11].
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Figure 1-3. Integrated modular motor (IMMD) drive concept (Permission is obtained to use the picturég].

Figure 1-4. Concept demonstrator version of IMMD (<3 kW) (Permission is obtained to use the picturdgg].

1.2 Dissertation Organization

The dissertation investigates the feasibility oéigting Si devices at 200 °C and provides

the guidelines on the development of a high tentpezeSi converter for operating with 105 °C



high temperature liquid coolant in hybrid electrieahicle (HEV) applications. The chapters are
organized as follows.

Chapter 2 reviews the state-of-the-art researdki@es in the corresponding areas of high
temperature semiconductor devices and power cargerBased on the review, the challenges
related to the high temperature operations are ddenessed.

Chapter 3 presents the static and switching cheniaation of Si IGBT operating at 200 °C
junction temperatures for traction applicationss@lthe impact of the increased junction
temperature on a traction drive converter efficieacd thermal management is analyzed.

Chapter 4 provides a comprehensive evaluation ¢GBIl ruggedness at high temperature
operation through experiments. A test circuit isgwsed for testing the IGBT safe operating area.
The latch-up immunity, short circuit capability aadalanche capability at high temperatures are
evaluated through experiments.

Chapter 5 develops a Si IGBT phase-leg module parating at 200 °C utilizing the high
temperature packaging technologies and approptia¢emal management. The electrical
characteristics and the thermal performance of nhedule and the cooling system are
characterized through experiments. A 10 kW buckvedler composed of this module assembly
is built and operated at the junction temperatyréo200 °C.

Chapter 6 proposes a method to measure the juntimoperatures of IGBTs during the
converter operation using IGBT short circuit cutréefhe calibration experiments show that the
short circuit current has good sensitivity, lingaand selectivity, making the method suitable to
be used as TSEP. By connecting a temperature negasaot unit to the converter and giving a
short circuit pulse during the converter operatithe IGBT junction temperature can be

measured.



Chapter 7 develops a 30 kW Si IGBT based threegbaaverter for operating at 200 °C
junction temperature with the 105 °C engine coolartiEVs, leading to lower cost and higher
power density. The thermal management system iangllithe integrated pin fin baseplate is
adopted to allow improved thermal performance. AkBQ three-phase converter prototype is
designed and tested with the IGBT junction tempeeats measured during converter operation
using the TSEP introduced in Chapter 6.

Chapter 8 investigates the fast switching chareties and high temperature performance
of the 600 V GaN high-electron-mobility transistqHEMT). The inherent switching
performance of the GaN HEMT is demonstrated indbeble pulse test. The limitations of the
fast switching capability by the device packagimgl application circuit are analyzed. The high
temperature static and switching characteristiceol00 °C are also tested and given.

Chapter 9 summarizes the main conclusions of isgedation and proposes potential future

work.



Chapter 2. Literature Review

In this chapter, the state-of-the-art researclviéiess in the corresponding area are reviewed,
which helps to identify the importance of this wankd its novelty. The challenges related to the

high temperature operation are then addressed.

2.1 SilIGBT Development

IGBTs have been developed for many years, witlerdtiof smaller volumes and increased
current densities. Figure 2-1 shows an examplaeféduction of the IGBT chip area in the case
of the 1200 V/ 75 A IGBT [10]. Figure 2-2 shows ttiecrease of the chip thickness from the
first 1200 V non punch through (NPT) IGBTs to nowawsl field-stop (FS) IGBTs in the voltage

range of 600 V to 1700 V [12].
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Figure 2-1. IGBT progress for 1200 V / 75 A chip [@].
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Figure 2-2. Decrease of chip thickness from first200 V NPT IGBTs up to nowadays 600-1700 V FS
IGBTs [12].
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A NPT structure with planar cell is employed in econd generation of IGBT (IGBJT
Since IGBT, the trench-gate field-stop technology has beeptd [13]. Trench-gate field-stop
IGBT exhibits good potential for high temperatug@emtion in terms of loss. The trench gate
structure shows superior characteristics of lowstate voltage drop due to an increased carrier
concentration near the emitter. The lightly dopiettifstop structure makes it possible to obtain
the fast turn-off characteristics, which reducee #witching loss. The maximum ratings in
junction temperature jTis 150 °C while the maximum temperature for camims switching
operation Fopis 125 °C.

IGBT* has improved the trench gate structure for batteravalues. The feature has made
the power switches more efficient in combinatiorthathe optimized switching characteristics

[14]. Furthermore, IGBTallows a 25 °C higher maximum operation temperatampared to
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IGBT®. The maximum ratings in junction temperature i¥ 175 °C while the maximum
temperature for continuous switching operatig,s 150 °C. The IGBT maximum temperature
for continuous switching operation can be furthmepioved with the advanced assembly and the

contact technology, which will be introduced in thext part.

2.2 SiIGBT Power Module Development

The harsh environment in automobiles requires tbe/gp modules to meet the high
reliability standards. The power module packagieghhologies have been improved in
packaging materials and assembly technologies ppawve the reliability and high temperature
capability. The latest technologies for power medpackaging and thermal management from

different power semiconductor manufactures andraakers will be introduced.

2.2.1 Power Module in 2010 Toyota Prius Hybrid Il

The power module in 2010 Toyota Prius Hybrid lislseveral improvements in packaging
compared to 2004 Toyota Prius Il [7][15]. Figure Zhows the schematic and the photo of the
power module cross section. The chips are soldereddirect bond aluminum (DBA) substrate
with AIN ceramic insulator for electrical isolatiomhe DBA substrate is brazed to the buffer
plate, and the buffer plate is then brazed to thie plate for liquid cooling. The structure
eliminates the need for base plate and thermakgreand thus achieves a 30% improvement in
the thermal performance. The buffer plate with fhattholes releases the stress between the
cold plate and DBA caused by the coefficient ofri& expansion (CTE) mismatch.

Additionally, Al ribbons are used to replace Al lblowires to improve the reliability.
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Figure 2-3. Cross section of the power module in 20 Toyota Prius [7][15].
2.2.2 Power Module in 2008 Lexus LS 600H Hybrid

In the 2008 Lexus LS 600H hybrid drive system,ibever modules are designed for double
sided cooling [15][16]. As shown in Figure 2-4, ol@&BT and one diode chip are soldered to
two planar Cu plates on both sides for both eleatrtonnection and thermal dissipation. Then
the module is encapsulated with transfer moldedpmamd and the Cu plates are exposed to the
outside. A ceramic pad is inserted between the paveglule and cold plate for isolation. Figure
2-5 shows the power module and cooling infrastmecturwenty four power modules are placed

inside the cooling infrastructure with thirteen ting channels for double side liquid cooling.
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Figure 2-4. Cross section schematic of the power  Figure 2-5. Power module and cooling in 2008
module for double sided cooling [15]. Lexus LS 600H Hybrid [16].

P

Controller board
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2.2.3 Infineon IGBT4 .XT Technology

In 2011, the module PrimePACK2 was introduced to the market by Infineon usingTé

and the .XT technology [17]-[18]. The .XT is a sdtinternal connection technologies that

improve all life time limiting areas within an IGBfodule, which increases the lifetime by more

than a factor of ten and supports the module ojpgrat 175 °C continuously.

Figure 2-6 shows the comparison of power cyclingabdlity between IGBT with standard

packaging technologies and the .XT technology. IG&h the .XT technology has a higher

power cycling capability and is valid for operatimction temperature up to 175 °C.
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Figure 2-6. Power cycling diagram for standard IGBT and IGBT* with .XT for pulses with duration of about

1.5 seconds [17].

The .XT technology improves all life-time limitingreas, including chip front side, chip

back side and interconnections between substratbaseplate.
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For the chip front side connection in standard nh®doackaging, the typical lifetime
limiting failure mechanism is the bond wire liftics a result of the propagation of cracks inside
the aluminum wire bond. The large mismatch of CEEMeen Si and Al and low yield strength
of Al is the driving force for the crack propagatioConsidering this, copper is used as a
replacement material due to its superior mechanicaperties. Because the Cu wire could
simply sink into the Al metallization and leadsctap damage, the new metallization stack with
Cu as the front side metal has been developedéowire bonding.

For the connection between chip and substraterdardo overcome the limits of the low
melting point of standard tin based soft soldersdiffusion soldering process for power
semiconductors to form a high melting bond betwel@p and substrate has been developed. A
high melting chip-to-substrate bond£400 °C) with joint thickness d<10 um can be resliz

For the connection between substrate and base, péatditional precipitations are

implemented in the solder in order to stabilizegbkler joint.

2.2.4 Semikron SKiM Technology and SKiN Technology

SKiM was introduced by Semikron in 2007 as the pobdine for highly reliable IGBT
modules made specifically for automotive applicasipl9]-[21].

Considering that solder fatigue is one of the preid@ant power module lifetime limitations,
the SKiM modules are 100% solder free. The powgrscare sintered to a direct bonded copper
(DBC) substrate. Under very high pressure of 30 M@ moderate temperatures of 250 °C, the
silver paste layer transforms into a solid layersibfer with the melting point at 961 °C. The
power and auxiliary contacts are pressed to thetsatb. The module does not have a base plate,
and the substrate is in direct contact with the Beek. The cross section of SKiM 63 is shown in

Figure 2-7.
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Figure 2-7. Cross section of SKiM 63 [20].

Although silver sintering is used to replace thédeong of chips to DBC substrates in
SKiM modules, there are some issues that remairddreased corresponding to the wire
bonding on the chip top side and the contact betyweever module and heat sink.

The SKiN technology is revealed by Semikron in 20d kolve these matters [22]-[23]. A
flexible circuit board is designed with polyimidativpatterned metal tracks on both sides. The
bottom metal carries the load current while thelteygr carries gate, auxiliary and sense signals.
The chip top surface is sintered on the flexiblewt board and the chip bottom surface is
sintered to the DBC substrate. The back of the 3BKstrate is sintered to an aluminum pin fin
water-cooled heat sink. The power terminals are® amtered to DBC. As a result, all
interconnections are made with Ag sinter jointdha module to avoid the use of solder, wire
bond, and thermal grease. A schematic cross seatidra photo of SKiN module are shown in

Figure 2-8 and Figure 2-9 respectively.
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Figure 2-8. Schematic cross section of the SKiN  Figure 2-9. Photo of a 400 A, 600 V dual IGBT
device. SKiN device [22].

Figure 2-10 shows the power cycling capability @KN module. The SKIN device holds
up to 500k cycles (from 40 °C to 150 °C within aseE. cycle), while the conventional power

module exhibits the fatigue at 20k to 40k cycles.
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Figure 2-10. Power cycling capability of SKiN as éunction of AT, [22].
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Passive temperature cycling is a challenge for ithiegrated SKiN device. The DBC
substrate starts to delaminate from the heat diek several hundred cycles from -50 °C to 150

°C with a temperature rise and fall time of 3 *Gimi

2.2.5 Mitsubishi Transfer Molded Power Module

The J series transfer molded power module (T-PMglsased by Mitsubishi Electric in
2011 for hybrid and electric vehicle applicatioas,shown in Figure 2-11 [24]. The power chips
are bonded to the extended main terminal to eliteitize use of bond wire and reduce the wire
resistance and inductance. The traditional DBAcstme is replaced by a thick Cu / thermal
conductive insulation layer (TCIL) / thin Cu strucé. Transfer molding is applied, in which
heated and pressurized resin is poured into a matéd and enclosed. This method enables

manufacturers to make multiple molds simultaneoasly render power modules highly reliable.

Signal terminal
) Mold resin
Power chip
Aluminum wire /

. pd
T e— T

Main terminal

(a) Cross section schematic (b) Photo

Figure 2-11. Transfer molded power module (T-PM) [2].
2.2.6 Summary

Common failures in a packaged power module arenafteised by thermal cycling due to
the mismatching CTE of different materials. Impnomant can be made in the three aspects of

die interconnection, die attach, and DBC and basemonnection.
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For die interconnection, traditional Al wire bondican be replaced by Al ribbon bonding,
copper wire bonding or the flexible circuit boaifebr die attachment, the traditional solder
process can be replaced by the diffusion soldephogess or Ag sintering technology. For the
DBC and baseplate connection, the high reliabilggldering process with additional
precipitations can be used for improvement. Dioadling by eliminating the use of baseplate is

another option.

2.3 Wide Bandgap Power Devices

Wide bandgap semiconductors have been developadlyragcently. They have many
advantages over Si devices such as high breakdaitage, fast switching, low on-state
resistance, high temperature capability, and higgrmhal conductivity [25]. The specific on-
resistance vs. blocking capability limits for contienal Si devices, SiC devices and GaN
devices are compared and shown in Figure 2-12. Menvehey are still expensive and have

limited commercial availability.

17



1000

O Silicon-SJ-MOSFET
® MOSFET
B JFET

A BJT

€ IGBT

100

10}

Specific ON-Resistance (mQcm?)

100 1000
Breakdown Voltage (V)

Figure 2-12. Specific on-resistance vs. blocking pability of various devices [25].

SiC diode is the first commercial SiC power semduwior device. The commercial SiC
Schottky diodes at the voltage rating from 600 V1&DO V are available from Infineon, Cree
and Semisouth [26]-[28]. The SiC Schottky diode hagligible reverse recovery and reduces
the switching loss.

SiC JFETs have good reliability and provide higmperature capability. However, they are
usually normally-on devices, which require spegjate drives. The normally-off JFETs have

higher on-resistance, limited threshold voltagegmaand a limited temperature capability. The

SiC JFETs are available from Semisouth and Infir[@8ij
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SiC power MOSFETSs operate normally-off and have =mmand on the drive circuits. But
its oxide layer has poor reliability under high fmmatures [30]-[31]. The commercially
available 1200 V SiC MOSFETSs are available fromeCre

Theoretically, GaN devices have superior perforrearaver Si and SiC devices, due to their
high electron mobility, high breakdown field andglhi electron velocity. However, today’s
commercial GaN power electronics devices are Igtilited to low voltage applications, which
usually have a blocking voltage below 200 V [323]3In the recent years, 600 V GaN devices

have emerged, showing the advantages of fast sngteimd low on-state resistance [34]-[36].

2.4 Converters using High Temperature Coolant in HEV Alications

Currently, hybrid electric vehicles use a sepaligieid cooling system with the maximum
coolant temperature at 65 °C, along with the maxmii©5 °C engine cooling system. The 65 °C
cooling system is used specially to remove the Ffreat the electric drive system due to the
temperature limitations of power electronics. Tauee the cost and complexity, it is
advantageous to eliminate the need for the 65 ‘@ingploop and cool the power electronics
with 105 °C engine coolant instead [1][4][37][38].

Up to date, several researchers have built congetthat are capable of operating with high
temperature WEG coolant [39]-[43].

In [39], by utilizing the hybrid switch and soft-gehing technique for loss reduction, a 55
kW Si devices based three-phase inverter is bailtcbolant temperatures up to 90 °C as an
intermediate step. However, this approach requirese usage of semiconductor devices as well
as passives, leading to a trade-off between semlicxor cost and cooling system cost in a

power module assembly.
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In [40], a dc-dc boost converter comprised of SI®I@SFETs and Schottky diodes is
presented with 17 kW output power while using 90i¢@id coolant. In [43], a silicon carbide
(SiC) 5 kW dc-dc bidirectional boost converterrnigroduced for operation with 105 °C coolant.
Although the wide bandgap devices have a higheatiiom temperature limit and low losses, they

are emerging devices and costly.

2.5 IGBT Junction Temperature Measurement

The power semiconductor devices are required toatpeat high junction temperatures due
to the challenging thermal environment and the esgjve power density in HEV applications.
Therefore the temperature control and thermal mamagt become more of a concern.

An accurate junction temperature measurement isffative tool for converter prototype
evaluation, which helps to determine the safe dperaegion and avoid the unnecessary safety
margin regarding device operating temperatures, timereasing the power density or reducing
the cooling requirement.

Traditional method to estimate the junction terapge by adhering the thermocouple to
the heat sink is not accurate. Thermistor or sgndiode in contact with the case cannot indicate
the device temperature accurately either due taltbtance to the chip [44]-[45]. In [46]-[48],
IGBT on-state voltage drop or gate threshold vatage employed as TSEP for junction
temperature estimation. However these methods agabte for thermal impedance
characterization, but not applicable for tempematnreasurement during converter operation.
Some papers introduce the TSEPs that are adapted{me temperature measurement. In [49],
the IGBT switching behavior as a function of tengpere is investigated, with the conclusions
that turn-on delay time and turn-off time are dhvigato be used as TSEP for temperature

measurement. However, the switching time can biyeafected by other parameters (voltage,
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current, gate drive and circuit parasitics) thamgerature, as explained in chapter 5. Also the
temperature sensitivity of switching time is veiyited, usually less than 2 ns/°C. In [50], a
method is proposed using the saturation currengutiee gate voltage, which is just higher than
the threshold voltage. However, the temperatursigeity is very low and it is nonlinear. In

[51], the voltage with a high current injectionngeasured for temperature indication. But the
voltage drop on the electrical connection can cdaiggeer measurement errors. Therefore, it is

important to find a TSEP which is suitable as ahadator of the junction temperature.

2.6 Research Challenges and Objectives

According to the literature survey, there are mangolved issues and challenges in the
development of the high temperature converter fdirid electrical vehicles to meet the power
density and cost target application.

The main challenges include:

(1) The characteristics and ruggedness of Si devicesnwtperating at the elevated

temperature of 200 °C are not clear.

(2) The criteria for operating a Si device at 200 *@lyaneed to be defined in terms of safe

operating area and thermal requirement.

(3) The packaging technology and thermal managemesupport Si devices operating

continuously at temperatures as high as 200 °C imvedtigation.

(4) There are no effective methods to measure the eeguoction temperature during

converter operation for the prototype evaluation.

(5) The implementation of the converter using Si device operating with the 105 °C high

temperature coolant in HEV has not been previodsiyonstrated.
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(6) The advantages and feasibility of emerging 600 W @avices are not fully explored.
The high temperature characteristics of the den@ogain unclear.

Corresponding to the challenges discussed abosejective of this work is to understand
the potential and possible threats of Si devicesaing at 200 °C and develop the guidelines for
the development of a high temperature Si convéoteoperating with 105 °C high temperature
coolant in HEV applications. Additionally, the ergerg 600 V GaN HEMT is investigated as a
potential candidate for future HEV applicationseMaork in this dissertation includes six parts:

(1) Investigate the characteristics of operating Si TGBt the elevated temperature of 200

°C through experiments.

(2) Evaluate Si IGBT ruggedness under high temperatperation conditions, including

latch-up immunity, short circuit capability and &ache capability.

(3) Develop a Si IGBT phase-leg module for operatingQ °C utilizing high temperature

packaging technologies and appropriate thermal genant.

(4) Propose a method to measure the junction tempegsatfrlIGBTs during the converter

operation using temperature sensitive parametersrédotype evaluation.

(5) Develop a 30 kW Si devices based converter foraipey at the junction temperature of

200 °C with 105 °C coolant.
(6) Investigate the emerging 600 V GaN HEMT as a pakrgplacement of Si devices for

high efficiency and high temperature in future H&pplications.
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Chapter 3. Si IGBT Characterization at High Temperatures

In this chapter, the feasibility of operating Svibe at elevated temperatures as high as 200
°C is studied by device characterization and théramalysis. The chapter is organized as
follows: Section 3.2 discusses the selection ofaefor high temperature investigation. Section
3.3 and 3.4 show the IGBT static and switching abtaristics up to 200 °C respectively. Based
on these characteristics, the impact of the ine@asnction temperature on converter loss and

thermal management is presented in 3.5. Conclusiendrawn in 3.6.

3.1 Introduction

Power semiconductor switches play a critical roléhe automotive electric traction drive
systems. During their operation the switches gdeematively large amounts of heat in the
order of hundreds of watts (W) per die, leadingheir temperature increase. Semiconductor
devices and the associated packaging materialsatkly dictate the inherent temperature
limitations.

Currently, hybrid electric vehicles use a sepaligieid cooling system with the maximum
coolant temperature at 65 °C, along with the maxmii©5 °C engine cooling system. The 65 °C
cooling system is used specially to remove the freat the electric drive system due to the
temperature limitations of power electronics. Tauee the cost and complexity, it is
advantageous to eliminate the need for the 65 ‘@ingploop and cool the power electronics
with 105 °C engine coolant instead [1][4][37][38].

The challenging thermal environment as well as dggressive power density and cost
targets established by industry and government stk high temperature operation of power

electronics devices desirable [1]. Wide band gapicenductor devices like SiC and GaN have
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intrinsic high temperature capability and can tletioally operate at 500 °C. Some papers have
developed the power converters for operating allo@gunction temperature of 200 °C, all with
SiC devices [44]-[60]. However, they are emergimyides and costly. Considering the rising
cost imposed by these newly developed techniqgués meaningful to investigate the prospects
for extending Si device junction temperatures td 20 as a lower-cost solution.

State-of-the-art commercial silicon (Si) devicesually have a maximum junction
temperature rated at 150 °C, with some devicesl r@td 75 °C. As an alternative, it is desirable
to extend the Si device junction temperatures highg. to 200 °C for continuous operation as a
lower-cost approach for meeting the thermal managérohallenges. Several researchers took
the first steps by investigating the operation iofl&ices at high temperatures up to 200 °C and
drew initial conclusions [61]-[62]. In [61], the MIOSFETs operating at 200 °C is investigated
from the standpoint of thermal stability, and aseld loop thermal system and stability criteria is
developed considering the higher leakage curress. Im [62], the 1200 V soft-punch-through
(SPT) Si insulated gate bipolar transistor (IGB3)characterized in terms of leakage current,
avalanche capability and short circuit performamnct experiments. It is found that thermal
runaway sets the upper limit for the operating terafure, and the blocking condition cannot be
maintained at 200 °C due to the high leakage ctirren

Furthering the past work, this chapter evaluates ferasibility and issues of Si IGBT
operating at 200 °C junction temperatures throug¥icd characterization and thermal analysis.
Specifically, based on the specifications of HEW& 1200 V trench-gate field-stop Si IGBT
rated at 175 °C is selected for study. The statitswitching characteristics are tested at various
temperatures. Based on these characteristics,h#renal requirement is given to allow the

blocking condition at 200 °C without failure due tteermal runaway. Also the impact of the
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increased device junction temperature on a tractiame converter loss and its thermal

management is analyzed.

3.2 Device Selection

Trench-gate field-stop IGBT exhibits good potental high temperature operation in terms
of loss. Figure 3-1 shows the structure of the dinegate field-stop IGBT. The trench gate
structure shows superior characteristics of lowstate voltage drop due to an increased carrier
concentration near the emitter [12][13]. The lighdloped field stop structure makes it possible
to obtain the fast turn-off characteristics, whidduces the switching loss. Enabled by the
structure, the commercial IGBTs rated at the teatpee as high as 175 °C are available from

Infineon, Fairchild, Microsemi, and etc.

Emitter

W P Base

Gate

N Drift region

Field-stop
P Base

Collector

Figure 3-1. Structure of trench-gate filed-stop IGH..

The specifications of the three-phase convertereustudy are selected considering both

Department of Energy (DOE) FreedomCAR targets @1d the commercial HEVs [16],[63]-
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[65]. In DOE FreedomCAR targets, the continuougpotpower is 30 kW, and the peak output
power for 18 seconds is 55 kW. The operating d¢agel rating is 200 V to 450 V and the
nominal voltage is 325 V. However, there is a tramthcrease the dc bus voltage to improve the
system efficiency. In 2007 Toyota Camry hybrid @iecdrive system, the dc voltage rating is
from 250 V to 650 V [65].

In the design in this dissertation, the dc linktagk is 650 V. The power rating for each
phase-leg is 10 kW. Six phase-leg modules can éé i a six phase converter to achieve the
55 kW output power and fault tolerance. Three ph@genodules can be used for a three phase
converter to achieve 30 kW output power. Assumhmg modulation index of 1 is used for the
rated voltage and the load power factor is 0.98ntthe rms phase current and voltage is 46 A
and 217 V respectively.

So a 1200 V / 40 A trench-gate field-stop Si IGBTthwsoft, fast-recovery anti-parallel
diode rated at 175 °C (IKW40N120H3) from Infinesnsilected for study at higher temperature

operation up to 200 °C.

3.3 Si IGBT Static Characteristics

The static characteristics are measured with Tektr871B high power curve tracer. The
device is heated by a hot plate with its tempeeatmonitored by the thermal couple as shown in

Figure 3-2.
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High power
curve tracer

Hot plate
Thermal couple

Figure 3-2. Test setup for static characterizatiorat high temperatures.

3.3.1 Output Characteristics

Temperature effects on forward conduction charesties and leakage current are
characterized. Figure 3-3 shows the output chaiatits of the IGBT and its anti-parallel diode
at 200 °C. Since the relationship between the atesturrent and voltage fairly linear, a linear
approximation in (2-1) can be applied to the cuyves

Vee = lc Ree +Vin Ve =1 Ry +V (2-1)
where Rce and Rak represent the on-state resistances, wtijland V; represent the built-in

voltages of the IGBT and diode respectively. Tha foarameters together determine the on-state
voltage drop and thus conduction loss. Table 3dlwslV;, Rcg, Vi andRak measured at various
temperatures. As the temperature rises, the oe-sesdistance increases because of carrier
mobility reduction while the built-in voltage deases due to a sharp increase in intrinsic carrier
concentration. The parameters measured at 25 "Qa5dC agree well with datasheet. Figure
3-4 shows the on-state voltage drop as a functignnztion temperature. The experiments are

based on limited number of devices.
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Figure 3-3. Output characteristics of IGBT and theanti-parallel diode at 200 °C and their linear
approximation.
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Figure 3-4. On-state voltage drop of the IGBT andHe anti-parallel diode as a function of junction
temperature.

Table 3-1 Parameters of IGBT Output Characteristicsat Various Temperatures

25°C 100 °C 175 °C 200 °C
V, 1V 0.9V 0.8V 0.7V
Ree 26 M 37 m 49 m 52
Vi 13V 12V 1.1V 1.1V
Rax 23 M 30 m 35 M 35 m
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3.3.2 DC Blocking Characteristics

Leakage current is the sum of diffusion componaemtthe neutral region and generation
current in the depletion region. As the temperaggoes up, the diffusion leakage current grows
rapidly and becomes dominant. Figure 3-5 showddaleage current of the IGBT with the anti-
paralleled diode at 650 V as a function of the fiomc temperature. At high temperatures,
especially above 175 °C, the leakage current deublery 5.2 degrees and reaches 16.6 mA at
200 °C. From the curve fitting, the relationshipgviseen the junction temperature and the leakage

current at 650 V can be expressed in (2-2).

T,-175
|ioakage = 0581107 [2 51 (A) n
o
< N
élS””T ””” [
= I
2 I
S 10 ‘
© I :
G) | | | | | |
cU | | | | | |
X | | | | | |
8 | | | | | |
= R |
Ob————9e——— 3¢ % f B
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Temperature ("C)
Figure 3-5. IGBT and diode leakage current at 650 \As a function of junction temperature.

The increased leakage current at high temperawiésause additional power loss and
possible thermal instability, which should be cdesed in the thermal design to prevent thermal

runaway.
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The leakage current caused power loss for one IBBIphase leg is half of the product of
the dc bus voltage and the leakage current comsglgre current commutation, as is given in (2-
3). The critical thermal resistance allowing stadgeration at 200 °C is the slope of the leakage
current loss curve at 200 °C [61]. From the calioitain (2-4), the IGBT thermal resistance
from junction to ambient should be less than 1.€1IW to prevent thermal runaway. This
provides an important criterion in terms of thernshbility. In HEV applications, the
semiconductors are cooled by liquid, which usudlfs smaller thermal resistance than air

cooling and provides the benefit for satisfying thermal stability requirement.

T,-175

Pleakage: % I Ieakagewdc = 0189[2 > (2_3)
d(Reaka e) o
I:\)th—crit = %g |TJ- =200 — 141 "C/W (2'4)
d(T,)

Besides, high temperature operation can give osthérmal instabilities due to the easier
current filament formation at higher temperaturesreif the thermal performance stays within
the limit. Thus the reliability of the device shdube further studied under the harsh
environmental conditions using a combination ofmdtad tests including high temperature
reverse bias (HTRB), high temperature gate biasGB)[ temperature humidity bias (THB) and

so on, which are not covered in this work.

3.4 SiIGBT Switching Characteristics

The switching performance of the Si IGBT is evadahtvith an inductive load double-pulse
tester. Figure 3-6 shows the circuit schematic efilde pulse test (DPT) with over-current
protection. The double pulse is generated by Agig8220 arbitrary waveform generator. The

device under test (DUT) is driven by a high-speeidgh-current gate driver IXDN409 from
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IXYS, with gate voltage from 0 V to 15 V. A 0Q shunt resistor with the bandwidth of 2 GHz
is connected in series with the device emitter tieato measure the collector currenggand
Vce are measured using the Tektronix voltage probek3®6nd P5100 respectively. The
protection board is comprised of an IGBT with low-state resistance and the gate driver
IR2127 with de-saturation protection. When the @ctibn board detects an over-current fault,
the IGBT is turned off and limits the current. Rigu3-7 shows the hardware testbed for high
temperature switching experiments. DUTs are comuetd the hot plate through the copper
connector with the case temperature monitored bynibcouples. The glass wool and fans are
used to keep the PCB board (especially for shusistas and gate drivers) under 50°C. Since
the switching loss caused by two pulses is nedégithe DUT junction temperature can be
regarded as the same as the case temperature.

With the DPT hardware testbed, the IGBT switchihgracteristics are tested at 25 °C, 100
°C, 175 °C and 200 °C. The test conditions arebuds voltage ¥c=650 V, collector current

Ic=40 A, gate-emitter voltage@d¢=0.0 V/15.0 V, and gate resistanceR2.0Q.

X/
C IR2127
oot
E —EC2CI=— bc
source
+5V +15V I C Pr(B)tectcijon
A e e el
T1IVE R
GND °() [iE
Rshunt$>
Thermal couples Hot plate DPT test circuit
Figure 3-6. High temperature experiment setup for Figure 3-7. Hardware testbed for high
switching characteristics test. temperature switching experiments.
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Figure 3-8 shows the IGBT switching characteristosing turn-on and turn-off transients
at 200 °C. The device’'s switching transients arptwad at the end of the first pulse and
beginning of the second pulse respectively under pihe-set collector-emitter voltage and
collector current conditions. The switching timevesll as switching energy at 25 °C, 100 °C,
175 °C and 200 °C is summarized in Table 3-2 wli ¢comparisons shown in Figure 3-9 and
Figure 3-10. The definition of switching time anakegy follow that used in the datasheet.

The diode reverse recovery current as well as seveecovery energy increases at high
temperature due to an increase in the lifetimeramdber of minority carriers stored in the drift
layer. In addition, diode reverse recovery causesent overshoot and extra turn-on losses of
the complementary IGBTs. The IGBT turn-on energynigeased at high temperature mainly
due to the increased diode reverse recovery cundnile the prolonged minority carrier lifetime
slows down the IGBT turn-off speed and increasestuinn-off energy. One alternative option is
to use the combination of Si IGBT and SiC Schottkgde to reduce the switching loss,
considering that SIC Schottky diode has very smalkrse-recovery energy, which shows no

significant increase with temperature [66]-[67].
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Figure 3-8. Waveforms of IGBT switching characteriics at 200°C.

Table 3-2 IGBT Switching Characteristic Values at \arious Temperatures

Parameter 25°C 100°C 175°C 200 °C
Turn on delay time tyon) 24.4 ns 21 ns 23.6 ns 20 ns
Rise time t 60.4 ns 62.6 ns 78.4 ns 80 ns
Turn off delay time tyom 278 ns 311.2ns 380 ns 400 ns
Fall time t; 38.8 ns 79.2 ns 120 ns 140 ns
Turn-on energy E,, 3.19mJ 3.99 mJ 450 mJ 4.61mJ
Turn-off energy Eqx 1.31mJ 2.05mJ 2.83 mJ 3.02 mJ
Total switching energy Es 4.50 mJ 6.04 mJ 7.33 mJ 7.63 mJ
Diode reverse recovery energy 109.1pJ 227.8u 416.6uJ 639.8uJ
EI’I’
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From the high temperature characterization, ihisven that the commercial 175 °C Si IGBT
under test can be successfully switched at an ®évjnction temperature of 200 °C with

increased switching energy by 4.09 % compared thih at the rated temperature of 175 °C.

3.5 Impact on Converter Power Loss and Thermal Managerhe

High temperature operation of Si devices causesnusses, as indicated in the device
characterization. In this section, the impact @ ithcreased device loss and junction temperature
on a traction drive converter loss and converterrttal management is analyzed. As mentioned
before, the power rating for each phase-leg ofttinee phase drive is 10 kW and the dc link
voltage is 650 V. A minimum-loss space vector matiah (SVM) [68] is used for the three-
phase converter switching control. The total losmeagated from power devices consists of
conduction loss, switching loss and leakage curies®. For simplicity, the conduction loss and

switching loss for one IGBT and diode cell are nldted based on a linear loss model [69].
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The switching loss is given by

V.|
—dc f 2-5
V| s (2-5)

o= (Epy+ Eyy +E,)
4 rated’ rated
In (2-5), Eon andEq are the rated IGBT turn-on loss, turn-off lossegivfor the reference
commutation voltage and curreM qeq and liaeq They are obtained from switching
characterizationVy. andl indicate the actual voltage and the averaginglateswoalue of current
respectivelyfs is the switching frequency.

The conduction loss of the IGBT and diode is calted with the closed-form equations,

which is given by [69]

lowdeM 2p (L, 2M (2-6)
Feon_icer 2 a Wt(”+ 23 cosg) + | Rce(8+ 3\@”005@

_1 1_M 2 (1_ 2M (2-7)
Pconidiode_ 2 a m/f (” 2\/5 COS’ﬂ) +1 Rak(8 3\/én_(:OW)

In (2-6) and (2-7)V; and Vs are the threshold voltages of the IGBT and dicapectively,
while R.e and Ry are the differential on-state resistances of tBBT and diode respectively.
These four parameters are obtained from the oughatracteristics evaluatiorM is the
modulation index defined as peak value of the phadtage divided by half of the dc bus
voltage. ¢ is the displacement angle between the fundamantphase voltage and current.

The leakage current loss given by

1
Pleakage: E l Ieakagewdc (2'8

Figure 3-11 shows the power losses in one phaseseagh increase with temperature. The

total loss is increased by 7.40 % when the jundiomperature increases from 175 °C to 200 °C.
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Figure 3-11. Power losses in one phase-leg at variotemperatures (10 kHz).

To keep the device junction temperature below alol maximum junction temperature
and prevent thermal runaway, certain thermal tensdpability is required, which is represented
by thermal resistance and depends on the semictorchackaging and cooling system.

The relationship between junction temperature, anthicoolant) temperature, power losses

and thermal resistance can be expressed in equat@n

T.J _Tamb = loss ERTHj—amb (2'9)

WhereT; is device junction temperaturBmpis inlet coolant temperaturByssis power losses of
semiconductor devices, afdlyj.ampiS thermal resistance from device junction to ickedlant.

From the losses obtained above, the IGBT thermsiktances required corresponding to
various phase-leg power ratings are calculatedbparation at 175 °C and 200 °C respectively
with the 105 °C engine coolant, as shown in Figie?.

Figure 3-12 reveals the potential to increase thevgp density or reduce the cooling
requirement by extending the junction temperatuoenf175 °C to 200 °C despite the higher
losses. On the one hand, for a fixed thermal msigt of 1.03 "C/W, the power rating of the

phase-leg can be enhanced by 15% from 8.7 kW toALOOnN the other hand, if the power rating
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is fixed at 10 kW, the thermal resistance from fiorcto ambient can be increased from 0.825

°C/W to 1.03 °C/W. Considering that the thermals®@sce from junction to case can be as high

as 0.5 °C/W, the cooling requirement is greatlyuesdl and much easier to achieve for the 200°C

case.
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Figure 3-12. Thermal resistance required for varios rated power at 175 °C and 200 °C.

To further evaluate the feasibility of operating®Gs at 200 °C with 105 °C coolant, the 200

°C semiconductor operation is compared with theelotemperature operation in today’'s HEVs

in terms of power density, thermal managementgiefiicy and cost. The power semiconductors

in today’s HEVs usually have a maximum junction pemature of 150 °C with 65 °C coolant.

Thus a 1200 V/40 A trench-gate field-stop IGBT dag 150 °C from Infineon (IGW40T120) is

selected for loss calculation in the commercialecakshe losses for the device are calculated

based on its datasheet under the same operatiatditioos. The IGBT thermal resistance

required for a 10 kW phase leg is calculated in tases. The IGBT thermal resistance in the

commercial case is 1.044 °C/W, which is only 0.6C4W larger than that in the proposed
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commercial case. As a result, by extending thetjonaemperature to 200 °C and keeping the
same power density and thermal resistance, thetianiai 65 °C coolant can be eliminated,
which leads to lower cost, weight and volume. THade-off is that the efficiency is decreased by

0.2 percent from 98.3 % to 98.1 %.

3.6 Summary

The chapter presents the characterization of SiTIGiperating at 200 °C junction
temperatures for traction applications. The 1200@evich-gate field-stop IGBT rated at 175 °C is
selected for the study. Through device charactioizait is shown that the commercial 175 °C
Si IGBT under test can be successfully switchedratlevated junction temperature of 200 °C
with increased but acceptable losses. The therswlirement is given to allow the reverse
blocking condition at 200 °C without thermal rungwalso the impact of the increased junction
temperature on a traction drive converter losstaedmal management is analyzed, showing an
enhancement of power density or the decrease ofdbkng requirement. Comparing with the
power semiconductor operation in commercial HEMsgktending the junction temperature to
200 °C without compromising power density and thrErmanagement design, the additional 65

°C coolant can be eliminated with the trade-offraf decreased efficiency by 0.2 percent.
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Chapter 4. Si IGBT Ruggedness Evaluation at High

Temperatures

This chapter investigates Si IGBT ruggedness uhdgr temperature operation conditions
by evaluating latch-up immunity, short circuit chpdy and avalanche capability through
experiments. The chapter is organized as followse Short circuit capability evaluation is
shown in 4.2. The latch-up immunity evaluation igeg in 4.3. The avalanche capability of

several kinds of Si IGBT is given in 4.4. Conclusare drawn in 4.5.

4.1 Introduction

IGBTs are widely employed in hard-switching apgiicas, where they are required to turn
on or turn off rated current with full bus voltageross the terminals, and also survive during
malfunctions of systems like short circuit condiiso

In order to withstand the high-stress conditiohgse power devices are required to have
robust SOA. The SOA is generally referred as theeat-voltage boundary within which a
power device can operate without destructive faildthe SOA of an IGBT can be divided into
three boundaries. Maximum current is typically bed by latch-up of the parasitic thyristor.
Usually the de-saturation current is set far belbelatch-up current level to prevent such kind
of failure. Maximum voltage is limited by breakdowmltage. Maximum power dissipation
corresponding to maximum allowed temperature gs@go a limitation.

When temperature increases, the latch-up curret¢éseased because the current gains of
the NPN and PNP transistors within IGBT increaske Btatic avalanche breakdown voltage
increases with the temperature due to the decr@asenpact ionization coefficient with

temperature. However, the avalanche capabilityfpeess the turn-off voltage spike is reduced.
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Besides, the short circuit capability is also ampamant issue related to device ruggedness in
high temperature operation, especially in practiator drive applications. To ensure the safe
and reliable operation of IGBT at 200 °C, it is essary to evaluate the high temperature
ruggedness of IGBT by testing the SOA limits.

Some literatures discussed the temperature depeaddrdevice ruggedness. Various short
circuit failure mechanisms are discussed in [7@}[4n [70], destruction is observed during
turn-off period caused by overvoltage. These agdrdmnsition failures during turn-on or turn-off.
In [71]-[74], short circuit destruction is observeeveral hundred microseconds after turning off
the gate. The failure is described as thermal rayasaused by leakage current. These failures
belong to the excessive power loss during the gtetate. The IGBT latch-up mechanisms are
discussed in [77]-[79]. In [77], it is shown thasdruction due to the latch-up can occur resulting
from turning the gate off before the device voltages to dc bus voltage. In [80]-[85], the
device ruggedness corresponding to the turn-oftisgipy and failure dynamics are discussed.
However, these references do not have experimeesllts on Si devices operation at
temperatures as high as 200 °C. A systematic amdpmhensive assessment of IGBT
ruggedness operating at 200 °C is needed for draefpplications.

This chapter provides a comprehensive evaluationSpfIGBT ruggedness at high
temperature operation through experiments. The d¢esuits are proposed for ruggedness
evaluation and the hardware is setup accordinghe possible failure mechanisms including
latching, short circuit fault, and avalanche caligbare tested at elevated temperatures. The
criteria considering latch-up immunity, short cittotapability and avalanche capability are given

at 200 °C to ensure the safe and reliable operafi@i IGBTSs.
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4.2 Short Circuit Capability

4.2.1 Short Circuit Conditions and Test Circuits

In a typical motor drive system, the short cirazan happen in various conditions [86], as
shown in Figure 4-1. Arm short circuit is causedty destruction of IGBT or diode. Series arm
short circuit usually results from fault controgsals. Short circuit can also happen between
phase to phase, phase to dc bus +/- terminalgrossathe motor terminals.

The four short circuit modes listed above resuldifierent fault current profiles. In arm
short circuit, IGBT turn on into a short circuithigh is called hard switching fault (HSF). In
series arm short circuit, initially an IGBT is irommal conduction; then the complementary
IGBT is turned on by fault signal, causing a shibwbugh. Since in this case, the short circuit is
applied to an IGBT already on, it is called faulder load (FUL). When short circuit takes place
in output circuit, depending on where it happehs, $hort circuit current goes through certain
amount of inductance.

Figure 4-2 shows the waveforms of three short dirmonditions. In HSF, initially IGBT is
off and dc bus voltage is supported across thecdeWt t, the device is turned on to short
circuit. A notch on the ¥g is observed when the voltage drops on the resigthd inductive
parasitic elements of the circuit. At the device is turned off. The fault current fajlsckly and
causes an overshoot ot¥ The voltage spike is determined by both the tffrepeed and loop
inductance. In FUL, atIGBT is turned on and the voltage across theaeVge is low. At b, a
short circuit is applied to the device. The currecteases quickly and enters active region. The
rise of Ve charges the miller capacitor and thus pumps the galtage \&e. The collector

current shows a peak due to the increase of the galtage. In short circuit through large
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inductance, the di/dt at turn on is low and it gelthe IGBT saturation. Under this condition, the

device can survive a longer short circuit time.
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Figure 4-1. Short circuit modes.
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(c) Short circuit through large inductance

Figure 4-2. Types of short circuit fault conditions

To evaluate the short circuit properties of IGBdsttcircuits corresponding to three different
types of short circuit conditions are proposed simown in Figure 4-3. In Figure 4-3 (a), the test
circuit is composed of dc power supply, DUT, préitat IGBT and series IGBTs. The series
IGBTs control whether the dc bus voltage is appte®UT. The protection IGBT is driven by

IR2127, a gate drive with de-saturation protectidhe protection IGBT is activated at the
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occurrence of DUT destruction and disconnects thbus with DUT in a few microseconds. In

Figure 4-3 (b), the inductive load is used to lirthe current after DUT is turned on. An

additional control IGBT is connected in parallelthvihe inductor. By turning on the control

IGBT, the short circuit is applied to DUT that ifremdy conducting. In Figure 4-3 (c), an

inductor in connected in the loop. After DUT isniad on, the current rises linearly and then
enters the active region.

Figure 4-4 shows the hardware testbed for shoduitirevaluation experiments under
different short circuit conditions. The gate siggaheration board provides the gate signals for
DUT, series and control switches. DUT is driven dyhigh-speed, high-current gate driver
IXDN409 from IXYS. Bulk capacitor should be placeldse to DUT to minimize ringing during
short circuit transients. The collector currentmenitored with a shunt resistor of 0.00@5with
high bandwidth.

DUT is connected to the hot plate through the cogp@nector with the case temperature
monitored by thermal couples. In real applicatid@BTs are attached to the heat-sink with air
or liquid cooling. However, these cooling condisotan be ignored for the short circuit analysis
which happens within sub-milliseconds. It is beealsv thermal conductivity of the thick
solder is reported to take at least 530 until the heat sink fin works effectively to coible
silicon die. Some glass wools fill the gap betwegnuit board and hot plate to keep the board
temperature below 50 °C.

With the proposed circuit and hardware setup,hliga temperature short circuit capability
of Si IGBT is fully evaluated under different cohdns with respect to different failure

mechanisms.

44



Series SW

Vin =
650V —

b4
Protection
IGBT L
N X b. 4
T
-

DUT

I

>
IXDN409 +E
G

Series SW

DUT

]

—eea
~ e
N

-

_

(a) Circuit schematic and gate signal for shortwtrevaluation in hard switching fault condition

Vin —_—cC
650V =

Series SW
N_X
Protection T
N X . J
T
>

IXDN409

Series SW

Control SW

s

DUT

ek ¥
r

iC

DUT

e

~eaa
K

—
(%]

ts

(b) Circuit schematic and gate signal for shortiirevaluation in fault under load condition

Series SW

e

il ol il

?
¥
|«—-|1:::|

Series SW

2228
b

DUT

o

e
-
—_ e
N

(c) Circuit schematic and gate signal for testingrscircuit through large inductance

Figure 4-3. Circuit schematic and gate signal forealuation of different types of short circuit condtions.

45

.

&t
£



Over current protection board DUT  Series SW

ate'signal

Bulk capacitor  Thermometer Glass wool Hot plate generation board

Figure 4-4. Hardware testbed for short circuit capéility evaluation.

4.2.2 Short Circuit Failure by Thermal Destruction

During a short circuit, IGBT has to sustain botghwoltage and high current at the same
time, which can cause a significant increase inltlcalized device temperature from the high
power dissipation. High localized temperature belyan critical value abates the devices’
capability to sustain the collector-emitter voltagel can cause the destruction of the device.

When operating at high temperatures, the shortitirenergy as well as short circuit
withstand time are reduced due to the higher iniémperature. IGBT manufacturers generally
guarantee 10 ps of the short circuit withstand theow the maximum junction temperature.
For operation of IGBT at the elevated temperatfr@@® °C, short circuit ruggedness needs
experimental evaluation.

In the experiment, DUT is under short circuit cdiwt until thermal destruction. The
measuring conditions are: gate-emitter voltagg=15 V/0 V, gate resistancecR12 Q, dc

voltage \bc=650 V, junction temperaturg=25 °C /200 °C.
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Figure 4-5 shows the short circuit failure by tharmestruction at 25 °C under short circuit
through inductance, HSF and FUL conditions respelti In Figure 4-5 (a), at,tdc bus voltage
is applied to DUT by turning on series IGBTs. Afl2UT is turned on abt the collector current
ramps up at a rate ofgyL until the device reaches the active regionzatmhen the current
reaches a peak of 162 A, which is about four timmk#s rated current. Afterstthe current
gradually decreases with time. This is becauseltlogt-circuit energy consumption in the device
increases the device temperature as well as the-b@Bnel resistance. Aj,tthe device is
thermally damaged and can no longer sustain thtag®l The current continue to rises up as the
inductor is charged by dc bus voltage. The seGBTls are turned off after 40s to disconnect
the dc bus voltage. Here the short circuit withdttime (SCWT) is calculated from to t; in a
conservative way.

In Figure 4-5 (b), a hard switching short circuault occurs at,tand DUT enters active
region quickly. The current reaches a peak of 1G&hA then gradually decreases with time until
it is thermally damaged ag. tAfter that, since the current is only limited $lyay inductance in
the loop, it goes up very quickly. The high currantivates the protection IGBT, which is then
turned off and disconnects dc power supply.at t

In Figure 4-5 (c), att DUT is turned on and goes into normal conducthints, the control
IGBT is turned on and shorts the inductor, whictkesaa fault under load to DUT. The collector
to emitter voltage of DUT increases quickly, whiblbost the gate voltage through miller
capacitance and further increase the short cicuuitent. The peak current reaches 175 A. Then

DUT is destructed by thermal atand dc bus voltage is removeds=at t
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Figure 4-5. Short circuit failure by thermal destruction at 25 °C.

When operating at high temperatures, it has smsiiert circuit peak current. However, due
to the higher initial temperature, the short cit@nergy as well as short circuit withstand time
are reduced. Figure 4-6 shows the short circuituriaiby thermal destruction at 200 °C in
different short circuit conditions. Take HSF foraexple, the peak current is 125 A at 200 °C
compared with 162 A at 25 °C. The SCWT is reduceB4ps at 200 °C compared with 58 at
25 °C. The short circuit withstand time in diffeteonditions at both 25 °C and 200 °C are listed

in Table 4-1.
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Figure 4-6. Short circuit failure by thermal destruction at 200 °C.

Table 4-1 Short Circuit Withstand Time in Different Conditions at 25 °C / 200 °C

N . Temperature
Short circuit withstand timeu6) 550G 200 °Q
Short circuit through large inductance 2| 54us
Types of short circuit faul Hard switching fault 58s | 54us
Fault under load 58s | 52us

After the destructive tests, each time the impeddmtween the DUT pins after destruction
are measured. The typical value is shown belowe=R5 Q, Rsc=7.5Q and Rg=0.3 Q. It

shows that device failure is not caused from the Witing-off from over conduction current.
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4.2.3 Short Circuit Failure by Thermal Runaway

Besides the destruction due to over energy consampt is reported that field-stop IGBTs
exhibit a peculiar failure mechanism, further limg the critical short circuit energy and
withstand time. The destruction of IGBT is obsenating the blocking state after a few
hundred microseconds of the short-circuit turnemffidition.

During the short circuit, the p-well/n-drift junoti has the hottest region, where it has the
highest electric field as well as the largest looatrent density. The backside region has less
electric heat generation because of the lower rdefoeld. After short circuit turn-off, however,
the heat flow from the device surface is propag#tedugh the bulk and causes the temperature
rise as well as large leakage current in the bdekkiyers, as shown in Figure 4-7. When the
heat generation produced by high temperature leagagent exceeds a critical value, the device
is destroyed by thermal runaway even though itrised off.

Since field-stop IGBT has smaller silicon volumenasdl as heat capacity compared to other
structures, it has a higher device temperature tfeeturn-off with the same short circuit energy

and tends to have such kind of short circuit falarore easily.
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Figure 4-7. Heat spreading in FS-IGBT after short @cuit turn-off.

Experiments are conducted with the proposed testiits. The test conditions are: gate-
emitter voltage ¥g=15 V/0 V, gate resistancesR12 Q, dc bus voltage =650 V, junction
temperature jE25 °C / 200 °C. Figure 4-8 shows the measuredlteesi the short circuit
waveforms in hard switching fault condition at Z5 1n Figure 4-8 (a), the short circuit pulse is
32 us. The device is turned off safely without any desion. In Figure 4-8 (b), the short circuit
pulse is extended to 3&. The device looks as if it has safely turnedboff destruction happens
at 86 us after turn-off. The device cannot sustain thebds voltage and current increases
quickly. The large current activates the protecti®@BT, which opens the short circuit loop soon
to prevent the test circuit from being damaged.

The critical short circuit time can be defined mnditions where the maximum pulse width
is applied under a dc bus voltage of 650 V, withagée-driving voltage of 15 V until device

failure occurs. The critical short circuit time fieduced when operating at high temperatures.
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Figure 4-9 shows the measured results of the stiatit waveforms in hard switching fault
condition at 200 °C. The critical short circuit #nis reduced to 22s. When short circuit
happens through high inductance or in fault undad Icondition, similar failures due to thermal
runaway are observed once the applied short cifnuige time exceeds the critical time, as

shown in Figure 4-10.
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Figure 4-10. Short circuit failure by thermal runa;vSao)(/:through large inductance and in FUL condition at
Experimental results show that the 1200 V / 40 @ldfistop IGBT has the short circuit
failure by the thermal run-away during the off stdue to the high temperature leakage current
caused by heat spreading after short circuit tdfni8BT should be turned off within the critical
short circuit time in order to prevent it from destion. Table 4-2 lists the critical short circuit
time in different short circuit conditions at van®temperatures. The experimental results show
that FUL is the worst case, the critical short gir¢cime of which at 200 °C is about 65 % of that

at 25 °C. However, it is still adequate for prokeat

Table 4-2 Critical Short Circuit Time in Different Conditions at 25 °C /200 °C

o N Temperature
Critical short circuit times) 55°C| 200°C
Short circuit through large inductance 36| 28us
Types of short circuit faul Hard switching fault 32s | 22us
Fault under load 3@s | 21us
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4.3 Latch-up Immunity

Latch-up means IGBT is tied to a state of contirsuourrent conduction and gate voltage
has no influence on output collector current. Ireported that turning the gate off before the
device voltage rises completely to the clamped evalould lead to the destruction of IGBT due
to latch-up [77]. After the device is turned ore tturrent through the device ramps up. Once the
gate is turned off, flow of electrons through theacnel is cut off. Holes continue to inject from
IGBT collector. This process stops when electran$GBT N-base are depleted. At this point
IGBT current is almost all hole current. Large nanbf holes flow under the N-base region. If
the IGBT does not reach the clamp voltage, the IGBiT latch up and fail.

At high temperature operation, the latch-up curientecreased because the current gains of
the NPN and PNP transistors increase. The effeturtber aggravated by an increase in the
resistance of the P base region due to the molgithuction. Also, the turn-off speeds have
influence on the latching phenomenon. If the tufinpoocess is slowed down, a major fraction
of inrushing holes will recombine in the drift zoaed reduce the chance of latching.

For today’'s commercial IGBTs, they have good laiphimmunity with latch-up suppressed
designs, which employ the heavily doped P-baseoreginderneath the N-emitter structure,
sufficient emitter ballast resistance, or optimizagdolar current gain. The trench-gate IGBT
structure further improves the latching currentatality in comparison with the conventional
IGBT [78]. In conventional structure, the hole @nt mainly flow horizontally underneath the
N-emitter, which causes a potential voltage drog kEtch-up. In trench-gate IGBT, the hole
current flows vertically. By using a shallow P+ i@g with proper ratios of the trench and

diffusion regions, the device becomes more latalagstant.
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The test circuit for latch-up immunity evaluatiansimilar to that of short circuit capability
evaluation under large inductance, as shown inrEigu3 (c). The experiment is conducted to
evaluate the latch-up immunity of the IGBT at vagotemperatures. The test conditions are:
gate-emitter voltage 8=15 V / 0 V, gate resistancesRL2 Q, junction temperature;¥25 °C /
200 °C. In Figure 4-11, after the IGBT is turnedairk, the current increases. At the IGBT
has just entered the active region and collectaoeatiis 165 A at 25 °C and 122 A at 200 °C. At
the time the gate signal is brought down to zenuptly right before the voltage reaches the

clamped value. The IGBT is turned off safely withtaich-up either at 25 °C and 200 °C.
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Figure 4-11. Latch-up immunity evaluation at 25 Cand 200 °C.

The evaluation is then conducted in extreme coorlti The gate voltagec¥ is increased to
from 15 V to 30 V to prevent the IGBT from de-sattion at a low current level. The gate
resistance is reduced from X2 to 3 Q to increase the turn-off speed. Also the ambient
temperature is increased to 250 °C. In Figure 4&)2 it is shown that IGBT turned off the
current of 300A with a small gate resistanc&3at 250 °C. The turn off transients is zoomed in
and shown in Figure 4-12 (b). Figure 4-12 (c) shaokes corresponding switching locus of the
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turn-off transients compared with the SOA definedthe datasheet. From the experimental

results, it is demonstrated that the IGBT showy wgrod latch-up immunity even at very high

temperatures.
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Figure 4-12. Latch-up immunity evaluation in extrene conditions: gate voltage ¥:=30V, gate resistance
Rs=3 ©, ambient temperature T=250 °C.
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4.4 Avalanche Capability

During turn-off transients of IGBT, the high di/cliuses the voltage spike resulting from the
parasitic inductance, which could subject the IGBTovervoltage stress. In this section, the
IGBT turn-off capability is evaluated at variousmeeratures up to 200 °C as the guidance for
practical applications.

A large stray inductance of 1.281 is employed in the circuit. When the gate voltafj¢he
DUT is turned off, the current begins to commutltan the DUT to the upper diode. The
decreasing current in the stray inductance causedtage spike. Figure 4-13 shows the turn-off
transients of the DUT with various dc bus voltagBse dc bus voltage B¢ is increased from
600 V to 850 V in the increment of 50 V while tharrent t is kept at 40 A. In normal
conditions, the voltage spike increases with higlebus voltage. In Figure 4-13, however, it is
observed that the voltage spike afgVis suppressed to 1350 V when various dc bus vestage
applied, which means DUT enters the avalanche isirsgamode. With V¢ increasing, the

avalanche sustaining time increases until DUT fails
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Figure 4-13. ¢ voltage at turn-off with various VDf §5pglci;ed when IGBT enters the dynamic avalanche max
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Figure 4-14 shows the safe and failed turn-offsithon at 25 °C with the dc bus voltage at
800V and 850V respectively. In Figure 4-14 (a)eathe turn-off gate voltage is applied¢gV/
starts rising up and then enters the avalanchaisugj mode. The stressful condition finishes
when t decreases to zero and all the energy stored istthg inductance is transferred to DUT.
Then g falls to the dc bus voltage and DUT is turnedsatfely. In Figure 4-14 (b), 3£ is not
sustained at M after the voltage spike and collapses to zero. dJdamaged and loses its dc
blocking capability. The avalanche sustaining tiime&’0 ns at 25 °C, which is defined as the
period from the time when the avalanche startéaitme when voltage collapses.

The avalanche capability of DUT is further evaldags 200 °C, as shown in Figure 4-15.
The avalanche sustaining time is reduced to 39 he.shortened failure time occurs due to the

elevated temperature before self-heating beginsveer, it is also observed that the turn-off
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speed is slowed down at high temperature and défeyavalanche. As a result, the IGBT can

still be turned off with ¢ at 800V at 200 °C.

Stop a f = 1 Stop a t = 1

@ |
Avalanche starts
A A"
DUT Ve x° Voltage collapse
DUT Ve |
| o B o VA0 e Py e ot vt et
8 my e e Il ( B Y ) ) (7| i

(a) Safe turn-off transition whenp¢=800 V, =40 A (b) Failed turn-off transition whenp¥=850 V, =40 A

Figure 4-14. Safe and failed turn-off transition at25 °C in clamping inductive test.
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Figure 4-15. Safe and failed turn-off transition at200 °C in clamping inductive test.

The experimental results show that the 1200 V IGRM be turned off safely in the wide
temperature range from 25°C to 200 °C as long msribt operated exceeding the rated voltage.
However, it has limited avalanche capability andrz# be subjected to the over voltage stress.

Some IGBTs, mostly low-voltage IGBTs, have improwadhlanche capability and offer

certain circuit design advantages. The ruggedndsa ®00 V/6.3 A IGBT from IXYS
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(IRG4IBC20KDPbF) is evaluated in the unclamped oithe switching (UIS) test with an
inductive load of 500 uH. The test conditions agate-emitter voltage 3=15 V/0 V, gate
resistance B=12 Q, dc bus voltage M=300V, collector currentcE10A, junction temperature
T;j=25°C /200 °C.

The experimental waveforms are shown in Figure 4\en IGBT is turned off, the
collector to emitter voltage VCE of DUT is drivem & high value by the inductor. DUT enters
the avalanche-sustaining mode until it fails. At°25 the voltage is clamped at 720 V and IGBT
sustains in the avalanche mode faus? At 200 °C, the voltage is clamped at 600 V a@8T
sustains in the avalanche mode for is5 The avalanche sustaining time as well as theggne

dissipated during the sustaining time is considgredzluced at 200 °C.
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Figure 4-16. Unclamped inductive switching tests @00V IXYS IGBT at 25 °C and 200 °C.

In conclusion, the 1200 V IGBTs under test haveyJanited avalanche capability. It is
critical that the turn-off spike voltage is beloletrated voltage, especially for severe conditions
such as the turn-off after the short circuit occufsnecessary, some external overvoltage
protections are needed such as voltage clampspsrailand gate-controlled soft turn-off. For

those IGBTs with avalanche capability, they give tisers the freedom in designing the systems
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without external voltage clampers or leaving leskage margin. However, it should be noted in

the design that the avalanche capability is comalilg reduced at high temperatures.

4.5 Summary

This chapter provides a comprehensive evaluationSbfIGBT ruggedness at high
temperature operation through experiments. The IGBIws very good latch-up immunity even
at very high temperatures. The short circuit cajighs decreased at high temperatures, but it is
still adequate for protection. The critical shaircait time is given at 200 °C within which the
IGBT should be turned off in order to prevent wrfr destruction. The IGBT can be turned off
safely in the wide temperature range from 25°CG0 L as long as it is not operated exceeding
the rated voltage. However, it has limited avalanchpability and cannot be subjected to the
over voltage stress. The important criteria cormsigelatch-up immunity, short circuit capability

and avalanche capability are given to ensure tfeeasal reliable operation of Si IGBTs at 200°C.
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Chapter 5. Si IGBT High Temperature Phase-leg Module

Development

In this chapter, a Si IGBT phase-leg module is tped for operating at 200 °C in HEV
applications utilizing the high temperature packggiechnologies and appropriate thermal
management. A 10 kW buck converter composed ofrttuidule assembly is built and operated
at the junction temperature up to 200 °C. The @rpamtal results demonstrate the feasibility of
operating Si devices based converters continuoasl200 °C. The chapter is organized as
follows: Section 5.2 presents the design and etettcharacterization of the high temperature
power module. Section 5.3 shows the thermal managemesign and thermal performance
evaluation with experiments. Section 5.4 providee txperimental results of the module

operating continuously at 200 °C. Conclusions agsvd in Section 5.5.

5.1 Introduction

The challenging thermal environment in HEVs as waslithe aggressive power density and
cost targets established by industry and governmmeakes the high temperature operation of
power electronics devices desirable.

Up to date, some papers have developed the powereders for operating above the
junction temperature of 200 °C, all with SiC dewidd4]-[58]. The design of 250 °C phase-leg
power modules utilizing paralleled SiC power JFESvides is reported in [44]-[53]. In [54]-
[56], a power module that integrates SiC power B-®ith silicon-on-insulator (SOI) control
electronics is developed. The SiC three-phase tevés tested to 4 kW with the estimated
junction temperature of 300 °C. However, these eolevs are operated without the

measurement of junction temperatures. Most of tlaeen operated with the case temperature
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monitored by the integrated thermocouples, whifeva of them obtain the junction temperature
estimated by case temperature and thermal simnolaf3]. The missing or inaccurate
information of junction temperatures limit the puhof power rating of the converters because
more safety margin is needed.

Considering the rising cost imposed by these nalelyeloped techniques, it is meaningful
to investigate the prospects for extending Si deyinction temperatures to 200 °C as a lower-
cost solution.

In chapter 3 and 4, it is demonstrated that Sictiegate field-stop IGBT can successfully
operate in the pulse test at the extended temperafu200 °C with elevated but acceptable
losses and adequate ruggedness. The continuouatiopeof Si device based converters at the
junction temperature of 200 °C need to be evalutitealigh experiments to further investigate
the feasibility of Si IGBT operating at high tematres.

Further the past work, the objective of this chapte to determine the feasibility of
operating Si devices based converters continucatsB00 °C and to take full advantage of the
converter high temperature operation through measent of the device junction temperature.
Specifically, a 200 °C Si IGBT phase-leg module hmen developed utilizing the high
temperature packaging technologies and appropttegienal management. Both electrical and
thermal performance is characterized through erpents. The switching time is employed as
the TSEP for junction temperature measurement. AWObuck converter composed of the
phase-leg module is operated successfully wittdthéce junction temperature heated up to 200
°C, which demonstrates the high temperature capalbil the designed package module. The
design approach as well as the test proceduremngesse this paper can be used as the guideline

for the high-temperature operation of Si converters
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5.2 Phase-leg Module Design and Characterization

5.2.1 Module Design and Fabrication

The presented high temperature phase-leg power Imadilizes Si IGBTs and diodes, and
is designed for multi-kilowatts and 200 °C opematidwo Si IGBT and two Si diode dies from
Infineon Technologies with maximum ratings of 120050 A, 175 °C are employed for power
switches. The conventional wire-bonding technoleypdopted. The materials for each part of
the package are selected for high temperature toperand listed in Table | with the
corresponding dimensions. The,@ direct bonded copper (DBC) is used as the sulestaaid
the finishing metallization of electroplated Ag aslded to prevent the oxidation of the bare
copper. The die attachment material is Au80Sn28esakith the preferred thickness of 20
and a melting temperature of 280 °C. Aluminum wio€d0 mils are selected for wire-bonding
with a maximum current rating of 22 A for each wjB¥]. To enhance reliability, copper lead
frame is used as connection terminal instead o pohnection. The encapsulant of the whole
module is Nusil R-2188. Figs. 1 (a) and (b) show sbhematic of the phase-leg module and its

layout design. The fabricated power module is showkig. 1 (c).

@<—3[ s2 D2 -—
E, 7 : :
€2 VDD C, ahiaitsie

(a) Phase-leg schematic (b) Layout design (c) Fabricated power module

Figure 5-1. Design and fabrication of the high temgrature phase-leg power module.
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Table 5-1 Materials Selection

Component Dimension (mm)
IGBT chip (IGC50T120T6RL) 7.25 % 6.84 x 0.115
Emitter pad 5.37 x 5.74 x 0.004
Gate pad 1.31 x 0.81 x 0.004
Diode chip (IDC28D120T6M) 6.3x4.5x0.11
Anode pad 5.35x3.55x0.004
Substrate 30.6x30x (Cu: 0.203,84: 0.381)
Die attachment Solder Au80Sn20, thickness: 0.2
Aluminum wires 10 mils x 6
Encapsulant Silicone gel (Nusil R-2188)

5.2.2 Static Characterization
The static characterization of the fabricated powerdule is conducted with Tektronix
371B high power curve tracer. Figure 5-2 (a) andsfiow the I-V curves of the IGBT with the
typical gate voltage of 15 V and the diode at wasidemperatures, respectively. These I-V
curves can be approximated by a linear relationship
Vee = lc (Ree +V, -
Ve =1 Ry +V, 75-
Respectively, wherB:e andRak represent the on-state resistance, WiilandV; represent
the built-in voltage drop of the IGBT and diode blea5-2 listsV;, Rcg, Vi andRak measured at
various temperatures, which determine the on-stitage drop and thus conduction loss. As the

temperature rises, the on-state resistance in@ease
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Figure 5-2. Static characterization of the fabricaéd power module at various temperatures.

Table 5-2 Parameters of IGBT Output Characteristicsat Various Temperatures

25°C 100 °C 175 °C 200 °C
V, 0.9V 0.8V 0.7V 0.6V
Ree 33.5 M 41 m 53.5 N 57.3 N
Vi 1V 0.9V 0.8V 0.7V
Rax 31 m 43.5 N 48.5 N 53.5 N

Figure 5-3 shows the leakage current of the IGBd te anti-parallel diode at 650 V as a
function of junction temperature. The leakage auiriacreases with temperature exponentially

and reaches 3.98 mA at 200 °C, which can be exgueag4-3) from the curve fitting.

T,-175

09120107 2 171 (A)

| eakage = (5-3)
The increased leakage current at high temperatiliecause loss increase and possible
thermal runaway. To prevent thermal runaway up® 2, the thermal resistance must be less
than a critical one, which is the slope of the gk current power loss curve at 200 °C [61].
Such curve of the IGBT in the module can be exmess (4-4). Its critical thermal resistance is
6.5 °C/W, by calculation as in (4-5). This providms important criterion in terms of thermal

stability. Additionally, the critical thermal resices versus junction temperatures are shown in
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Figure 5-4. Higher operation temperature requireshmsmaller thermal resistance. For example

the safe operation of Si devices at 225 °C neeslsithl resistance to be less than 1.47 °C/W.

T,-175
I:?eakage: IIeakagem/dc = 05932 7 (W) (5'4)
d(Reaxage
— leakag _ o
Rh—crit - 7/ d(T ) |Tj =200 — 6'5 ( C/W) (5-5)
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Figure 5-3. Leakage current at 650V as a functionfo Figure 5-4. Allowed maximum thermal resistance for
junction temperature. operation at certain temperatures.

5.2.3 Switching Characterization
The turn-on and turn-off waveforms of IGBT in modwith 650 V dc voltage and 70 A

load current with various temperatures are showrigare 5-5.
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Figure 5-5. Switching waveform comparison for desiged IGBT phase-leg module.

As shown in Figure 5-5, the turn-on and the turintmhe of the designed IGBT module
increase with temperature, causing more switchiogs Ifor the IGBT module at higher
temperature. What is more, the reverse recovemerurs also worse with higher temperature,
which introduces extra losses. The loss compansdisted in Table 5-3. The total switching
loss is increased by 8.3 % at 200 °C compared ¢oréted temperature of 175 °C. The
experimental results show that the Si devices baseder module can operate successfully at

200 °C with increased but acceptable losses iptitse test.

Table 5-3 Switching Loss Comparison (650 V/70 A)

Junction temperature | IGBT turn-on loss (mJ) IGBT turn-off loss (mJ) Dmdeverse recovery loss
(S (mJ)
25 3.9 3.2 1.2
175 6.7 6.1 2.8
200 7.2 6.5 3.2
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5.3 Thermal Management System Design and Evaluation

5.3.1 Thermal Management System Design

To keep the device junction temperature maximura(0 °C and prevent thermal runaway
at high temperatures, the thermal management ofnthé@ule is designed. An aluminum cold
plate from Aavid Thermalloy is used as the basetiesign. Duralco 132 with high thermal
conductivity of 69 W / (m-°C) is selected as therthal interface material (TIM) between the
substrate of the fabricated module and the colteplas shown in Figure 5-6 (a). The water
ethylene glycol (WEG) coolant is pumped to the coliake with its inlet temperature regulated
by the liquid chiller, as shown in Figure 5-6 (fhe coolant flow rate is 2.5 gallons per minute

(GPM), which is the maximum value according to D§ffecifications released in 2006.

Module Duralco.132

(b) Chiller for liquid circulation and
temperature regulation

(a) Module attached to cold plate with TIM

Figure 5-6. Hardware setup for the thermal managemat system.

5.3.2 Thermal Performance Evaluation through Experiments
An electro-thermal method has been employed to nneabe thermal resistance, in which
the device is heated by the electric power dissipadnd then its junction temperature is

monitored as it cools down with power cutoff. Thengtion temperature is measured using
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forward voltage drop ¥onas a temperature sensitive parameter, which hds teigperature
sensitivity, good linearity as well as the easylration [88].

The calibration is first conducted to determine teétionship between déenyand the
device temperature. The power module together whih cold plate is heated to various
temperatures in the thermal chamber with the cparding \6g measured by the oscilloscope.
Figure 5-7 shows the calibration curve representihg relationship between ¥ and
temperatures with a current injection of 30 mA gatk to emitter voltage 3¢ of 8 V. The curve
shows a temperature sensitivity of about -2.3 m\Ai@ a good linearity at a forward current of
30 mA. The selection of the injected current valsieritical, because a too low current level
could results a nonlinear relationship at high terafures and a high current level could

introduce non-negligible self-heating.

600

500 Ay

< 400 \
E

2300

i

O
>

y =-2.2913x + 588.3
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Figure 5-7. \ice and T; calibration curve (Vge=8 V, 1c=30 mA).

The circuit diagram of thermal resistance measungérsgstem is shown in Figure 5-8. First,

the switch is closed so that the heating pulsep@ied to the device. A few amperes source
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current flows through the DUT with fixedd¢, which drives the IGBT into the active region and
generates the loss dissipation around 100 W irstbady state. Equilibrium has been reached
when Vcgonhas stabilized. Then the switch is opened, andhthi current J drops to zero.
Only 30 mA measurement current is continued goimgpugh the DUT. ¥gen) transient is
recorded. The junction temperature as well as takimpedance can be calculated frormeMn,

injected power and calibration curve.

_ 30 mA
5~10A G ontrol switch <+
N X ¢
] >
I—Power I + Power
Supply Oscil DUT E cold | -, Supply
| scilloscope FI_ _cr-: plate Chiller Im
E
> ¢

Figure 5-8. Circuit diagram for thermal performance evaluation.

Figure 5-9 shows the hardware setup for the theavaluation. The 10 A current source for
heating is provided by TDK-Lamda power supply. T3@® mA current source comes from a
current source circuit board composed of two BIJh& cold plate is connected to the chiller for

the liquid circulation.
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20A current source

Connected to chillel

?’\ 30 A current source

Figure 5-9. Hardware setup for thermal performanceevaluation.

In the thermal evaluation experiment, the cool@mperature of 25 °C is used instead of
105 °C due to the limitations of the chiller in tlad. The heating pulse of 9.7 A is applied to the
IGBT. Vce of the IGBT is measured to be 11.92 V with theegailtage of 8 V. The power loss
generated by the dc current source is then catdiled be 115.6 W. Then the 9.7 A current
source is disconnected and the IGBT is forwarddaaBy a 30 mA current source. At the
moment, \gen)iS monitored and shown in Figure 5-1Q:en) is measured to be 125 mV at the
moment the heating pulse is removed, which meamgutction temperature is 193.6 °C based
on the calibration curve. The thermal resistanoenfiGBT junction to ambient is 1.46 °C/W,
which is smaller than the critical one calculatdzbvee. The designed thermal management

system can support the Si power module operati2@@f C without thermal runaway.
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Figure 5-10. Waveform of \&g(n during cooling down period.

It is noted that the thermal management systenoisspecially designed and optimized,
because the design target is to support the powstulm operating at 200 °C safely. The
advanced cooling technologies such as pin-fin Hasepwith direct liquid cooling [89],
microchannel cold plate [90], and integrated vapbamber [91] can be utilized to further

increase the power density.

5.4 Continuous Operation of a 10 kW Buck Converter &1@°C

In order to evaluate the high temperature capgbilfitthe designed package and cooling
system, a buck converter composed of the fabricptease-leg module is built and operated

continuously with the device junction heated u@®0 °C by controlling the loss dissipation.

5.4.1 Junction Temperature Measurement during Converter Qperation
As mentioned before and shown in Figure 5-5, thgefiams of the switching transients
vary with temperature. Thus the junction tempegatoir the power module can be derived by

monitoring the temperature sensitive switching peeters.
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In our study, the turn-off delay timeyds is selected for temperature measurement during
converter operation, which is defined as the tiréveen the falling edge of the gate-emitter
voltage e and the rising edge of the collector-emitter vgdtaVce. Taom has a higher the
temperature sensitivity, compared to other switglparameters such as turn-on delay timg.
rising time T and falling time T. Moreover, the . measurement is only based on the voltage
waveforms, simplifying the test procedure and mamhigh accuracy.

A calibration curve representing the relationshgimeen turn-off delay time g4k and the
junction temperature jTis needed before the junction temperature is medsfor continuous
operation. However, the switching transients afle@émced by many factors besides temperature,
including gate drivers, gate resistance, circurapgics, and measurement probes, etc. Thus the
test circuit for calibration and continuous operativere kept the same for the accuracy of the
measurement. Figure 5-11 shows the test circuilpstr calibration and continuous operation
respectively. Comparing the two, the same gateedsvards, power boards and probes are used.
The loads and heating methods are different, whitthence Ty little. For calibration, a hot
plate is installed underneath the module, heatingoidesired temperature with the case
temperature monitored by thermocouples. Since anpulse is applied to the module in the
calibration, it is assumed that the junction terapae is the same with the case temperature. The
inductive load is applied.

In the continuous test, the module is heated bydéngce losses while a cold plate with
liguid cooling is attached to keep the junction pemature not exceeding 200 °C. The resistive
load with the L-C low pass filter is applied.

Besides the parameters of the test circuits, thbudcvoltage ¥Wc and load currentclcan

also influence the turn off delay timeydr. Figure 5-12 show the influence obyand £ on
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Tdem at 20 °C. The turn-off delay time increases withc\and decreases witlg, I with the
sensitivity of 0.19 ns/V and 2.02 ns/A respectivelp prevent the temperature measurement
error due to different voltages and currents, thikage and current in calibration should be kept

the same with those of the measured points indh&érwious operation.

Hot plate
VDC_ .
/] Gate drive
board with
module
VDC 7&

Power board

Coldplate
with liquid
cooling

(b) Circuit schematic and test setup for continuopsration

Figure 5-11. Comparison of test circuits for calibation and continuous operation.
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Figure 5-12. Influence of dc bus voltagVpc and load current I on the turn-off delay time Tyer.
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Figure 5-13. Turn-off transients at various temperaures during calibration (T;=25 °C, 63 °C, 100 °C, 156 °C,
and 200 °C.).
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Figure 5-14. Calibration curve representing the rehtionship between Tom and T; (Vpc=650V 1c=23A).

With test circuit built up, the turn-off transientd the fabricated power module are
measured at certain voltage and current level anidws temperatures, as shown in Figure 5-13.
Figure 5-14 shows the calibration curve of turnadfay time T and junction temperaturg T
with the dc bus voltage 3¢ at 650 V and load curreng lat 23 A. The turn off delay time
increases with temperature, and its temperatursitsgty is 0.878 ns/°C. With the calibration
curve, the junction temperature of the power modiuleng continuous operation can be derived

from the switching transients.

5.4.2 Buck Converter Operation at the Junction Temperature of 200 °C

The power module is operated with 650 V input vgdtaduty cycle of 0.85 and the power
rating of 10 kW. The L-C filter is composed of aructor of 500 uH and a capacitor of 81 uF.
The resistive load is 3@Q. The switching frequency is increased from 10 kBZ20 kHz to
increase the power loss in IGBT to elevate its aeyunction temperature. Liquid cooling is

applied to the converter with the flow rate of &BM, coolant temperature of 25 °C.

7



Experimental results at 12 kHz and 20 kHz are shawirigure 5-15 and Figure 5-16
respectively with the ¥ and Ve of bottom IGBT, and inductor current. When thetshing
frequency is 12 kHz, the turn-off delay time is 38 indicating a junction temperature of 136
°C based on the calibration curve. When the swighiequency is 20 kHz, the turn-off delay
time is 424 ns, which represents a junction tentpegaof 203 °C. After 60 minutes continuous
operation in the steady state, a primary conclusam be drawn that the designed package and

cooling system can support the Si devices operatir®§0 °C junction temperature.
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Figure 5-15. Experimental waveforms of a 10 kW buckonverter continuous operation at the switching
frequency of 12 kHz.
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Figure 5-16. Experimental waveforms of a 10 kW buckonverter continuous operation at the switching
frequency of 20 kHz.
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9.5 Summary

The chapter demonstrates the feasibility of opegatSi devices based converters
continuously at the junction temperature of 200[6CHEV applications. A Si IGBT phase-leg
module is developed for 200 °C operation utiliziigh temperature packaging technologies and
appropriate thermal management. The electricalaciarization shows the module can operate
at 200 °C with increased but acceptable lossebdrptilse test. The thermal performance of the
module and cooling system is evaluated and showslésigned thermal management system
can support the Si power module operating at 20®itGout thermal runaway. Two temperature
sensitive electrical parameters, on state voltaggeywith low current injection and turn-off
delay time T, are employed for thermal resistance measuremahtjunction temperature
measurement during converter operation respectivEipally, a 10 kW buck converter
composed of the phase-leg module is operated ssfatgswvith the device junction temperature
heated up to 200 °C, which demonstrates the higipéeature capability of the designed package

module.
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Chapter 6. Junction Temperature Measurement Method Using
Short Circuit Current

In this chapter, a method is proposed to measwergutiction temperatures of IGBT discrete
devices and modules during the converter operaliba.chapter is organized as follows: Section
6.2 introduces the calibration circuit schematia dmardware setup, based on which the
calibration curve between the short circuit currantl temperature is presented. In Section 6.3,
the short circuit current is evaluated and compaved the other TSEPs in various aspects to
determine its advantages and applicability. Theppsed temperature measurement method is
demonstrated in a three phase converter for pra¢ogvaluation as an example and the circuits
for the other converter topologies are given inti®ads.4. Conclusions are drawn in Section 6.5.

The proposed junction temperature method will beduer evaluating the high temperature

three-phase converter introduced in Chapter 7.

6.1 Introduction

IGBTs are widely used in a variety of industriapapations. In many applications such as
aircraft and vehicles, the devices are requiredpterate at high junction temperatures due to the
challenging thermal environment and the aggresgoseer density. Therefore the temperature
control and thermal management become more of eecon

An accurate junction temperature measurement ial@akle tool for prototype evaluation
and avoids the unnecessary safety margin regardivice operating temperatures, which is
significant especially for high temperature / hdgnsity converter applications.

The chapter introduces a method of junction tentpegameasurement using short circuit

current. Short circuit current is negative tempanatcoefficient (NTC) and has adequate
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temperature sensitivity. It is only determined bynperature and gate voltage, while the variance
of gate voltage can be eliminated in the hard $witg fault (HSF). Due to its good sensitivity
and selectivity, short circuit current is suitalale TSEP for temperature measurement. A short
circuit pulse is given under converter normal operaconditions and the short circuit current is

measured for junction temperature estimation.

6.2 Calibration of Short Circuit Current vs. Temperaterin an IGBT

6.2.1 Test Circuit and Hardware Setup for Calibration

The short circuit current of an IGBT decreases waimperature due to the dependence of
electron mobility on temperature. To representridationship between short circuit current and
device temperature, a calibration is conductedrolGBT based phase-leg module.

Figure 6-1 (a) shows the test circuit schematic datibration. The phase-leg module
composed of two IGBT and diode cells is connectieglctly to the dc source. During the short
circuit, the short circuit current is determinedDYT or its complementary IGBT, depending on
which has higher junction temperature. To eliminduwe effect of the complementary IGBT, a
bypass IGBT is connected in parallel with the caanmntary IGBT. The bypass IGBT has
larger current ratings than DUT. When the shoxtwtroccurs, the short circuit current is limited
by DUT, and the bypass IGBT and complementary IGBITremain in the saturation region.

The switching sequences of the devices are showdgure 6-1 (b). At the bypass IGBT
is turned on, and the dc bus voltage is appliedsscBDUT. Then DUT is turned on into a short
circuit at . The current goes up quickly and reaches the.pEaé& DUT collector to emitter
voltage \&eremains at the value of input voltage after a smatch caused by the inductive
parasitic elements of the circuit. Then the currgradually decreases with time because the

short-circuit energy consumption increases the atevemperature as well as MOS-channel
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resistance. The short circuit current is recordadjdnction temperature measurement of DUT.
Then DUT is turned off agty the short circuit protection function of thetgydriver or the gate
control signal. Usually the short circuit periodoald be less than 10 ps to prevent the device

destruction due to overheat. Finally the bypassT@Burned off at4

15V
VGE pur |_|
DUTl K | Vo o 15V
\ X _bypass
_l Vin
S1 VcE pur "
S2 Bypass - Short circuit
Vin 7 E_ _I _I SW current
IC_DUT
1:t2 t3 4
(a) Circuit schematic (b) IGBT waveforms

Figure 6-1. Calibration circuit schematic and devie waveforms.

Fig. 2 shows the hardware setup for calibratiore phase-leg module under test is shown in
Fig. 2 (a). It is composed of two IGBT chips (Irdon IGC50T120T6RL) and two anti-parallel
diodes (Infineon IDC28D120T6M). The phase-leg medisl driven by a gate drive board, on
which there are two connectors connecting in paratth the corresponding IGBTs, as shown
in Fig. 2 (b). When the junction temperature of 88T needs to be measured or calibrated, the
temperature measurement unit composed of the by@dE and its gate drivers is inserted to
the connector of the complementary IGBT. A hot@iatinstalled underneath to heat the module
to various temperatures with the case temperatuneitored by thermocouples. It is assumed

that the junction temperature is the same withctee temperature before short circuit occurs.

82



+VDC measurement unit 4
E1G1 G2 E2 iz Connectors to
1 % N\ C2E1 Gate drive temperature
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(b) Circuit board for temperature measurement ef th

(a) Phase-leg power module under test phase-leg module

Figure 6-2. Hardware setup for calibration.

Figure 6-3 shows the gate drive circuit schemaiictfie IGBT module with short circuit
protection. The module is driven by the driver IEDD20112-F. The gate driver provides
coreless transformer isolation, de-saturation ptaie and is suitable for high temperature
operation up to 150 °C. The driver input and outpidies are powered by 5 V and 15 V dc
supplies respectively. Traco dc/dc converter (THR435) with a minimized input-output
capacitance of 13 pF is used for supplying the adrigutput side. Four transient voltage
suppressor diodes D3 to D6 are connected in seetgeen IGBT collector and gate for active
clamping. The de-saturation protection ensuregptbéction of the IGBT at short circuit. The
output pin is driven low when the voltage on theS2H pin exceeds 9 V, which is detected by
desat diode D2. To prevent the false desat trips,desat diode should have a fast reverse
recovery. A 1200 V, 1 A ultrafast diode STTH112Athva reverse recovery time of 75 ns is used
for D2. The desat diode is connected to the middtihe four clamping diodes instead of IGBT
collector to further reduce the noise. To allow &giotime for IGBT saturation during turn-on, a
blanking time is set by the internal current souand an external capacitor. A 100 pF capacitor
C1 is used for 4 us blanking time. During shortuit, the IGBT gate can be pumped by a high

dv/dt through miller capacitance. The driver pr@ddhe gate clamping function by connecting
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the CLAMP pin to the gate. However, a current ofximaum 500 mA for 10 ps could be fed
back to the supply, which can cause the Traco aumgtable. The diode D1 is used to make sure

the current is absorbed by the decoupling cap @meZ diode) instead of the Traco power

supply.

+5V
+15V
D1§

L VCC1 VCC2

-l IRST Desa
[FLT

IN+ Out

Clam

IN- GND?2

GND1 VEE2

GND1 VEE?2

GND1 1EDO20I112-F GND?2

Figure 6-3. Gate drive circuit with de-saturation potection.

6.2.2 Experimental Results of Calibration

With the hardware setup, the short circuit is adatt various temperatures and the
corresponding short circuit current waveforms ageorded for calibration. The DUT gate
voltage e is 15 V, which is recommended in the device dataslior continuous operation.
The DUT collector to emitter voltage ¥ is 650 V. Figure 6-4 shows the experimental
waveforms of the switches at 15 °C and 110 °C mspsy. The short circuit current value at 3
pus after short circuit occurs is used for tempeeatindication both in calibration and
measurement to eliminate the influence from eleatroscillations. The short circuit current at 3

us after short circuit occurs is 207.4 A at 15 i@ 474.2 A at 110 °C. The short circuit current
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values at various temperatures are then recordddshown in Figure 6-5. The short circuit

current has an adequate temperature sensitiviey3#5 A/°C and linearity. It is noted that the

temperature in the curve is the device junctiongerature before short circuit occurs, not at the

time when the short circuit current is recordedtiAthe calibration curve, the IGBT junction

temperature during converter operation can be ddrikom the short circuit current value.
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Bypass IGBT Vg (10 V/div) Bypass IGBT Vge (10 V/div)
DUT Ve (300 V/div ) iv)
1422074 £ ce ( ) DUT Ve (300 V/div) T v,
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¥
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(a) IGBT short circuit current at 15 °C (5 ps/div)  (b) IGBT short circuit current at 110 °C (5 us/div)

Figure 6-4. Short circuit current at various tempermatures in calibration.
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Figure 6-5. Short circuit current as a function oftemperature (Vge=15 V, Vce=650 V).
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6.3 Evaluation of Short Circuit Current as TSEP

6.3.1 Sensitivity of Short Circuit Current as TSEP
A method of comparing the accuracy of different PSHs proposed in [92] using the

following ratio:

o B 61
val .

wheres is the temperature sensitivity of the TSEP whidd,a« is the maximum measured
value of the parameters.

Based on ¢ vs. temperature calibration curve in Figure 6Hg temperature sensitivity of
short circuit current with ¥z of 15 V is 0.345 A/°C. Considering the maximum ihzircuit
current of 207 A, the sensitivity ratio is 1.66>1C™. For voltage under high current, the ratio is
from 0 °C* to 1-10° °C* determined by the current value. These two pararsdtave adequate
temperature sensitivities. For the saturation cureender low gate voltage, the sensitivity is
about 0.016 A/°C in the temperature range from 100 150 °C. The sensitivity is much
smaller in lower temperature range. Considering tha current sensor has to sustain the
nominal current in normal operation of the powevide, the ratio can be as small as 0.23-10
°C? because the saturation current is much smallen ti@minal current. The temperature

sensitivity of switching time is around 2 ns/°Cidtnot compared with other TSEPs because the

ratio cannot be applied to the parameter.

6.3.2 Linearity of Short Circuit Current as TSEP
A linear TSEP brings benefits to calibration stepcduse it doesn’'t need a lot of
measurement points. To better understand the ligeafrthe TSEP, the formula of the IGBT

saturation current at different gate voltages v&giin (5-2).
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= @+ Bowe oL, 00 ) Vs = Viw ) (6-2)

wherelgy is the saturation curremiene is the current gain of the bipolar transistor GBIT.

Uns iS the surface mobility of electrons in the chdnfgy is the oxide capacitancg; andL. are
channel width and channel length respectivehs is the gate source voltage avig, is the gate
threshold voltage. Among these parameters, theshbid voltageVry is negative temperature
coefficient. The surface mobility of electropg varies linearly with temperature.

For a low voltageV/ss which is slightly larger thary at room temperature, the influence
of Vry on the saturation current dominates and results monlinear s, VS. temperature curve.
The exponential curve leads to an increase of Sengsiwith temperature and makes the
measurement at low temperatures less precise.

In the proposed method in this chaptegsVs at the rated value of 15 V. The influence of
puns dominates and the relationship between sataratirrent and temperature is approximately
linear.

For the other two TSEPs, the switching times anrg Mhder high current, they are also

linear.

6.3.3 Selectivity of Short Circuit Current as TSEP

Selectivity represents the degree of TSEP infludrime other parameters than temperature.
It is important to eliminate these effects duehe variation of the electrical parameters when
using TSEP as an indicator of the junction tempeeatThe short circuit current is a function of
collector to emitter voltage 3 and gate voltage 3 besides temperature.

The short circuit test is conducted by increashgdc link voltage gradually from 100 V to
650 V. The curve of short circuit current &s a function of ¥ is plotted in Figure 6-6. It is

shown that the short circuit current doesn’t depandt on \&e. In comparison with thedvs.
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temperature curve in Figure 6-5, the measuremeat ef 1 V dc voltage results in the error of

0.096 °C in temperature measurement.
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Figure 6-6. Curve of short circuit current Is. vs. IGBT collector to emitter voltage \eg.

From the transfer characteristics of IGBT, the slsocuit current depends a lot on the gate
voltage \ee. Therefore, it is important to reduce the variarafegate voltage during the
temperature measurement.

It is mentioned in Chapter 4 that there are twéed#nt types of short circuit. When IGBT
turns on into a short circuit, it is called harditeWwing fault (HSF). When the short circuit is
applied to an IGBT that is already on, it is calfadlt under load (FUL).

Figure 6-7 shows the waveforms of two short circainditions. In HSF, initially IGBT is
off and dc bus voltage 3¢ is supported across the device. Then the devitgned on to short
circuit at §. The device enters the active region quickly dmelvoltage remains atp¢ after a
notch. The gate voltage is little influenced if thevices are put close to dc bulk capacitors to
minimize parasitic in the circuit loop. The devisdurned off at4 In FUL, at {, IGBT is turned

on and the voltage across the devigg M low. At b, a short circuit is applied to the device. The
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current increases quickly and enters active regidr rise of \¢e charges the miller capacitor

and thus pumps the gate voltage:\and increases the short circuit current corresipghg The

device is turned off agit

$ ’ : ° ’ ', Gate voIfage spike
/| due to dv/dt

[ L} li ] k !
Nt et s s ke o i mpr{ 1 . 4
o Vee . ‘s’ Current spike dyg.Q.
e NP SO o [,.,.._.... ! | rgate voltage variance

|
]
e o e [ @7 ) @ 0oV @ 200V | ) T ][:::u;i/i;(s][_ﬂ 77V
1 t, b ts

(a) Hard switching fault (b) Fault under load

—+————

Figure 6-7. Two types of short circuit fault conditons.

Comparing the two short circuit conditions, theegabltage changes less during short circuit
fault in HSF, while the gate voltage has spikesméigort circuit happens in FUL. To reduce the
effect of gate voltage variance on short circuitrent, HSF is selected for temperature
measurement.

In summary, the short circuit current doesn’t deperuch on voltage. It depends on the gate
voltage, the variance of which could be greatlyuastl by creating a HSF short circuit instead of
FUL.

For the other TSEPs for online temperature measemesn the switching time can be
influenced by numerous electrical parameters inolydjate voltage, gate resistor, load current,
collector to emitter voltage, circuit parasiticseasurement probes, and etc. Thus it is important
that the test circuits for calibration and continsmperation are kept the same for the accuracy

of the measurement. The device voltage under a ¢ugtent depends a lot on the resistance of
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the electrical connection. Considering the diffeenof connection temperature during
calibration and temperature, the measurement eamibe caused by the variation of connection
resistance. The saturation current of an IGBT urider gate voltage is little influenced by

voltage and current value and only requires aceugate voltage value, which is similar to the

temperature measurement with short circuit current.

6.3.4 Genericity of short circuit current as TSEP

The temperature measurement using voltage undbardugent can be used with all power
semiconductor chips including power transistors diatles. The switching time can be used
with transistors. The two TSEPs of saturation autreg¢ low gate voltage and short circuit current

at nominal gate voltage are only suitable for IGBTs

6.3.5 Ruggedness during Measurement

Under short circuit conditions, IGBT has to sustamth high voltage and high current at the
same time, which can cause a significant increagshkd local device temperature from the high
power dissipation. High local temperature beyoratitical value prevents the ability to sustain
the collector-emitter voltage and causes the detstru of the device. As a result, it is necessary
to know the short circuit capability of the devibefore measuring the junction temperature
using short circuit current.

IGBT manufacturers generally guarantee 10 ps ofshtuwet circuit withstand time (SCWT)
below the rated junction temperature. For thoseTI&Rithout SCWT defined in the datasheet
or for the applications exceeding the rate tempeeatange, the short circuit capability can be

evaluated with the SOA evaluation circuit boarde Thethods are described in details in Chapter

90



4. The IGBT should be turned off within SCWT in erdo prevent the device from destruction

during temperature measurement.

6.4 Temperature Measurement during Converter Operation

6.4.1 Temperature Measurement in Three-Phase Voltage Soce Converters

Figure 6-8 shows the test schematic and switcheguences of the three-phase voltage
source converter. All IGBTs are driven by the tybigate voltage of 15V /0 V. A bypass IGBT
with larger current rating is connected in paraégh the complementary IGBT, and is activated
only when DUT is in the off state. The three-pheageverter is under normal operation condition
and has reached the thermal equilibrium befar&hen the bypass IGBT is turned on atthe
current commutes from S4 to bypass IGBT to pre®&hfrom de-saturation during short circuit.
When the next turn on pulse of S1 comes,abt turns on into a short circuit. The short dircu
current is measured to derive the junction tempeeafThe de-saturation protection is activated
and turns off the IGBTs aj.t

The control signal of the short circuit pulse canimmplemented with 555 timer connected
for monostable operation. The pulse duration isbgeR and C values. Figure 6-9 shows the
short circuit pulse of the bypass IGBT and the P\@&e signals of DUT. The short circuit pulse

starts when DUT is in the off state.
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Figure 6-8. Calibration circuit schematic and devie waveforms.
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Figure 6-9. Short circuit pulse of bypass IGBT andPWM gate signal of DUT.

Figure 6-10 shows an example of junction tempeeatneasurement in the three phase
converter prototype. A temperature measurementaomitposed of the bypass IGBT and its gate
driver is designed. The three phase power modutkiven by the gate drive board, on which
there are six connectors connecting in parallehwis corresponding IGBT cell. When the
junction temperature of one IGBT needs to be meakuhe temperature measurement unit is
inserted to the connectors of the complementaryTiGBen by giving a short circuit pulse, the

junction temperature can be derived from shortudircurrent by looking up the calibration table.
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Figure 6-11 shows the experimental waveforms dutimggtemperature measurement. The
bypass IGBT is turned on when DUT is in the offtetéA HSF short circuit is created when
DUT is turned on. The protection is activated andilDs turned off at 4 s after the short circuit.
The short circuit current is 180.8 A, indicatinguaction temperature of 89 °C according to the

calibration results.

S [N [ W —

Gate drive board

Figure 6-10. An example of junction temperature mesurement in the three phase converter.
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Figure 6-11. Short circuit waveforms during converer operation.

6.4.2 Temperature Measurement in the Other Circuit Topolaies
The proposed method can be used in various poweetrehics circuit topologies. Figure

6-12 shows the measurement circuit in some dc-dt aandc converters. By turning on the
bypass IGBT, DUT are shorted to the dc source hadshort circuit current is recorded at that
time. The dc sources are different in different\aters. For buck converter, DUT is shorted to
input voltage source during measurement. For bomsterter, DUT is shorted to output voltage
source during measurement. For buck-boost conyddigi is shorted to the serial connected
input and output voltage source during measurentartCuk converter, DUT is shorted to the
capacitor G. For three-phase current source converter, DUShted to the phase to phase
voltage source during measurement. It is notedttieatalue of the dc source voltage should be

kept the same in the calibration and temperatur@somement.
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Figure 6-12. Temperature measurement circuits in delc and ac-dc converters

6.5 Summary

In this chapter, a method is proposed to measwrgutiction temperatures of IGBT discrete

devices and modules using short circuit currggt From the calibration between short circuit

current and temperature, it is shown thatHas a good temperature sensitivity and lineary.

is little influenced by voltage and current. By atiag a short circuit in hard switching fault, the

95



effect of gate voltage variance on short circuitrent is eliminated, so that the short circuit
current is only determined by temperature. Duehgs¢ advantages, the short circuit current is
suitable to be used for temperature measurement.

Test circuits are proposed for junction temperateasurement in various dc-dc and ac-dc
converter topologies. By connecting a temperatueasurement unit to the converter and giving
a short circuit pulse, the IGBT junction temperatean be measured. The proposed method is

validated in a three-phase voltage source convprigotype and will be used in Chapter 7.
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Chapter 7. A 30 kW High Temperature Three Phase Converter
with Reduced Cooling

In this chapter, a 30 kW Si IGBT based three-pltasw/erter is developed for operating at
200 °C junction temperature with the 105 °C engioelant in hybrid electric vehicles, leading to
lower cost and higher power density. The chapteorganized as follows: Section 7.2 and
section 7.3 presents the design and evaluationeopower module and the thermal management
system. Section 7.4 shows the three phase convesign and implementation. The

experimental results are given. Conclusions arevdlia Section 7.5.

7.1 Introduction

The challenging thermal environment in HEVs as waslithe aggressive power density and
cost targets established by industry and governmeakes the high temperature operation of
power electronics devices desirable.

Today's HEVs use an additional low temperature {6% cooling system for the power
electronics traction systems. Although several aedeers have built the converters that are
capable of operating with 105 °C or 90 °C high temapure coolant [39]-[43], the tremendous
rising cost is imposed by the newly developed tegpies or larger semiconductor usage.

The objective of this chapter is to implement &80 three phase converter prototype based
on Si devices with 105 °C engine coolant. The higimperature capable power electronics
module utilizing the technologies introduced in @t 5 is used for operation with 105 °C
coolant, leading to a lower cost and higher povesrsity. An integrated pin fin structured AISIC
baseplate is used for cooling design, which pravideproved thermal performances and further

increases the power density of the converter sysfdm short circuit current is employed as
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TSEP for junction temperature measurement duringvexer operation, as introduced in
Chapter 6. A 30 kW converter is then implemented a&ncompatible with the temperature
measurement method. The experimental results ddrateshat the converter can operate
successfully with the device junction temperatueated up to 200 °C with the high temperature

engine coolant.

7.2 Power Module Design and Evaluation

Figure 7-1 shows the 10 kW phase-leg module dedigoe the three-phase converter.
Compared to the modules developed in Chapter 5Sptie difference is the layout is further
improved for smaller volume and higher power dgnsithe chips and packaging materials are

the same with previous modules. The dimension aaigmals are listed in Table 7-1.

Figure 7-1. 10 kW fabricated power module for hightemperature operation.
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The static characteristics of the module are testighl Tektronix 371B high power curve
tracer at various temperatures. The parametersshosvn in Table 7-2. The switching
performance of the module is characterized withdtamdard double pulse test. The switching

energies at various temperatures are shown in TaBleThe device characterization procedure

Table 7-1 Materials Selection and Dimension

Component Dimension (mm)
IGBT chip (IGC50T120T6RL) 7.25 x 6.84 x 0.115
Emitter pad 5.37 x 5.74 x 0.004
Gate pad 1.31 x 0.81 x 0.004
Diode chip (IDC28D120T6M) 6.3x45x0.11
Anode pad 5.35x3.55x0.004
Substrate 33x21x (Cu: 0.203,,8k: 0.381)
Die attachment Solder Au80Sn20, thickness:
Aluminum wires 10 mils x 6
Encapsulant Silicone gel (Nusil R-2188)

is described in Chapter 5.

Table 7-2 Parameters of Static Characteristics atarious Temperatures

Junction temperature ('G) (W) | Ree (MQ) | Vi (V) | Rak (MQ) | Leakage current (mA
25 0.9 33.5 1 31 N/A
175 0.7 53.5 0.8 48.5 0.86
200 0.6 57.3 0.7 53.5 3.98

Table 7-3 Switching Loss at Various Temperatures @ V/70 A)

Junction temperature ("G) IGBT turn-on loss (mJ) BTGurn-off loss (mJ)| Diode reverse recovery lasg)
25 3.9 3.2 1.2
175 6.7 6.1 2.8
200 7.2 6.5 3.2

The power losses dissipated on an IGBT in the 30tki&e phase converter operating at

V4=650V, =12 kHz, M=1 and various temperatures are calcdlatzording to equations from

(2-5) to (2-8), and shown in Figure 7-2.
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Figure 7-2. Power losses dissipated on an IGBT ihé three phase converter at various temperatures.

7.3 Thermal Management System Design and Evaluation

7.3.1 Thermal management system design

Considering the power density and high temperatapability of the three phase converter,
a thermal management system is developed with mggr@cooling performance by eliminating
the thermal interface material and providing eéfiti heat spreading.

Figure 7-3 shows the thermal management systerneofmiodules. The cross section of the
module and cooling assemblies is shown in Figude Three power modules are soldered to the
AISIC baseplate on its copper solderable surfadé® AISIC baseplate provides sufficient
thermo-mechanical stability because the CTE of BI& compatible with the module substrate
(Al203). The baseplate is directly cooled by the liqumblant due to its integrated pin fin
structure, thus eliminates the thermal interfacden (TIM) between the baseplate and cold
plate in traditional baseplate technologies andraowgs the thermal performance. The water

ethylene glycol (WEG) coolant is pumped to the qollate with its inlet temperature regulated
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by the liquid chiller. The coolant flow rate is 2dallons per minute (GPM), which is the

maximum value according to Department of Energy H)6pecifications released in 2006.

Outlet

High temperature pin fin baseplate

power modules

Copper cold gas sp
solderable surface|

Figure 7-3. Thermal management of three-phase powenodules.

Solder Au80SnQ0
| Cu |
| ALO; |
| Cu |
Solder Sn63Pb37

A0 00707
2000

Cold plate

Figure 7-4. Cross section of power module and con§j assemblies.

7.3.2 Thermal performance evaluation through FEA simulation
A 3D model of the thermal management system ig buiCOMSOL Multiphysics for FEA

simulation, as shown in Figure 7-5.
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The simulation is then conducted to evaluate tleentilal performance for each IGBT. As
shown in Figure 7-6, the power loss of 100 W isigiated averagely on one IGBT chip, and the
temperature distribution over the device and cagpfigstem is obtained through simulation. The
maximum junction temperature achieves 188.5 °C. fiieemal resistance of the top IGBT of

module 1 from junction to inlet coolant is thengivby (6-1).

T, -T.m _1885°C -105°C
th—a - -

= 0835°C/W (7-1)

P 100V

Figure 7-5. A 3D model of thermal management systefor FEA simulation.
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Figure 7-6. Temperature distribution with 100 W los dissipated on top IGBT of modulel (Unit: °C).

The same method is applied to the other five IGBArg] the thermal resistances of all
IGBTs are shown in Figure 7-7. There are some smiigtrepancies between the thermal
resistances of each IGBT due to the slightly défeércoolant velocities. The flowing velocity of

the coolant is shown in Figure 7-8.

Module1 Module1 Module2 Module2 Module3 Module 3
topIGBT bottom topIGBT bottom topIGBT bottom
IGBT IGBT IGBT

Figure 7-7. Simulation results of IGBT thermal resstances in three phase converter.
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Figure 7-8. Velocity distribution of the liquid codant (Unit: m/s).

With the losses obtained through device charac®oz and the FEA thermal model, the
temperature distribution of the three phase coeveperating under various conditions can be
obtained through simulations. Figure 7-9 shows tdmaperature distribution of the converter
when operating at the power rating of 30 kWg650 V, £=12 kHz, M=1. The temperatures of
six IGBTs and six diodes are shown in Figure 77lte IGBTS’ temperatures are around 200 °C,
and the diodes’ temperatures are around 145 °C.IGBF and diode which are close to the
outlet of the cold plate represent the worst cadech are at the temperature of 203 °C and 148

°C, respectively.
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Figure 7-9. Temperature distribution of the 30 kW tree phase converter (M=1) (Unit: °C).
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Figure 7-10. Temperatures of IGBTs and diodes of #hthree phase converter (M=1) in simulation.

A cross section of the simulation results is shawfigure 7-11, which represents that the

integrated pin fin baseplate provides a good hpetagling for the devices.

distribution of the liquid coolant is shown in Frgu7-12.
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Figure 7-11. Cross section of thermal simulation ults (Unit: °C).
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Figure 7-12. Temperature distribution of the liquid coolant (Unit: °C).

In a three phase traction inverter / motor driverencurrent flows through the freewheeling
diode with lower motor speed / modulation indexd @auses the diode junction temperature to

increase. The simulation is carried out for therapeg condition with a low modulation index
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(M=0.1). Figure 7-13 shows the temperature distrdvuof the three phase converter when
operating at ten percent of the full speed andr#ted torque. The device temperatures are
shown in Figure 7-14. The diode temperatures arerat 166 °C, and the IGBT temperatures are
around 180 °C. Although the diode temperatureshagber in low speed conditions than full

speed conditions, they still meet the temperatafetsg criterion.
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Figure 7-13. Temperature distribution of the threephase converter (M=0.1) (Unit: °C).
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Figure 7-14. Temperatures of IGBTs and diodes of #hthree phase converter (M=0.1) in simulation.
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7.3.3 Thermal performance evaluation through experiment

The thermal performance of the cooling system iasratterized with an electro-thermal
method utilizing device forward voltage droggbnas the temperature sensitive parameter. The
method is introduced in Chapter 5 in details.

In the measurement, the thermal resistances odishESBTs from junction to inlet coolant
temperature R.a vary from 0.78 °C/W to 0.86 °C/W, as shown in Figu7-15. Small
discrepancies between the simulation and expermhergsults are generated during the
manufacturing process. The effectiveness of the Bigfulation is validated by the experimental
results.

The corresponding specific thermal resistances \aoyn 0.387 crfe’C/W to 0.427
cmPs°C/W, which are defined as the product of thermealstance and die area. The experimental
results show the integrated pin fin baseplate sirachas better thermal performance than the
cooling configurations including thermal greasegrthal pad, and direct bonding methods in

today’s commercial HEVs [93].

 Simulation
¥ Experiment
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topIGBT bottom topIGBT bottom topIGBT bottom
IGBT IGBT IGBT
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Figure 7-15. Thermal resistances of IGBTs in the ttee phase-leg power modules.
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7.4 Three-Phase Converter Development and Experiments

7.4.1 Implementation of a 30 kW three-phase converter

The schematic of the designed three-phase convsrséiown in Figure 7-16, including a dc
link protection circuit and the IGBT junction temrpure measurement circuit. Figure 7-17
shows the 30 kW three-phase converter built foraten at the junction temperature of 200 °C
with 105 °C coolant. The converter has three pheggower modules. The modules are driven
by the gate driver with de-saturation protectiohefe are two connectors connected in parallel
with the corresponding IGBTs on the gate drive Ho&/hen the junction temperature of one
IGBT needs to be measured or calibrated, the tesiyoer measurement unit composed of the
bypass IGBT and its gate drivers is inserted tochenector of the complementary IGBT. The
cold plates are connected with the chiller for idqairculation. The phase currents are sensed by
three Hall effect current transducers HAS 100-Se '8P TMS320F28335 from Tl is used as
the controller for AD sampling, closed-loop contmmiplementation and PWM generation. The
1000 V/500 pF metalized polypropylene film capacftom Electronic Concepts is used as the
dc link filter capacitor. A bidirectional switch 200 V/66 A IGBT and 1200 V/60 A anti-parallel
diode) with de-saturation protection is embedddd the dc link capacitor. If a short circuit

occurs, all the switches can be shut down withus%nd the dc link capacitor is disconnected.
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Figure 7-16. Schematic of the three-phase voltagewgce converter with dc link protection and
temperature measurement circuit.
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Figure 7-17. Hardware prototype of a 30 kW three-phase converter.

7.4.2 Experimental Results

The three-phase converter is operated with 650pJtinoltage, the power rating of 30 kW,
switching frequency from 5 kHz to 12 kHz, and tlmlant temperature from 20 °C to 105 °C.
Figure 7-18 shows the experimental results of &8/ three-phase converter with the gate

voltage &g, dc link voltage V¢, line-to-line voltage ¥g, and phase curreng.|
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Figure 7-18. Experimental waveforms of three phaseonverter operating at 30 kW.

A short circuit pulse is given under each test ¢mas and the short circuit current is
measured for junction temperature estimation. EigiHl9 shows the short circuit waveforms
when the converter operates at 30 kW output powé&kz switching frequency and the coolant
temperature at 20 °C and 105 °C. The short cicuwitent is 180.8 A and 150.6 A with different
coolant temperatures, indicating a junction tempeeaof 89 °C and 176 °C respectively. The

IGBT junction temperatures of the 30 kW convertes &Hz with different coolant temperatures

are measured and shown in Figure 7-20.
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Figure 7-19. IGBT junction temperature measuremenbf 30 kW converter with 20 °C and 105 °C coolant
(f=5 kHz).
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Figure 7-20. IGBT junction temperatures of 30 kW cawverter with different coolant temperatures (=5 kHz).

The switching frequency is then increased from % kbl 12 kHz to increase the IGBT
junction temperature with 105 °C coolant and 30 &\Wtput power. The short circuit waveforms
at 12 kHz is shown in Figure 7-21. A short circeirrent of 142.4 A indicates that the IGBT
junction temperature reaches 200.1 °C. The junctemperatures of 30 kW three phase

converter operating with 105 °C coolant at varitemperatures are shown in Figure 7-22.
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Figure 7-21. IGBT junction temperature measurementwhen the converter operates at 30 kW output power,
12 kHz switching frequency with 105 °C coolant.
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Figure 7-22. IGBT junction temperatures of the 30 kV converter operating with 105°C coolant at various
switching frequencies.
The experimental results demonstrate that the 3GH@e-phase converter can operate with
the 105 °C coolant at the switching frequency upl® kHz, while the IGBT junction
temperature is as high as 200 °C. The measuredalpwiction temperature agrees with the FEA

simulation results, which further validates thesefiveness of FEA simulation.
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7.5 Guidelines of Operating Traction Inverter at 200 “G with 105 °C Coolant

After investigating the feasibility of operating 8evices at 200 °C, this part provides the
guidelines on how to operate the traction inveae00 °C junction temperature with 105 °C
coolant.

(1) Thermal management system should be able to mairitee Si devices junction

temperature below 200 °C during the converter djmra

In Chapter 3, it has been demonstrated that bynditg the device junction temperature
from 150 °C to 200 °C, the additional 65 °C coolilmgp can be eliminated without

compromising thermal performance. Therefore, thistigng thermal management system
in HEVs is adequate and can maintain the Si dewipesating below 200 °C.

(2) Thermal performance should meet the criterion geddvice leakage current to prevent

thermal runaway.

In Chapter 3, it is claimed that the critical thatrnonductance to allow thermal stability
is the slope of the leakage current curve. Dewuids smaller leakage current are more
suitable for high temperature applications. Basedtlte test and calculation of the
package module developed in this dissertation,ctitecal thermal resistance to allow
stable operation at 200 °C is 6.5 ‘C/W. Most of thermal management systems in
today's HEVs (e.g. Toyota Prius 2010, Nissan LEAfyundai Sonata, etc.) meet the
requirement [93]. The existing thermal managemegatesn can support the Si devices
operating at 200 °C without thermal runaway.

(3) The device ruggedness should be evaluated at 26®é@sure the safe operation.
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For example, the short circuit capability of DUTdiscreased when operating at elevated
temperature of 200 °C, but it still meets the shintuit capability industry standard of
10 ps. The short circuit capability is adequatectamverter protection.

(4) Conventional packaging materials should be replamgedigh temperature packaging
materials, including solder, encapsulant, etc.
For example, the commonly used solder for die httemt is Sn63Pb37, which has a
melting point of 183 °C. Because Sn63Pb37 canngpau Si chips operating at 200 °C,
it should be replaced by solders with higher mgltpoint (e.g. Au80Sn20, Pb95Sn5,
etc.) or sintering [17][18][48][97].

(5) Reliability of power semiconductor devices and @aghg should meet the requirement
for automobile applications. This part is not cacein this dissertation.
The reliability of the device operating at high fmmatures can be tested using a
combination of standard tests including high terapee reverse bias (HTRB), high
temperature gate bias (HTGB), temperature humhdéag (THB) and so on.
The reliability of the packaging is another chatjenfor high temperature operation.
High temperature cycling tests (thermal cycling qmaver cycling) should be used on
the IGBT modules to evaluate the thermo-mechanredibbility under the harsh
environmental conditions. The IGBT modules usedhia application should have the
thermal cycling capability from -40 °C to 200 °Ctlvihe increasedTc compared to the
commercial HEVs nowadays, and the power cyclingabdjpy from 105 °C to 200 °C
with ATj of 95 °C which does not change much.
Advanced packaging technologies aiming for highpgerature capability and reliability

have been studied and developed by universities dawice manufactures in recent
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years. For example, .XT technology by Infineon @ages lifetime of IGBT modules and
enables the operation at the junction temperatfiré76 °C. SkiN technology from

SEMIKRON increases the cycling capability with tkelder free, pressure contact
packaging concept. The packaging technologiestdreisder investigations to support

the device operating at the junction temperatureoug0 °C.

7.6 Summary

In this chapter, a 30 kW Si IGBT based three-phameverter has been developed for
operating at the junction temperature of 200 °Chwilte high temperature coolant in hybrid
electric vehicle applications. The high temperatcapable power electronics module utilizing
the technologies introduced in Chapter 5 is useaperation with 105 °C coolant, leading to a
lower cost and higher power density. An integraiadfin structured AISIiC baseplate is used for
cooling design, which provides improved thermalf@enances. Finally, a 30 kW three-phase
converter is implemented. The experimental resigisionstrate that the three-phase converter
can operate at the junction temperature of 200 f@ ©05 °C high temperature coolant, thus
eliminating the need for the additional 65 °C cotlam HEVs. The guidelines are provided on

how to operate the traction inverter at 200 °C fiomctemperature with 105 °C coolant.
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Chapter 8. Investigation of Emerging 600 V GaN HEMT

In this chapter, the emerging 600 V GaN HEMT isastigated as a potential replacement of
Si devices for future HEV applications. The fasitshing characteristics and high temperature
performance of the 600 V GaN HEMT is evaluated uigio experiments. In section 8.2, the
inherent switching performance of the GaN HEMT &nsnstrated in the double pulse test. In
section 8.3, the limitation factors of the fast teling capability by the device packaging and
application circuit are analyzed. In section 8.MHe thigh temperature static and switching

characteristics up to 200 °C are tested and predent

8.1 Introduction

Besides the high temperature capability, efficieaog power density are also critical for
HEV applications. Although the wide bandgap deviaesin development and costly, they could
be potential replacements of conventional Si devinduture due to their many advantages such

as fast switching speed, lower on state resistandehigher operating temperatures.

Theoretically, GaN devices have superior perforrearaver Si and SiC devices, due to their
high electron mobility, high breakdown field andglhi electron velocity. However, today’s
commercial GaN power electronics devices are latilited to low voltage applications, which
usually have a blocking voltage below 200 V [32B]3In the recent years, 600 V GaN devices
have emerged, showing the advantages of fast smgta@nd low on-state resistance [34]-[36].
However, the fast switching behavior could bringalidnges and issues to the package and

application circuit layout. The high temperaturauctcteristics of the device remain unclear.

This chapter investigates the switching behavia high temperature performance of the

600 V GaN HEMT. First, the inherent switching perf@nce of the GaN HEMT is
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demonstrated in the double pulse test. The GaN HEMTibits superior switching capability,
with a di/dt reaching 9.6 A/ns and dv/dt reachir /ns. Then, the limitations of the fast
switching capability by the device packaging andpligption circuit are analyzed. The
interference between the current and gate throogimmn source inductance limits the inherent
switching speed. Packaging and circuit layout veithall parasitics is critical in achieving fast
switching. Finally, the high temperature static amdtching characteristics up to 200 °C are also

tested and given. The switching performance offéhgce is independent of temperature.

8.2 Evaluation of 600V GaN HEMT Switching Characteriis

A 600 V/ 11 A GaN HEMT (TPH3006PS) from Transphastused for DUT. The device
has a Rson)of 0.15Q and a low reverse recovery charge @ 54 nC. The cascode structure
makes it normally off and compatible with stand&iddrivers. Figure 8-1 shows the internal
cascode structure of TPH3006PS. The fast switchpegd makes it suitable for high efficiency

and high density applications.

HV GaN HEMT
LV Si FET

Figure 8-1. Cascode structure of TPH3006PS.



The switching performance of the DUT is evaluatethan inductive load double pulse test
circuit. Figure 8-2 shows the circuit schematic draidware of double pulse test (DPT). The
inductive load is composed of three inductors, eathvhich has one layer of windings to
minimize the equivalent parallel capacitance (EPR)e SiC Schottky diode is connected in
parallel with the inductor as the freewheeling @dodhe bottom switch is the DUT. The Kelvin
source wiring is applied for the DUT instead of tmventional wiring in the test. The source-
pin and source-tab are employed for gate and pdoas respectively, which reduces the
common source inductance dramatically, and thudyoes the ringing on its gate. The Kelvin
source wiring benefits the fast switching perforeenHowever, it brings difficulty to thermal
management since the tab is soldered to the PCB.OUWT is driven by a high speed, high
current gate driver IXDN609 from IXYS. LDO LP295%opides the flexibility of changing the
turn on gate voltage. The decoupling capacitor l&ced close to the DUT to minimize the
parasitic inductance in the power loop. A @Q1shunt resistor with the bandwidth of 2 GHz is
connected in series with the device source ternimateasure the collector currenis¥dnd Vs

are measured using the Tektronix voltage probe8®éhd P5100 respectively.
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Kelvin source wiring
. s-tab

(b) Hardware

Figure 8-2. Double pulse test circuit.

The switching performance of the DUT is tested veittic bus voltage of 400 V and a load
current of 11 A. Figure 8-3 shows the switchinqsiant using the gate voltage of 0 V/ 13.5V
and the gate resistance ofDto push the switching speed. For the turn on teasthe dv/dt

achieves 140 V/ns, and the di/dt achieves 9.6 Afpsthe turn off transient, the dv/dt achieves
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42 VIns, and the di/dt achieves 2.4 A/ns. The wnffnrswitching speed is smaller than turn on
switching speed because the DUT junction capaatareeds to be charged by inductor current
during turn off. The turn on switching energy i8 41J, and the turn off switching energy is

8.1uJ.
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(b) Turn off

Figure 8-3. Switching waveforms of 600V GaN HEMT with 0 Q Ry and 13.5 V \j,
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The DUT is also tested with various gate voltageand gate resistance; Rnder the same
voltage and current conditions. Figure 8-4 shovesdifdt and dv/dt during turn on transient with
various Vs and R. Figure 8-5 show the turn on and turn off switchenergy with various )4
and R. The switching speed can be reduced with smalfgpilarger B to compromise for the
circuit limitations (e.g. isolator dv/dt immunity ia phase leg configuration, gate ringing caused

by di/dt on common source inductance), but thecgwiyg energy is increased accordingly.
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Figure 8-4. Turn on speed of 600V GaN HEMT with vaious Ry and Vg
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Figure 8-5. Switching energy of 600V GaN HEMT withvarious Ry and Vg
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8.3 Limitations of 600V GaN HEMT Switching Speed

Although the GaN HEMT has the inherent fast switghcapability, it can be limited by
circuit parasitics in practical applications.

The large di/dt can interfere with the gate voltabeough common source inductance.
Figure 8-6 shows the typical turn on waveformshaf DUT as the bottom switch. Duringand
to, the rising currentyglcauses a positive voltage drop on the common saunductance, and a
dip on the gate voltageg\i's observed. If the gate voltage drops below tie ¢hreshold voltage
(1.8 V for TPH3006PS) at,ta false turn off can occur to the DUT during then on transient.
During % and §, the falling current can cause the rise on the gattage of the DUT. The top

HEMT can be falsely turned on in a phase leg caméton.

| 1 1
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220 240 260 280 300 320
t Time (ns)

Figure 8-6. Influence of di/dt on gate voltage in &pical turn on transient.

Previous tests have shown that the DUT can be Badtat the inherent speed using Kelvin
source wiring without causing much ringing on gdte.investigate the influence of di/dt on the

gate of the bottom switch, the DUT is switched wiitle conventional wiring to increase the
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common source inductance, as shown in Figure §-7T(ee test results are shown in Figure 8-7
(b). With the gate voltage of 10 V and gate resistaof 0Q, the gate voltage drops below

threshold voltage during the current rising anditeto a false turn off. The phenomenon can be
mitigated by increasing the turn on gate voltagéh\Whe gate voltage of 13.5 V and the same
gate resistance, the gate voltage keeps abovehtidegsoltage and not fault is observed. The

di/dt achieves 9.1 A/ns.

Conventional wiring
- s-tab

Gate | > 1 T[ig =C =T Vic
T Drive|[ YV -I

(a) Circuit schematic

1000
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Time {ns)

(b) Turn on waveforms with variousgy

Figure 8-7. False turn off of bottom GaN HEMT with conventional wiring.
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A phase leg configuration composed of two GaN HERSI both top diode and bottom
switch is built, as shown in Figure 8-8 (a). Toestigate the influence of di/dt on the gate of top
HEMT, the conventional wiring is applied for top ME and Kelvin source wiring is applied for
bottom HEMT. With the gate voltage of O V applied the top device, a severe ringing is
observed after the bottom HEMT is turned on, asvshm Figure 8-8 (b). The phenomenon is
caused by the false turn on of the top device amdbe mitigated by negative biasing the gate
voltage. Figure 8-8 (c) shows the turn on transieihthe bottom HEMT with the negative
voltage applied to the gate of the top HEMT. Noltfawrn on is observed when the gate voltage
of -5 V is applied for the top HEMT with a convemial wiring or 0 V \s is applied for top
HEMT with Kelvin source connection. The di/dt ofliiag current achieves 18.7 A/ns.

In summary, the limitation of GaN HEMT's inhereatde di/dt is the inference between the
current and gate voltage. The solutions includaucedy the common source inductance with
better packaging and circuit layout, increasingttire@ on voltage, and negative biasing the turn

off voltage.
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Figure 8-8. False turn on of top GaN HEMT with conentional wiring.
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8.4 High Temperature Characteristics of 600V GaN HEMT

The GaN HEMT is tested at various temperaturesoupOD °C. The circuit schematic for
switching characterization is shown in Figure 8aJ. The conventional wiring is employed for
the DUT since the s-tab is attached to a hot plateheating the device. The device case
temperatures are monitored by thermocouples. Shmeawitching loss caused by two pulses is
negligible, the DUT junction temperature can beardgd as the same as the case temperature.
The test conditions are: dc bus voltagg i¢ 400 V, load current is 11 A, gate voltagg i 0 V
/ 13.5V, and gate resistancg iR 0Q.

Figure 8-9 shows the switching performance of GalWH at 25°C, 100 °C, and 200 °C.

The switching speed and switching energy does mage with the temperatures.
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Figure 8-9. Switching characterization of GaN HEMT at various emperatures.

The static characterization of the GaN HEMT is iearrout with a high power curve tracer
at various temperatures. The output characteristick leakage current at 400 V are shown in

Fig. 10 and Fig. 11 respectively. The on-statestasce Rds(on) and leakage current increase

with temperatures.
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Figure 8-11. Leakage current of GaN HEMT at 400 V.
8.5 Summary

The 600 V GaN HEMT is investigated through expenmi@ terms of fast switching and
high temperature capabilities. The GaN HEMT exkilstiperior switching capability, with a
di/dt reaching 9.6 A/ns and dv/dt reaching 140 VHewever, the inherent fast switching can be

limited by many factors in practical applicationrctiits. Experiments demonstrate the
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interference between the current and gate thorotmihmon source inductance limits the
inherent switching speed. Packaging and circuibdidaywith small parasitic is critical in
achieving fast switching. Negative biasing turn-gtite voltage and increasing turn-on gate
voltage help mitigate the effect. Finally, the higimperature static and switching characteristics
up to 200 °C are also tested and given. The switcherformance of the device is independent

of temperatures.
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Chapter 9. Conclusions and Future Work

This chapter summarizes this dissertation and gieese suggestions for future work in this

research area.

9.1 Conclusions

This dissertation investigates the feasibility peoating Si devices at 200 °C and provides
the guidelines for the development of a high tempee Si converter for operating with 105 °C
high temperature coolant. The main conclusionsanmemarized below.

First, the device characterization shows that taroercial 175 °C Si IGBT under test can
be successfully switched at an elevated junctionptrature of 200 °C with increased but
acceptable losses. Comparing with the power serdiatior operation in commercial HEVs, by
extending the junction temperature to 200 °C withmampromising power density and thermal
management design, the additional 65 °C cooling lcem be eliminated with the trade-off of the
decreased efficiency by 0.2 percent.

Second, the IGBT shows very good latch-up immueitgn at very high temperatures. The
short circuit capability is decreased at 200 °Q, ibis still adequate for protection. The IGBT
can be turned off safely in the wide temperaturgyeafrom 25°C to 200 °C as long as it does not
exceed the rated voltage. However, it has limitealanche capability and cannot be subjected to
over voltage stress. The important criteria cormsgelatch-up immunity, short circuit capability
and avalanche capability are given to ensure tfeeasad reliable operation of Si IGBTs at 200
°C.

Third, to support the Si devices operating contirsly at the junction temperature of 200

°C, a Si IGBT phase-leg module is packaged utidjzmgh temperature packaging technologies
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and appropriate thermal management. The thermdbrpesince of the module and cooling
system should be within the device limit to alldvetmal stability of Si IGBTs. A 10 kW buck
converter composed of a phase-leg module is omkmtecessfully with the device junction
temperature heated up to 200 °C, which demonstthtedigh temperature capability of the
designed package module.

Fourth, a method is proposed to measure the juntimperatures of IGBT discrete devices
and modules using short circuit curregt. IThe calibration between short circuit current and
temperature shows thajclhas a good temperature sensitivity and linealdtyis little influenced
by the voltage across the device (0.096 °C/V). Baating a short circuit in hard switching fault,
the effect of gate voltage variance on short circurrent is eliminated, so that the short circuit
current is only determined by temperature. Duehtgs¢ advantages, the short circuit current is
suitable to be used for temperature measurementoByecting a temperature measurement unit
to the converter and giving a short circuit putbe, IGBT junction temperature can be measured.

Fifth, a 30 kW Si IGBT based three-phase convdrésrbeen developed for operating at the
junction temperature of 200 °C with the high tenapere coolant in hybrid electric vehicle
applications. An integrated pin fin structured AISbaseplate is used for cooling design, which
provides improved thermal performances comparea two-tube cold plate. The experimental
results demonstrate that the three-phase conwateoperate at the junction temperature of 200
°C with the 105 °C high temperature coolant, thiirmiaating the need for the additional 65 °C
coolant in HEV.

Additionally, the emerging 600 V GaN HEMT is invigsited as a potential replacement of
Si devices for high efficiency and high temperataréuture HEV applications. The GaN HEMT

exhibits superior switching capability, with a diféaching 9.6 A/ns and dv/dt reaching 140 V/ns.
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However, the inherent fast switching can be limitgd many factors in practical application
circuits. Experiments demonstrate the interferebe¢éween the current and gate thorough
common source inductance limits the inherent switglspeed. Packaging and circuit layout
with small parasitic is critical in achieving faswitching. Negative biasing turn-off gate voltage
and increasing turn-on gate voltage help mitighte effect. The high temperature static and
switching characteristics up to 200 °C are alsteteand given. The switching performance of

the device is temperature insensitive.

9.2 Future Work

Based on the above conclusions, the following aspzn be considered for future research.

(1) Reliability of Si IGBT device and packaging for ogton at 200 °C

For the reliability of the device itself, degradetiand breakdown of oxides and electro-
migration are the main issues. Besides, high teatper operation can give rise to thermal
instabilities due to the easier current filamentnfation at higher temperatures. Thus, the
reliability of the device should be further studigatder the harsh environmental conditions using
a combination of standard tests including high terapure reverse bias (HTRB), high
temperature gate bias (HTGB), temperature humidag (THB) and so on.

The reliability of the packaging is another key lidrege for high temperature operation.
High temperature cycling tests (thermal cycling gmaver cycling) will be used on the IGBT
modules to evaluate the thermo-mechanical reltghilinder the harsh environmental conditions.
The power cycling lifetime is mainly limited by tHeonding wire joints and the solder layer
under the chip. The thermal cycling lifetime is mgilimited by the solder joints between the
substrate and the baseplate. In the HEVs with héghperature coolant as described in the

dissertation, the coolant temperature range is frdfh °C up to 105 °C and the ambient
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temperature is -40 °C to 140 °C. The IGBT modulssduin the application should have the
thermal cycling capability from -40 °C to 200 °Cthithe increased\Tc compared to the
commercial HEVs nowadays, and the power cyclingabdipy from 105 °C to 200 °C witiATj

of 95 °C which does not change much.

(2) Health condition monitoring of power modules ussigrt circuit current

A method of IGBT junction temperature measuremsrgroposed in this dissertation using
short circuit current as a TSEP. The method is dse@donverter prototype evaluation to help
determine the safe operating region and avoid tiveecessary safety margin regarding device
temperatures.

Furthermore, the junction temperature measuremetitad could be applied in the periodic
check to monitor for a health condition monitoriagd a lifetime prediction of the power
conversion stage, which should be further expl¢@dd-[95]. For example, during the converter
self check before the converter is started, a sticctiit pulse can be generated to monitor the
wear-out status of the power semiconductor de\acelspackaging.

It should be noted that repetitive short circuitalld have a cumulative degradation effect
and finally cause the device failure. In [96] stdlaimed that the IGBT reaches failure after some
10* short circuits. Therefore, the degradation efteatsed by measurement should be taken into
consideration, and the measurement times througwkiole device lifetime should be much less
than that causes failure. For the same reasorshbe circuit current is not suitable to be used
for online measurement for over temperature pratectvhich requires repetitive measurement
during the converter operation.

(3) Emerging 600V GaN HEMT switching performance imgment with packaging

134



The dissertation reveals that the inherent fastckivig of the GaN HEMT can be limited by
many factors in practical application circuits. Timerference between the current and gate
through common source inductance limits the inhesentching speed. For the discrete device
with standard TO-220 package, the Kelvin sourceingithelps reduce the common source
inductance dramatically, but it brings difficulty thermal management since the tab is soldered
to the PCB. A packaged module could be developethits GaN HEMT to improve both of the

switching performance and thermal performance.
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