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Turn-Off Voltage Sharing of Field-Stop IGBTs in Series
Connection under Inductive Load Conditions

Xueqiang Zhang

Abstract — Operating Silicon (Si) Insulated Gate Bipolar Transistors (IGBTs) in series connec-
tion is attractive to many power electronic applications, including converters, hybrid circuit
breakers, etc. To operate IGBTs in series connection, regulating the voltage sharing between
the IGBTs during the IGBT turn-off is essential.

The objective of this thesis is to explore practical and efficient methods at IGBT device
level for regulating the voltage sharing of IGBTsS in series connection during the IGBT turn-off
under inductive load condition. The discussions in this thesis are regarding modern Field-Stop
(FS) Si IGBTs which are widely adopted. The key mechanisms at IGBT device level are dis-
cussed regarding the turn-off voltage sharing of series-connected IGBTs under typical inductive
load conditions. A Finite Element Method IGBT model of a 1700 V FS Si IGBT is developed,
and simulations of two-in-series IGBT turn-off using this IGBT model in an inductive current
commutation loop are conducted to study the effects of a few selective IGBT internal parameter
variations and control errors on the turn-off voltage sharing.

Following these studies, three types of approaches from different perspectives are at-
tempted to mitigate the turn-off voltage divergence of series-connected IGBTs. For a passive
approach, a few selective adjustments to IGBT internal parameters are reviewed in simulation
regarding their effects on the turn-off voltage divergence. Some of these parameter adjustments
are useful for improving the basis of the turn-off voltage sharing, and appropriate application
of them in combination is attractive.

Active voltage sharing regulation is essential for achieving closely matched turn-off volt-
age sharing of series-connected IGBTs. Regarding the direct control of IGBT gate for the
voltage sharing regulation, a redesigned direct regulation method based on an Active Voltage
Control (AVC) scheme is presented. This direct regulation method is based on differential reg-
ulation designed to regulate the voltage sharing as it tends to diverge. The design concept and
the mechanism of this direct method is discussed, and the experimental demonstration is shown.
Compared with previous relevant researches, the direct regulation method here avoids signifi-
cant additional losses caused by the voltage sharing regulation process.

In addition, an external regulation method using auxiliary Silicon Carbide (SiC) Metal-
Oxide-Semiconductor Field-Effect Transistors (MOSFETs) controlled by the AVC scheme is
presented. This external regulation method is also based on differential regulation designed to
regulate the voltage sharing as it tends to diverge. The design concept and the mechanism of
this external method is discussed, and the experimental demonstration is shown. The response
of the voltage sharing regulation is improved with the auxiliary SiC MOSFETs. Both the direct
and the external regulation methods here are effective in the experiments.

The conclusions are drawn regarding the work presented in this thesis on the turn-oft volt-
age sharing of series-connected IGBTs and its improvement and regulation. The limits in the
experimental implementations here of the two voltage sharing regulation methods are discussed.
Future work is suggested regarding modelling and advanced optimisation in simulation and
advancing the voltage sharing regulation methods.







To my family.

vii






Acknowledgements

Firstly, I would like to express my gratitude to my supervisor, Prof Patrick Palmer, for his
unfailing support throughout my PhD studies. His enthusiasm, encouragement, advice, and
feedback have been invaluable.

I would also like to thank Zhihan Wang, Weiwei He, Fei Kong, Pritesh Hiralal, Yuhao Sun,
Jin Zhang, Xin Yang, Teng Long, John Grundy, and the rest of the Oatley Lab for their helpful
assistance with my work.

I would like to thank Qiang Liu, Yonghao Sun, Weiji Ma, and all my friends, both in
Cambridge and elsewhere, for their kind support during my PhD studies.

And special thanks to my wife Jingchen Hou.

Finally, everything I achieved would not have been possible without the unfailing love,
encouragement, and support of my parents. They gave me great power to always stay positive
against various challenges.

iX






Table of Contents

Chapter 1 INErOdUCTION...ccocuerieriinnricnssnniicssssnsiesssssssesssssssesssssssssssssssssesssssssssssssssssssssssssssse 1
1.1 An Introduction to Power Semiconductor Devices...........ccooerierinieniinieieneneeeeeeeeene 1
1.1.1  An Introduction to Operations 0f IGBTS .........cccecvirriiiiiinieniieiieeeeesee e 3
1.1.2  General Limits in Commercial Si IGBTS .......ccccoooiiiiiiiiiiiieee e 4
1.2 An Introduction to the Relevant Basics of Si IGBT Physics .......cccccceoiiiiiniiniieniiiiiececnee 5
1.2.1  Intrinsic Carrier CONCENITAION .......eeutrteriietieiertieierteeitete ettt ettt st este b et eeesaeeneas 5
1.2.2  Impact Ionisation COETfICIENTS........ccveviierierieeiieit ettt ere e e b e esseesseenes 6

| R0 B O Vo s 3 1Y (o] o1 1 11 2RSS TR 6
1.2.4  Carrier Recombination and Recombination Lifetime............ccooceeverinieienenienieeecee, 7
1.2.5 Basic Equations for Si POWer DeVICES........ccceeiiriiiiiiiiieienieeeeeee et 9
1.3 Introduction to IGBT Structural COmMPONENLS.........ccceeeeveeciieerieiieiienieereereereeieeseesneseneens 10
1.3.1 PN Junction and Depletion REION..........cccccierieriiiiieiieieeieeeesee e sre e sraesenesene e 11
1.3.2 0 POWET BIT oottt st st et e s e s 12
1.3.3 POWET MOSFET ..ottt ettt st esseens e seennenes 14
1.4 An Introduction to Relevant IGBT BaSiCs.......ccccciieriierieiiiieiieiieieereecee e ere e esree e sene e 17
1.4.1  High Voltage IGBT StrUCIUIES ......cceeviieieeiierieerieere et ereereesseeseeseesveesseeseessaessnessneans 17
1.4.2  Basic IGBT OPEIations..........ccveruererrieeireesiiesieeseesresseeseesseesseesssesssesssessseessesssassssesaeans 19
1.4.3 High-level Injection and Ambipolar Carrier TranSport ..........ccceeveeveeriieeiieeneesieesieeeenns 21
1.5 Internal Mechanisms of FS IGBTs in Typical Inductive Turn-off ............ccccoovevievveninnnnnns 23
1.5.1 1D Approximations for the IGBT N Base ........cccccceevvirciieciieriierieriecrecreereesiee e 23
1.5.2  The IGBT Initial State Prior to Turn-off...........ccoocoroiiiiiiiiiee e 24
1.5.3 Low IGBT Gate Resistance and Fast IGBT Turn-off............ccccooiniriiiiniiiiiieeee 24
1.5.4 Initial Behaviour of the MOS Channel Region.........cc..coceevieviriinininienienienicnieeeenceeene 25
1.5.5 Ambipolar Carrier Transport in the CSR in the Fast Vcg-Ic Transient..........ccocceeeennenene. 26
1.5.6  Carrier Recombination in the CSR in the Fast Vcg-Ic Transient ...........ccecceeveevieeneennnns 27
1.5.7  Carrier Transport at the MOS Gate Side CSR Boundary in the Fast Vcg-Ic Transient.....27
1.5.8 Hole Current and Electric Field in the Depletion Region in the Fast Vcg-Ic Transient ....28
1.5.9  Current Commutation in Inductive Turn-Off with Stray Inductance ...........cccccccvevverennnns 29
1.5.10 Carrier Transport and Recombination in the Tail Time .........cccoceeoeeiinirienieeeeeee, 30

Chapter 2  Application and Research Motivation for Operating IGBTs in Series

L @17 111 T 1 11) 1 LR 31
2.1 Applications of IGBTs in Series CONNECION..........ccvverieeiieerieiiesiiesireereereereesreesreesneseneens 31
2.1.1  VSC using IGBTS in Series CONNECHON..........cccviirierierierieeitiesreereereesreesseeseressseesseesees 31
2.1.2  Hybrid Circuit Breaker for MIMECS .......c.cooviviiiiiiiiieiicie et eveeseae v seveeares 31
2.1.3  Director Switch in Alternate Arm CONVEITETS .......c.eeeverrveerieerierrerreereenieesseessreseesseeees 33
2.1.4  Cascaded TWO-LeVel CONVETLET .......c.cccvecieeriierieniesieeieesieesieeseeesereereeseesseessnesnsesnseensens 34
2.2 Review of Methods for Improving the Vg Sharing..........c.occvveeivevienieiiecieeieeceeseeeie s 36
2.2.1  Load Side Control Methods.........cc.eeviiiiiiieriieiiiiiecie ettt ettt ste e neseneeareeare s 36
2.2.2  Active Gate Control Methods .........cccuieciieiieriienieiiecieee ettt enee s 40
2.3 RESCAICH IMOTIVALIONS.......viieviieiieiieiieciiesiteeveeteesteesteestaesveeereesseesseessaesssessseesseesseesseesssensneans 52
2.3.1 Negative Effects of Uncontrolled Vg DIVEIZENCe ......ccovvevvieviieniieciicieeieeciiecereeeve e 53
2.3.2  Approaches at IGBT Device Level for Improving Ve Sharing .........cccccveevevvieveeneennen. 53




Chapter 3 Internal Mechanisms and Simulations of the Turn-off Vcr Divergence....55

3.1 Practical Conditions for the Turn-off Veg Sharing ..........ccoocveiiiiiiiniiiieeeeeeeeee 55
3.2 Experiment Examples of the Turn-off Vg Divergence..........cccceceeviivienieineeneenienieee 55
33 Basic Diverging Mechanisms of the Turn-Off Ve Sharing.........ccoccveveevecivevieeneenienieenenn, 58
3.3.1 IGBT Internal Parameter Variations and Gate Driving Errors ........c.ccccoevvevveneeneennnnn, 58
3.3.2  Basic Scenarios of the Turn-Off Vg Divergence in the Fast Veg-Ic Transient................ 59
3.3.3  Basic Scenarios of the Turn-off Ve Divergence in the Tail Time ..........cccocceevienienennn 59
3.3.4 Combinations of the Basic Vg diverging Scenarios...........cceceereereenieenieenieeneesie e 61
3.3.5 The Influence of the Anti-Parallel FWDs on the Turn-Off V¢g Sharing............c.cc........ 64
3.3.6 Long-Term Stability of the Vcg Sharing in the IGBT Off-State ..........cccoceevieniininnnnne 67
3.3.7 Temperature Differences Arising from the Turn-Off Voltage Divergence ..................... 68
34 FEM Simulation Setup for the Turn-Off Ve Divergence.........cccccoveevieeieenieeneenienieeene, 69
3.4.1 Estimation of IGBT Active Chip AT€a ......ccceoieiiiiiiiiiieiieiteieete et 69
3.4.2  Simulation Circuit Parameters and Scaling ..........ccccoeeuieiiiiieniininiicee e 70
343 FSIGBT Model in the SIMUlations ...........ccceeeeriirieriieiieeeseee et 71
3.4.4 Selection of the Physics Model in Silvaco ATLAS.......ccooooievieriecieee et 76
3.4.5  Simulation EXAMPIES ......cccveviiiiiiiieiieiie e eseeseeste e ere ettt eseeessaesssesaseesseessaesseessneenns 78
3.5 Simulations of Individual Vg Diverging Factors ........ceovieeieeiiiiieiieieieeeeee e 82
3.5.1  An Output Delay in the IGBT; Gate DIiVe.......ccceviieiieiiiiiieiieniece et 83
3.5.2 IGBT; with a Higher P Emitter Doping Profile.........c..cccceevveviiviiniieiieiciecee e 87
3.5.3 IGBT, with a Higher Gate ReSIStaNnCe ..........cccvevverierrieiieiiesiieriee e eee e e esreesenesene e 92
3.5.4 IGBT, with a Higher Gate Oxide ThiCKness...........cccecvieerieriierienienieere e ereesee e 94
3.5.5 IGBT; with a Higher N buffer Doping Profile............c.cccovevriiviiniiniiiiiceceeeecve e 96
3.5.6 IGBT, with Longer Carrier Lifetimes. ..........ccccererieriniinieniiieneneeieeeteeeeeee e 98
3.5.7 IGBT, with a Higher Temperature.............cccccceririeniniinenieienesceieeetee et 99
3.5.8 Summary of the V¢ Divergence Results and Sensitivity Analysis .......cccccoceeveereneennene 101

Chapter 4  Passive Mitigation Methods at IGBT Device Level under Direct Series

CONNECLION  cooicerriiiniinsnnnessnnncsssnncsssnncssssncsssneessssesssssesssssesssssesssssssssssssssssssssssssssssssssssssssssssnss 107
4.1 Ve Diverging Features and Passive Mitigation Methods ...........coecveiieiienienieniecieeees 107
4.2 Simulation Test of the Passive Mitigation Methods............cccceevieviiiiiiiieenieniecie e 109

4.2.1 Reducing the IGBT Collector Current Density........ccccceevveerreereeneesienireereesreesieesenenenes 109
4.2.2  Reducing the IGBT Carrier Lifetimes ..........ccceeieriiriiiieeieeeesieeceeeee e 111
4.2.3 Increasing the IGBT P Emitter Doping Concentration.............ccoeceervercvercreenreenieenenennnn. 113
4.2.4 Increasing the IGBT N-drift Region Thickness...........cccecceeviierienieniieniieeiieeeeeeeeen 115
4.2.5 Reducing the Off-State Vg UtIliSation .......c.eecveeriieriiiiieiie et 118
4.2.6 Reducing the IGBT Gate ReSIStanCe .........ccceevvierrieriiiiiiiiecieeeesiee e 120
4.3 The Use of the Passive Mitigation Methods in Combination............c.cccevvevververieenieennens 123

Chapter 5  Direct Active Voltage Control for Regulating the Voltage Sharing......... 127

5.1 Direct Active IGBT Gate Control for Regulating the Ve Sharing..........cccevevveeveeneenenn, 127
5.1.1  AVC Scheme and Its Implementation for Regulating the Vg Sharing ...........cccecveneen. 127
5.1.2  Previous Implementations and Drawbacks .............cceevueriiriiiniiieciierieieie e 128

5.2 Design and Implementation of Direct Active Vcg Sharing Regulation............cccccvveveenen. 129
5.2.1  Design Concept of the Direct Active Vg Sharing Regulation............ccccevevviiiienienneen, 129

Xii



5.2.2  Mechanism of the Differential Vcr Sharing Regulation ...........c.cecveevevienienciencienieennen, 130

5.2.3 Implementation of the AVC Gate Drive CirCUit........cccvervververcreecreerieereernesnenreeseensens 131
5.2.4 Implementation of the Vg Reference Signal..........cccooviiiiiiiiiiiiiiiiieeee, 132
53 Experiments of the Direct Active Vg Sharing Regulation ...........ccoecveevevienienvencienieennen, 135
5.3.1  EXPCIIMENT SELUD....ueerureriertierieiierieeseesteeteeteeseesseesseesseesssessseasseasseesseesssssssesssessseensens 135
5.3.2  Vee Reference Signal Generated on the AVC Gate Drive........ccoeevveeiverveneeneenieeieennenn 136
5.3.3  Vee Divergence in Uncontrolled IGBT Turn-Off ..........coooiiiiiiiiiiiiieeee, 137
5.3.4 Demonstration of the Direct Active Ve Sharing Regulation in the Fast Veg-Ic Transient...
........................................................................................................................................ 141

5.3.5 Demonstration of the Direct Active Ve Sharing Regulation in the Tail Time .............. 143
5.3.6  Long-Term Off-State Vcr Sharing after the Direct Active Vg Sharing Regulation....... 147
5.4 Summary of the Direct Active Ve Sharing Regulation............cocceviiiiiniiniiininneneee 150

Chapter 6  External Active Voltage Control for Regulating the Voltage Sharing .... 151

6.1 External Active Ve Sharing Regulation with SiC MOSFETS......cccoovvvievievieniecieeieeen 151
6.1.1 Design Concept of the External Active Vcr Sharing Regulation............coccoiveiiinnenee. 151
6.1.2  Mechanism of the External Active V¢r Sharing Regulation.............cceeeeviiniiniinnnnnnen. 153
6.1.3 Implementation of the AVC Circuit and the Vg Reference Signal............cooceeieeeennen. 154

6.2 Experiments of the External Active Vg Sharing Regulation............ccoeevevieveenvencieecneennen, 156
6.2.1  EXPCIIMENT SELUD....ueertrerrierieiieiiereeseesteeteebeeseesseesteessaesssessseasseasseesseesssesssesssessseessens 156
6.2.2 Ve Divergence in Uncontrolled IGBT Turn-off ...........oooeiiiiiiiiiiiiieeeeeeeeeen 158
6.2.3 Demonstration of the External Active V¢r Sharing Regulation...........ccccoeceevieviiniennen. 159
6.2.4 Long-Term Off-State V¢ Sharing after the External Active Vcr Sharing Regulation ...162
6.2.5 Thermal Utilisation of the Auxiliary SIC MOSFET ........ccccooviiviininiinininenceeeieeeen 164

6.3 Summary of the External Active Vcr Sharing Regulation ..........coccooeveevininicninincnennne. 166

Chapter 7  Conclusions and Suggestions for Future Work ...........cccocerceveeccvnrccssunncnns 169

7.1 LO70) 1 o2 LT 103 4L PSR 169

7.2 Suggestions for FUture Work .......c..coccooiiiiiiiiiiiiccete e 171
7.2.1  Modelling and Advanced Optimisation in Simulation .............cceevvevrieriereencrenneereenens 171
7.2.2  Advancing the Active V¢ Sharing Regulation Methods..........ccccovveevievievienieniecieennen, 171

Xiii






Chapter 1 -1.1

Chapter 1 Introduction

Electricity as a form of energy is essential for today’s technology evolution. Electric energy is
widely adopted as a practical energy medium in the conversion of different energy forms. The
processing of electric power is evolving constantly. The development of power electronic tech-
nologies enables the use of switch-mode power processing on high power applications. Switch-
mode power processing provides higher conversion efficiency and enhanced control flexibility
and precision for high power applications at lower costs, weights, and dimensions. Advanced
power electronic technologies are widely adopted in energy conversion systems of a wide power
range from milliwatts to megawatts. In switch-mode power processing, power flows are di-
rected by active switches to achieve required power delivery between power sources, energy
storage components, and loads.

In actual switching mode circuits, the active switches are implemented by solid-state power
semiconductor devices with actively controllable switching capabilities to control the power
flows. These power semiconductor devices are normally in either the on-state or the off-state
during most of a switching cycle. The characteristics of these power devices in the on-state and
the off-state have strong influences on the power processing capabilities. The switching behav-
iours of these power devices between the on-state and the off-state are a determining aspect in
the reliability, the stability, and the performance of a power electronic system. Depending on
the requirements, a power electronic system may use power semiconductor devices in various

combinations, e.g. IGBTs in series connection switched simultaneously.
1.1 An Introduction to Power Semiconductor Devices

In recent decades, a variety of power semiconductor devices have been developed. From Bipo-
lar Junction Transistors (BJTs) in the late 1940s [1], [2] to Wide BandGap (WBG) power
semiconductor devices [3], [4], the power ratings and the optimal switching frequencies of
power semiconductor devices are improving constantly. Limited by the properties and the pro-
cessing technologies of semiconductors over the years only a few types of practical power
semiconductor devices have been widely adopted in power electronics.

Modern active power semiconductor devices originate from the Bipolar Junction Transistor
(BJT) first introduced by J. Bardeen and W.H. Brattain in 1948 [1]. Later in 1952 the first power
semiconductor rectifiers and transistors were reported by R.N. Hall [2]. Today there are two
major types of commercial power semiconductor devices on the basis of active turn-off capa-
bility. The original thyristors, also known as Silicon-Controlled Rectifiers (SCRs) represent the
type of switching devices without active turn-off capability. Introduced in 1956 by J.L. Moll
[5], thyristors have dominated the power device market until late 1980s. They are widely
adopted in high power applications of up to megawatts. To turn off the original symmetric thy-
ristors, the thyristor current needs to be reduced below a holding current, normally by applying
a reverse-biased anode-cathode voltage. Power diodes as passive devices also belong to this
category. They are as important as other switching devices in power electronic systems, and
modern power diode structures are highly optimised.
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In power electronic systems that require both device turn-on and turn-off to be actively
controllable, sometimes referred to as fully controllable, power BJTs and Gate Turn-Off (GTO)
thyristors and their variants have been used since the 1980s in high power range. The first power
BJT with substantial power processing capability was achieved in the 1960s [6]. Also invented
in the same decade is the GTO thyristor [7]. Compared with power BJTs, GTO thyristors can
easily achieve high conducting current densities with high blocking voltages. A GTO thyristor
only requires a pulse of gate driving current for turn-on or turn-off, whereas a power BJT re-
quires a continuous gate driving current in its on-state. Consequently, Si high power BJTs have

been largely replaced by GTO thyristors in many power applications.

At the same current and voltage ratings, in general the on-state voltage and the gate driving
current of a GTO thyristor are both higher than those of an original thyristor. Si GTO thyristors
are fully controllable devices that possess the highest switchable current densities today among
all the existing commercial Si power semiconductor devices with active turn-off capabilities.
Improvements on the structure, the gate drive, the packaging, and the reverse conducting diode
of the GTO thyristor device led to the Integrated Gate-Commutated Thyristor (IGCT). Com-
pared with the original GTO thyristors, IGCTs have improved switching characteristics,
allowing operation without d//d¢ snubber at high current densities. Also, IGCTs provide re-
duced switching losses and external driving requirements. Featuring integrated low inductance

gate drives, IGCTs are popular in MV A high voltage power applications [8].

Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETSs) are another type of fully
controllable devices introduced in 1963 [9] that first made an impact on low voltage electrical
signal processing in the 1970s [10]. In 1978, devices based on the same basic principles with a
significant increase in the scale, namely power MOSFETSs, made a similar impact on power
electronic applications. Power MOSFETs feature high static gate impedance which results in
low driving power consumption for gate drives. Another advantage of power MOSFETs is rapid
switching. The typical operating frequencies of power MOSFETSs can be up to two orders of
magnitude higher than that of GTO thyristors. The large Safe Operating Area (SOA) and the
capability to withstand high dV/d¢ rates make power MOSFETs a desirable choice in high fre-
quency power electronic circuits. However, as power MOSFETs are based on unipolar carrier
transport, the on-state resistance increases greatly as the maximum blocking voltage increases,
which limits the use of Si power MOSFETs at high voltage ratings. In general, the voltage
ratings of Si power MOSFETs are below 1000 V, but commercial Silicon Carbide (SiC) power
MOSFETs rated 1700 V and 225 A have appeared, e.g. Wolfspeed/Cree CAS300M17BM2.

Until early 1980s there had been two major concepts in power semiconductor devices: bi-
polar devices, e.g. power BJTs and GTO thyristors, and unipolar devices, e.g. power MOSFETs.
These two device concepts each possess unique advantages while are subject to different draw-
backs. After power MOSFETs were reported, it was realised that a proper integration of a
MOSFET and a BJT will lead to a breakthrough in power semiconductor devices. The combi-
nation of the reduced on-state driving requirements and the rapid switching of power MOSFETs
and the low on-state losses of BJTs was considered a great step towards the standards of ideal
power semiconductor devices.

2
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In 1983, the breakthrough was achieved with the Insulated Gate Bipolar Transistor (IGBT)
reported by Baliga, the name of which was Insulated Gate Transistor at first [11]-[14]. In the
same year a similar device named Conductivity-Modulated Field Effect Transistor (COMFET)
was reported by Russell [15]. Since then, the ratings and the performance of IGBTs have been
improved significantly. Successfully combining the advantages of power MOSFETSs and power
BIJTs, IGBTs are now preferable in numerous high voltages, low switching frequencies and high
output power electronic systems [16]—[18].

Due to the superior performance, IGBTs replaced power BJTs and are competitive with
power MOSFETs, as commercial IGBTs with operating frequencies of up to 150 kHz have
appeared [19]. After years of research and development, commercial IGBT modules of 6500 V
and 750 A, e.g. Infineon FZ750R65KE3, 3300 V and 1500 A, e.g. Infineon FZ1500R33HES3,
and 1700 V and 3600 A, e.g. Infineon FZ3600R17HE4, have appeared. Modern IGBTs are
capable of challenging GTO thyristors in high power applications with their rapid switching,
large Reverse Bias Safety Operating Area (RBSOA) and low driving requirements. In recent
years, with the latest advancements in power semiconductor technologies, such as trench gate
and Field-Stop (FS) design concepts, IGBTs have dominated medium to high voltage, medium

power electronic systems, and is competitive in high voltage, high power electronic systems.

The innovations in WBG semiconductor technologies also contribute to the development
of power semiconductor devices. Commercial SiC power devices are gaining popularity in 650
V to 1700 V classes, which overlap with the popular voltage classes of Si IGBTs. Compared
with Si IGBTs, due to the high critical electric field of SiC, the same blocking voltage can be
supported by a SiC drift region of a low thickness and a high doping concentration, which ena-
bles the use of unipolar current conduction for the on-state. As a result, SiC MOSFETs feature
reduced switching losses at the same specific on-state performance due to the absence of excess
carriers in the on-state. When SiC device technologies mature, SiC power devices will lead to
a breakthrough in power electronics, although this is anticipated to extend over some years as
in the case of Si IGBTs.

1.1.1 An Introduction to Operations of IGBTs

One of the basics in power electronics is converting electric power between various forms.
Power electronic converters are versatile due to their adaptability to the changes in input con-
ditions and output requirements. The maximum efficiency of modern power electronic
converters can exceed 90% depending on the application and the operating conditions. Power
electronic converters are designed to reduce internal energy losses, e.g. the operations of IGBTs
in the gate voltage controlled active region of operation, where at a certain gate voltage the
device current is considered to be saturated with increases in the device voltage. For a low-loss
on-state, the IGBTSs are in the linear region of operation, where the relation between the in-
creases in the device voltage and the increases in the device current is near linear.

Due to diffusion, drift, and recombination of the carriers in semiconductor devices, IGBT
switching does not complete instantly. Typical IGBT switching creates an overlap between high
device current and high device voltage that causes significant losses, especially under inductive
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Figure 1.1: An experiment example of the uncontrolled switching of two series-connected IGBTs under induc-
tive load condition.

load conditions which are common in power electronic converters. In inductive IGBT turn-on,
the device voltage will remain at near the DC level until the device current reaches the load
current. Often, a current overshoot is observed as the FreeWheeling Diode (FWD) requires re-
verse recovery. Similarly, in inductive IGBT turn-off, the device current will remain at near the
load level until the device voltage reaches the DC level. Often, a voltage overshoot is observed
due to the stray inductance in the Current Commutation Loop (CCL). An example of uncon-
trolled switching of two FS IGBTs in series connection under inductive load condition is shown
in Figure 1.1 with diverged voltage sharing during the turn-off, the off-state, and the turn-on.
Due to the internal gate resistance inside the IGBT module, the gate-emitter voltage measured
is different from that of the IGBT chip. Normally operation of IGBTs in the gate voltage con-
trolled active region is only expected in switching events.

1.1.2 General Limits in Commercial Si IGBTSs

Until 2016, commercial IGBTs are Si based and are subject to compromises between fabrication
cost and multiple performance aspects arising from the limits in Si properties. For Si IGBTs, a
higher voltage rating will result in a higher on-state voltage at a given current density. Reducing
the on-state voltage at a certain voltage rating can be achieved by increasing the on-state excess
carrier concentration, which will reduce the turn-oft speed and increase the turn-off losses.

For Si IGBTs, to achieve a forward-blocking voltage of 5 kV, the theoretical maximum
operating frequency will be limited to 500 Hz, and to achieve a forward-blocking voltage of 10
kV, the theoretical maximum operating frequency will be further limited to 230 Hz [17]. An
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alternative approach for reducing the on-state voltage is increasing the IGBT active chip area.
As the current density is reduced, the on-state voltage at a given load current decreases. But

with the increased active chip area the fabrication cost to achieve a given current rating increases.

The pursuit for the ideal power semiconductor device has inspired many innovations in
power semiconductor technologies. Still, modern commercial power semiconductor devices are
subject to compromises between performance, fabrication, and cost. To fulfil the requirements
of high-power converters, semiconductor chips and devices are often operated together. Multi-
ple chips are often connected in parallel in a package to provide a high current rating. Several
devices are operated in parallel for a load current beyond the highest current rating provided in
a product line. Most modern IGBTs have positive temperature coefficient of resistance that is
favourable for parallel on-state current sharing. Still, current sharing between chips and devices
needs careful attention, especially in switching events.

Similarly, to support a high DC link voltage, IGBTs are often operated in series connection,
although the form of the series connection varies. The uncontrolled switching of IGBTS in series
connection with evenly distributed voltage sharing between the IGBTs is challenging under
practical conditions. The inevitable variations in device parameters and control errors can cause
large divergence in the voltage sharing. Snubbers can limit the voltage divergence at the cost of
additional switching losses. Nonetheless, large numbers of series-connected thyristors have
been in use for many years with the assistance of snubbers.

Appropriate active feedback control on IGBTs can also regulate the turn-off voltage shar-
ing of IGBTs in series connection. Although offering an improved trade-off between voltage
regulation effects and additional losses, the implementation of such active feedback control can
be sophisticated.

1.2 An Introduction to the Relevant Basics of Si IGBT Physics

An introduction to the relevant basics of Si IGBT physics is essential to establish an understand-
ing of the turn-off voltage sharing between Si IGBTs in series connection. Here for Si IGBTs
with large cell dimensions, magnetic effects, differences between carrier temperature and lattice
temperature, and ultra-short distance effects are not considered. Also, IGBT physics that are
irrelevant to the concerned topics of this thesis are not included.

It is also reasonable to assume that IGBTs of the same model are operated in series con-
nection, where differences between the IGBT devices accumulated in the manufacturing
processes that affect the turn-off Vg sharing are of small degrees. The following IGBT physics
are intended for a general understanding rather than detailed modelling.

1.2.1 Intrinsic Carrier Concentration

Intrinsic carriers exist in silicon semiconductor material due to thermal generation. The concen-
tration of the intrinsic carriers is determined by the energy bandgap E¢ and the density of states
in the conduction band N¢ and the valence band Ny [20]-[22]:

E .
n; = \/np = /NcNy exp (—ﬁ) Equation 1.1
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where £ is the Boltzmann’s constant 1.38x107* J/K, T is the absolute temperature. In silicon, an
expression of the n; of Si with good agreement near 300 K is [21], [23]:

6880

n; = 9.15 x 101°(T/300)? exp (— ) cm™3 Equation 1.2

1.2.2 TImpact Ionisation Coefficients

Impact ionisation is related to the carrier generation by high electric fields in semiconductors,
e.g. in the depletion region of an IGBT with a high Vcg. The impact ionisation coefficient for
electrons (&) or holes () 1s defined as the number of electron-hole pairs created by an electron
or a hole traversing 1 cm in the depletion region along the direction of the electric field. In Si
the impact ionisation coefficients satisfy Chynoweth’s Law [24]:

a=ame P/E Equation 1.3
where E is the electric field component in the direction of current flow, with separate parameters
for electrons and holes around the room temperature [25]:

a» (cm™) b (V/em) Condition
Electrons  7.03x10° 1.231x10% 1.75x10° V-cm' < E<6.0x10° V-cm'!
1.582x10% 2.036x10° 1.75x10° V-em!' < E<4.0x10° V-cm™!
6.71x10° 1.693x10°  4.0x10° V-em™' < E<6.0x10° V-cm™!
a is relatively constant with temperature [26], [27]. For electrons db,/dT = 1.3x10° cm/V°K,
and for holes db,/dT = 1.1x10° cm/V°K [26].

Holes

1.2.3 Carrier Mobility

Here, only conductivity carrier mobility is considered for the scope of Si power devices. In
general, carrier drift velocity is related to electric field and scattering. Carrier drift velocity in-
creases until scattering occurs, which is between carriers and lattices, ionised dopants, or other
free carriers [22], [28], [29]. Carrier mobility u is defined as the coefficient that relates the
electric field E to the average carrier drift velocity v, [22], [30]:

vy = uk Equation 1.4
The average carrier drift velocity saturates at high electric fields in silicon, often expressed as
[22], [30], [31]:
E/EC
T I I (BE)FTR
with separate parameters including temperature dependences for electrons and holes [31], [32],
for 7> 250 K:

Equation 1.5

Vi (cm/s) E. (V/cm) i
Electrons 1.43x10°x7708%7  1.01x7"5  2.57x102x706°
Holes 1.62x108x77052  1.24xT"68 0.46x71%17

The saturation drift velocity is virtually independent of doping concentration [22], [33]. The
electric field dependence of carrier mobility can be derived from Equation 1.5 [30]:

vm/Ec _ Ho
15 (B/E)PTVE 1+ (B/E)FIV/P

U= [ Equation 1.6
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where o is the low field carrier mobility.

In typical operating temperatures of Si IGBTs, e.g. -40 to 175 °C, the low-field carrier
mobility u in silicon decreases with temperature [22], [28], [29], [31]. The temperature depend-
ence of the low-field carrier mobility is expressed in [31] as:

u=AT™Y Equation 1.7
with separate parameters for electrons and holes:

A (em?K¥/Vs)  y
Electrons 1.43x10° 2.42
Holes 1.35x10%  2.20
which agrees with the temperature dependence in Equation 1.5.

Low-field carrier mobility is related to doping concentration [28], [30], [31], [34]. The
doping dependence of low-field carrier mobility at 300 K is expressed in [28], [34] as:
Hmax — Hmin _ U1
14+ ((N/C)* 1+ (Cs/N)E
where N is the doping concentration, with separate parameters for electrons and holes:

U= Umin + Equation 1.8

Lmin (CMPVISY) fae (cm?VIs) gy (em?Vis!) Co(em?®) G (em?®) « B
Electrons 68.5 1414 56.1 9.20x10' 3.41x10%* 0.711 1.98
Holes 44.9 470.5 29.0 2.23x10" 6.10x10%° 0.719 2.00
The dependence of carrier mobility on carrier-carrier scattering becomes significant at high

carrier concentrations, e.g. in an IGBT N-drift region under high-level injection where the mi-
nority carrier concentration exceeds the doping concentration. The carrier concentration
dependence of low-field carrier mobility is expressed in [35]-[37] as:
Bmax — Hmin M

1+ (N/CH* 1+ (C/N)F
The carrier mobility in an inversion layer close to the oxide-semiconductor interface, e.g.

U= Umin + Equation 1.9

a MOS channel, in Si IGBTs and MOSFETs is related to surface scattering, including phonon
scattering, Coulomb scattering, and surface roughness scattering [38], [39]. As will be discussed
later, here the use of a small gate resistance is assumed for the concerned IGBT turn-off in this
thesis, which results in an IGBT MOS channel cut-off very early in the fast Vcg rising. And
since an IGBT MOS channel in a typical on-state is in the linear region of operation, the surface
scattering related to an IGBT MOS channel is less relevant to the topics in this thesis and hence
will not be discussed in further detail here.

1.2.4 Carrier Recombination and Recombination Lifetime

In the bulk of a semiconductor under non-equilibrium condition, i.e. pn # n? where p and n are
the hole and the electron concentrations, respectively, recombination where pn > n;? and thermal
generation where pn < n;? tend to restore the carrier state back to equilibrium. Si IGBTs are
designed to achieve high-level injection in the N base, where in typical operation excess carriers
exist in the on-state before turn-off. Hence, in inductive IGBT turn-off, carrier recombination
is a major process to consider. Since Si is an indirect-bandgap semiconductor, the carrier re-
combination processes to consider for Si IGBT turn-off are Shockley-Read-Hall (SRH)

7
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recombination and Auger recombination [29], [40]-[42]. Here, the effective recombination life-
time 7.y as a combination of the SRH recombination lifetime zszy and the Auger recombination
lifetime T4uger is given by [42], [43]:

1 1 1 .
+ Equation 1.10
Teff TSRH TAuger

1.2.4.1 Shockley-Read-Hall Recombination

In Si as an indirect-bandgap semiconductor, indirect carrier recombination and generation via
bulk traps are important carrier transition processes. The single-level recombination involves
electron capture and hole capture, and was first described by Shockley and Read [44], and by
Hall [45] (SRH), usually referred to as SRH recombination. The net SRH recombination rate U
in steady state is described in the general form of [44]-[46]:
U pn — n?
= _E Equation 1.11
Tp(n+nlexp( — ))+Tn(p+nlexp( t))

where p is the hole concentration, 7 is the electron concentration, 7, is the low-level hole lifetime

in heavily doped N-type silicon, 7, is the low-level electron lifetime in heavily doped P-type
silicon, E; is the trap energy level, and £ is the intrinsic Fermi level. The 7, and 7, are dependent
on the doping concentration N [47]-[49], described in [49] as:

_ Tno
eIy Equation 1.12
Nref
___'po
™= 14+ Equation 1.13
Nref

where 7,0 = 30 ps is the low-concentration electron lifetime, 7,0 = 10 ps is the low-concentration

hole lifetime, and Nyer= 10'” cm™ is the reference roll-off concentration.

The N drift region and the N buffer region in a modern FS IGBT in a typical on-state are
under high-level injection, where the excess electron and hole concentrations d» and Jp, respec-
tively, satisfy on = dp > Np > n;, where Np is the N-type doping concentration. As n = no + on
and p = po + dp where no and po are the equilibrium electron and hole concentrations, respec-
tively, the SRH lifetime under high-level injection becomes [43], [44]:

on ‘L'p (no + 6n + n; exp ( )) + 1, (po + 6p +n; exp (E‘ Et))

TsrRH = T Equation 1.14

Nng +po +6n
Assuming E; is near E;, the high-level SRH lifetime tsry nr approximates [43]:

TsRHHL = Tn T Tp Equation 1.15

1.2.4.2 Auger Recombination

In Si regions where the carrier concentration is high, a three-particle carrier transition process,
Auger recombination, is important in addition to the SRH recombination. Auger recombination
is a band-to-band process that transfers the excess energy from the recombination process to a
third free electron, the e-e-h process, or hole, the e-h-h process [S0]-[55]. Traditional modelling
of the Auger recombination rate is Reer = Cun’p for the e-e-h process and Ren, = Cpnp? for the e-
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h-h process, where C, and C, are the respective Auger recombination coefficients [51], [54],
[55]. Therefore, the total Auger recombination rate Ruee- in [51], [54], [55] is given by:

Rauger = Reen + Renn = Coan®p + Cpnpz Equation 1.16
Under low-level injection, the Auger recombination lifetimes in [54], [55] are given by, for
N-type silicon:

1
Taugerm,LL = Co N2 Equation 1.17
and for P-type silicon:
1
Ta DLL = A~ o2 Equation 1.18
uger,p CpLN Az q

where C,, 1 and Cp, 1 are the low-level Auger recombination coefficients for electrons and holes,
respectively, Np and N4 are the doping concentrations of N-type and P-type silicon, respectively.
For doping concentrations higher than 2x10'® cm™, at 7= 300 K, C,, 1 = 2.8x103! cm®s™! and
Cpr = 9.9x1032 cmSs! as in [51]. Cy1z and C, 1z have weak dependences on temperature [51],
and vary as T%° between 195 and 372 K as in [56]. Under high-level injection, the Auger re-
combination lifetime in [54], [55] is given by, assuming on = dp:

1 .
TAuger HL = W Equation 1.19

where C, is the ambipolar Auger recombination coefficient. For dn between 1x10'° to 2x10!7

cm?, C,=1.66x107° cm®s™! as in [57].

From Equation 1.16, C, = C, + C,, however, the measurement of C, reveals that C, is
generally higher than (C,,.. + Cp12) [54], [55]. The transition of the Auger recombination coef-
ficients in Equation 1.16 from low-level to high-level is approximated in [54] by:

C =C (L>+&( P ) Equation 1.20
meff = AN, +p) T 2 \Np +p a '
Cporr =C (L)+&( n ) Equation 1.21
peff = =P AN, +n) T 2 \N, +n a '

where C,,orand Cp ofare the effective Auger recombination coefficients to replace the respective
C» and C, in Equation 1.16.

1.2.5 Basic Equations for Si Power Devices

The equations included here for Si power devices describes the basics of the internal physics
relevant to the low-loss turn-off of modern IGBTs under typical operating conditions.

In Maxwell’s equations, the differential form of Gauss’s law, Poisson’s equation, is useful
for describing the electric field distribution:

=2 _ P
V-E = . Equation 1.22
S

where E is the electric field, pis the total charge density, & is the permittivity of a semiconductor.
In some high voltage vertical Si power devices, such as Si IGBTs, the bulk regions feature
uniform horizontal doping profiles and a total thickness considerably greater than the scale of
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the cell pitch, for which some analyses can be simplified to One-Dimensional (1D) problems.

In these cases, Equation 1.22 can be reduced to:
E _p _qlp—n+N,—Ny)

V-E= = Equation 1.23
ox & &

where x is the distance, ¢ is the elementary charge, p and n are the hole and electron concentra-
tions, respectively, Np and N, are the donor and acceptor doping concentrations, respectively.

The steady state conducting current can be approximated by a combination of the drift
current due to the electric field and the diffusion current due to the carrier concentration gradi-
ent, for electrons and holes [22], [31], [58]:

]_7{ = qn(,unﬁ) + qD,Vn Equation 1.24
E = qp(ypﬁ) —qD,Vp Equation 1.25
where]_,; andE are the electron and hole current densities, respectively, D, = (kT/q)u, and D,
= (kT/q)uy are the electron and hole diffusion coefficients, respectively, both given by Einstein
relation. unE and HpE yield the respective electron and hole drift velocities, which saturate at

high electric fields with quantitative reductions in u, and w,. For 1D problems, Equation 1.24
and Equation 1.25 can be reduced respectively to:

on kT on )

= qn(ﬂnE) + gDy I qn(#nE) +q ( q )a Equation 1.26
0 kT 0

= qp(upE) qDy, ap = qp(ﬂpE) q ( q )£ Equation 1.27

Due to charge conservation, the net changes in the carrier concentrations are related to the
carrier generation and recombination and the current densities, expressed by the continuity

equations for electrons and holes [22], [58]:

on 1 )
e (G —Up) + EV “Jn Equation 1.28
ap .

= (G, —Up) ——v T Equation 1.29

where G, and G, are the respectlve electron and hole generation rates, U, and U, are the respec-
tive electron and hole recombination rates. For 1D problems, Equation 1.28 and Equation 1.29
can be reduced respectively to:

19, .
— = (G, —= Equation 1.30
or = Gn = U+ o5, 1
op 1 aj,, .
L (. —y)==Z22 Equation 1.31
ot (G = Uy q 0x 1

1.3 Introduction to IGBT Structural Components

High voltage Si IGBTs are normally vertical n-channel devices. Such an IGBT can be consid-
ered as an integration of a PNP BJT and a n-channel MOSFET that characterises the typical
IGBT performance [59]. The semiconductor relevant contents in this thesis are limited to the
scope of modern Field-Stop (FS) n-channel vertical Si IGBTs. The schematic diagrams shown
in this thesis are not to scale.

10
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Historically, the naming “collector” and “emitter” of the current conducting terminals of
an IGBT was for the compatibility of IGBTs with power BJT circuits when IGBTs were first
introduced [16]. The collector and the emitter of the equivalent BJT in an IGBT do not refer
respectively to the “collector” and the “emitter” terminals of the IGBT.

1.3.1 PN Junction and Depletion Region

A basic PN junction consists of a P-type region and a N-type region adjacent to each other. In
Si IGBTs, reverse biased PN junctions are used to block high voltages. High voltage n-channel
IGBTs feature lightly doped N drift regions. In such an IGBT, this N™ drift region forms a P*/N
junction with the heavily doped P base region, also referred to as the P body region. When this
P*/N" junction is reverse biased, the depletion region is distributed mostly in the lightly doped
N~ drift region according to Equation 1.23, as illustrated by the 1D schematic diagram in Figure
1.2 (a). Therefore, in an IGBT a forward-blocking C-E voltage Vcr is supported mostly in the
N- drift region, in which case the P*/N" junction can be considered as an abrupt PN junction.
For the depletion region in the N™ drift region, the 1D Poisson’s equation can be reduced to:
_62_17 = B_E =P _ w Equation 1.32
0x? Ox & &
where for a n-channel IGBT in a forward-blocking state, p is related to the hole current in the

depletion region and # is related to the electron current in the depletion region.

Field-Stop (FS) IGBT design and similar design concepts such as Soft Punch-Through and
Light Punch-Through are widely adopted in modern IGBTs [59]-[62]. In general, these IGBT
design concepts feature a N buffer of a doping concentration higher than that of the N drift
region that only stops the electric field in the depletion region from reaching the vicinity of the
backside P emitter. The schematic diagram in Figure 1.2 (b) illustrates a such reverse biased
P*/N junction with a N buffer where the electric field in the depletion region is stopped by the
N buffer. Equation 1.32 also applies to the depletion region in the N-type region here. FS IGBTs
achieve reduced device thicknesses and conducting losses while achieving reduced switching
losses due to the reduced on-state excess carriers in the N bulk regions [59].

T T T T

I- | I- +! N
+1i I - +1 I
Pt + + N P+ + + | uffer

Depletion Region Depletion Region
E E
A ~ A ~
X X
(a) (b)

Figure 1.2: Schematic diagrams of (a) a reverse biased P*/N- junction and (b) a reverse biased P*/N- junction
with the electric field “stopped” by a N buffer.

11
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1.3.2 Power BJT

A basic n-channel IGBT includes a PNPN structure, in which the PNP component forms an
equivalent BJT with the base current provided by the MOS channel in the IGBT. In normal
operation, a BJT is fully controllable by the base current /5. Regarding the general doping pro-
file, a basic BJT consists of a NPN or PNP structure. Schematic diagrams of a NPN BJT and a
PNP BJT are shown in Figure 1.3 (a) and (b), respectively.

Regarding the basic operations of power BJTs, the following discussion considers a basic
PNP power BJT, the same basic type as the equivalent PNP BJT in a n-channel IGBT, and only
major carrier transport mechanisms. Complementary conclusions are applicable to NPN power
BJTs. Under normal forward voltage blocking, the collector-base junction is reverse-biased,
and the depletion region is distributed mostly in the wide/thick and lightly doped collector re-
gion. In a basic PNP power BJT, when the P* emitter to N base junction is forward-biased,
electrons diffuse from the N base into the P* emitter and holes are injected from the P* emitter
into the N base. Referring to the directions in Figure 1.3 (b), in a typical PNP power BJT the N
base is narrow/thin so that the majority of the injected holes diffuse through the N base and are
collected by the P collector, while only a small proportion of the injected holes recombine in
the N base.

Referring to the directions in Figure 1.3, in a typical power BJT the collector region is
normally wide/thick while the base region is narrow/thin. However, in a n-channel IGBT the
equivalent PNP BJT has a narrow/thin P* collector region and a wide/thick N™ base region. This
difference is shown in the respective schematic diagrams in Figure 1.4.

Power BJTs normally function as power switches in dedicated power BJT circuits. The
design and the operation of power BJTs are for reducing operating losses while providing high
voltage and current ratings, which are significantly different from those of signal BJTs. To re-
duce on-state losses, conductivity modulation by high-level injection is applied to the lightly

Ic Iy Ic Iy
C @&—»— Ncollector | Pbase | N* emitter —»—@ E C @—<— Pcollector | Nbase | P*emitter —<—@ E
lgf ’Bf
[C B [E ]C B IE
C E C E
IE IE’
B B
(a) (b)
Figure 1.3: Schematic diagrams of (a) a basic NPN BJT and (b) a basic PNP BJT.
/I/I /l/I
p+ P N P+t p+ N- N p+
collector region base | emitter| | collector region buffer | emitter
7t 71
P collector N base
(a) (b)
Figure 1.4: Schematic diagrams of (a) a basic PNP power BJT and (b) the equivalent PNP BJT in a n-channel
IGBT.
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Figure 1.5: Schematic diagram of basic DC /-V characteristics of a NPN power BJT.

doped regions of a power BJT. For a forward conducting power BJT, its operation modes in-
clude active mode, quasi-saturation mode, and saturation mode, as indicated in the schematic
diagram of the basic DC -V characteristics of a PNP power BJT shown in Figure 1.5. Break-

down characteristics are not included in Figure 1.5.

In the active mode, the emitter-base junction is forward-biased while the collector-base
junction is reverse-biased. A depletion region is formed across the reverse-biased collector-base
junction. In static or quasi-static situation, at a certain collector-emitter voltage Vcg, the collec-

tor current /¢ increases with the base current /5.

In the quasi-saturation mode, the emitter-base and the collector-base junctions are both
forward-biased. Part of the lightly doped collector region near the collector-base junction, i.e.
part of the P~ region near the P/N-base junction in Figure 1.4 (a), is under high-level injection
and is conductivity-modulated as the conductivity is increased. Depending on the doping profile,
the base region may not be entirely under high-level injection. At a given Vcg, the Ic increases
with the /3, and at a given /3, the Ic increases with the Vcg.

In the saturation mode, both the emitter-base and the collector-base junctions are forward-
biased. The entire lightly doped collector region, i.e. the P~ region in Figure 1.4 (a), is under
high-level injection and is conductivity-modulated. Often, the base region is also under high-
level injection. The /¢ increases with the Vcr at a higher rate compare with that in the quasi-

saturation mode at the same /5.

For a typical power BJT in forward conducting state considering only major current com-
ponents, the /¢ is related to the /3 by the common-emitter current gain /rg:

I
hpp = — Equation 1.33
Ig
In normal DC situations, the /rr is dependent on the /c. At a very low /c where the emitter-
base recombination current is comparable to the effective emitter diffusion current through the

base, the A7k is relatively low and increases with the /c. However, at a higher /3 where the base

13
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becomes under high-level injection, e.g. in the quasi-saturation and saturation modes, the /re
decreases with the /c due to the increase in the effective base doping level and the extension of
the electrical base caused by the injected high-level excess carriers. Also, in general, irr de-
creases with the effective base width/thickness [22], [63]-[68].

For the equivalent PNP BJT in a n-channel IGBT, in forward conducting state its wide/thick
N base under high-level injection results in a low Arg. Due to the significant differences in
device geometry between a typical PNP power BJT and a n-channel IGBT, the on-state carrier
distribution of the equivalent PNP BJT in a n-channel IGBT will be discussed separately.

1.3.3 Power MOSFET

A basic n-channel IGBT includes a n-channel MOSFET structure. Since modern high voltage
IGBTs are mostly n-channel devices, the following discussions considers a basic n-channel
power MOSFET and only major carrier transport mechanisms. Complementary conclusions are
applicable to p-channel devices. Schematic diagrams of basic 2D vertical n-channel planar-gate
and trench-gate power MOSFETs are shown in Figure 1.6 (a) and (b), respectively, in the form
of half-cell vertical cross-sections. Normally, under forward voltage blocking, the N-drift region
to P base junction is reverse-biased, and the depletion region is distributed mostly in the thick
and lightly doped N-drift region.

MOSFETs are unipolar devices without conductivity modulation by high-level injection in
the on-state. In normal operation, MOSFETs are fully controllable by the gate-source voltage
Vs. The current conduction in a MOSFET is controlled by a MOS channel formed by an in-
version layer. The n-type MOS channels, n-channels, in power MOSFETs or IGBTs are mostly
surface inversion channels formed by electrons. The basic principles of MOS channels are the

same for planar-gate and trench-gate devices.

In a n-channel MOSFET, when the gate-source voltage Vs exceeds the threshold voltage
Vru, electrons from the semiconductor regions are attracted towards the interface between the

N+ Source N+ Source
Source ‘ Gate Source G
| WJ | ate

\_" -] Oxide \ K
P Base P Base:
«
Channel
Channel Oxide
1= N-driftRegion = L Ndrift |
T Region T
- + b L~ L~ N+ L~
- N+ Substrate T ¥ Substrate T
A A A S S T S i A A S A
Drain Drain
(a) (b)

Figure 1.6: Schematic diagrams of (a) a basic vertical n-channel planar power MOSFET and (b) a basic vertical
n-channel trench power MOSFET.
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gate oxide and the semiconductor region, and an inversion layer of electrons is formed in the P
base adjacent to the gate oxide. With positive drain-source voltage Vps, electrons from the N*
source flow through a MOS channel in the P base formed by that inversion layer and into the
N-drift region. The electrons through the MOS channel spread across the width of the N-drift
region and flow towards the drain terminal.

In the general scope of vertical power MOSFETs and IGBTs, a trench MOS gate provides
direct access to the bulk regions for the electrons through the vertical MOS channel, compared
with a planar MOS gate. This avoids the depletion region formed by the reverse-biased N-drift
region to P base junction under a forward Vps. Consequently, the reduced crowding and path
length of the electrons out of the MOS channel in the MOS gate area improve the MOS channel
density and the on-state resistance.

Regarding DC I-V characteristics, long-channel and low-field carrier mobilities are as-
sumed for the MOS channels in n-channel power MOSFETs and IGBTs. The Shockley
MOSFET model [69] is widely used in this situation [22], [70], [71]. For a n-channel power
MOSFET, when the (Vs — Vru) > 0 and the Vps < Vps,sar, the MOS channel is nearly resistive
for the MOS channel current, Figure 1.7 (a), where Vps sa: is the drain saturation voltage at which
the drain current /p starts to saturate to /psq. This nearly resistive regime is referred to as the
linear region of operation, indicated in the schematic diagram shown in Figure 1.8. The Vps;sar
and the /Ipsq: will be discussed later.

As the Vps increases and is reaching the Vpssa, due to the MOS channel resistance the
voltage along the MOS channel increases and starts to reduce the effect of the (Vs — Vru) on
inducing the inversion charges near the drain end of the MOS channel. Consequently, the in-
version charges near the drain end of the MOS channel are reduced, and the /p starts to increase
sublinearly with the Vps. This sublinear regime is referred to as the nonlinear region of operation,
indicated in the schematic diagram shown in Figure 1.8.
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Figure 1.7: Schematic diagrams of a basic MOS channel: (a) in the linear region, (b) when Vps= Vpsa, and
(c) in the saturation region.
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Figure 1.8: Schematic diagram of DC /-V characteristics of a n-channel power MOSFET.

As the Vps increases to the Vpssas, the inversion charges are eventually reduced to near zero
at the drain end of the MOS channel, where the MOS channel starts to pinch off, Figure 1.7 (b).
As the Vps exceeds the Vpssa, the pinch-off point shifts towards the source end of the MOS
channel, and the effective channel length Lcy is reduced slightly, Figure 1.7 (¢). The voltage at
the pinch-off point with respect to the source remains unchanged. The additional voltage is
supported by a depletion region from the pinch-off point along the MOS channel into the N-
drift region, formed by the reverse-biased N-drift region to P base junction. The Ip essentially
saturates with the Vps to the Ipsa, although a minor increase in the /p may be observed due to
the slightly reduced Lcn. This saturation regime is referred to as the saturation region of opera-
tion, indicated in the schematic diagram shown in Figure 1.8.

In the Shockley MOSFET model, the Vpssa: is described as:

Vpssat = Vgs — Vry) Equation 1.34
For a n-channel power MOSFET, Equation 1.34 is applicable to the MOS channel area. The
resistance and the voltage across the bulk regions, e.g. the N-drift region and the N substrate,
need to be considered in determining the actual Vps;sar.

In the saturation region where Vps > Vps sar, the Ip sar 1s described as:

Z .
Ipsat = m#n,CHCox(VGS — Vry)? Equation 1.35

where Z is the channel width orthogonal to the cross-sections shown in Figure 1.7, w,,cu 1s the
electron mobility in the MOS channel, and Cox = (g0x/?ox) 1s the gate oxide capacitance per unit
area, where ¢ox and #ox are the permittivity and the thickness of the oxide, respectively.

In the linear and the nonlinear regions where Vps < Vpssas, the Ip is described as:

Z Vs :
Ip = L—/ln,CHCox (Ves = Vru)Vps — > Equation 1.36
CH

For a n-channel MOSFET, the V7 is described as:
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2kT (N, 4e¢No kT In(Ny /n;
VTH=¢MS_g0x+_1n(f)+J SAC (Na/mi)
ox L ox

where @us is the work function difference between the gate and the semiconductor, Qo is the

Equation 1.37

fixed oxide charges per unit area, N4 is the P-type doping concentration in the n-channel, and &
is the permittivity of the semiconductor. For Equation 1.37, dV7u/dT < 0 for n channels [72].

1.4 An Introduction to Relevant IGBT Basics

1.4.1 High Voltage IGBT Structures

High voltage IGBTs are mostly vertical n-channel devices. Schematic diagrams of a few repre-
sentative 2D vertical n-channel IGBT structures are shown in Figure 1.9. A n-channel IGBT is
an integration of a n-channel MOSFET and a PNP BJT, where the MOS channel current func-
tions as the base current of the PNP BJT structure, Figure 1.10. Compared with a vertical n-
channel MOSFET, a n-channel IGBT has a P emitter layer or a P* substrate as the P emitter on
the backside. This integration forms a PNPN structure.

Unlike the PNPN structure in a thyristor, in an IGBT to avoid the latch-up of the PNP and
NPN BJTs in the PNPN structure, the NPN BJT is suppressed first by shorting its P-base and
N-emitter with the “emitter” metallisation of the IGBT. Also, that P-base is small and heavily
doped to avoid an excessive voltage across it that would activate the P-base/N-emitter junction
of the NPN BJT in normal operation. These methods ensure that an IGBT is fully controllable

by its MOS gate in normal operation.

In this thesis when referring to IGBTs, the term “P emitter” and its variants refer to the P
emitter of the PNP BJT structure in a n-channel IGBT on the backside. Also, the term “N base”
and its variants refer to the thick N base of the PNP BJT structure, which for an FS IGBT
includes the N-drift region and the N FS buffer.

Some early n-channel IGBTs were fabricated on thick and heavily doped P* substrates.
This P* substrate as the P emitter has very high injection efficiency which requires a heavily

N+ Emitter
"Emitter"‘ Gate
wE;, E,E Oiixiidiei N* Emitter
PR » Gate
Emitt ‘
PBase o W N+ Emitter N+ Emitter
Channel xide "Emitter"‘ % “Emitter” Gate
P Base T r T Oxide RN 1
P Base
£ N-driftRegion = Channel P Base A
Channel
Channel Oxide
N buffer F  NdriftRegion I N-driftRegion £ L Nedrife |
7 Region T~
T P* Substrate r
N FS Buffer N FS Buffer
P Emitter P Emitter P Emitter
A S S S A A S R S S 4 - - —
ollector ollector ollector ollector
“Coll 0 “Coll 0 “Coll 7 “Coll 0
(a) (b) (©) (d)

Figure 1.9: Schematic diagrams of basic vertical n-channel IGBTs: (a) a planar PT IGBT, (b) a planar NPT
IGBT, (c) a planar FS IGBT, and (d) a trench FS IGBT.
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Figure 1.10: Schematic diagrams of a basic vertical n-channel trench FS IGBT.

doped N* buffer layer, Figure 1.9 (a), and carrier lifetime control to achieve usable switching
speeds. In a forward-blocking off-state at high collector terminal to emitter terminal voltage
Vck, the N-drift region to P base junction is reverse-biased, and the electric field in the depletion
region can punch through the N-drift region and is stopped in the N buffer, resulting in a quad-
rilateral (1D, vertical) distribution of the electric field in the N base. IGBTs of this type are
commonly referred to as Punch-Through (PT) IGBTs.

Later, the maturing of thin wafer technologies enabled the fabrication of n-channel IGBTs
without P* substrates. The resulting IGBT has a thin P emitter with low injection efficiency,
which no longer requires a N* buffer, Figure 1.9 (b), or carrier lifetime control for practical use.
In a forward-blocking off-state, the N-drift region to P base junction is reverse-biased, and the
electric field in the depletion region is designed to not punch through the N-drift region and
reach the vicinity of the P emitter. IGBTs of this type are commonly referred to as Non-Punch-
Through (NPT) IGBTs.

Advancing from NPT IGBTs, to reduce the thickness of the N-drift region, a lightly doped
N buffer layer is implemented, Figure 1.9 (c), to achieve a quadrilateral (1D, vertical) distribu-
tion of the electric field in the depletion region in the N base at high forward-blocking Vce in
an off-state. This N buffer layer is designed to stop the electric field from reaching the vicinity
of the P emitter without significantly reducing the injection efficiency of the P emitter [59],
[60]. This lightly doped N buffer layer is often referred to as a Field-Stop (FS) layer, and IGBTs
of this type are often referred to as Field-Stop (FS) IGBTs.

A comparison of the key features of the three aforementioned mainstream IGBT design
concepts is shown in Table 1.1 [59]. Other commercial IGBTs that are based on essentially the
same key design concept of Field-Stop IGBTs, e.g. Soft Punch-Through and Light Punch-
Through IGBTs, will not be discussed separately.
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Table 1.1: Comparison of key features of mainstream IGBT design concepts. © 2017 IEEE

P emitter N drift N buffer Carrier lifetimes
PT Thick P* substrate, very high | Thin Heavily doped, to stop the electric field and  |Low, by carrier lifetime
IGBT |injection efficiency reduce the P emitter injection efficiency control
NPT | Thin, low injection efficiency |Medium |No N buffer High, no global carrier
IGBT lifetime control
FS Thin, low injection efficiency |Thin Lightly doped, only to stop the electric field |High, no global carrier
IGBT lifetime control

In a modern FS IGBT, the doping concentration of the N FS buffer is often about one to
two orders of magnitude lower than that of the P emitter [73]-[75]. As a result, the N FS buffer
is also under high-level injection in a typical on-state, where the N FS buffer can be considered
as part of the N base of the PNP BJT structure alongside the N-drift region.

Regarding the MOS gate structure of FS IGBTs, a trench MOS gate, Figure 1.9 (d), pro-
vides direct access to the N base for the electrons through the vertical MOS channel, compared
with a planar MOS gate. This avoids the depletion region formed by the reverse-biased N-drift
region to P base junction under a forward Vce. Consequently, the reduced crowding and path
length of the electrons out of the MOS channel in the MOS gate area improve the MOS channel

density and the on-state performance.
1.4.2 Basic IGBT Operations

A basic FS IGBT only has practical forwarding blocking capability due to the N FS buffer and
is normally operated with a Free-Wheeling Diode (FWD) in anti-parallel, which enables reverse
current conducting and prevents excessive reverse voltage for the IGBT. At a high forward Vg,
the N-drift region to P base junction is reverse-biased. As previously discussed and illustrated
in Figure 1.2 (b), a high forward Ve is supported by a depletion region distributed mostly in
the N-drift region.

Some early FS IGBTs were designed with a N-drift region of a very low doping concen-
tration to reduce the thickness of the N-drift region and the operating losses. Such a design
results in a low static punch-through voltage Vpr, where the Vprrefers to the forward static off-
state Vce when the depletion edge in the N base just reaches the N buffer. However, a major
issue of such a low Vpr design is that the FS IGBT is more likely to be subject to oscillation at
fast turn-off due to lack of high-level excess carriers after the depletion region reaches the N
buffer [73]-[75]. Later generations of FS IGBTs greatly mitigated this issue by increasing the
thickness and the doping concentration of the N-drift region to raise the Vpr above the typical
utilisation of the Vce rating in practice. This situation is assumed in this thesis.

The typical DC -V characteristics of a n-channel IGBT resemble those of a n-channel
power MOSFET, with the differences resulting from the P emitter of the PNP BJT structure in
the IGBT. In a n-channel IGBT, when the gate-emitter voltage Ve exceeds the threshold volt-
age Vru, an inversion layer of electrons is formed in the P base adjacent to the gate oxide. With
a positive Vcr and the P emitter to N FS buffer junction forward-biased, electrons from the N*
emitter flow through a MOS channel in the P base formed by that inversion layer and into the
N-drift region.
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In a typical IGBT on-state, this electron current functions as the base current of the PNP
BJT structure and induces a hole injection current from the P emitter through the N FS buffer
and into the N-drift region. With a sufficient (Ve — Vrn) for the voltage across the MOS channel,
the MOS channel is in its linear region, and the resulting ambipolar current components in the
N-drift region lead to high-level injection and conductivity modulation in it. As p = n under
high-level injection and due to the higher mobility of the electrons, the electron current via the
MOS channel accounts for a higher proportion of the ambipolar current in the N-drift region.

The hole current in the N-drift region flows into the P base at the frontside and to the “emit-
ter” terminal. Meanwhile, the electrons in the N-drift region flows into the P emitter, where the
electrons diffuse into the P emitter with the electron concentration decreasing due to recombi-
nation. This operation region of an IGBT, often referred to as the saturation region in Figure
1.11, resembles the linear region of operation of a power MOSFET.

In static or quasi-static situations, when the (Ve — V7r) is inadequate for the voltage across
the MOS channel, the MOS channel pinches off and the MOS channel current saturates with
the Vce. Since this MOS channel current functions as the base current of the equivalent PNP
BJT with a very thick N base typically under high-level injection, the induced hole injection
current from the P emitter also tends to saturate with the Vce. Hence, the IGBT collector termi-
nal current /c exhibits saturation characteristics against the Vcg. Determined by the MOS gate
structure, the /c under channel pinch-off conditions is related to (Ve — Vru)®. With a sufficient
Ic that results in high-level injection in the undepleted part of the N base, the saturated IGBT /¢
can be approximated by [76]:

Imos .
I¢sat = T {CoxVer — Vru)?} Equation 1.38
PNP

where Ii0s 1s the MOS channel current, apyp 1s the common-base current gain of the PNP BJT
structure, and C,, is the gate oxide capacitance per unit area. This operation regime is often
referred to as the Vi controlled active region in Figure 1.11, and the transition region between
this active region and the saturation region is often referred to as the quasi-saturation region.

Ic A

Quasi-
/saturation,’ (Ver—- Vim) &
region /
/
/
On-state, )/
Saturation )/ V¢r Controlled
Region Active Region
0 Ver

Figure 1.11: Schematic diagram of DC [-V characteristics of a n-channel IGBT.
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The carrier transport in the IGBT N base in the transient of a fast turn-off from a typical
on-state has an additional degree of freedom contributed by the high-level excess carriers. De-
tailed IGBT turn-off process will be discussed later.

1.4.3 High-level Injection and Ambipolar Carrier Transport

IGBTs are designed to achieve high-level injection in the N base from low current densities
[76]. Under high-level injection, the concentrations of both types of carriers exceed the doping
concentration. Carriers of each type attract carriers of the complementary type. The drift of
electrons and holes is coupled by the same electric field [76]. As a result, the electron concen-
tration is approximately equal to the hole concentration. In the regions under high-level
injection, the electric field is referred to as the ambipolar electric field £4 and is responsible for
the carrier transport and the quasi-neutrality of the net charges, p =~ n [77]-[81]. The carrier
transport under high-level injection is often referred to as ambipolar carrier transport, which is
significantly different from the carrier transport in signal BJTs.

For the N base in a high voltage IGBT, the discussion of the carrier transport under high-
level injection can be reduced to 1D situations [76]. From Equation 1.26 and Equation 1.27, the

electron current /, and the hole current /, are described as:

on kT on ]

I, = qnA(u,E) + qAD, — = qnA(u,E) + qA (—un) — Equation 1.39
dx q dx
4] kT 0

I, = qu(ypE) —qAD, £ = qu(upE) —qA (7;110) % Equation 1.40

where A is the IGBT active area. With Ic = I, + I, and n = p, the I, and I, can be described
without the electric field term [76], [77]:

Un (kT) 2Unly \) 0N b an .
I, = I Al — —_—= I AD, — E 1.41
n ctq { % b+l ctq agy quation

Hn t+ Up q/ \Un t Up
KT\ [ 2 0 1 d
I, = Hp Ic —qA <—) Hnbtp V2P _ Ic — qADa—p Equation 1.42
Un + tp q/\Un+up))ox b+1 dx

where b = un/up 1s the ambipolar mobility ratio, and D, = (n + p)/(n/Dp + p/D,) 1s the ambipolar
diffusion coefficient, which can be reduced to 2D,D,/(D» + D,) under high-level injection due
to n = p. From Equation 1.30 and Equation 1.31, for the IGBT N base under high-level injection,
the 1D continuity equations for electrons and holes are:

on 10/, éon 149J, )
oy Ym0 1O Equation 1.43
ot nt q 0x ThL * q ox Anaton

d 10 0) 10

9P __ p__ﬁ:_—p——ﬁ Equation 1.44
ot q Ox Ty, q 0x

Substituting Equation 1.41 into Equation 1.43 and Equation 1.42 into Equation 1.44, as the Ic
is independent of position in the IGBT N base under high-level injection [76]:

on _ on D 9’n
at 1y, “ox?
dp _ p 0°p

ot Ty “ox?

Equation 1.45

Equation 1.46
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In the case of n-channel IGBTs, often Equation 1.46 for holes is used and regarded as the Am-
bipolar Diffusion Equation (ADE). Since holes are minority carriers in N-type regions, under
high-level injection dp = p. Equation 1.46 can also be expressed as:
%p Sp 1dp 6p 10p
9x? Doty Dg 0t L% Dot
where L, = m is the ambipolar diffusion length. In most practical IGBTs, the typical zaz
produces a L, that is similar to or larger than the thickness of the N base, which results in a near
linear on-state excess carrier profile [82]. This is assumed for the discussions in this thesis. The

Equation 1.47

linear approximation of the on-state excess carrier profile under different front-end structures
are shown in Figure 1.12 [82], where x = 0 is defined as the vertical position of the P emitter to
N base junction and x = W3 is defined as the vertical position of the N base to P well junction.

For the N base region under high-level injection, the generalised on-state carrier profile can

be described using a linear approximation [82], as shown in Figure 1.12:

X
p(x) = po (1 -(1-a) —) Equation 1.48
Wp

where po is the hole concentration at x = 0 and «, between 0 and 1 depending on the frontside
structure, is used to fit the p(x) at x = Wp. In the two extreme cases shown in Figure 1.12, a
approximates 1 for the ideal trench gate profile and 0 for the ideal planar gate profile. In [82],
po 1s found by solving for dp/Ox at the P emitter to N base junction:

bl,

Po = m Equation 1.49
14

where 4, is the P emitter recombination parameter, defined for an abrupt junction as:

1 Wp \ D 1 74 D
hy = coth( i > LA coth <—P> P Equation 1.50
Ny p Lup)Lnp Nap Lup) | Tnp

where Ny p is the P emitter doping concentration, Wp is the vertical thickness of the P emitter,
and L, p = /Dy, pTp p, Dy p, and 1, p are the diffusion length, diffusion coefficient, and lifetime,

respectively, of the minority electrons in the P emitter.
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Figure 1.12: Linear approximations of the on-state excess carrier profiles in the IGBT N base under different
front-end structures [82].
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1.5 Internal Mechanisms of FS IGBTs in Typical Inductive Turn-off

The FS IGBTs referred to in this thesis are modern high voltage vertical n-channel Si commer-
cial devices. The thesis focuses on the major mechanisms and factors that affect the Vcr sharing
in the simultaneous turn-off of IGBTs in direct series connection. The effects of oscillation of
the Vce and the Ic at the turn-off in a poorly optimised Current Commutation Loop (CCL) are
intended for the future work. The temperature range considered is the temperature range of
commercial modern IGBTSs in normal operation of 300 K to 450 K, in which complete ionisation

of dopants can be assumed.

IGBT modules are often packaged with multiple IGBT chips in parallel. The IGBT char-
acteristics in this thesis refer to the collective characteristics of the active IGBT cells in those
IGBT chips. Typical operation of IGBTs within the Reverse Bias Safe Operating Area (RBSOA)
is assumed. Further research regarding the variations between the IGBT cells/chips in parallel
and abnormal operating states of the IGBTs is intended for the future work.

2 (13

In this thesis, the term “voltage” in “voltage sharing”, “voltage divergence” and similar
phrases relevant to IGBTs refers to the IGBT Vce. The term “series” in “series turn-off”, “series

voltage sharing”, “series voltage divergence” and similar phrases relevant to IGBTs refers to

the series connection of IGBTSs in electrical terms.
1.5.1 1D Approximations for the IGBT N Base

The FS IGBTs considered in this thesis are modern high voltage vertical Si devices. The 1700
V IGBTs used in the later experiments and simulations in this thesis have a semiconductor
thickness, referred to as the vertical and the y direction in 2D, in the range of 170-190 um. The
MOS gate side of an IGBT has a 2D or 3D structure, which results in non-uniform lateral dis-
tributions of the carriers, the electric field, and the current near the MOS gate. The collector
terminal side of an IGBT may also have a 2D or 3D structure, e.g. Reverse Conducting IGBTs,
that results in similar non-uniform effects in the lateral/x direction.

Following the discussion of 1D approximations in [76], normally in the part of an IGBT
bulk region beyond 15 pm in vertical depth from a semiconductor surface, the carrier and the
electric field distributions can be considered to have approximated uniform lateral distributions.
These have been observed in the Silvaco simulations to be shown later. In typical IGBT turn-
off, e.g. at 50% utilisation of the rated maximum Vcg, the majority of the depletion region de-
velops deeply into the thick IGBT N base to support the high Vcr with a vertical depth that
greatly exceeds 15 um, which supports the use of 1D approximations.

At the backside of a non-reverse-conducting IGBT, the doping profile is uniform along the
lateral/x direction, which supports the use of 1D approximations. Regarding reverse conducting
IGBTs, in typical use, e.g. at 50% utilisation of the rated maximum Vcg, the depletion region in
the turn-off and the off-state also has a margin from the backside semiconductor surface that
normally exceeds 15 pm. Hence, 1D approximations are acceptable in the generalised analysis
of the turn-off and voltage sharing mechanisms of the high voltage vertical Si IGBTs and is
therefore used in this thesis.

23



Chapter 1 -1.5

1.5.2 The IGBT Initial State Prior to Turn-off

The output characteristics of an IGBT in inductive turn-off depend on the carrier profile under
high-level injection in the on-state prior to the turn-off. As previously discussed in section 1.4,
the N FS buffer in a modern FS IGBT is designed to be also under high-level injection in a
typical on-state, where the N FS buffer can be considered as part of the N base of the PNP BJT
structure of the FS IGBT alongside the N-drift region.

Hence, considering the semiconductor structure of an FS IGBT, the most influencing fac-
tors on the on-state carrier distribution include the P emitter doping profile, the MOS channel
conductivity, the N base thickness, and the effective carrier lifetimes. The N FS buffer in a
modern FS IGBT only has a minor influence on the carrier profile in a typical on-state. In this
thesis, both the N-drift region and the N FS buffer are assumed to be under high-level injection
in a typical IGBT on-state.

1.5.3 Low IGBT Gate Resistance and Fast IGBT Turn-off

The current commutation in the IGBT turn-off in an inductive CCL requires the total Vcr to
first exceed the DC link voltage Vpc so that the FWD in the CCL becomes forward-biased to
receive the load current. This process results in an overlap between the high Vce and the high
Ic that generates high losses. Switching an IGBT off using a low gate resistance can shorten this
overlap period and reduce the IGBT turn-off losses. By using a low gate resistance, the MOS
channel that provides the electron base current for the PNP BJT structure is cut off early in the
fast Vg rising. This prevents IGBT turn-off from passing through much of the Ve controlled
active region of operation and increases the use of the /¢ in the transport of the excess carriers
in the IGBT N base that expands the depletion region. Using this turn-off method, an IGBT can
quickly establish its Vce to reduce the overlap period of the high Vg and the high /c in which
high losses are produced. To reduce the turn-off losses, it is preferable to use gate resistors of
low values, although this approach tends to produce high Vce overshoots.

Another consideration of using a small gate resistance for IGBT turn-off is the possibility
of dynamic avalanche. In the depletion region, when the peak electric field reaches the critical
electric field due to the overlap between the high Vcr and the high /¢, dynamic avalanche occurs
as the impact ionisation reaches avalanche multiplication. Modern IGBT chips are able to
achieve a larger RBSOA up to the rated maximum Vcg and twice the rated maximum /¢ simul-
taneously due to the improvements in the capability to withstand dynamic avalanche and in
latch-up immunity, even with a low gate resistance for turn-off [83]-[85]. In power electronic
systems, the utilisation of IGBT ratings is usually conservative [86], e.g. not exceeding 50%.
At such utilisation, it can be assumed that even if using a low gate resistance, dynamic avalanche
is avoided in the fast Vce-Ic transient, which includes the fast Vg rising and the rapid /¢ falling
as the Vcr overshoots. Using a low gate resistance assists to prevent current crowding near the
MOS channel in IGBT turn-off, and as the MOS channel is cut off at a low Vcr before the
dynamic avalanche conditions are reached, and the maximum current turn-off capability is en-
hanced [83], [87].
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In Chapter 1-4, uncontrolled and hard-switched IGBT turn-off is assumed, without any
feedback control or snubber circuit applied. The IGBT gate drive output is assumed to switch
abruptly from the on-state driving voltage to the off-state driving voltage. The IGBT gate drive
output and the IGBT gate terminal are connected using only one gate resistor of a low value to
facilitate the IGBT turn-off without extensive use of the Ve controlled active region of opera-
tion in the turn-off.

1.5.4 Initial Behaviour of the MOS Channel Region

In an IGBT on-state, the electrons through the MOS channel provide the base current for the
PNP BIT structure. Initially in IGBT turn-off, the behaviour of the MOS channel region affects
the later behaviour of the IGBT.

At the beginning of IGBT turn-off, the gate drive output switches abruptly from the on-
state driving voltage to the off-state driving voltage. Initially, the gate-emitter capacitance Cgr
discharges through the gate resistor, and the IGBT Vg falls. In this stage, the gate current I is
negative, referred to as flowing out from the IGBT gate. The MOS channel is still under inver-
sion conditions while the Ve remains above the V'7x. Due to the reduction in the Ve, the voltage
across the MOS channel increases slightly. This initial discharging continues until the Ve
reaches the minimum level of (Ve — Vrw) required to support the on-state MOS channel current
without channel pinch-off, after which the IGBT turn-off enters the gate plateau period where
the Vg only decreases slightly.

In the gate plateau period, the negative /g reduces the charges across the gate oxide. The
electron concentration in the MOS channel decreases and the inversion layer thickness is re-
duced. Meanwhile, the accumulation layer in the part of the N-drift region adjacent to the gate
oxide is also weakened as the electron concentration in that area decreases. A large number of
charges is removed from this thin layer in this manner and must be removed before the depletion
region can form. The excess carrier concentration in the N-drift region adjacent to the MOS
gate decreases and the Vcr increases slightly. In this period, as the total Vg is below the Vpc
and the FWD in the CCL is not conducting, the /c remains at the load level.

As this gate discharging by the negative /g continues, the depletion region across the P base
to N-drift region junction expands and the depletion region under the gate oxide in the N-drift
region starts to form. These two depletion regions are temporarily separated due to the electron
current from the MOS channel which directs the total current into a narrow path between them
towards the MOS channel. The expansion of the depletion regions and the narrowing of the
current path increase the Ve slightly.

In the gate plateau period, as the inversion layer that forms the MOS channel is weakened,
the MOS channel resistance increases. While the Vge remains at nearly the same level, the MOS
channel current remains virtually unchanged, and the voltage across the MOS channel increases.
As the gate discharging continues, the pinch-off conditions of the MOS channel are eventually
reached, similar to the MOS channel pinch-off in a power MOSFET.
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1.5.5 Ambipolar Carrier Transport in the CSR in the Fast Vcg-Ic Transient

Further discharging the MOS gate beyond the initial MOS channel pinch-off forces the MOS
channel into saturation, and the MOS channel current starts to reduce. In typical IGBT turn-off,
due to the high-level excess carriers and the ambipolar carrier transport in the N base, the load
current in the N base can be supported independently of the MOS channel current in this turn-
off stage. Consequently, when using a low gate resistance for turn-off, the Vg in the turn-off is
not strongly dependent on the /g, which is significantly different from the current conducting
mechanism in power MOSFET turn-off after the initial MOS channel pinch-off. With a low
gate resistance, the MOS channel current can be reduced quickly to zero while the Vcr is still
low. This cuts off the supply of electrons from the MOS channel to the Carrier Storage Region
(CSR), which changes the carrier transport mechanism at the MOS gate side boundary of the
CSR. It is assumed for the IGBT turn-off referred to in this thesis that the MOS channel is cut
off very early in the fast Vg rising.

As the IGBT Vg rises, the blocking voltage of the FWD in the CCL is reduced, which
results in a discharging current through the FWD. Due to the nearly constant load current under
inductive load conditions, this FWD discharging current results in a small reduction in the IGBT
Ic before the rapid Ic falling. However, due to the absence of high-level excess carriers in the
reverse-biased FWD, the FWD discharging current is normally insignificant compared with the
load current and is not considered in the discussions here. The IGBT /¢ is considered to remain
unchanged in the fast Vg rising until the following Vcr overshoot where the Ic falls rapidly.

After the MOS channel is cut off, in the inner section of the CSR the same current compo-
sition still remains, predominantly in the form of ambipolar current until the tail time. In the
inner section of the CSR, the ambipolar current is still formed by the drift currents of the high-
level excess carriers under the ambipolar electric field, for which free electrons are still required
to be supplied to the inner section of the CSR from the MOS gate side CSR boundary. However,
since the electrons from the MOS channel is no longer available, the free electrons at the MOS
gate side CSR boundary, including the excess electrons and the free electrons from the ionised
N-type dopants, are transported towards the inner section of the CSR.

At the MOS gate side CSR boundary, this electron transport simultaneously exposes the
excess holes and produces N-type dopants that lose electrons which both exhibit positive
charges. These exposed excess holes and N-type dopants without electrons of the same electric
polarity produce an electric field that propels those free excess holes into the depletion region
towards the MOS gate side. The simultaneous electron and hole transport at the MOS gate side
CSR boundary results in the CSR shrinking from the MOS gate side and the simultaneous de-
pletion region expanding, which is related to the fast Vg rising and the following Vce overshoot.
Hence, in typical IGBT turn-off after the MOS channel is cut off, the expansion of the depletion
region in the fast Vcg-Ic transient is a result of the CSR shrinking from the MOS gate side due
to supporting the ambipolar current in the inner section of the CSR without the electrons sup-
plied from the MOS channel.
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1.5.6 Carrier Recombination in the CSR in the Fast Vcg-Ic Transient

As discussed previously, the continuity equations for the CSR can be reduced to 1D situations,
in which the divergence math operators become gradient math operators. In the inner section of
the CSR, the current and the excess carrier profile are considered to remain unchanged during
the fast Vce rising before the rapid /c falling. For the inner section of the CSR, the continuity
equations suggest that the same total current in the CSR is composed of an electron current and
a hole current of complementary gradients over distance, which are related to the dynamic losses
of electrons and holes due to recombination. The complementary current gradients are due to
the effective carrier lifetimes of both electrons and holes reach the same high-level lifetime
under high-level injection. As the /¢ falls during the Vcr overshoot, the excess carrier profile in
the remaining CSR falls accordingly. Consequently, the recombination rate in the remaining
CSR decreases, and the complementary current gradients become lower in rates.

If taking a non-ideal FWD in the CCL into consideration, as discussed in section 1.5.5,
under inductive load conditions the /c will fall slightly before the Vcr overshoot, which will
cause the excess carrier profile in the remaining CSR to fall slightly. But since a typical fast
Vee-Ic transient is considerably shorter compared with the high-level carrier lifetime, that slight
reduction in the excess carrier profile in the remaining CSR before the Vcr overshoot is usually
negligible and therefore is not considered here.

1.5.7 Carrier Transport at the MOS Gate Side CSR Boundary in the Fast Vcg-Ic
Transient

Following the discussion in section 1.5.5, regarding the carrier transport at the MOS gate side
CSR boundary, the free electrons are transported towards the inner section of the CSR while
the excess holes are transported into the depletion region towards the MOS gate side. In the fast
Vce-Ic transient, the inner section of the CSR experiences the same type of ambipolar current
that equals the /c, despite that the electron source for this ambipolar current is switched from
the electrons via the MOS channel to the free electrons from the MOS gate side CSR boundary.
This continuing ambipolar current in the CSR consumes the free electrons in the CSR itself
from the MOS gate side CSR boundary, where the excess holes are exposed to a high electric
field and are transported into the depletion region. This process causes the shrinking of the CSR
and the expansion of the depletion region.

Regarding the ambipolar current in the CSR, the high-level excess carriers propelled by the
ambipolar electric field form the major current components, which predominate over the small
diffusion current components by the non-uniform excess carrier profile. As the high-level ex-
cess electrons and holes are under the same ambipolar electric field and their concentrations are
considered the same, within the ambipolar current that equals the /¢ the ratio of the electron
drift current to the hole drift current is determined by the ratio of the electron mobility to the
hole mobility. Since /= dQ/dt, the number of free electrons transported from the MOS gate side
CSR boundary, mainly the high-level excess electrons without the electron supply via the MOS
channel, is related to the /c. Similarly, the number of excess holes that are exposed to a high
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electric field and transported into the depletion region is also related to the /c. Therefore, the
expansion of the depletion region is related to the /c.

Hence, in IGBT turn-off at the same load current, a higher on-state excess carrier profile
results in a slower depletion process and a lower dVcg/df rate, and therefore a lower Vg sharing
in the fast Vcg-Ic transient. Relevant discussions will follow.

1.5.8 Hole Current and Electric Field in the Depletion Region in the Fast Vcg-Ic
Transient

In typical IGBT turn-off, after the MOS channel is cut off, in the fast Vcg-Ic transient the current
in the depletion region consists of basically a hole current composed of the holes transported
from the MOS gate side CSR boundary. These holes in the depletion region increase the electric
field gradient in the depletion region. Following the discussion in section 1.5.3, here it can be
assumed that in the depletion region during the fast Vcg-Ic transient, dynamic avalanche is

avoided, and impact ionisation only results in insignificant changes to the current composition.

After the MOS channel is cut off, the depletion region soon becomes large enough that the
electric field in it becomes high enough to allow free holes to reach saturated drift velocities,
which soon becomes valid in the majority of the depletion region. Hence, the hole concentration
in the majority of the depletion region has a near linear relation to the IGBT /c. According to
the Gauss’s law, in 1D the electric field gradient at a certain location is related to the net charge
density. Here in the depletion region, the net charges are predominantly determined by the pos-
itive charges contributed by the N-type dopants as they lose electrons in the depletion region
and the holes in the depletion region related to the /c. As the doping profile in the N-drift region
is considered uniform, a higher /c will result in a higher hole concentration in the depletion
region which leads to a higher electric field gradient in the depletion region.

After the MOS channel is cut off, in 1D the electric field in the depletion region is first in
a near triangle distribution. The electric field gradient in the depletion region in the N-drift
region first remains basically unchanged as the /c remains at the load level until the later Ve
overshoot where the /c falls rapidly. In the fast Vcg-Ic transient, the 1D expression for the elec-
tric field gradient can be approximated by:

dE = a(Np + Psc) Equation 1.51

dx &
le Equation 1.52
Psc X uation 1.
s¢ qusat,p q

where ¢ is the elementary charge, Np is the doping concentration in the N-type depletion region,
psc 1s the hole concentration in the depletion region, s is the permittivity of the semiconductor,
and vap 1s the saturation drift velocity of the holes in the depletion region.

Here, the stray inductances in the CCL of the IGBTs are considered, in the form of a lumped
stray inductance Ls connected between the IGBT branch and the FWD branch in the CCL. The
inductive load is connected to the node between the Ls and the FWD branch. In the IGBT turn-
off, after the total Vck, VcE wi, reaches the Vpc, due to the continuing Ic the Vg o first continues
to increase and exposes the Ls to the (Vcew: — Vpc). This causes the current of the Ls, 115 = Ic
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due to the series connection, to fall which enables the load current commutation from the IGBT
branch to the FWD branch in the CCL. In an IGBT in series, despite the falling /¢, the depletion
region continues to expand towards the N FS buffer. As the /¢ falls, the hole concentration and
the electric field gradient in the depletion region decrease, and the carrier transport at the MOS
gate side CSR boundary is reduced. Consequently, the dVcg/d¢ rate will decrease from positive
to negative and return to near zero, which completes the Vcr overshoot and the main load current
commutation due to the related changes in the (Ve o — Vbc).

In IGBT turn-off under abnormal conditions, the Vcr may become high enough to force the
depletion region to punch through the N-drift region and reach the N buffer. Due to the higher
doping concentration in the N buffer, the part of the N buffer in the depletion region exhibits a
higher positive charge density, which produces an increased electric field gradient. Despite the
thin depletion region in the N buffer, the electric field at the N-drift region to N buffer boundary
is significantly increased, which elevates the electric field in the N-drift region. Therefore, the
dVce/dt rate increases, and if the depletion region reaches the N buffer while the Vg falls in the
Ve overshoot, a second Vg overshoot may appear. The Ic falling rate increases which is likely

to cause Vce-Ic oscillation.
1.5.9 Current Commutation in Inductive Turn-Off with Stray Inductance

Inductive load conditions for IGBTs are common in power electronic systems such as DC-DC
converters. The basic CCL of such inductive switching circuits is usually composed of an active
switch branch by IGBTs, an FWD branch by power diodes, and an inductive load branch con-
nected to the IGBT to FWD connection node. The discussions in this thesis assume such an
inductive CCL for the IGBT turn-off. In addition, load conditions in zero-voltage switching and
zero-current switching of IGBTs are to be considered in the future work.

For the IGBTs, stray inductances exist in the device packages and the CCL and can be
considered as a lumped stray inductance Ls. The Ls is normally considered to be a self-induct-
ance and is inductively uncoupled without magnetic saturation effects, represented by an
uncoupled air-core coil inductor. A change in its flux that is directly related to the current
through the Ls, 115, induces a back ElectroMotive Force (EMF) in the form of a voltage across
the Ls, Vis, with the I-V characteristics of Vs = Ls(dl1/df). The Vi and the 15 of the stray
inductance as a magnetically uncoupled self-inductance are passively determined by the inter-
action between itself and the external circuit. When the stray inductance is exposed to a voltage
across it, the I;5 changes at a rate that induces a Vs to counter that voltage to which the Ls is
exposed. The /5 changes passively to induce a V7, that satisfies both the KVL and the KCL.

Following the relevant discussion in section 1.5.8, during the V¢ overshoot, the Vg o first
exceeds the Vpc due to the continuous /¢, and the positive (Vcewo: — Vpe) 1s the voltage across
the Ls against the direction of the /1,, which causes the /i, to fall rapidly. As Ic = I, the Ic also
falls rapidly. Hence, as coupled by the CCL, the /¢ falling during the Vce overshoot is in re-
sponse to exposing the Ls to the (Vg — Vbpc) across it. In an IGBT in series, the Ic is related
to the electric field of the depletion region and therefore the Vg As the Ic falls, the electric
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field gradient in the depletion region and the carrier transport at the MOS gate side CSR bound-

ary are reduced. Thus, the Vcr overshoot and the main load current commutation are completed.
1.5.10 Carrier Transport and Recombination in the Tail Time

As discussed in section 1.5.9, the Ic falling during the Vce overshoot follows the /7, falling
passively as coupled by the CCL. In this stage, the ambipolar carrier transport is still predomi-
nant inside the CSR. Later as the /¢ falls, the Ic becomes comparable to the hole diffusion
current in the remaining CSR towards the depletion region. This marks the transition of the
IGBT turn-off from the fast Vcg-Ic transient to the tail time.

In the tail time, the carrier recombination and diffusion in the undepleted part of the N base
become important. The remaining excess carriers recombine and diffuse, especially for the
transport of the excess holes that is related to the tail current. In the tail time as the /c continues
to fall, in part of the N base near the P emitter, the electron concentration starts to reach the
doping level. For the holes as minority carriers in the same region, the hole concentration con-
tinues to fall below the N-type doping level, and the hole diffusion current decreases. In addition
to carrier recombination and diffusion, carrier drift provides another degree of freedom in the
carrier transport to enable the same net current in the undepleted part of the N base. The IGBT
output characteristics in the tail time are affected by the combined effects of carrier drift and
carrier diffusion under the influence of carrier recombination.

At the beginning of the tail time, in the case of an IGBT having an extended remaining
CSR, e.g. due to a thinner depletion region, the holes from the remaining CSR produce an en-
hanced diffusion current due to the additional supply of holes from the broader inner section of
the remaining hole distribution. Similarly, in the case of an IGBT having a higher carrier profile
in the remaining CSR, e.g. due to a higher P emitter doping profile, the holes from the remaining
CSR also produce an enhanced diffusion current due to the additional supply of holes from the
inner section of the remaining hole distribution of a higher concentration. In the case of higher
carrier lifetimes, in the tail time the reduction in the hole concentration in the remaining CSR
due to recombination is slower, the effect of which is similar to the previous case of a higher

hole concentration producing an enhanced diffusion current.

As the transport and recombination of the remaining holes continue, the hole concentration
falls and gradually becomes stable. Meanwhile, the /¢ falls to the leakage level while the Ve o
falls to the Vpc, and the IGBT turn-off is completed.
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Chapter 2 Application and Research Motivation for
Operating IGBTSs in Series Connection

2.1 Applications of IGBTSs in Series Connection

By the time this research was completed, commercial IGBTs were Silicon (Si) based with volt-
age classes up to 6.5 kV [59], [88]-[93], although Silicon Carbide (SiC) based IGBTs of voltage
ratings exceeding 10 kV have been reported [94]-[102]. In many IGBT based power electronic
systems that are related to HVDC technologies, the DC link voltage for the IGBT branch ex-
ceeds the maximum Vg rating of a single IGBT device to a great extent [103]-[109]. In such
cases, IGBTs are operated in series connection in different forms. In converters, two common
forms include IGBT devices in series connection and IGBT based submodules in series con-
nection. The latter are often in a half-bridge configuration with a DC capacitor. The series
connection of IGBT devices is often used in two-level or three-level converters, and the series
connection of IGBT based submodules is often used in multi-level converters such as Modular
Multi-level Converters (MMCs).

2.1.1 VSC using IGBTs in Series Connection

In late 1990s, some HVDC related VSCs used the series connection of IGBT devices to gain
high voltage handling capabilities. A representative implementation is the early HVDC Light
technologies developed by ABB, first in 1997 for evaluation and in 1999 for commercial use
[110]-[117]. The generations 1-3 of the ABB HVDC Light were based on IGBT devices in
series connection, using two-level and three-level configurations [118]. The series connection
of IGBT devices is a direct approach to support high DC link voltages. It enables the use of

simple converter circuits and less complicated control at converter circuit level.

However, two-level and three-level VSCs require PWM schemes to achieve sinusoidal out-
put, in which all the IGBT devices in series connection in a half-leg are switched simultaneously
as a single switch. This produces high switching losses and high dV/d¢ rates that cause harmonic
and ElectroMagnetic Compatibility (EMC) issues. Filters are required as a result, which in-
creases the total cost and the operating losses of the converter.

The voltage sharing between the series-connected IGBT devices needs to be controlled in
the turn-off, the off-state, and the turn-on. This is to prevent over-voltage breakdown and to
achieve similar thermal stresses on each IGBT device. However, achieving evenly distributed
voltage sharing between the series-connected IGBT devices in real time with low switching
losses presents various challenges.

2.1.2 Hybrid Circuit Breaker for MMCs

In 2003, the MMC concept was first introduced [119], [120]. The first commercial implemen-
tation of the MMC for HVDC was by Siemens in 2010 [117], [121]-[123]. An MMC consists
of several IGBT based submodules in series connection. A typical submodule uses a half-bridge
configuration rather than an H-bridge configuration. By the time this research was completed,
all commercial MMC installations for HVDC were based on half-bridge submodules [117].
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This is to reduce the number of IGBTSs for saving both conduction losses and costs. A typical

submodule consists of two switches by IGBTs with anti-parallel FWDs and one capacitor.

The MMC improves upon the VSC using series-connected IGBT devices in several key
aspects. With the assistance from the capacitors in the MMC submodules, the real-time voltage
sharing issues between the series-connected IGBT devices in the VSCs are significantly miti-
gated. In nature, an MMC converts the regulation of the Vg sharing between series-connected
IGBTs into the regulation of the voltage sharing between the capacitors in the submodules. The
scaling of the MMC for higher DC voltages is easier due to the modularised design.

In a typical MMC, only one submodule is switched at a time. At the same DC voltage, the
total number of switching events of the IGBTSs can be reduced compared with VSCs using IGBT
devices in series connection. The switching losses and the harmonics are also reduced. For an
MMC at a certain DC voltage, as the number of submodules increases, the harmonics and the
requirements for filters are reduced, which reduces the operating losses [124]. A representative
implementation of the MMC for HVDC is the HVDC PLUS by Siemens [105], [123].

However, MMCs are also subject to challenges in operation. The half-bridge submodule
configuration only has partial active control of its capacitor voltage. A typical MMC based
HVDC system requires 300-400 two-level submodules to support grid level DC voltages. Reg-
ulating the voltage sharing between such a large number of submodule capacitors in real-time
operation is complicated and imposes significant challenges to the central controller, the meas-
urement system, and the communication system [124], [125]. The absence of filters would
require a large and bulky capacitor in each submodule [124], [126].

Also, the half-bridge submodule configuration is unable to produce a negative output volt-
age. In the event of a DC side short circuit fault, the anti-parallel FWDs of the IGBTs in the
submodules will form a current path for the DC fault current. Due to the passive nature of di-
odes, this DC fault current path is uncontrollable by the half-bridge submodules. Due to the
response delay, preferably the DC fault current needs to be limited using a DC side circuit
breaker rather than an AC side circuit breaker [124], [126]-[129].

Conventional mechanical circuit breakers are not ideal for the use in modern HVDC sys-
tems, especially under inductive load conditions, due to arcing and response time issues [130].
In such a situation, the use of power semiconductor devices in DC circuit breakers is attractive,
specifically, the use of power semiconductor devices alongside mechanical circuit breakers. The
resulting circuit breakers are referred to as Hybrid Circuit Breakers (HCBs) [130], [131], in
which fully controllable power semiconductor devices are connected in series to provide high
blocking voltages. IGBTs are favourable for HCBs [130], [132]-[138]. The use of IGBTs as
voltage-controlled devices enables easier implementation of control schemes for regulating the
voltage sharing. A schematic circuit diagram of an HCB for HVDC using IGBTs in series con-
nection for the main breaker and the Load Commutation Switch (LCS) is shown in Figure 2.1
[135]. An HCB cell for HVDC with four HCB stacks is illustrated in Figure 2.2 [139].
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Figure 2.1: Schematic diagram of an HCB circuit for HVDC using IGBTs in series connection [135].

Schematic diagram of an HCB cell removed for copyright reasons. Copyright
holder is ABB.

Figure 2.2: An HCB cell for HVDC with four HCB stacks [139].

The voltage sharing between the series-connected IGBTs is important for an IGBT based
HCB [138]-[140]. Although not directly applied to MMC:s, the use of IGBTs in series connec-
tion is still involved in the protection of MMC:s.

2.1.3 Director Switch in Alternate Arm Converters

The half-bridge submodules in MMC:s are vulnerable against DC side short circuit faults. New
converter topologies are developed to solve this issue [141]-[143]. One of the approaches is the
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Figure 2.3: Schematic diagram of the circuit topology of the AAC [145].
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Alternate Arm Converter (AAC) developed by Alstom Grid in conjunction with Imperial Col-
lege, with the commercial name of HVDC MaxSine [124], [142], [144].

The AAC is an integration of the key concepts of MMCs and two-level VSCs [124], [142].
The schematic diagram of the AAC circuit topology is shown in Figure 2.3 [145]. Each phase
of the AAC has two arms, and each arm is composed of a stack of series-connected H-bridge
cells, which resembles the concept of MMC:s. In series with those H-bridge cells is a director
switch, which resembles the concept of two-level VSCs, and a small arm inductor [124]. The
director switch controls the conducting period of the arm. Such an integration of series-con-

nected H-bridge cells and a director switch is capable of controlling the current in the event of
a DC side short circuit fault and supporting the AC side using a STATCOM mode [124].

The director switch is composed of a large number of series-connected IGBTs to provide a
high voltage rating, e.g. 2Vpc/n [124]. Evenly distributed voltage sharing between the series-
connected IGBTs in the director switches is preferable for reliable operation of the AAC.

2.1.4 Cascaded Two-Level Converter

ABB uses a hybrid variant of the MMC concept named Cascaded Two-Level (CTL) converter
in the generation 4 of its HVDC Light [117], [118], [146], which is the most recently published
by the time this research was completed. The circuit topology of the CTL converter resembles
that of the original MMC by cascading submodules in series, but each active switch in the sub-
module consists of IGBTs in series connection, 8 IGBTSs in series as reported in [117], [146].
The schematic diagram of the layout of the ABB Troll A 3 & 4 HVDC Light project is shown
in Figure 2.4. The schematic diagram of the circuit topology for one phase of the CTL converter
is shown in Figure 2.5. A double IGBT cell and a module of IGBTs in series connection as
indicated in Figure 2.5 are shown in Figure 2.6 (a) and (b), respectively [118].

In the CTL converter, the use of series-connected IGBTs as a single switch in a submodule
significantly increases the voltage rating of a submodules compared with the use of a single
IGBT as a single switch in the original MMC. The increase in the voltage rating of a single
submodule significantly reduces the number of submodules required to support a certain DC
bus voltage. For example, using a CTL converter to support a+320 kV DC bus voltage, typically
only 38 submodules are required in each arm [146], whereas using the original MMC concept

Schematic diagram of the layout of the ABB Troll A 3 &
4 HVDC Light project removed for copyright reasons.
Copyright holder is ABB.

Figure 2.4: Schematic diagram of the layout of the ABB Troll A 3 & 4 HVDC Light project [118].
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Schematic diagram of the CTL converter circuit topology of one phase in ABB HVDC
Light generation 4 removed for copyright reasons. Copyright holder is ABB.

Figure 2.5: Schematic diagram of the CTL converter circuit topology of one phase in ABB HVDC Light genera-
tion 4 [118].

Photo of a double IGBT cell removed for
copyright reasons. Copyright holder is
ABB.
Photo of a module of IGBTSs in series connection
removed for copyright reasons. Copyright holder
is ABB.
(a) (b)

Figure 2.6: (a) a double IGBT cell, and (b) a module of IGBTs in series connection in the CTL converter as indi-
cated in Figure 2.5 [118].

the number of submodules required is 304 because of the 1:8 IGBT device ratio in a single

switch due to the use of series connection.

The control complexity of the CTL converter is distributed to an upper level control, refer-
ring to the circuit level control, and a lower level control, referring to the submodule level
control. In the CTL converter, the considerable reduction in the number of submodule capaci-
tors to be controlled can significantly reduce the complexity of the circuit level control [117],
including the control algorithm, the required computing resources, and the measurement and
the communication systems for the submodules.

As the number of submodules is reduced, the number of output voltage levels is reduced.
As a result, the harmonic performance of the CTL converter is inferior to that of the original
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MMC at the same DC bus voltage, but the CTL converter still remains satisfactory to operate
without AC filters [146].

In the CTL converter, the operation of IGBTs in series connection in the submodules is of
critical importance. The performance, the reliability, and the efficiency of the CTL converter
all depend on the operation of IGBTs in series connection.

2.2 Review of Methods for Improving the Vce Sharing

Achieving evenly distributed voltage sharing between IGBTs in series connection without ap-
plying additional control would require identical IGBT devices and their individual operating
conditions, such as gate drives, parasitic and stray parameters, and snubbers if used. However,
in practice, these conditions can hardly be fulfilled. IGBT devices of the same model are usually
subject to variations in the physical parameters of the IGBT chips and packages which cause
differences in the switching characteristics. And so are IGBT gate drives and other circuit pa-
rameters for the IGBTs in series that also affect the switching behaviours of the IGBTs. These
variations and differences combined cause different switching behaviours between the IGBTs

and result in divergence in the voltage sharing between the IGBTs in series during turn-off.

Many methods have been developed to improve the turn-off voltage sharing of IGBTs in
series connection. These methods include load side control methods and active gate control
methods, depending on whether the intervention for the voltage sharing is applied via IGBT
gate control. A few representative methods are summarised here.

2.2.1 Load Side Control Methods

The load side control methods here refer to the voltage sharing control methods that apply in-
tervention without using the IGBT gate. This type of methods usually involves the use of
snubber circuits and may be assisted by feedback control. The IGBT gate drives perform un-
controlled switching regardless of the Vce.

Many load side control methods have been developed [147]-[151], and a few representa-
tive load side control methods are summarised here. Most of the load side control methods are
based on Resistor-Capacitor-Diode (RCD) configurations that in nature use capacitors to reduce
the relative differences in the IGBT switching characteristics, so that their influence on the volt-
age sharing can be reduced.

2.2.1.1 Basic RCD Snubber

Resistor-Capacitor-Diode (RCD) snubbers connected in parallel to the IGBTs in series is a sim-
ple method to mitigate the voltage divergence between the IGBTs in series, [147]. As shown in
Figure 2.7, a basic RCD snubber for this purpose usually consists of a resistor of a high value,
Rsvr, for the voltage sharing in an IGBT off-state and an RCD circuit, by Rpyr, Crr and Dy,
for the voltage sharing during IGBT switching.

The choice of the Rsyr value is related to the off-state C-E resistance of the IGBT in series
connection, Rckof;, by Rsyr = 0.1RcE o as suggested in [147]. For an IGBT, with a Rsyr in par-
allel, the influence of the Rck o5 on the overall off-state resistance of the IGBT and the RCD
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Figure 2.7: A voltage sharing control method using basic RCD snubbers [147].

snubber is reduced. Therefore, using Rsyr of high precision, the influence of the differences in
the Rck o of the IGBT in series connection on the off-state Vcr sharing is reduced.

The capacitor Cyr is designed to be comparable with the average output capacitance of the
IGBT in series during switching. Therefore, the influence of the dynamic differences in the
output capacitance of the IGBT in series on the Vg sharing during switching is reduced.

During IGBT turn-off, the Cyr is charged mainly through the diode Dyz as the Vce rises.
The Dyr is designed to enable fast charging of the Cyz by providing a low resistance path for
the charging current. The low resistance charging for the Cyz provides a voltage sharing control
effect as the Vcr increases rapidly during IGBT turn-off, where voltage sharing control is re-
quired for the IGBTsS in series.

During IGBT turn-on, the Cyr is discharged through the resistor Rpyr as the Vg falls. The
Rpyr needs to be carefully chosen to prevent an excessive discharging current flowing from the
Cyr to the IGBT, while allowing adequate discharging of the Cyz during IGBT turn-on to main-
tain some voltage sharing control effect for the IGBT turn-on [147].

The choice of the Cyr needs to consider the trade-off between the voltage sharing control
effects and reducing the extra switching losses. Compared with the output capacitance of the
IGBT during switching, the Cyz should be adequate to significantly reduce the dynamic differ-
ences in the output capacitance of the IGBT in series. However, if the Cyz is too high, the
dVce/dt rate will be excessively reduced, which leads to high switching losses. Hence, the choice
of the Cyr depends on the characteristics of the IGBTs in series, the load conditions, and the
limits on the switching losses.

The basic RCD snubber method only requires the use of passive components and is simple
to implement. However, the extra losses caused by the RCD snubbers need to be considered. In
an IGBT switching cycle, the Cyr that is comparable to the IGBT output capacitance is charged
to the IGBT off-state Vcr during turn-off and is discharged during turn-on. During IGBT turn-
off, as the Cyr uses a part of the load current of the IGBT branch as its charging current, the
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IGBT turn-off dVcg/dt rate is reduced, which increases the total turn-off losses of the IGBT
branch. During IGBT turn-on, as the discharging of the Cyz is through the Rpyr which is lossy
in nature, the RCD snubber itself causes extra losses. Preferably, the extra losses caused by the
RCD snubbers should be reduced or recycled.

2.2.1.2 Biased RCD Snubber

In the use of the basic RCD snubber, part of the extra losses is due to the energy exchange of
the Cyr via a lossy path, as the Cyr is charged to the IGBT off-state Vcr and fully discharged
via the Rpyr during an IGBT switching cycle. A method that mitigates this issue is biased RCD
snubbers, which reduce the use of the Cyr to partial charging and discharging to reduce the extra
losses [150]. Figure 2.8 shows two original implementations with static voltage sharing resistors

omitted from the work reported in [150].

In both cases shown in Figure 2.8, during an IGBT on-state, the capacitors C; to Cy are
effectively connected to the Vzsr through the respective Rr; to Rrn, Lrst, and either the respec-
tive reset switches Si to Sy when turned on in Figure 2.8 (a) or the respective reset diodes Dri
to Drn in Figure 2.8 (b). During IGBT turn-on and the following on-state, any of the C; to Cy
that has a voltage higher than the Vzsr will be discharge to the Vzsr.

In Figure 2.8 (a) the reset switches are implemented by thyristors. They can be replaced by
other active power devices such as IGBTs. The Rr; to Rry and the Lgsr affect the reset current.
The Rr; to Rryv and the Lrsr of smaller values can shorten the reset period but increase the peak
reset current. The Rg; to Rgy and the Lgsr should maintain the reset switches or diodes within
their respective SOAs, especially for the S; or the Dri where the reset currents converge.

At IGBT turn-off assuming successful reset, after the Ve of an IGBT Q; reaches the Visr,
the Dc; is on and the C; is effectively connected in parallel to the IGBT Q;. The C; is charged
with the IGBT Q; and provides voltage sharing control effects for the IGBT Q;, similar to the
Crr in the basic RCD snubber.

J o J ¥ Den

D

Vrst

. © 2007 IEEE
(a) (b)
Figure 2.8: A voltage sharing control method using biased RCD snubbers by (a) reset switches and (b) reset di-
odes with static voltage sharing resistors omitted [150].
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The biased RCD snubber method causes reduced extra switching losses compared with the
basic RCD snubber method, due to the limited lossy discharging of the snubber capacitors to
the Vrsr. The extra switching losses are lower at a higher Vzsr. The demonstration in [150] set
the Vrsr to Vpc/N, referring to Figure 2.8, the average off-state IGBT Vcg. In this case, fast
dVce/dt rates are preserved in the majority of the Vg rising.

Nevertheless, for IGBT turn-off the Vce range in which the voltage sharing control is ef-
fective is limited, as the snubber capacitors can only be charged after the V¢ reaches the Vgsr.
Also, this method has limited voltage sharing control effects for IGBT turn-on, as the capacitor
voltage can only be discharged to the Vzsr. Although the changes in the snubber capacitor volt-
age are reduced, the discharging of the snubber capacitors is still through the lossy reset
resistors. The trade-off between the voltage sharing control effects and reducing the extra
switching losses remains similar to that of the basic RCD method.

2.2.1.3 Snubber with An Energy Recovery Circuit

A common drawback of the prior RCD based methods is the extra switching losses related to
the voltage sharing control effects. Strong voltage sharing control effects require a high value
and substantial use of the snubber capacitor. In addition to the extra switching losses related to
the reduction in the IGBT dVcg/dt rates during switching, other extra losses are caused due to
the lack of energy recovery for the discharging of the snubber capacitor during IGBT turn-on.
A representative solution for this issue is an active snubber energy recovery circuit that is ef-
fective at both IGBT turn-off and turn-on [151].

The active snubber energy recovery circuit in [151] consists of a capacitor C/ for IGBT
turn-off and L/ for IGBT turn-on as snubber components, Figure 2.9 [151]. The prior lossy
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Figure 2.9: A voltage sharing control method using an active snubber energy recovery circuit [151].
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discharging resistor in an RCD snubber is replaced with a boost circuit, which is capable of
recycling the stored energy in the L/ and the C! using the capacitor Cps.

Referring to Figure 2.9, at IGBT turn-off, the C/ is first charged through the current path
of CI-DI-L1 and provides voltage sharing control effects for the IGBT T'/. After the Vcr of the
IGBT T1 reaches (Viv + Vcsmps), the D3 turns on, diverting the current path through L/ to LI-
Csmps-D3. The energy stored in the L/ from the IGBT on-state is then transferred to the Cgpps
until the /;; reaches zero and the energy recycling for the L/ is completed.

AtIGBT turn-on, the C/ is first discharged through the current path of C1-T1-L1-Cgpps-L2-
D2, and the L1 is charged and reduces the current overshoot of the IGBT 7. In this process,
the stored energy in the C/ from the IGBT off-state is transferred to the Cgumps, While the 1;;
remains above the load current level. This indicates that compared with the on-state values,
excess energy exists in both the L/ and the L2. When the CI is fully discharged, the excess
energy in the L/ and the L2 is transferred to the Cgups through the current path of L7-Cpps-L2-
D2-D1. When the I1; returns to the load level and the /7> returns to zero, the energy recycling
for the C/ is completed.

The recycled energy stored in the Cspyps 1s recovered to the load side during an IGBT off-
state, using the boost circuit with the Leups, Tsmps and Dgmps in discontinuous mode. The Tiyps 1S
first turned on, discharging the Cgmps to the Lgups through the path of Copps-Lsmps-Tsmps, Which
transfers the recycled energy from the Cgpps to the Lgups. When the Cgyps 1s discharged to a preset
level, the Ty is turned off, discharging the Ly to the load side through the path of Lgnps-
Dymps. In this process, the stored energy in the Lgups is transferred to the load side. When the
Lgmps 1s fully discharged, the energy recovery process is completed.

This energy recovery circuit significantly reduces the extra switching losses caused by the
snubber circuit, which is a major improvement on a basic RCD based snubber circuit. This
advantage enables the use of large snubber capacitors that are capable of providing strong volt-
age sharing control effects without causing excessive losses in the snubber. The stored energy
in the Cymps 1n the energy recovery circuit is also capable of providing self-powering for the gate
drives and supporting the DC link voltage in certain cases [151].

However, the energy recovery circuit is unable to solve the reduction in the IGBT switching
speed due to the energy storage components in the snubber circuit. For the IGBT, the reduced
dVce/dt rate and d/c/dt rate increase the switching losses.

RCD snubbers are useful in many ways, especially for reducing the Vcr overshoot in a CCL
with a high stray inductance. For the control of the Vg sharing between IGBTs in series con-
nection, the RCD snubber is effective but not preferable considering that the snubber capacitor
would reduce the IGBT switching speed and increase the switching losses of the IGBTs. Hence,
other V¢ sharing control methods via IGBT gate control are attractive.

2.2.2 Active Gate Control Methods

Most active gate control methods, also referred to as gate side methods, use feedback control
that responds to the divergence in the Vce sharing of IGBTs in series connection. Voltage

40



Chapter 2 — 2.2

regulation effects are achieved by controlling the IGBT Vge. The Ve divergence is measured,

processed, and converted into intervention applied via IGBT gate control in various forms.

Compared with load side control methods, active gate control methods cause less reduction
in IGBT switching speed and less extra switching losses. Many active gate control methods are
developed, [152]-[186]. A few representative active gate control methods are summarised here.

2.2.2.1 Miller Effect Methods

The consistency of the Ve timings in each IGBT switching stage between IGBTs in series
connection is important for achieving evenly distributed Ve sharing. However, in practice it is
challenging to achieve that consistency of a high level due to the differences in IGBT parameters
and gate drives. Adjustments during the Miller effect stage in IGBT turn-off can improve the
Ve sharing caused by poor timing consistency in the IGBT Vge. The methods in [152], [153]
use different approaches to apply interventions during the Miller effect stage in IGBT turn-off.
It is noteworthy that the methods in [152], [153] refer to an early stage in IGBT development
in which IGBTs are turned off in a manner related to charging the Miller capacitance. This is
similar to power MOSFET turn-off and is different from the later fast IGBT turn-off with low
gate resistance.

The method in [152] is an implementation of the Miller effect method using snubber ca-
pacitors, Figure 2.10 [152]. The MOSFETs S1 and S2 are on in an IGBT on-state and are turned
off immediately before the following IGBT turn-off. Capacitive snubber effects are applied to
the IGBT gate-collector terminals during the Miller effect stage and is removed by turning on
the S1 and S2 when all the IGBTs in series reach the fast Vg rising stage. By increasing the
equivalent Ccc (Miller capacitance) of any IGBT that reaches the fast Vcg rising stage early, the
difference in the turn-off timing at the start of the fast Vg rising is reduced. With the improved
consistency of the start of the fast Vg rising between the IGBTSs, the voltage divergence during
the turn-off can be reduced.

The method in [152] enables the use of smaller snubber capacitances that reduces snubber
losses compared with those of basic RCD methods. However, this method is less effective when
using low IGBT gate resistance for fast IGBT turn-off when the MOS channel is cut off early
in the fast Vce rising. The snubber capacitor in a basic RCD configuration still affects the
dVcg/dt rates and the IGBT switching losses.
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Figure 2.10: A voltage regulation method based on the Miller effect by snubber capacitors [152].
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Figure 2.11: A voltage regulation method based on the Miller effect by gate current injection [153].

The method in [153] injects a current pulse to the gate terminal of a faster IGBT in terms
of entering the Miller effect stage, Figure 2.11 [153]. This is to extend the Miller effect stage in
the faster IGBT to improve the timing consistency of the fast Vcr rising. Once the voltage di-
vergence is detected, a pre-charged capacitor is connected to the gate terminal of the faster

IGBT which injects a current pulse to extend the Miller effect stage.

This method does not have a significant influence on the dVcx/dt or the d/c/d¢ during IGBT
turn-off, and therefore does not have an obvious influence on IGBT switching losses. However,
this method is also less effective when using low IGBT gate resistance for fast IGBT turn-off
when the MOS channel is cut off early in the fast Ve rising. Also, as the number of IGBTs in
series increases, the control of the pre-charged capacitors for injecting the current pulse be-
comes more complicated in terms of determining the required profile of the individual current
pulses for the IGBTs to achieve an evenly distributed Vcg sharing.

2.2.2.2 Gate Signal Timing Methods

IGBTs and gate drives are usually subject to parameter variations and control errors that lead to
poor consistency of switching behaviours which results in divergence in the voltage sharing.
Static and quasi-static differences between IGBTs and gate drives can be compensated for by
adjusting the relative delays between IGBT driving signals using feedback control. The re-
searches in [154], [161], [167], [168] presents a few representative gate signal timing methods.

The method in [154] uses separate delay times for turn-on and turn-off gate signals set by
a transient balancing controller to control the Vg sharing during IGBT switching, Figure 2.12
(a) [154]. In [154], the transient balancing controller is designed to be a time-discrete controller
that is synchronised to central control signals. It compares the average Vce to the individual Vce
of each IGBT to determine the delay times to be applied in the upcoming IGBT switching event.

This method is effective to compensate for the imbalance in the Vg sharing caused by
static and quasi-static differences in the IGBT and their gate drives, regardless of the specific
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Figure 2.12: A voltage regulation method using (a) a transient balancing controller and (b) a static balancing
controller [154].

types of differences. However, as it uses the measurements in the previous switching event to
determine the upcoming delay settings, this method is less effective against the real-time dif-
ferences that are less predictable in each switching cycle.

In practice, the turn-off delay settings required to achieve evenly distributed Vg sharing in
the turn-off are likely to compromise the Vcg sharing in the following off-state, and vice versa.
In this case, adjustments to the turn-off delay settings are unable to regulate the Vg sharing
during both the turn-off and the following off-state. In [154], another static balancing controller
for the off-state Vce sharing is used to apply the Vg sharing regulation by adjusting the gate
driving voltage, Figure 2.12 (b) [154]. Similar to the previous Miller effect methods, the calcu-
lation of the turn-off delay and the gate driving voltage settings becomes more increasingly

complicated as the number of IGBTs in series rises.

The delays from the central switching instruction signal to the outputs of gate drives are
difficult to match closely between the IGBTs in series. This is partially due to the timing varia-
tions in the signal acquisition in the gate drive, and partially due to the parameter variations in
the gate driving stage in the gate drive. These variations affect the consistency of the switching
behaviours between the IGBTs in series, which can cause divergence in the Vcg sharing.

The timing variation is balanced in [161] by magnetically coupling all the IGBT gate wires
with 1:1 ratio cores, Figure 2.13 [161]. Even with poor timing consistency between different
gate drives, the coupling cores are capable of providing closely matched gate currents for the
IGBTs. Therefore, the consistency of the IGBT gate currents is improved. This method does
not require measurement or comparison of all the IGBT Vg for the calculation of control set-
tings. Hence, this method has an advantage in scaling up in terms of the number of IGBTs in
series. Also, this method does not cause significant increases in IGBT switching losses.
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Figure 2.13: A voltage regulation method based on gate current synchronisation using magnetic coupling [161].
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This method enforces synchronisation of all the IGBT gate currents. The Vg sharing during
IGBT switching can be improved when the dynamic IGBT characteristics during switching are
closely matched. However, this can be challenging in practice, especially when using low gate
resistance for fast IGBT turn-off. IGBTs are usually subject to parameter variations, which re-
quire different gate current profiles to achieve evenly distributed Vg sharing. This is difficult
with enforced synchronisation of the IGBT gate currents.

The method in [167] uses status feedback to adjust the switching signal timings for IGBT
gate drives, Figure 2.14 [167]. The status feedback circuit responses to the Ve difference in the
off-state between the IGBTs in series, Figure 2.14 (a), and the microcontroller generates appro-
priate switching signal timings for the IGBT gate drives to regulate the voltage sharing in the
following off-state, Figure 2.14 (b). In [168], an universal control scheme is used to extend the
use of the method in [167] to multiple IGBTs in series, Figure 2.15 [168]. This extended control
scheme is enabled by the use of a high-speed FPGA processor to compute appropriate switching
signal timings for all the IGBT gate drives.

Aty

Two series | IStatus feedback'%
connected IGBTs circuit
AC,

P L UL D TID I IS D D GED D D D D G S e r U na——-
I 'II &V, Ry g |
I Cy clamp?2 .|| | |
I | | Output
I s Optic-T | | I | e
v, | | ,g) 7 | =

: | | = = Gate driver | "
I | I()pric-R l g t{l+A’c delay
I ! : § fa
| | : | 3| fy+At, | Gate driver "
I L = delay
[ teiokt 1.}, CmPaioghihol | Miommtie = G

(a) © 2015 IEEE (b)

Figure 2.14: A voltage regulation method based on gate timing control using status feedback: (a) the status feed-
back circuit, and (b) the feedback control loop [167].
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The method in [167] and its extended universal control scheme in [168] are practical and
useful for scaling up the number of IGBTs in series due to the feedback control loop and the
control algorithm that provide robust computing of switching signal timings for multiple IGBT
gate drives. However, the regulation of the off-state Vce sharing is likely to cause divergence in
the voltage sharing in the turn-off transient prior to the off-state, which leads to differences in
the turn-off losses. This is a general dilemma of the gate signal timing methods. Voltage sharing
regulation at IGBT device level are attractive for the voltage sharing in the IGBT turn-off and
the following off-state and turn-on in one IGBT switching cycle.

2.2.2.3 Gate Compensation and Active Zener Clamping

Gate compensation using a RC network [157] and Vg clamping using Zener diodes [158] are
methods to apply active IGBT Vge control for Vg sharing regulation. The method in [157] uses
a RC network to regulate the V¢ sharing, Figure 2.16 [157]. In this method, the R; and R are
designed for static voltage sharing. The C, is designed to be considerably higher than the Cj,
about 10 times in [157], and is assumed to be relatively stable at approximately the average off-
state IGBT Vce. Due to the high C./Cp ratio, at IGBT turn-on a small discharging of the Cq
discharges the Cp to the opposite voltage of the C..

During IGBT turn-off, the voltage of the Cj rises with the IGBT Vce. In series connection
if the IGBT VcE exceeds the voltage of the C,, the voltage of the C, becomes positive and
charges the IGBT Vg through the diode D to reduce the IGBT V. This mechanism is also
applicable to the IGBT turn-on.

In terms of Vcg regulation for IGBTs in series, this method is effective for clamping the
overvoltage of the Ve and is simple to implement. However, the dynamic voltage regulation
for IGBT switching is not included in this method.

The method in [158] uses multi-stage Ve regulation that combines Zener diode clamping
with gate dVce/d¢ regulation by an external Cgc, Figure 2.17 [158]. In IGBT turn-off, before the
IGBT Ve reaches the Zener clamping voltage of the Z;, the clamping circuit is essentially in-
active despite a negligible charging current for the parasitic capacitance of the Z;. This enables
a high dVcg/dt rate for low turn-off losses.

In the turn-off, an IGBT with a higher Vcg reaches Zener clamping of the Z; earlier. After
the Z; reaches Zener clamping as the Vcr increases, the C; effectively increases the total Coc of
the IGBT, which is designed to reduce the dVcg/dt rate. The reduced dVcg/dt rate of this IGBT
mitigates the divergence in the Vce sharing as an IGBT with a lower Vg still has a higher
dVce/dt rate before reaching Zener clamping of the Z; at a later time. If the Ve continues to

Gate Drive Circuit

© 2001 IEEE
Figure 2.16: A voltage regulation method based on gate compensation using a RC network [157].
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Figure 2.17: A voltage regulation method based on Zener clamping and gate compensation [158].

increase and both the Z; and the Z> reach Zener clamping, the IGBT gate will be charged and
give rise to active V¢ clamping. The Vg will be limited to a preset level determined by the
combined Zener clamping voltages of the Z; and the Z>. Therefore, the Vcr sharing in the turn-
off is improved. In the IGBT off-state, the Z; is still under Zener clamping. The circuit of D;-
Ri-R>-Z1-R2-T> functions as a resistive potential divider in parallel to the IGBT to improve the
Vce sharing in the IGBT off-state.

This method combines partial Vcg regulation in IGBT turn-off with active Ve clamping.
In IGBT turn-on, the active Vce clamping can limits the overvoltage. Besides some extra turn-
off losses due to the partially reduced d¥ce/d¢ in IGBT turn-off, this active clamping circuit also
lacks adequate voltage regulation for IGBT turn-on.

The method in [166] integrates the key concepts of the multi-stage Vcr regulation and the
active Ve clamping in [158] with additional dVcg/df regulation, Figure 2.18 [166]. Except for
the R;-C;, the mechanisms of essentially the same Vg regulation and active Ve clamping cir-
cuity in Figure 2.18 will not be repeated here. In [166], the R;-C; functions as a RC snubber for
the Zener clamping circuit, and is designed to effectively increase the total Coc of the IGBT for
additional dVce/dt regulation. This additional dVce/d¢ regulation without limited by Zener
clamping is effective for both IGBT turn-off and turn-on.

Zener diodes based active Ve clamping and external Cgce based dVcg/dt regulation are
simple to implement but require the assistance of static Vceg sharing resistors. Such a
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Figure 2.18: A voltage regulation method based on Zener clamping and d V¢g/d¢ regulation [166].
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combination as in [166] reduces the dynamic V¢ divergence but cannot eliminate it. The Zener
clamping is preset at a fixed voltage level and is less adaptive. The dVcg/d¢f regulation by an
external Cgc can reduce the dVcg/dt rates during IGBT switching and cause additional switching
losses. It can also be difficult to apply this Csc based dVcg/dt regulation to fast IGBT turn-off
using low gate resistance, in which the MOS channel is cut off early, as the Vcr may oscillate.

2.2.2.4 Active Gate Control — Vce Clamping

Active gate control using operational amplifier (op-amp) based Ve feedback control loop is
capable of various control functions. The researches in [155], [156], [162] uses such active gate
control to clamp the maximum Vcg during IGBT switching. The measured and scaled Ve as a
Vce feedback signal is compared with a Vg reference signal. When the Ve feedback signal
exceeds the Vg reference signal, the Ve feedback control loop raises the gate driving voltage
and charges the IGBT gate to mitigate the rising of the Vg and clamp the Vcg. With a well-
designed V¢ feedback controller, the maximum Vg can be clamped to a preset value.

The implementations of active gate control for Ve clamping are different in [155], [156],
[162]. In[155], an overvoltage control is applied at the gate driving stage to clamp the maximum
IGBT Vce, Figure 2.19 [155]. When the Vg feedback signal exceeds the Ver reference signal,
the error signal is processed to raise the gate driving voltage and charge the IGBT gate to clamp

the maximum Vce.

In [156], a separate gate driving circuit is used for Vcr feedback control, Figure 2.20 [156].
The Vce feedback signal, Vcep, i1s compared with the Ve reference signal Vier. In the normal
mode where the Vg is below the clamping level, the TR3 and the TR4 are off while the TRS is
on. The TR1 and the TR2 are used to drive the IGBT gate normally. In the clamping mode
where the Ve exceeds the clamping level, the TRS is turned off which turns off the TR2, and
the TR4 is turned on which turns on the TR3. Thus, the TR4 charges the IGBT gate through
RG2 to clamp the overvoltage.

In [162], the IGBT Ve is converted into a Vg reference for Vg clamping, which is com-
pared with another Vg reference for switching by a selector circuit, and the higher one is
selected and fed into a Ve control circuit, Figure 2.21 (a) [162]. The selected Ver reference is
compared with the measured Ve and the error signal is processed to drive two current sources
to charge or discharge the IGBT gate, Figure 2.21 (b) [162]. In addition, a dVcg/dt feedback
loop is applied via the current source for charging the IGBT gate to adjust the dVcg/dt rate.
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Figure 2.19: A voltage regulation method based on active gate control for over Veg clamping [155].
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Figure 2.20: A voltage regulation method based on active gate control for V¢r clamping using a separate gate
driving circuit [156].
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Figure 2.21: A voltage regulation method based on active gate control for Vg clamping using (a) Vg reference
selection and (b) feedback control for Vge [162].

The Vce clamping using active gate control can be more adaptive compared with the afore-
mentioned active Zener clamping. In terms of the Ve sharing regulation, the simple Vg
clamping is a basic use of the active gate control. A well-designed Vg reference signal for the
active gate control can extend the V¢g sharing regulation to IGBT switching.

2.2.2.5 Active Gate Control — Primary-Replica Method

The method in [160] uses primary-replica control capable of adaptive Vcr sharing regulation
for IGBT switching, Figure 2.22 [160]. It uses feedback control to drive “replica” IGBTs to
follow the Vg trajectory of a “primary” IGBT that performs uncontrolled switching. The Ve
of the “primary” IGBT is measured, scaled, and fed into the controller for a “replica” IGBT, in
which the processed “primary” Ve as the Vg reference signal is compared with the measured
and scaled Vg of the “replica” IGBT as the Ve feedback signal. The error signal is processed
through the control circuit to control an auxiliary current source gate drive circuit in the “rep-
lica” IGBT controller to adjust the IGBT gate current so as to mitigate the Vce divergence.
Using feedback control with a processed Vck trajectory as the Ver reference signal enables the
IGBTs in series to achieve closely matched Vg trajectories.
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Figure 2.22: A voltage regulation method based on active primary-replica gate control [160].

This primary-replica method essentially uses a differential Vcr sharing regulation strategy,
which is adaptive to changes in the dVcg/df rate during switching. The auxiliary current source
gate drive circuit is adaptive to the changes in the Ve during switching due to changes in the
Ic or parameter variations in the IGBT gate oxide. This method is more effective when the
IGBTs are switched through the Ve controlled active region where the Vcg can be controlled
by charging or discharging the Cgc.

Propagation delays exist in the feedback control circuit and the gate driving stage, which
are subject to variations caused by differences in the circuit and component parameters. The
variations in the propagation delays and the variations in the IGBT parameters can cause an
initial divergence in the Vg sharing in a switching event, which is more difficult to mitigate in
fast IGBT switching of high dVce/dt rates where the propagation delays are no longer negligible.
The “primary” IGBT needs to be carefully chosen to reduce this type of Ve divergence due to
lack of a preconditioning stage in the primary-replica method here. An actively generated Ve
reference signal can include a preconditioning stage capable of mitigating the respective initial
differences between the IGBTs and the control circuits to reduce that type of initial Ve diver-
gence and improve the Ve sharing later in a switching event.

2.2.2.6 Active Voltage Control

Vce feedback control based on actively generated Vce reference signal s is capable of more
control functions, such as preconditioning IGBTs and control circuits before a switching event.
Many researches have focused on the use of Vg feedback control based on actively generated
Vce reference signals, often referred to as Active Voltage Control (AVC), on regulating the Ve
sharing, [169]-[186].

The basic Vcr feedback control loop in the AVC based methods, Figure 2.23 [172], is sim-
ilar in the general form to those in the aforementioned active gate control methods. As shown
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Figure 2.23: A voltage regulation method based on basic AVC [172].

in Figure 2.23, the Vcr is measured and scaled down to signal processing level by a potential
divider network a. The scaled Vcr as the Ve feedback signal and the actively generated Ve
reference input signal are compared and the error signal is processed in the controller A(s). The
output of the A(s) drives the IGBT gate, often via a driving stage. The Ve reference signal,
which often consists of a few stages based on the IGBT characteristics and the circuit condi-

tions, can be generated actively by a signal generator, e.g. an FPGA processor.

In [169]-[172], ramp signals are used in the VcE reference signals to regulate the dVeg/dt
rates in the entire ([169], [171]) or the majority ([170], [172]) of the main V¢ rising in IGBT
turn-off. This controlled Vck rising is designed to use the Ve controlled active mode, so that

the dVce/dt rates can be regulated to the same profile to reduce the Vce divergence.

To improve the consistency of the initial Vcg response, preconditioning stages are used in
the Vcr reference signals for IGBT turn-off ([170], [172]) and turn-on, ([174], [175], [177]),
Figure 2.24 [177]. For IGBT turn-off, the preconditioning stage here is a voltage step slightly
higher than the scaled value of the on-state Vcg, the trise stage in Figure 2.24. For IGBT turn-
on, the preconditioning stage is a slow ramp that extends to slightly below the scaled value of
the average off-state Vcg, the trarL stage in Figure 2.24. The preconditioning stages are expected
to avoid excessive extra losses, [177].

The consistency of the initial Ve response is affected by the respective initial differences
between the IGBTs and the control circuits including the driving stages. The duration of the
preconditioning stage is set to minimise those initial differences prior to the main Vg rising or
falling. Also, to ensure a secure IGBT on-state and a secure IGBT off-state against ElectroMag-
netic Interference (EMI), the Vg reference signal is designed to saturate the control circuit in
the IGBT on-state and off-state, respectively, which leads to poor operating conditions for the
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Figure 2.24: The Vg reference signal of an AVC based voltage regulation method with preconditioning stages
[177].
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op-amps and the transistors in the control circuit in terms of control response. Another function
of the preconditioning stage is to desaturate the control circuit to improve the response of the
op-amps and the transistors in the control circuit.

The Vcr reference signal in [177] and those in other related early researches use a fixed
clamping voltage throughout an IGBT off-state. This fixed off-state clamping voltage is set
above the average off-state Vcr to accommodate the Vg overshoot during IGBT turn-off with
stray inductances in the CCL to enable load current commutation. However, such a fixed off-
state clamping voltage above the average off-state Vcr is unable to actively regulate diverged

Ve sharing in the off-state.

To regulate the Vcr sharing in the off-state while accommodating the Vce overshoot, a
method using a Vg reference signal with a lowered temporary clamp in the off-state is devel-
oped and tested in [180] and analysed in [186], Figure 2.25 [180]. In [180], the temporary clamp
is applied a few microseconds after the fast Vcg-Ic transient in turn-off when the Ve is expected
to reach the original off-state clamping voltage due to V¢ divergence. The temporary clamping

voltage is calibrated to be slightly above the average off-state Vcr for shoot-through protection.

In the temporary clamping stage, for an IGBT with a Vcg higher than the average off-state
Vce, the temporary clamp charges the IGBT gate via the Ve feedback control and introduces a
small electron current via the MOS channel to recover part of the depletion region for reducing
the Vcr to the temporary clamping voltage. The current through this clamped IGBT charges the
Cors of the IGBT that is not clamped and increases its Vcg. Thus, the voltage sharing is regu-
lated. The temporary clamp is removed when the Vce sharing stabilises and is expected to

remain stable if the temporary clamp is removed.

Specially designed sections in the Vg reference signal and the feedback circuit for AVC
based methods can provide additional control functions. A control scheme for IGBT d/c/dz is
discussed in [174]. A separate feedback loop for dVce/df control is discussed in [175]. The
control of the peak reverse recovery current of the FWD in the CCL during IGBT turn-on is
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Figure 2.25: The Vg reference signal of an AVC based voltage regulation method with temporary clamp [180].
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discussed in [178]. An AVC based method is used for regulating the Vps sharing of SiC
MOSFETs in series connection, [184].

The extra switching losses caused by the preconditioning stage and the dVcz/d¢ control, the
stability concerns for the temporary clamp, and a few practical issues of the previous use of
AVC for the Vcr sharing regulation are discussed in [185]. These concerns and issues can be
improved to achieve more efficient Vcr sharing regulation.

2.3 Research Motivations

Operating IGBTs in series connection is required in different forms in high voltage converters
and their related systems. The research on the operation of IGBTs in series connection facilitates
the development of modern high power and HVDC related technologies.

The two-level and three-level VSCs depend on the operation of IGBTs in series connection
to achieve high output voltages. The performance of the IGBTS in series connection determines
the performance of those high voltage VSCs to a great extent.

The MMC uses submodule-based switching without using IGBTs in series connection in
the MMC submodules. In the MMC, the control of the IGBT Vck is converted into the control
of the submodule capacitor voltages. The commonly used half-bridge MMC submodules re-
quire HCBs for the protection against DC side short circuit faults. The use of IGBTs in series
connection is a popular solution for the semiconductor branch in HCBs. The operation of IGBTs
in series connection is involved in the operation of the MMC, although indirectly.

The AAC uses submodule level switching that resembles the MMC concept. As key com-
ponents in the AAC, the director switches which control the conduction period of each arm are
composed of IGBTs in series connection.

The CTL converter uses an integration of modularised multi-level switching and the oper-
ation of IGBTs in series connection within its submodules. The operation of IGBTs in series
connection is of critical importance in the CTL converter and determines various performance
aspects of the CTL converter.

The operation of IGBTs in series connection is involved in the aforementioned mainstream
technical tracks of high voltage converters, either directly in the switching events, or indirectly
in the protection aspect. The research on the use of IGBTs in series connection can improve the
reliability and the performance of modern high voltage converters. High performance methods
for improving the voltage sharing of IGBTs in series connection can reduce the switching losses
and the differences in the thermal stress of the IGBTs. These benefits become significant in
HVDC related power electronic systems, where the DC bus voltage is high and IGBTs in large
numbers are to be operated in series. With low-loss Vg sharing regulation methods, the use of
IGBTs of a lower voltage class in series can provide the same total voltage and power handling
capabilities at reduced total operating losses compared with the use of IGBTs of a higher voltage
class in series, especially at high switching frequencies [178].
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2.3.1 Negative Effects of Uncontrolled Vcg Divergence

In the operation of IGBTSs in series connection, the Vcr sharing between the IGBTs is a major
challenge, especially in the turn-off and the off-state. Uncontrolled divergence in the turn-off
Vcr sharing is risky, especially in a situation of multiple IGBTs in series where the total DC
link voltage is significantly higher than the maximum rated Vce of one IGBT in series.

In uncontrolled turn-off of series-connected IGBTs, an IGBT in series may start to turn off
and establish its V¢ earlier or experience a higher dVcg/d¢ rate compared with the other IGBTs
in series. Either case can lead to a higher Vcr sharing of an IGBT compared with the other
IGBTs. In IGBT turn-off under inductive load conditions, the coexistence of high voltage and
high current during the turn-off imposes thermal stress on the IGBTs, especially for the IGBTs
leading in Vg sharing. The IGBTs with higher thermal stress caused by higher Vg sharing are
more likely to experience a negative influence on the lifespan.

Regarding overvoltage faults, the higher Vg sharing of an IGBT in series reduces the volt-
age safety margin and the voltage redundancy of the IGBT branch. Under short circuit fault
conditions, the IGBTs leading in V¢ sharing are more vulnerable to thermal breakdown or
overvoltage breakdown when turning off the short circuit current. If any of those IGBTs leading
in Ve sharing fails, it is likely that another IGBT with a high Ve sharing prior to the first
breakdown event will rapidly reach its maximum Vcg limit and break down subsequently. With-
out adequate protection or redundancies, the remaining IGBTs in the series string will be subject
to a chain reaction of breakdowns.

2.3.2 Approaches at IGBT Device Level for Improving Vce Sharing

The FS IGBT concept and similar variants are widely adopted in modern Si IGBTs. However,
in terms of the Vg sharing, some FS IGBTs are more sensitive to the internal parameter varia-
tions and the gate driving errors, depending on the N base design of the IGBT, e.g. the N-drift
region and the N buffer profiles. Different N base designs for the same voltage class can lead
to different degrees of Ve divergence caused by the same degree of parameter variations or
gate driving errors. These parameter variations or gate driving errors cannot be fully avoided in
practice, and the resulting V¢ divergence is commonly seen in uncontrolled switching of IGBTs

in series connection.

The research here aims to, at IGBT device level, study the basic mechanisms of the Vg
divergence in hard-switched fast turn-off of modern FS IGBTs in series connection in typical
use, and explore solutions to the concerned Vcr divergence from different approaches. To better
mitigate the Vce divergence, it is necessary to first establish an understanding of the basic mech-
anisms of the Vg divergence between the IGBTs during such turn-off. This provides guidance
on the approaches to the mitigation and the regulation of the V¢ divergence. The resulting
mitigation and regulation methods here aim to reduce the drawbacks of the Vg sharing control
methods reported in previous researches where possible, especially the extra turn-off losses.

After an introduction to the relevant basics of IGBT physics, hard-switched fast turn-off of
two series-connected FS IGBTs is discussed. This discussion includes a few basic turn-off pro-
cesses of FS IGBTs in typical use and the Vce diverging effects of a few IGBT parameter
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variations and gate driving errors. To gain a further understanding of the V¢ divergence, a 2D
Finite Element Method (FEM) model of an FS IGBT is developed in Silvaco ATLAS. Two-in-
series turn-off simulations using this FS IGBT model in an inductive CCL are conducted in
Silvaco ATLAS MixedMode to study the effects of the IGBT parameter variations and the gate
driving errors on the turn-off processes related to the Vg divergence in a controlled environ-

ment.

Based on the understanding of the basic mechanisms of the turn-off Vg divergence, three
types of approaches to the mitigation and the regulation of the turn-off Vcr divergence are dis-
cussed. Regarding the IGBTs themselves, a few adjustments to IGBT operating conditions and
IGBT internal parameters that are expected to mitigate the Vcr divergence are discussed and
tested in Silvaco simulations. These adjustments are within the existing technical tracks in the
IGBT industry.

As discussed earlier, in addition to the Vcr sharing regulation capabilities in a full IGBT
switching cycle, the AVC with an appropriate Vg reference signal is also capable of precondi-
tioning the IGBTs and the control circuits to improve the initial Vg response and the initial Vg
sharing. Hence, the AVC is used as the basis of the active Vg sharing regulation methods here.
Two active Ve sharing regulation methods using AVC gate drives are discussed and tested in
experiments, including a direct method via IGBT gate control and an external method via addi-
tional SiC MOSFETs.

Compared with prior researches on this topic, the direct Vg sharing regulation method here
focuses on mitigating the Ve divergence as it tends to emerge in both the fast Vcg-Ic transient
and the following tail time. A differential Vcr sharing regulation strategy is used, which reduces
the extra losses. This avoids considerable Vcr divergence to be reached between the IGBTs and
reduces the differences in the turn-off losses while enables a high dVcg/dt rate in the fast Vce
rising. The preconditioning strategy is redesigned to reduce the extra losses. This method is
experimentally tested using commercial FS IGBTs of a recent generation.

The new external Vg sharing regulation method incorporates the use of a SiIC MOSFET
controlled by an AVC gate drive in parallel to each of the IGBTs in series, allowing the load-
carrying IGBTs to operate uncontrolled and hard-switched turn-off. This external Vg sharing
regulation method also mitigates the Ve divergence as it tends to emerge and uses the same
differential Ve sharing regulation strategy. This method provides low-loss Vg sharing regula-
tion effects similar to those of the direct Vcr sharing regulation method without extra stress
imposed on the IGBT MOS gate. This method is also experimentally tested using the same test
setup for the direct Vce sharing regulation method with a few modifications in circuit parame-

ters.
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Chapter 3 Internal Mechanisms and Simulations of the
Turn-off Vce Divergence

3.1 Practical Conditions for the Turn-off Vce Sharing

In normal practice, IGBTs and gate drives of respectively the same models are used to reduce
the control requirements for achieving evenly distributed Vg sharing in the turn-off of IGBTs
in series connection. Physical differences introduced in semiconductor processing and packag-
ing usually exist between IGBT chips of the same model and specifications and normally lead
to parameter differences between IGBTs of the same model. These parameter differences cause
differences in turn-off characteristics between the IGBTs of the same model. In uncontrolled
turn-off of IGBTsS in series, those differences in IGBT turn-off characteristics cause divergence
in the turn-off Vg sharing.

Differences in IGBT gate driving can also cause divergence in the turn-off Vcg sharing.
The switching signal acquisition and the response of the gate drives are subject to various dif-
ferences in practice. Similarly, in uncontrolled IGBT turn-off, these gate driving differences can
cause variations in the timing when the MOS channel conduction in an IGBT is constrained and
the continuing ambipolar current in the CSR starts to expand the depletion region in the IGBT

N base. These gate timing variations can cause Vcg divergence in the IGBT turn-off.

To focus on the basic mechanisms at device level of the Vg divergence in the IGBT turn-
off, a two-in-series situation is considered under inductive load conditions with a lumped stray
inductance in the CCL. The stray inductance in the CCL cannot be reduced easily in high volt-
age power electronic systems that can benefit from the operation of IGBTs in series connection
due to insulation requirements. Other external factors that may affect the turn-off voltage shar-
ing also exist, e.g. unevenly distributed parasitic capacitances between the IGBTs to ground.
These external factors are not part of the focus of this thesis and are intended for future research.

3.2 Experiment Examples of the Turn-off Vce Divergence

For an impression of the turn-off Vg divergence in practice, Figure 3.1 and Figure 3.2 show
two experiment examples of uncontrolled turn-off of two FS IGBTs of a recent generation in
series connection, sampled at different times in a continuous test period with unchanged circuit
control. The two IGBTs are connected directly in series inside a half-bridge IGBT module, Fuji
Electric 2MBI650VXA-170E-50 rated 1700 V and 650 A for each IGBT, without any snubber
circuit attached except for the internal anti-parallel FWDs. The two IGBTs in series are operated
as the main switch in a basic boost converter circuit using the double pulse test method in [172],
which enables testing power devices without high throughput power. The related basic mecha-
nisms at device level of the V¢ divergence will be discussed later.

In the experiment figures, Vcg s refers to the Vg of the Lower Side (LS) IGBT in terms of
electric potential, similarly Vg us refers to the Veg of the Higher Side (HS) IGBT, Vg yean refers
to (Vcers + Veens)/2, and Vg iy refers to (Vees — Veenus). Vo rermis refers to the terminal
Vee of the lower side IGBT measured at the G-E terminals of the IGBT package, which is
different from the chip Vgr of the lower side IGBT chips due to the internal gate resistance.
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Ic pxc refers to the package current measured at the higher side “C” terminal of the IGBT pack-
age, which includes the small current through the internal anti-parallel FWDs in the IGBT off-
state under the test conditions here. The same annotations are also used in other figures present-

ing experiment results.

The results shown in Figure 3.1 and Figure 3.2 are sampled during a continuous test period
with unchanged circuit control including the input voltage and the double pulse switching sig-
nal. Due to device availability and input power limitations and for safety considerations, the DC
link voltage and the inductive load current are set to 1000 V and 55 A, respectively, for the two
IGBTs in series.

During the test, the Vcr divergence observed was changing constantly and apparently ran-
domly. In the nominal off-state the Vg s was often found to be above the Vg us, such as shown
in Figure 3.1. In Figure 3.1, the Ve divergence reaches a quasi-static state approx. 30 ps after
the fast Vce-Ic transient as the Ic reaches the leakage level. When the Vg s is above the Vg as,
in the following turn-on an overshoot in the Vcg ns can sometimes be observed, such as shown
in Figure 3.1. This is due to a timing lead in the MOS channel cut-off in the lower side IGBT
mainly caused by early triggering of the digital gate drive, which will be discussed later. Due
to the insulation limits of the voltage probes, only the terminal Vee of the lower side IGBT can
be measured at the IGBT package terminals. Because of the internal gate resistance inside the
IGBT package, the measured terminal Ve is different from the chip Ve, but the terminal Vee
can still indicate the key timings of the chip Vge.
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Figure 3.1: Uncontrolled turn-off of two IGBTs in series with large V¢g divergence.
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Occasionally, in the off-state the Vg s was slightly below the Vg us, such as shown in

Figure 3.2. In such cases, sometimes an evenly distributed V¢ sharing can be observed late in

the off-state, and in the following turn-on overshoot is not observed in the Vg s or the Vg ws.
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Figure 3.3: Detailed turn-off of two IGBTS in series with large Vg divergence.
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Figure 3.3 shows a detailed view of the IGBT turn-off event shown in Figure 3.1. In Figure
3.3, the largest Ve divergence in the fast Vcg-Ic transient is considerably lower compared with
that in the following off-state as shown in Figure 3.1. Because of the stray inductance in the
CCL, the IGBT Ic starts to fall rapidly after the total Vcr exceeds the Vpc. As the Ic falls rapidly,
the Ve divergence decreases slightly until the Vcr overshoot completes and the turn-off process
enters the tail time, where the V¢ divergence starts to increase again. In Figure 3.3, the Vg s
remains above the Vg us from the first point of significant divergence. It is also noteworthy that
in terms of timing, the end of the Ve Miller plateau is closely related to the start of the fast Vg
rising at a high dVcg/df rate, which reflects the discussion in section 1.5 regarding the cut-off of
the MOS channel conduction early in the fast Vg rising enabled by the degree of freedom pro-
vided by the ambipolar transport of the high-level excess carriers in the N base.

3.3 Basic Diverging Mechanisms of the Turn-Off Vcg Sharing

This section concerns the turn-off V¢ sharing of two n-channel FS IGBTs in direct series con-
nection without any snubber applied. The discussion first considers an IGBT-only situation as
the anti-parallel FWD in an IGBT module is reverse-biased when the IGBT V¢ is positive, e.g.
in the IGBT on-state and switching under inductive load conditions. The influence of the anti-
parallel FWDs on the Vg sharing will be discussed later. It is reasonable to assume typical use
of modern high voltage vertical Si FS IGBTs of the same active chip area, the same uniform
doping profile of the N-drift region, and diverging factors of small degrees as in practical situ-
ations. Hence, it can also be assumed that in the IGBT turn-off and nominal off-state, the
depletion region will not punch through the N-drift region and reach the N buffer. The discus-
sions related to the turn-off Vg diverging mechanisms in this thesis consider only the

predominant factors.
3.3.1 IGBT Internal Parameter Variations and Gate Driving Errors

Following the discussions in section 1.5, at IGBT device level, the Ve divergence between the
series-connected IGBTs in turn-off is due to the interaction between the IGBTs caused by dif-
ferences in the internal carrier transport in the turn-off. A few IGBT parameter variations and
gate driving errors that can cause significant turn-off Vcr divergence are more likely to be en-
countered. Including the factors considered in [183], seven IGBT parameter variations and gate

driving errors are discussed and simulated here:
1) Output delay between the IGBT gate drives, 10 ns relative delay to be simulated.

2) Variation in the doping profile of the backside P emitter, 5% relative variation in con-
centration to be simulated.

3) Variation in the total IGBT gate resistance, 1% relative variation to be simulated.
4) Variation in the IGBT gate oxide thickness, 1% relative variation to be simulated.

5) Variation in the doping concentration of the FS N buffer, 5% relative variation to be

simulated.
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6) Variation in the carrier lifetimes, 5% relative variations in both the low-level 7,0 and 70
in the SRH and the Auger recombination models to be simulated.

7) Variation in the IGBT lattice temperature, 5 K relative difference in the thermal bound-
ary temperature to be simulated.

3.3.2 Basic Scenarios of the Turn-Off Vcg Divergence in the Fast Vcg-Ic Transient

Following the discussions in section 1.5, the turn-off Vce divergence develops differently in the
fast Vce-Ic transient and in the tail time, due to the changes in the predominant carrier transport
mechanisms in the IGBTs.

In the fast Vce-Ic transient, the differences in the timing of the MOS channel cut-off and
the initial excess carrier profile affect the following depletion progress in the N base. Following
the discussions in section 1.5, due to the same /c and the same doping profile of the N-drift
region, a delay in the timing of the MOS channel cut-off postpones the depletion progress in
the N base, causing a delay in the fast Vcr rising. Also, a higher initial excess carrier profile
reduces the shrinking of the CSR and the related expansion of the depletion region in the N
base, causing reduced dVcg/df rates in the fast Vg rising. These two basic scenarios both lead
to lower Vg sharing in the fast Veg-Ic transient and are applicable to all the IGBT parameter
variations and gate driving errors considered in this thesis. The excess carrier profiles of the
IGBTs at the end of the fast Vcg-Ic transient affect the Ve divergence in the tail time.

In the fast Vcg-Ic transient, in the depletion region the main current component is the hole
current, the holes of which increase the electric field gradient. Impact ionisation exists in the
depletion region, and the generated electrons are propelled towards the N buffer, while simul-
taneously the generated holes are propelled towards the P base. This carrier transport reduces
the shrinking of the CSR and the related expansion of the depletion region. In the IGBT with a
higher Vcg, the impact ionisation in the depletion region is stronger, which leads to further re-
duction in the expansion of the depletion region compared with the situation in the IGBT with
lower Vce. Hence, the impact ionisation here in the depletion region tends to reduce the increase
in the Vcr and mitigate the Vg divergence.

Dynamic avalanche, although unlikely in the typical use of modern IGBTs, has an effect
on the V¢ divergence similar to that of impact ionisation considering the electron-hole pairs
generated in the depletion region. In a typical situation where the Vce divergence is caused by
small parameter variations, the IGBT with a higher Vce has a higher peak electric field in the
depletion region. Often, dynamic avalanche is first triggered in a small area of a high electric
field and causes concentrated current flow in that area, where the peak electric field is saturated
at the critical electric field. When dynamic avalanche is reached, in the IGBT with a higher Vg,
the generated electron-hole pairs result in further reduction in the expansion of the depletion
region, which tends to mitigate the Vcr divergence.

3.3.3 Basic Scenarios of the Turn-off Vce Divergence in the Tail Time

The turn-off Vce divergence in the tail time is affected by the combined effects of carrier drift
and carrier diffusion in the undepleted part of the N base under the same /c and the influence of
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carrier recombination. Following section 1.5, due to the same /¢ and the same doping profile of
the N-drift region, the types of the differences in the initial excess carrier profile in the tail time
include: (1) one IGBT has an extended initial remaining CSR, and (2) one IGBT has an initial
remaining CSR of a higher excess carrier profile. These two basic scenarios are applicable to
all the IGBT parameter variations and gate driving errors considered in this thesis.

In the tail time, the /c becomes comparable to the hole diffusion current in the undepleted
part of the N base towards the depletion region, and the electrons from the CSR can only be
propelled away from the depletion region. Therefore, this hole diffusion current is important in
the Ve diverging process. With the same /¢ and the same doping profile in the N-drift region,
the position of the depletion edge determines the Vcr sharing. Hence, the focus is first on the
hole diffusion current in the undepleted part of the N base towards the depletion region, consid-
ering the two basic scenarios here.

In the first scenario where one IGBT has an extended initial remaining CSR, in the un-
depleted part of the N base the holes will produce an enhanced diffusion current towards the
depletion region due to additional supply of holes from the broader inner section of the remain-
ing hole distribution. In the second scenario where one IGBT has an initial remaining CSR of a
higher excess carrier profile, the holes in the undepleted part of the N base will also produce an
enhanced diffusion current towards the depletion region due to additional supply of holes from
the inner section of the remaining hole distribution of a higher profile.

In the two basic scenarios here, in the undepleted part of the N base the diffusion-drift
relation of the holes is biased differently between the two IGBTs in series under the same /Ic. In
general, the diffusion-drift relation of those holes is biased towards diffusion in the IGBT with
an enhanced hole diffusion current in the undepleted part of the N base towards the depletion
region. At the depletion edge, the resulting electric field also biases the diffusion-drift relation
of the electrons towards diffusion. These effects combined recover some N-type depletion re-
gion from the depletion edge in the N base and expand the hole distribution to match the
recovery. As a result, the depletion region shrinks and the Vce of this IGBT decreases. The
shrinking of the depletion region reduces the generation current in it, while in the undepleted
part of the N base the hole concentration decreases due to recombination, reducing the hole
diffusion current towards the depletion region. In the tail time, these two effects reduce the
differences in the output current characteristics between the two IGBTs, which assists in reach-
ing a quasi-static state of the Vg sharing.

Meanwhile, in the other IGBT, the relatively inadequate hole diffusion current towards the
depletion region in the undepleted part of the N base requires enhanced drift of holes in it to-
wards the depletion region under the same /¢, and the drift of electrons related to the same
electric field is also enhanced. This results in expansion of the depletion region that leads to an
increase in the Vcg. The generation current in the expanding depletion region becomes higher,
while in the undepleted part of the N base the hole concentration also decreases due to recom-
bination, reducing the hole diffusion current towards the depletion region. These two effects
also reduce the differences in the output current characteristics between the two IGBTs, which
assists in reaching a quasi-static state of the Vcg sharing.
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Hence, regarding the two basic scenarios here, in the tail time the Vce sharing will be lower
for the IGBT with an extended initial remaining CSR and/or an initial remaining CSR of a
higher excess carrier profile. Individual cases will be discussed later.

3.3.4 Combinations of the Basic Vg diverging Scenarios

Following the discussion in section 3.3.2, in the IGBT turn-off, a Vg diverging factor which
results in a lower initial excess carrier profile and/or a relative timing lead in the MOS channel
cut-off would also lead to higher Vcr sharing of the IGBT in the fast Vcg-Ic transient. Following
the discussion in section 3.3.3, these two cases both lead to higher Vcr sharing in the tail time,
which is consistent with the Vg diverging feature in the fast Vcg-Ic transient. In this sense,
regarding the basic Ve diverging scenarios discussed in sections 3.3.2 and 3.3.3, their respec-
tive Vcr diverging features in the fast Vcg-Ic transient and the following tail time are consistent.

An individual Vg diverging factor concerned in this thesis can be resolved into a combi-
nation of the basic Vg diverging scenarios in the fast Vcg-Ic transient and the tail time discussed
in sections 3.3.2 and 3.3.3. The seven cases included in section 3.3.1 will be discussed in this
manner. Three aspects will be discussed regarding the Ve divergence: a) the on-state excess
carrier profile prior to the turn-off, b) the V¢ diverging mechanisms in the fast Vcg-Ic transient
and c) in the tail time, respectively. One diverging factor is discussed at a time with the follow-
ing assumptions: a two-in-series IGBT-only situation, the same active chip area, and a steady
on-state prior to the turn-off. The following individual discussions apply to the IGBT with a
specified Ve diverging factor relative to the other IGBT.

1) An output delay in an IGBT gate drive:
a) The same on-state excess carrier profile.

b) In the fast Vce-Ic transient, the gate drive output delay causes late MOS channel cut-off,
which delays the depletion progress and causes a lower Vg sharing.

c) Inthe tail time, the delayed depletion progress causes an extended initial remaining CSR
from the fast Vcg-Ic transient, which leads to a lower Vg sharing and further enlarges
the Ve divergence.

2) An IGBT with a higher P emitter doping profile:

a) In the on-state, the higher P emitter doping profile causes enhanced hole diffusion from
the P emitter and a higher excess carrier profile.

b) In the fast Vce-Ic transient, the higher excess carrier profile causes a slower depletion
progress, leading to a lower Vcg sharing.

c) In the tail time, the slower depletion progress causes an extended initial remaining CSR
with a higher excess carrier profile from the fast Vcg-Ic transient, which leads to a lower
Vce sharing and further enlarges the Vg divergence.

3) An IGBT with a higher gate resistance Rg:

a) The same on-state carrier profile due to the same on-state Ve despite a higher Rg.
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4)

5)

6)

b)

c)

In the fast Vcg-Ic transient, the higher Rg causes slower gate discharging, leading to late
MOS channel cut-off, which delays the depletion progress and causes a lower Vg shar-
ing.

In the tail time, the delayed depletion progress causes an extended initial remaining CSR
from the fast Vcg-Ic transient, which leads to a lower V¢ sharing and further enlarges
the Ve divergence.

An IGBT with a higher gate oxide thickness:

a)

b)

In the on-state, the higher gate oxide thickness causes a weaker inversion layer at the

same on-sate Ve, which leads to a slightly lower excess carrier profile.

In the fast Vce-Ic transient, during the initial gate discharging, the higher gate oxide
thickness results in lower gate capacitances and lower gate charges at the same Vg, and
a higher gate plateau voltage at the same /c ... Therefore, the initial discharging voltage
across the gate resistance is higher at the same off-state gate driving voltage, which leads
to a higher gate discharging current. These effects all lead to early MOS channel cut-
off, and the lower excess carrier profile leads to a faster depletion progress. These two

situations both lead to a higher Vcg sharing.

In the tail time, both the early MOS channel cut-off and the lower excess carrier profile
result in a contracted initial remaining CSR with a lower excess carrier profile from the
fast Vcg-Ic transient, which leads to a higher Ve sharing and further enlarges the Ve

divergence.

An IGBT with a higher N buffer doping profile:

a)

b)

In the on-state, reduced hole diffusion from the P emitter through the N buffer of a higher
doping profile causes a lower excess carrier profile. However, this reduction in the on-
state excess carrier profile is often very limited as normally the N buffer is designed to
be under high-level injection in typical use.

In the fast Vce-Ic transient, the lower excess carrier profile causes a faster depletion
progress, which leads to a higher Vg sharing.

In the tail time, the faster depletion progress results in a contracted initial remaining
CSR with a lower excess carrier profile from the fast Vcg-Ic transient, which leads to a
higher Vg sharing assisted by enhanced carrier recombination in the N buffer of a higher
doping profile and further enlarges the Vce divergence.

An IGBT with longer carrier lifetimes:

a)

b)

In the on-state, the longer carrier lifetimes result in an enhanced ambipolar diffusion
length, which leads to a higher excess carrier profile.

In the fast Vcg-Ic transient, the higher excess carrier profile results in a slower depletion
progress, which leads to a lower Vcg sharing.
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7)

c) In the tail time, the slower depletion progress results in an extended initial remaining
CSR with a higher excess carrier profile from the fast Vcg-Ic transient, which leads to a
lower Vcg sharing and further enlarges the Vg divergence.

An IGBT with a higher temperature:

A difference in IGBT temperature gives rise to a variety of differences in IGBT character-
istics that have mixed effects on the turn-off Vg sharing. The discussions regarding a
temperature difference are limited to the normal operating temperatures of high voltage Si
IGBTs. Since high voltage Si IGBTs have semiconductor thicknesses that far exceed mi-
cron-scale, e.g. about 170-190 um for 1700 V devices, the discussions here regarding
temperature differences only consider lattice temperature differences.

a) In the on-state, electron and hole diffusion lengths increase with temperature in the sem-
iconductor regions where the doping concentration is below 1.5x10'® cm™, despite
decreases in carrier mobilities [28], [29], [187]. Since the peak doping concentration in
the N base of a modern Si FS IGBT is below 1.5x10'® cm™, here the IGBT with a higher

temperature has a higher excess carrier profile in the N base.

b) Inthe initial gate discharging period, the gate plateau voltage for the same /¢ s« decreases
at a higher temperature. In uncontrolled hard-switching, normally IGBT gate drives use
fixed on-state and off-state gate driving voltages. Therefore, during the turn-off gate
plateau period as the gate plateau voltage decreases, the discharging voltage across the
gate resistance decreases, and the gate discharging current decreases. Despite the de-
crease in the inversion layer capacitance [188], the initial gate discharging period
increases [82]. Here, a longer initial turn-off delay tends to cause a lower Vcg sharing.

In the fast Vcg-Ic transient, depending on the temperature range and the Vpc, the effects
of a higher temperature on the turn-off Vce sharing may not be consistent. As demon-
strated by the experiments shown in the Fig. 13 of [82], the 50 A and 300 V group from
25 °C to 50 °C shows an increase in the dVcg/df rate as the temperature increases,
whereas decreases in the dVcg/dt rate are observed elsewhere at 50 A.

Carrier mobilities and saturation drift velocities decrease with temperature [32], which
results in increased carrier transport under the same /c in the remaining CSR. This leads
to a higher hole concentration and a higher electric field as a result in the depletion
region. Under certain conditions, e.g. from 25 °C to 50 °C at 50 A and 300 V in the Fig.
13 of [82], these changes can prevail over the opposite effects of the higher excess car-
rier profile of the CSR and result in a higher dVcg/df rate in the fast Vcg-Ic transient.
However, more often the dVcg/dt rate is reduced with the temperature.

It is possible that the longer initial turn-off delay causes a lower Vg at first, but under
certain conditions a higher dVcg/df rate in the fast Vcg-Ic transient can compensate for
the initial lower Vce and lead to a higher Ve during the fast Veg-Ic transient. After the
total Vce exceeds the Vpc, as the Ic decreases the mechanism that results in the higher
dVce/dt rate weakens and the dVcg/dt rate decreases, which may reduce the Ve sharing.

63



Chapter 3 -3.3

More often, at a higher temperature, the slower depletion progress due to the higher
excess carrier profile of the CSR prevails over the increased electric field in the deple-
tion region and results in a lower dVcg/df rate [82] and lower Vg sharing.

Overall, the Vce divergence in the fast Vcg-Ic transient due to a temperature difference
depends on the temperature range and the other operating conditions of the IGBTs and
needs to be investigated on a case-by-case basis.

c) In the tail time, at a higher temperature, more often the slower depletion progress pre-
vails and results in an extended remaining CSR with a higher carrier profile from the
fast Vce-Ic transient, which leads to a lower Vg sharing and further enlarges the Ve

divergence.

Under certain conditions as discussed earlier, at a higher temperature the dVcg/d¢ rate
can be higher in the fast Vcg-Ic transient, but the excess carrier profile in the remaining
CSR still remains higher. Because of the initial turn-off delay at a higher temperature
that causes a lower Vcg sharing at first, it is likely that despite the following higher
dVce/dt rate, the depletion process in the N base is inadequate to offset the higher carrier
profile in the CSR and result in a larger depletion region. Hence, it is likely that as the
remaining CSR is larger with a higher excess carrier profile, the Ve sharing in the fol-
lowing tail time is still lower.

Overall, the Vg sharing in the tail time due to a temperature difference also depends on
the temperature range and the other operating conditions of the IGBTs and needs to be
examined on a case-by-case basis.

Multiple Vcr diverging factors may coexist under practical conditions, and the turn-off Vce
divergence will result from the mixed effects of the involved diverging factors. Between IGBTs
in direct series connection, the turn-off Ve divergence is related to the differences in the carrier
transport under the same /¢ in the CSR during the fast Vce-Ic transient and the undepleted part
of the N base during the following tail time as discussed in the basic Ve diverging scenarios.

3.3.5 The Influence of the Anti-Parallel FWDs on the Turn-Off Vce Sharing

Anti-parallel FWDs are usually required for modern FS IGBTs, where one FWD is in anti-
parallel to each IGBT. The effects of the anti-parallel FWDs on the turn-off Vg sharing of
series-connected IGBTs needs to be considered in the fast Vcg-Ic transient and the tail time
following the previous discussions of the turn-off Vce diverging mechanisms.

3.3.5.1 The Influence of the Anti-Parallel FWDs in the Fast Vcg-Ic Transient

The anti-parallel FWDs in an IGBT module are reverse-biased in both a typical IGBT on-state
and the following turn-off here. Therefore, during typical IGBT turn-off, such an anti-parallel
FWD does not possess high-level excess carriers in its N-drift region. The high-level excess
carrier profile in the IGBT N base in a typical on-state usually exceeds the N-drift doping profile
in concentration by an average of 2-3 orders of magnitude. Hence, in the fast Vce-Ic transient
of the IGBT turn-off, the internal anti-parallel FWDs function primarily as small variable ca-
pacitances, one in parallel to each IGBT.
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In the IGBT turn-off as the IGBT Vg increases rapidly in the fast Vg-Ic transient, part of
the load current of the IGBT module flows through the anti-parallel FWD as a charging current
so that its reverse-blocking voltage (—Vx) can increase with the IGBT Vce. This FWD reverse
charging current, due to the high dVcg/d¢ rate, far exceeds the generation current in the depletion
region of the FWD. Therefore, the difference in the reverse charging of the FWD output capac-
itance is the predominant mechanism to consider regarding the influence of the anti-parallel
FWDs in the fast Vcg-Ic transient.

In the fast Vce-Ic transient, the high-level excess carrier concentration in the CSR in the
IGBT N-drift region far exceeds the doping concentration of the N-drift region, and the deple-
tion process in the IGBT N-drift region is related to the ambipolar transport of those high-level
excess carriers which shrinks the CSR. Hence, the FWD reverse charging current is much
smaller compared with the /¢ through the IGBT in the fast Vcg-Ic transient. With the high-level
excess carriers in the IGBT, in the fast Vcg-Ic transient the output capacitance of the IGBT far
exceeds that of the anti-parallel FWD.

In the fast Vcg-Ic transient, the output capacitance of the anti-parallel FWD follows the
basic principle of C = e4/d, where ¢ is the permittivity of the FWD semiconductor material, 4
is the effective chip area of the FWD, and d is the depletion region thickness in 2D along the
Anode-Cathode (AK) direction of the FWD. Regarding the IGBTSs of the same model in series,
it is reasonable to assume that the 4 and the ¢ here remain unchanged between the anti-parallel
FWDs. Also, for Si PiN anti-parallel FWDs that have N-drift regions with the Np < lel6/cm?,
the ¢ of the FWD N-drift region regarding the output capacitance can be considered the same
[189]. Therefore, the output capacitances of the anti-parallel FWDs are assumed to have closely
matched basic characteristics.

The output capacitance of an anti-parallel FWD decreases as its reverse-blocking voltage
(—V4k) increases, which is related to the expansion of the depletion region. Therefore, the effects
of the anti-parallel FWDs on the IGBT turn-off Vcr sharing are not consistent compared with
those of fixed snubber capacitors in parallel to the IGBTs.

Summarising from sections 3.3.2 and 3.3.4, in the fast Vcg-Ic transient there are two basic
Ve diverging scenarios: (1) a delay in the fast Vg rising due to a delay in the MOS channel
cut-off, and (2) a difference in the dVcx/df rate due to a difference in the excess carrier profile
in the N base of the IGBT. In the case of a delay in the fast Vg rising, during the delay period
the output capacitance of the anti-parallel FWD results in a reduced dVcg/dt rate of the leading
IGBT and the Vce divergence accumulated. In the fast Veg-Ic transient after the initial delay
period, the anti-parallel FWD in the IGBT-FWD pair with a higher V¢ exhibits a lower output
capacitance which requires a lower reverse charging current at a certain d//d¢ rate. However,
in order to mitigate the Vce divergence in the turn-off, the ambipolar carrier transport in the
CSR and the related /c of the IGBT with a higher Vg needs to be reduced, so that the dVcg/dt
rate can be reduced. As the total current is the same for the IGBT-FWD pairs in direct series,
for the IGBT-FWD pair with a higher Vcg, a reduction in the IGBT /¢ requires an increase in
the reverse charging current of the anti-parallel FWD, which cannot be achieved here as the
output capacitance of the anti-parallel FWD decreases with the IGBT Vcg. Consequently, in the
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fast Vcg-Ic transient the anti-parallel FWDs cannot mitigate the Ve divergence. This conclusion
is also applicable to the use of SiC Schottky Barrier Diodes (SBDs) as the anti-parallel FWDs.

3.3.5.2 The Influence of Anti-Parallel FWDs during the IGBT Tail Time

In the IGBT tail time, the IGBT /¢ gradually reaches its leakage level, which is comparable with
the reverse leakage current of the Si anti-parallel FWD. Since the Vpc can be considered quasi-
static in the IGBT tail time, the difference in the FWD leakage current becomes a key factor to
consider regarding the influence of the anti-parallel FWDs during the IGBT tail time.

Summarising from sections 3.3.2 and 3.3.4, in the IGBT tail time there are two basic Vg
diverging scenarios: initially from the fast Vcg-Ic transient, (1) an extended remaining CSR, and
(2) a remaining CSR of a higher excess carrier profile, which both result in an enhanced hole
diffusion current in the undepleted part of the N base towards the depletion region.

With the anti-parallel FWDs, the difference in the hole diffusion current towards the deple-
tion region in the undepleted part of the N base between the IGBTs is also absorbed by the anti-
parallel FWDs. The reverse leakage current of the anti-parallel FWD increases with the reverse-
blocking voltage (—V4k) due to the increase in the carrier generation in the expanded depletion
region. As the initial IGBT tail current is much higher than the later IGBT leakage current, the
IGBT with a relatively inadequate hole diffusion current towards the depletion region in the
undepleted part of the N base is still subject to increases in its depletion region and Vcg, which
reduces the differences in the output current characteristics between the IGBTs. The increasing
Ve gives rise to a reverse charging current through the anti-parallel FWD in this IGBT-FWD
pair, which leads to the expansion of the FWD depletion region and an increase in the generation
current in it. Hence, for this IGBT the Ic is lower, and the expansion of the IGBT depletion

region and the increase in the Vcg become smaller.

Meanwhile, the IGBT with a relatively enhanced hole diffusion current towards the deple-
tion region in the undepleted part of the N base experiences shrinking of its depletion region,
which results in decreases in its Vce and the generation current in its depletion region. The anti-
parallel FWD to this IGBT experiences a reverse discharging current, which leads to shrinking
of its depletion region and a decrease in the generation current in it. These changes in this FWD
are the opposite of those changes in the other FWD that has an increase in its reverse-blocking
voltage. Those changes in the two FWDs assist in absorbing the differences in the output current
characteristics between the IGBTs that cause the turn-off Vg divergence. Hence, the anti-par-
allel FWDs reduce the turn-off Vg divergence in the tail time.

Theoretically the conclusion here is also applicable to the use of SiC SBDs as anti-parallel
FWDs. However, due to the WBG features of SiC SBDs, the leakage current of a SiC SBD is
considerably lower compared with that of a Si diode of the same ratings. Hence, the influence
of SiC SBDs as anti-parallel FWDs on the turn-off Vcg sharing is very limited.

3.3.5.3 The Scale of the Influence of Anti-Parallel FWDs

In the fast Vcg-Ic transient, the charging of the output capacitances of the IGBT and the anti-
parallel FWD is an important mechanism to consider. Due to the significant difference in the
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output capacitance between the IGBT and the anti-parallel FWD, the difference in the FWD
output capacitance due to its dependence on the reverse-blocking voltage can only has very
limited negative influence on the turn-off Vg sharing in the fast Veg-Ic transient.

However, in the tail time the IGBT Ic approaches its leakage level which is comparable
with the leakage current of the anti-parallel FWD, and the changes in the leakage currents be-
come another important mechanism to consider. The anti-parallel FWDs assist in absorbing the
difference in the output current characteristics between the IGBTs. Therefore, the influence of
the anti-parallel FWDs on the IGBT turn-off Vcr sharing becomes positive and important in the
IGBT tail time.

Here, the influence of the anti-parallel FWDs on the turn-off Vg sharing is negative but
very limited in the fast Vcg-Ic transient, whereas it is positive and important in the IGBT tail
time. This leads to an overall positive influence of the anti-parallel FWDs on the IGBT turn-off
Vce sharing. The conclusion here is also applicable to the use of SiC SBDs as anti-parallel
FWDs for the IGBTs, although the influence in the IGBT tail time is very limited. Hence, also
because the anti-parallel FWDs are not an initiating factor that causes the V¢ divergence, the
anti-parallel FWDs for the IGBTs in series will not be discussed further.

3.3.6 Long-Term Stability of the V'ce Sharing in the IGBT Off-State

The long-term stability of the turn-off V¢ sharing in the IGBT off-state, whether the Vcg shar-
ing is self-stabilising, is important in the turn-off of IGBTs in series. In the IGBT off-state, due
to the PNP BJT structure in the IGBT, the IGBT intrinsic leakage current is affected by the
carrier generation rate in the depletion region, the position of the depletion edge in the N base,
and the doping profiles of the P emitter, the N buffer, and the N-drift region. For an IGBT in a
static off-state, a larger depletion region related to a higher Ve gives rise to a higher generation
current in the depletion region and a higher common-emitter current gain, which results in a

higher intrinsic leakage current.

In a two-in-series situation, to match the same /¢ in direct series connection, for the IGBT
with a lower intrinsic leakage current, additional carriers are required to compensate for the
difference in the intrinsic leakage current and can only be supplied using electrons from the
undepleted part of the N base via depletion. Consequently, the depletion region in this IGBT
expands, which increases the Ve and the intrinsic leakage current.

Meanwhile, in the other IGBT with a higher intrinsic leakage current, the opposite process
occurs. Part of the electrons generated in the depletion region recover the depletion region from
the depletion edge in the N base. Consequently, the depletion region in this IGBT shrinks, which
reduces the Vce and the intrinsic leakage current. Thus, the intrinsic leakage currents of the
IGBTs gradually converge and will eventually match where a stable Vg sharing is reached if
the IGBT off-state is sufficiently long. Hence, the long-term V¢ sharing in the IGBT off-state
is self-stabilising.

However, depending on the V¢ diverging factors, matching intrinsic leakage currents of
the IGBTs do not necessarily lead to evenly distributed Ve sharing or reduced Ve divergence.
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The self-stabilising of the Ve sharing in the IGBT off-state is slow compared with the Ve
divergence in the IGBT turn-off as the intrinsic leakage current and the difference in it are low.

3.3.7 Temperature Differences Arising from the Turn-Off Voltage Divergence

Besides differences in thermal boundary conditions which can directly cause IGBT temperature
differences, other IGBT parameter variations and gate driving errors can also result in differ-
ences in turn-off losses which lead to IGBT temperature differences. Here, the discussion refers
to the feedback effects of the temperature differences on the Vcr divergence in the turn-off

arising from IGBT parameter variations and gate driving errors.

As discussed in section 3.3.4, the Ve diverging effects of a Vg diverging factor in general
are consistent in the fast Vcg-Ic transient and the following tail time. The turn-off losses are
distributed mainly in the fast Vcg-Ic transient, where the temperature differences develop be-
tween the IGBTs. Hence, a Vg diverging factor that causes higher voltage sharing of an IGBT
also causes higher losses in the fast Vcg-Ic transient and a higher temperature rise of this IGBT.

In the fast Vce-Ic transient, as discussed in section 3.3.4, in general a higher temperature
has the effect of reducing the Vcr sharing, except for certain limited operating conditions.
Hence, in general the higher temperature of an IGBT caused by higher Vce sharing has the effect

of mitigating the V¢ divergence.

In the tail time, the hole diffusion current in the undepleted part of the N base towards the
depletion region is affected by carrier recombination. A carrier lifetime model with temperature
dependence of explicit expressions is given by [29]:

300 8
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where T'is the temperature, N; is the total doping concentration, and 7 is the carrier concentration
of either electrons or holes, with separate parameters for electrons and holes:

70 (107%s)  Cspir (10 5%em®s™)  Cuue (103 embs™)  y 0
Electrons 2.50 3.00 1.83 1.77 1.18
Holes 2.50 11.76 2.78 0.57 0.72
For the IGBT N base in the tail time, in Equation 3.1 the first term representing SRH re-

combination is predominant, which leads to a higher carrier lifetime at a higher temperature.
Therefore, at a higher temperature the recombination in the N base is reduced, which enhances
the hole diffusion current in the undepleted part of the N base towards the depletion region.
Following the discussion in section 3.3.3, such an enhanced hole diffusion current has an effect
of reducing the V¢ sharing. Hence, a higher temperature of an IGBT caused by higher Ve
sharing has an effect of mitigating the Vcr divergence. Therefore, the qualitative Ve diverging
effect of a V¢ diverging factor remains consistent under isothermal conditions.

Regarding the long-term off-state Vce sharing, the discussions in section 3.3.6 is applicable
to IGBT temperature differences, under which the long-term off-state Vcr sharing is self-stabi-
lising, although evenly distributed Vce sharing or reduced Ve divergence may not be achieved.
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3.4 FEM Simulation Setup for the Turn-Off Vg Divergence

To test one Vg diverging factor at a time in a controlled and cost-efficient manner, Finite Ele-
ment Method (FEM) simulation in Silvaco ATLAS MixedMode is used to study the turn-off
Vce divergence of IGBTs in series connection under inductive load conditions.

The simulation uses a basic trench gate Si FS IGBT model of 1700 V class and 1 cm? active
chip area as the base IGBT model. This IGBT model uses a narrow cell pitch and a high static
punch-through voltage Vpr of approx. 1200 V, where the depletion edge in the N base just
reaches the N buffer in a static forward-blocking off-state. This IGBT model is a 2D vertical
half-cell model without edge terminations.

In the simulations of the turn-off, two IGBTSs are connected in direct series as the main
switch in a basic buck converter circuit, which enables direct control of the load conditions for
the IGBT turn-off. In the test circuit, the IGBT with a higher electric potential is referred to as
the Higher Side IGBT (IGBT-HS), and the other IGBT with a lower electric potential is referred
to as the Lower Side IGBT (IGBT-LS). As discussed in section 3.3.5, anti-parallel FWDs for
the IGBTs are not included in the simulation unless specified otherwise. The simulation in-
cludes lattice heating and heat flow, which in terms of thermal effects is adequate for the Si

high voltage IGBTs far exceeding micron-scale in cell dimensions.
3.4.1 Estimation of IGBT Active Chip Area

The IGBT model and the test circuit in the simulation are configured to achieve reasonably
close approximations to the actual IGBT module and the Current Commutation Loop (CCL) in
the IGBT turn-off experiments to be presented later. The IGBT module in the experiments is a
Fuji Electric V series 2MBI650VXA-170E-50 2-in-1 packaged module in the low switching
loss line of 1700 V and 650 A for each IGBT, featuring trench gate and field-stop designs, first
released in 2011 [190], [191].

The base active chip area of the IGBT model in the simulation is set to 1 cm? to provide a
direct conversion of the IGBT I¢ into the 1 cm? IGBT collector current density J¢, for which
some of the simulation circuit parameters are scaled. The scaling depends on the active chip
area of the Fuji Electric IGBT, which can be obtained using its rated Jc. However, as only the
Jc-Vee curves of the 1200 V IGBTs are provided in the application note of the Fuji Electric V
series IGBTs [191], the Jc rating of the 1700 V IGBTs in the experiments has to be estimated
from a few commercial 1700 V IGBT bare dies with necessary details provided that feature
design concepts similar to those of the Fuji Electric IGBTs, Table 3.1.

The Infineon IGBT bare dies used here are the TRENCHSTOP IGBT3 series, featuring
trench gate and field stop designs. The ABB IGBT bare dies used here are the SPT™ series,
featuring a soft punch through design, an alternative to the field stop concept, and an enhanced
planar gate design, an alternative to the trench gate concept. Since the Fuji Electric IGBTs are
in the low switching loss product line, similar product lines from Infineon and ABB are used.
As the base IGBT model in the simulation does not include edge terminations, the frontside
metal areas of the IGBT bare dies are used to estimate the Jc, and the bare dies with large active
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chip areas are selected to reduce errors in the estimation caused by edge terminations. The tech-
nical details of the IGBT bare dies used are presented in Table 3.1 from their respective
datasheets, and the rated Jc values are estimated.

Table 3.1: Estimation of the rated Jc of a few 1700 V IGBT bare dies

IGBT bare die: manufacturer, |Semiconductor |Rated Ic with Vcg, V=15V Frontside metal |Estimated Rated

technology, model thickness (um) area (mm?) Jc (Alem?)

Infineon, TRENCHSTOP 190 Ic=150A, Vee=2Vat25°C 11.407 x 11.407 |115.2785

IGBT3, SIGC186T170R3E =130.1196

Infineon, TRENCHSTOP 190 Ic=125A,Vce=2Vat25°C,24 |[10.354 x 10.354 |116.5987

IGBT3, SIGC158T170R3E Vat 125 °C =107.2053

Infineon, TRENCHSTOP 190 Ic=100 A, Vee=2V at 25 °C 9.113x9.113 120.4141

IGBT3, SIGC128T170R3E =83.0468

ABB, SPT*, 5SMY 12P1730 [190 Ic=225A,Vce=225Vat25°C, |[14.84 x1391 108.9987
2.55Vat125°C,2.75Vat175°C |=206.4244

ABB, SPT*", 5SMY 12M1731 190 Ic=160 A, Vcg=225Vat25°C, |[11.90x11.93 112.7022
2.55Vat125°C,2.75Vat175°C |=141.9670

ABB, SPT*", 5SMY 12M1730 190 Ic=150A, Vcg=225Vat25°C, |[11.52x11.53 112.9300
2.55Vat125°C,2.75Vatl175°C |=132.8256

As shown in Table 3.1, the estimated rated Jc of the Infineon IGBT bare dies is between
115-121 A/cm?, and the estimated rated Jc of the ABB IGBT bare dies is between 108-113
A/cm?. It is noteworthy that the Infineon samples were released a few years ahead of the Fuji
Electric IGBTs, and the on-state performance of the enhanced planar gate in the ABB samples
may not be as good as that of a typical trench gate. Hence, it is reasonable to presume a rated
Jc of 130 A/cm? for the Fuji Electric IGBTSs, which is the mid-range of the estimated rated J¢
of the Infineon samples, 118 A/cm?, plus a 10% increase that is often gained in a few years of
development in that era. Therefore, the rated Ic of 650 A of the Fuji Electric IGBTs is estimated
to have an active chip area of 5 cm?.

3.4.2 Simulation Circuit Parameters and Scaling

The simulation circuit is shown in Figure 3.4. As the IGBTs in the experiments and the simula-
tions are of 1700 V class, the default value of the input DC voltage source V;, is set to 1700 V
to provide an average off-state Vce of approx. 850 V, 50% of the 1700 V Vg rating of the two

1600 nH

Vin
1700 V

Figure 3.4: Schematic diagram of the basic test circuit in the simulations.
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IGBTs in series, which is the mid-range of the typical use of IGBTs in practice. In the simulation
circuit, the main inductor in the bulk converter circuit is replaced by the DC current source /;
to provide a consistent load current for the IGBTs in the on-state and the turn-off. The default
area of the IGBT model is 1 cm?. Hence, the default value of the I; is set to 65 A, 50% of the
130 A Ic rating of the IGBT chips, which is the mid-range of the typical use of IGBTs in prac-
tice. The output stage of the bulk converter circuit is connected to a second DC voltage source
Vour with its default value matched to that of the Vi,. The DC current source /; provides a degree
of freedom in voltage that enables the use of such a circuit configuration to provide consistent
and controlled load conditions. An initial IGBT on-state of 9.9 ms is used simultaneously for
all the IGBTs to obtain a quasi-static IGBT on-state for the following turn-off event.

The FWD D; in the IGBT CCL uses a built-in idealised diode model in Silvaco ATLAS to
improve the numerical convergence and the speed of the simulation. A power diode equivalent
circuit is built around the D; to approximate the average output capacitance in the expected
blocking voltage range of the FWD in the IGBT CCL in the IGBT turn-off. The default param-

eters of the FWD circuit for two IGBTs in series are shown in Figure 3.4.

At the IGBT turn-off, the two open-loop IGBT gate drives, Vs and Veg2, switch from their
on-state driving voltage to off-state driving voltage linearly in 20 ns. The default driving volt-
ages of the Vge; and the Vg2 are both 15 V for an on-state and -15 V for an off-state, the same
as those of typical IGBT gate drives. The default values of the gate resistances, Re; and Ry2, are
13.5 Q for both IGBT turn-on and turn-off and for the IGBT active chip area of 1 cm?, which
is calibrated to fit the initial turn-off delay observed in the experiments. When scaled to the
estimated 5 cm? IGBT active chip area in the experiments, the scaled Rg becomes 2.7 Q, which
is close to the total gate resistance of 2.75 € in the experiments that consists of an internal gate
resistance of 1.75 Q and an external gate resistance of 1 Q.

The stray inductance in the IGBT CCL is included in the simulation circuit in the form of
two lumped stray inductances of the same default value in series to the IGBT branch and the
FWD branch, Lsp and Ls; in Figure 3.4, respectively. The stray inductance in the IGBT CCL in
the experiments is estimated at approx. 640 nH for two IGBTs in series with the estimated 5
cm? active chip area. In the simulations, this value is scaled to a total of 3200 nH, and the default
values of the Lsy and the Ls; are set to 1600 nH as shown in Figure 3.4 for the two IGBTs of the

1 cm? active chip area in series.

The default initial temperature values of the test circuit, the IGBT models and the IGBT
thermal contacts are set to 300 K. The thermal aspect of the simulation will be introduced later.

3.43 FSIGBT Model in the Simulations

The IGBT model in the simulations is a basic 2D vertical half-cell model without edge termi-
nations, featuring trench gate and FS designs, Figure 3.5, noting the 1.5 um offset on the x-axis.
This model is a general-purpose model for studying the turn-off Vcr divergence rather than a
reverse engineering model. The state-of-the-art IGBTs feature innovative designs, e.g. 3D struc-
tures, superjunctions, carrier storage layers (not the CSR), and nanoscale structures [59], [192].
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Figure 3.5: The base IGBT model in Silvaco ATLAS.

Nevertheless, the basic carrier transport mechanisms of IGBTs are the same, and to better focus

on these basics, the doping profiles of the IGBT model use a conventional configuration.

As the Fuji Electric IGBTs in the experiments were released a few years later than the bare
die samples in Table 3.1, to reflect the development trend of that era, the semiconductor thick-
ness of the base IGBT model is reduced to 175 pm, which also provides a close approximation
to the turn-off characteristics observed in the experiments. The IGBT model is calibrated to the
ratings of 1700 V forward-blocking Vg with a static punch-through voltage Vpr of approx. 1200
V and 130 A/cm? on-state current density. In general, FS IGBTs do not require local carrier
lifetime control [ 193], therefore, local carrier lifetime control is not used in this FS IGBT model.

Of the complete IGBT model shown in Figure 3.5, the frontside is shown in Figure 3.6, and
the backside is shown in Figure 3.7, with net doping and materials indicated. The P type doping
uses boron, and the N-type doping uses phosphorus. The half-cell width as shown in Figure 3.5
1s 2.5 pm, from 1.5 pm to 4 pm along the lateral x-axis, and the semiconductor thickness is 175
um, from 0 pm to 175 um along the vertical y-axis.

The frontside of the IGBT model is shown in Figure 3.6 with the “gate” and “emitter”
electrodes indicated, noting the change of scale on the axes. The doping and material profiles
are indicated in Figure 3.6 (a) and (b), respectively. The thickness of the oxide layer of SiO; is
500 A, and the full MOS channel length in the P base is 1.95 pm. The backside of the IGBT
model is shown in Figure 3.7 with the “collector” electrode indicated. The doping and material
profiles are indicated in Figure 3.7 (a) and (b), respectively. The thicknesses of the P emitter
and the FS N buffer are 1 ym and 5 um, respectively.

The key parameters of the base IGBT model are summarised in Table 3.2. The doping
profile is explicitly defined rather than generated by simulations or measurements of IGBT fab-
rication processes. The doping profiles in the semiconductor region are based on surface
diffusion with Gaussian roll off distribution on both x-axis and y-axis where applicable.
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Figure 3.6: The front side of the IGBT model: (a) the doping profile, and (b) the materials.

Table 3.2: Key parameters of the base IGBT model.

Region Dimension (um) Surface doping conc. (cm™)
Semiconductor region Depth (y-axis): 175 Width (x-axis): 2.5 N/A
Trench gate Depth (y-axis): 3 Width (x-axis): 1.5 N/A

SiO2 oxide layer Thickness: 0.05 (500 A) N/A

Full MOS channel length In the P base: 1.95 N/A

N* region, frontside Depth (y-axis): 0.35 Width (x-axis): 0.43 8x10!8
Shallow P* region, frontside Depth (y-axis): 0.35 Width (x-axis): 0.57 4x10'8
Deep P well, frontside Depth (y-axis): 2.3 Width (x-axis): 1 2x10'8
N- drift region Depth (y-axis): 166.7 Width (x-axis): 2.5 5.6x1013
N FS buffer, backside Depth (y-axis): 6 Width (x-axis): 2.5 1.15x10'
P* emitter region, backside Depth (y-axis): 1 Width (x-axis): 2.5 6x10'7
“Emitter” electrode, frontside Thickness (y-axis): 0.5 Width (x-axis): 0.9 N/A
“Collector” electrode, backside Thickness (y-axis): 0.5 Width (x-axis): 2.5 N/A
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Figure 3.7: The back side of the IGBT modg)(a) the doping profile, and (b) the materials.

Figure 3.8 and Figure 3.9 show the mesh grids indicated by triangles at the frontside and
the backside of the base IGBT model, respectively, noting the change of scale on the axes.
Following the discussions in section 3.3, at IGBT device level the turn-off Vg sharing of series-
connected IGBTs has strong dependence on the interaction between the IGBTs caused by their
differences in the internal carrier transport. Hence, the mesh grids in the key areas that have
strong influences on the simulation accuracy of the related characteristics shall have adequate

densities to avoid excessive simulation errors.

Therefore, in the IGBT model here, the grid densities in the following regions are enhanced:
(1) the inversion layer and the accumulation layer adjacent to the SiO; layer for MOS gate
behaviours, including the maximum perpendicular grid spacing for the MOS channel being lim-
ited to 0.001 um, Figure 3.8 (a); (2) the area adjacent to the MOS channel under the N* region
for current and electric field distributions, Figure 3.8 (a); (3) the lateral semiconductor region
beside the trench gate for electric field and carrier distributions, Figure 3.8 (a); (4) the
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Figure 3.8: Mesh grids at the front side of the IGBT model: (a) the MOS gate region, and (b) the grid density
transition towards the deep N-drift region.

semiconductor region across the entire half-cell underneath the trench gate and the P base for
current and electric field distributions, Figure 3.8 (b); (5) the N buffer and the P emitter at the
backside for carrier and electric field distributions, Figure 3.9.

Regarding the general mesh parameters in the semiconductor region, along the vertical (y-
axis) direction, the maximum grid height is limited to 0.4 um. As dynamic mesh is not supported
in Silvaco ATLAS MixedMode, this small mesh spacing limit throughout the N base is required
to obtain adequate vertical resolution of the carrier distribution at the moving depletion edge
during the turn-off, which affects the simulation accuracy of the Vg sharing. Along the lateral
(x-axis) direction, the maximum grid width is limited to 0.2 pm. This is to obtain adequate
lateral resolution of the distribution of the current that converges to the trench gate or the P base
during the turn-off.

75



Chapter 3 - 3.4

162 Net Doping (/cm3)

= 18.9 n—type]

164 6.3 (n-type)

TYTVTTTVTIVIITYY

—
N
@
o
-
=]
o

Microns

176

174

e T e S e e e e e [ e e e e e o e e e e e o e o
= = =

S —— S — e

1.6 2 2.4 2.8 3.2 3.6 4
Microns

Figure 3.9: Mesh grids at the back side of the IGBT model.
3.4.4 Selection of the Physics Model in Silvaco ATLAS

The selection of the built-in physics models in Silvaco ATLAS for the simulations is based on
the semiconductor components in the IGBT model and their operating conditions during the
turn-off as discussed in section 3.3. More specifically, the selected built-in physics models and
the numerical parameters should be appropriate for the physical characteristics in silicon of: (1)
the inversion layer of the MOS channel, (2) the high-level injection and the excess carrier profile
of the PNP BJT structure, and (3) the carrier transport and the impact ionisation in the depletion
region under a high electric field, including the effects of carrier velocity saturation. The fol-
lowing built-in physics models are set in the simulations:

Mobility Models — The mobility models need to account for the dependence of the carrier
mobilities on both parallel and perpendicular electric fields, doping concentration, and temper-
ature. Hence, the built-in Lombardi CVT model and Darwish CVT model are activated by
setting the flag CVT in the MODELS statement and the flag NEWCVT .N and NEWCVT . P in the
MOBILITY statement, respectively [39], [194], [195]. The CVT model, by default, employs the
built-in parallel electric field dependent mobility model, the flag FL.DMOB in the MODELS state-
ment, where the low-field mobility from the CVT model is supplied to the FL.DMOB model to
account for carrier velocity saturation effects [39], [195]. The Darwish CVT model is an im-
proved version of the Lombardi CVT model, which incorporates the mobility model by
Klaassen [28], [29] for bulk mobility and a new expression for surface roughness [194], [195].
In Silvaco ATLAS, the Darwish CVT model needs to be set concurrently with the Lombardi
CVT model to be effective.

Recombination Models — The recombination models need to account for both SRH recom-
bination and Auger recombination. For SRH recombination, the built-in SRH lifetime model
with additional doping concentration dependence is activated by setting the flag CONSRH in the
MODELS statement [47]-[49], [195]. A built-in set of parameters for this model suggested by
Law [49] is activated by setting the flag CONSRH . LAW in the MODELS statement. The CONSRH
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model, by default, employs the built-in standard SRH recombination model, the flag SRH in the
MODELS statement [44], [45]. For Auger recombination, the built-in Auger recombination
model with temperature and concentration dependent coefficients is activated by setting the flag
HNSAUG in the MODELS statement, [56], [ 196], which, by default, employs the built-in standard
Auger recombination model, the flag AUGER in the MODELS statement [51], [195].

Bandgap Narrowing Model — Bandgap narrowing effects start to occur when the doping
concentration exceeds 10'7 cm™ [20], [187], [197], [198]. As part of the doping profiles in the
IGBT model exceeds that level, a built-in bandgap narrowing model is activated by setting the
flag BGN in the MODELS statement [20], [187], [195].

Impact Ionisation Model — In typical use, the high electric field in an IGBT in the turn-off
and the off-state excites impact ionisation, which affects the carrier and the current distributions.
Hence, the built-in impact ionisation model by Selberherr is activated by setting the flag SELB
in the IMPACT statement [24], [25], [58], [195], [199].

Lattice Heat Flow Models — The simulation of lattice heat flow uses the self-heating simu-
lator GIGA in Silvaco, which implements the thermodynamically rigorous model of lattice
heating by Wachutka [195], [200]. This built-in lattice heat flow model is activated by setting
the flag LAT . TEMP in the MODELS statement [195]. Regarding the thermal conductivity, the
built-in compositionally dependent thermal conductivity model is activated by setting the flag
TCON.COMP in the MATERIAL statement [195], [201]. Regarding the heat capacity, the built-
in compositionally dependent heat capacity model is activated by setting the flag HC . COMP in
the MATERIAL statement, [195], [201]. The thermal boundary is specified as the outside sur-
face of the backside “collector” electrode of the IGBT model in the THERMCONTACT statement,
with a default external temperature value of 300 K and a default thermal conductance value of
10 W/(cm?-K). This method is compatible with the internal merging of multiple ATLAS devices
into one for simulation in ATLAS MixedMode, e.g. the two IGBTs in series.

Contact Characteristics — The “gate” electrode of the IGBT model is N polysilicon. The
work function of the “gate” electrode is set to 4.17 eV by setting the flag N. POLYSILICON in
the CONTACT statement for the “gate” electrode [195]. The “collector” and the “emitter” elec-
trodes are aluminium on heavily doped silicon which forms ohmic contact. Therefore, the work
functions for these two aluminium electrodes are not specified.

Numerical Parameters — The simulations employ the Fermi-Dirac statistics rather than the
Boltzmann statistics due to the heavily doped regions in the IGBT model [195]. The quasi-static
approximation for transient simulation in the ATLAS solver is disabled for the fast IGBT turn-
off. The simulations involve depletion regions at high blocking voltages, in which the low car-
rier concentrations require a reduction in the minimal concentration to be resolved by the solver
to prevent “false” solutions [195], adjusted by the parameter CLIMIT in the METHOD statement.
The ATLAS manual recommends an order of magnitude of 1x10% cm™ for that minimal con-
centration for Si diode breakdown simulation [195]. In the simulations here, the CLIMIT is

reduced from 1x10% to 2x10™*, which reduces that minimal concentration from approx. 4.5x10"3
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cm™ to approx. 9x10° cm™. However, within a limited arithmetic precision level, e.g. 80 nom-
inal precision bits with 64 significant bits, reducing the CLIMIT may cause rounding errors
that prevent a resolution to be obtained when a high numerical contrast in an ATLAS device
exists, e.g. in the carrier concentration in the turn-off. In the simulations here, the arithmetic
precision level is increased from the default 64 bit nominal precision with 53 significant bits to
the 80 bits nominal precision with 64 significant bits [195].

3.4.5 Simulation Examples

To validate that the IGBT model here is capable of providing reasonable approximations to an
actual IGBT, a simulation result of the IGBT model is compared with the experiment result of
the uncontrolled IGBT turn-off shown previously in Figure 3.2. The experiment Vg sharing
result is affected by a mixture of gate control errors and parameter variations between the IGBT
devices. To obtain the average characteristics of those IGBTs in series, 50% of the total Vcr of
the two IGBTs in series in the experiment is used as the Vg of a single IGBT for a single-device

comparison with the simulation result.

The simulation circuit for this comparison, Figure 3.10, uses the basic circuit shown in
Figure 3.4 with a few modifications to account for the parameter scaling for the single-device
situation and the anti-parallel FWDs of the IGBT module in the experiment. The FWD circuit
D; that accounts for another IGBT module of the same model used as the FWDs in the CCL in
the experiment is converted into a single-device form. The FWD circuit Dy is attached in anti-
parallel to the IGBT model with the parameters scaled to account for an anti-parallel FWD in
the switching IGBT module in the experiment. The stray inductances are halved for a single-

Rf0 0.015Q DO

Rr0 100 MQ

— =

Rd0 1Q Cd0 240 pF

- 1 112A
LsO 800 nH

Figure 3.10: The simulation circuit for IGBT model validation.
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device situation. To approximate the measured circuit conditions in the experiment, the Vi, and
the Vour are set to 502 V and the /; is set to 11.2 A for the 1 cm? active chip area. The on-state
and the off-state IGBT gate driving voltages are set to 13.2 V and -13.2 V, respectively, to
approximate the measured driving voltages of the IGBT gate drive in the experiment.

The comparison of a turn-off event is shown in Figure 3.11, where the solid lines represent
the simulation results and the dashed lines represent the experiment results. In this simulation,
the IGBT model parameters listed in Table 3.2 with the physics models selected and propor-
tionally reduced low-level electron and hole lifetimes of 7.5 us and 2.5 us, respectively, are
found to provide a close approximation to the experiment results. Regarding the Vcg, in the fast
Vee-Ic transient, initially at lower voltages the average experiment Vg expave has a slight timing
lead and a lower dV¢cg/df rate compared with the simulation Vg sim. The Vg sim and the Ve Egpave
reach close agreement after they exceed 180 V. In the following tail time, the Vcgsim is subject
to a small undershoot, after which the Vcgsin and the Vg egpavg regain close agreement.
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Figure 3.11: Comparison of simulation and experimental results at IGBT turn-off.
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Regarding the /¢, the simulation /¢ si» shown in Figure 3.11 includes the current of the anti-
parallel FWD circuit Do to match the experiment /c gy, measured at the “C” terminal of the
IGBT module which includes the current of the internal anti-parallel FWD. During the fast Vce
rising, the Icsim i subject to ringing compared with the /c gy During the Ve overshoot, the
Icsim and the Ic gy, reach close agreement as they both fall rapidly. During the transition to the
tail time, the /csin is subject to a short holding period compared with the smooth transition of
the Iceyp. In the tail time, the decay of the Icsin and the decay of the Ic gy, are similar, with
slightly faster decay observed in the Ic £xp.

Regarding the Ve, in the experiments the low-side IGBT Vgg exprs 1s measured between
the ‘G’-‘E’ package terminals of the IGBT module, which is affected by the internal gate re-
sistance. Therefore, the Virsim and the Ve egprs are not comparable as in the simulation the
VGE,sim 1s measured directly between the ‘G’-‘E’ electrodes of the IGBT chip. Nevertheless, the
timings of the key turning points in the Vg at approx. 0.4 ps and 0.8 ps show close agreement
between the Ve sim and the Vee Exprs.

The differences between the simulation and the experiment results are contributed by the
modelling of the switching circuit and the IGBT device. Regarding the switching circuit, the
simulation circuit uses independent voltage sources to provide input and output voltages and an
independent current source to provide an inductive load current to obtain directly controlled and
consistent load conditions for the IGBTs. A major difference arising from this circuit configu-
ration is in the circuit impedance, where an independent current source is converted into an
open circuit and an independent voltage source is converted into a short circuit. Therefore, com-
pared with the experiment circuit, regarding the RLC resonant frequency of the CCL, the
simulation circuit lacks the large output capacitors and a set of large input capacitors used in
the experiment circuit. As a result, the RLC resonant frequency, proportional to (LC)", of the
CCL in the simulation circuit is higher compared with that in the experiment circuit. Also, the
RLC damping factor, proportional to (C/L)*®, of the CCL in the simulation circuit is smaller
compared with that in the experiment circuit. Hence, obvious oscillations in the /c,si» and the
Ve sim are observed in the fast Veg-Ic transient, which affects the agreement between the simu-
lation and the experiment results. The lack of modelling of parasitic capacitances in the
simulation circuit also contributes to the disagreements between the results.

Another major difference arising from the circuit modelling is in the output capacitances
of the FWDs, where the voltage dependent off-state output capacitance of an FWD is imple-
mented by a fixed capacitance at an estimated average value. This method improves the
numerical convergence in the simulation but introduces circuit errors in the fast Vcg-Ic transient,
although would not qualitatively alter the turn-off Ve divergence. These errors are larger at a
lower load current where the IGBT on-state excess carrier profile is lower.

It is also noteworthy that the two IGBTs in series in the experiment are likely to be affected
by a relative timing jitter in the gate driving, which causes a delay in the fast Vcg rising between
the two IGBTs. As the Vcr in the experiment result in the comparison is 50% of the total Vce of
the two IGBTs, this delay in the fast Ve rising reduces the average dVcg/dt rate at the beginning
of the fast Vg rising, where a disagreement between the results is observed.
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Regarding the IGBT structure, a factor that affects the agreement of the results is the likely
use of a more advanced IGBT design for the Fuji Electric IGBTs used in the experiment. A
1700 V trench-FS IGBT featuring a 3D structure with micro P-base regions from Fuji Electric
was reported in 2011 [74] shortly after the release of their V series IGBTs of 1700 V used in
the experiment. Considering that it is unusual for power semiconductor manufacturers to reveal
a device design before the related product release, although not explicitly specified, it is likely
that such a 3D IGBT design has been used in the IGBTs in the experiment. The improved trade-
off between the on-state and the switching performance gained from the 3D IGBT design [74]
can enable the faster decay of the tail current in the experiment. In the simulation, the low-level
carrier lifetimes in the recombination models used have to be reduced to achieve comparable

decay of the tail current. Further reduction in the low-level carrier lifetimes would be a deviation.

Overall, the IGBT model and the switching circuit for the simulation are capable of repro-
ducing the key turn-off characteristics of an actual FS IGBT. The modelling objective here is
not for reverse engineering, but for IGBT and circuit models that can reproduce the typical turn-
off characteristics of modern FS IGBTs to a reasonable extent. Simulation using a 3D IGBT
model and an FEM FWD model is possible at the cost of significant increase in computing
resource consumption. Hence, such a trade-off has to be considered. The 2D IGBT model, the
FWD equivalent circuit, and the rest of the simulation setup here do not qualitatively alter the
basics of modern FS IGBTs or the turn-off V¢ divergence while providing acceptable simula-
tion speed with reasonable accuracy, which is suitable for the intended research objectives here.

Figure 3.12 shows the static I-V characteristics of the base IGBT model of 1 cm? at the
external temperature of 300 K. In the static on-state at Ve = 15 V, Figure 3.12 (a), significant
increase in the /c emerges after the V¢ exceeds 0.7 V with rapid growth after the Ve exceeds
1.5V, where Ic = 130 A is achieved at Ve = 1.734 V. In the static forward-blocking off-state
at Ve =0V, Figure 3.12 (b), the Ic starts to increase rapidly after the Ve exceeds 1700 V.

Figure 3.13 shows the vertical cutlines, along y = 0-175 um at x = 1.5 um in Figure 3.5, of
the electric field and the doping profile of the base IGBT model at static Vcg = 1200 V. At
approx. 169 um where the N buffer joins the N-drift region, the electric field reaches a low level
near zero, suggesting a static punch-through voltage Vpr = 1200 V. In Figure 3.12 (b), at Ve
near 1200 V, a decrease in the d/c/dVce rate is observed, which also suggests that the depletion
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Figure 3.12: Static I-V characteristics of the base IGBT model at 300 K external temperature:
(a) on-state at Vgg = 15 V, and (b) off-state at V=0 V.
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doping profile of the base IGBT model at Vg = 1200 V.
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Figure 3.14: Turn-off of two IGBTs in series with identical IGBT model and control.

region punches through the N-drift region and reaches the N buffer, Figure 3.13. As the electric
field is “stopped” in the N buffer, the expansion of the depletion region with the Vg is reduced
and so is the growth of the generation current in it, and thus the reduction in the d/c/dVce rate.

Figure 3.14 shows the turn-off simulation of two IGBTs using identical IGBT model and
gate driving parameters. This is to demonstrate that the mesh of the IGBT model, the physics
model selection, and the numerical settings would not introduce any significant Vg divergence.
In Figure 3.14 the Vs and the Veez overlap and the absolute Vg difference Vg pspiy remains
at zero level in the entire simulation, including a 100 ps nominal off-state, approx. 10 times of
the high-level carrier lifetime in the IGBT N base. Due to the stray inductance in the CCL, for
one IGBT the Ve overshoot peaks at approx. 350 V above the 850 V average off-state Vce.

3.5 Simulations of Individual Vce Diverging Factors

The simulations of the individual Vg diverging factors included in section 3.3.1 are presented
in this section, following the discussions of their Ve diverging effects in section 3.3.4.
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3.5.1 An Output Delay in the IGBT1 Gate Drive

Figure 3.15 shows the turn-off simulation of two IGBTs in series with a 10 ns gate drive output
delay applied to the IGBT;. The Vg divergence produced by the IGBT gate drive output delay
represents one of the two basic Ve diverging scenarios discussed in section 3.3.4 that features
a delay in the depletion progress in the CSR of the same on-state excess carrier profile. In this
case, the absolute Vg difference Vg apspifis defined as (Vcez — Veer) and reaches its maximum
0f438.06 V at 11.659 s before starts to decrease slowly. To reveal more Vg diverging details,
the first 15 ps of this turn-off is shown in Figure 3.15. The difference in Ve is very small on
this time scale. No significant difference in /c is observed.

After the initial gate discharging period from 0 us to approx. 0.8 us, the Vcr: starts to
increase rapidly ahead of the Vcg;, causing a rapid but small increase in the Vg apspif at first.
The VcE apspisr remains small while the total Vg rises to the Vpc. During the Vg overshoot, the
Vce2 remains higher than the Vg, but the Veeasspig starts to decrease as the Ic falls rapidly.

v
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Figure 3.15: Turn-off of two IGBTs in series with a 10 ns gate driving delay applied to the IGBT.
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Similar diverging characteristics are observed in the experiment result shown in Figure 3.3. As
the Ic falls, the electric field gradient in the depletion region decreases due to the decrease in
the hole carrier profile under the high electric field in the depletion region which is related to
the /c. This reduces the difference in the integral of the electric field over the depletion region,
and hence the reduction in the Vg anspig.

In the tail time, the Vceapspi starts to increase again as the lead of the Ve over the Vg
increases. In terms of magnitude, the main V¢ divergence arises in the tail time over a long
period, in which the maximum Vcr divergence of 438.06 V is reached at 11.659 ps. At such a
point the intrinsic leakage current based on the carrier generation in the depletion region prevails

over the hole diffusion current in the undepleted part of the N base towards the depletion region.

Figure 3.16 shows the Vg in the full 100 ps of the turn-off and the off-state. After peaks at
11.659 us, the Vcr anspif starts to decrease gradually. This Vg converging process is considera-
bly slower than the Vcr diverging process in the tail time. The Vg, remains above the Vg in
the entire IGBT turn-off and off-state in this simulation.

Figure 3.17 to Figure 3.19 show respective comparisons of the electric field and the hole
carrier profiles, along y = 0-175 pm at x = 1.5 um in Figure 3.5, between the IGBT) and the
IGBT: at different times during the turn-off shown in Figure 3.15. The traces sampled at the
same time are grouped and indicated, and the timestamps refer to the time axis in Figure 3.15.

The traces in Figure 3.17 are sampled at different times from 0.81 ps to 1.02 ps during the
rising of the total Vcg from the MOS channel cut-off to the Vpc in Figure 3.15. At 0.81 pus when
the MOS channel is just cut off, only minor differences in the electric field and the hole carrier
profiles caused by the delay in the IGBT gate drive output can be observed. At 0.93 ps, the total
Vce rises to approx. 50% of the Vpc. Clear gaps between the electric field and the hole carrier
profiles, respectively, are observed, which are related to the Vcr divergence. The IGBT: leads
in the depletion progress, which is related to its lead in the Vg sharing. At 1.02 us, the total Vg
rises to approx. 100% of the Vpc. The respective gaps in the electric field and the hole carrier
profiles narrow as the excess carrier concentrations at the MOS gate side CSR boundary in-
crease with the expansion of the depletion regions and hence the expansion is reduced.
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Figure 3.16: Turn-off of two IGBTs in series with a 10 ns gate driving delay applied to the IGBT.
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Figure 3.17: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 pum at x = 1.5 pm in
Figure 3.5. A 10 ns gate driving delay is applied to the IGBT;.

The electric field gradients at 0.93 us and 1.02 ps are similar as the IGBT /¢ only decreases
slightly while the total Vcerises to the Vpc. In the part of the depletion region with a high electric
field, the hole carrier profiles at 0.93 ps and 1.02 ps are also similar. This is due to the holes
that reach the saturation velocity under a high electric field of the hole currents related to the
same /c that remains virtually at the load level. The respective hole carrier profiles in the re-
maining CSR in the IGBTs also remain virtually unchanged throughout the period covered in
Figure 3.17. This is due to the ambipolar current in the remaining CSR is related to the same /¢
that remains virtually at the load level.

The traces in Figure 3.18 are sampled following the trace set of 1.02 us in Figure 3.17 at
different times from 1.02 ps to 1.57 ps as the Ic falls from the load level to the initial tail current
during the Vcr overshoot. At 1.21 ps, the Ic falls to approx. 50% of the load current, which
results in decreases in the electric field gradients. Despite this, the expansion of the depletion
regions from 1.02 ps still results in higher electric field profiles related to the Vcr overshoot.
As the Ic falls, the hole carrier profiles in the depletion regions under high electric fields de-
crease accordingly. Also, small decreases are observed in the hole carrier profiles in the
undepleted parts of the N bases due to the decrease in the Ic. At 1.57 us, the /¢ falls to the initial
tail current while the total Vg falls to near the Vpc level. The electric field gradients continue
to decrease, and with limited depletion from 1.21 ps, the electric field profiles decrease and the
Vce overshoot completes. The hole carrier profiles in the depletion regions continue to decrease
as the Ic falls. At 1.57 ps, the decreases in the hole carrier profiles in the undepleted parts of the

85



Chapter 3 - 3.5

18 T T T T T T T T
< Electric Field - IGBT1

16 PSS - — - - Electric Field - IGBT2 |
14 |

12 HF
10 Hf- S : i

(V/cm)

Electric Field
o N B> O ©

S| 1

0 20 40 60 80 100 120 140 160
Y Coordinate (um)

19 T T T T T T T T
Hole Conc. (p) - IGBT1

~ 18 I - - - - Hole Conc. (p) - IGBT2 7

17

(cm

16 {
15§
14 H

13 i

v 1.57 s

loglo Conc.

=

12 H

11 I 1 I I 1 I 1 I
0 20 40 60 80 100 120 140 160

Y Coordinate (pm)
Figure 3.18: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 pum at x = 1.5 pm in
Figure 3.5. A 10 ns gate driving delay is applied to the IGBT;.

N bases become significant. Until this point, the Ve divergence caused by the delayed IGBT
gate drive output is still small.

The traces in Figure 3.19 are sampled following the trace set of 1.57 us in Figure 3.18 at
different times from 1.57 us to 11.25 ps in the tail time, where in terms of magnitude the main
Ve divergence develops. At 5.35 ps, the Ic falls to approx. 0.065 A, 1% of the initial tail current
of approx. 6.5 A. As the /¢ falls, the hole carrier profiles and the electric field gradients continue
to decrease. Compared with the trace sets at 1.57 s, in the IGBT the depletion edge near 135
um remains virtually unchanged while the peak electric field in the depletion region decreases.
In contrast, in the IGBT: the peak electric field in the depletion region remains virtually un-
changed while the depletion region has an obvious expansion. The gap between the electric
field profiles has a significant increase which is related to the increase in the Vg divergence in
this period. In the depletion regions, the hole carrier profiles continue to decrease while the
difference in concentration between them remains small. However, in the undepleted parts of
the N bases, the difference between the hole carrier profiles becomes significant as the hole
carrier profile in the IGBT> decreases faster and becomes narrower.

The respective trends in the electric field and the hole carrier profiles from 1.57 pus to 5.35
us continue to 11.25 ps. In the IGBT; the depletion region contracts and the peak electric field
decreases, while in the IGBT: the depletion region expands and the peak electric field increases.
This is related to the continuous increase in the Vg divergence from 5.35 ps to 11.25 ps. From
5.35 us to 11.25 ps, in the depletion regions with high electric fields, the hole carrier profiles
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Figure 3.19: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 pum at x = 1.5 pm in
Figure 3.5. A 10 ns gate driving delay is applied to the IGBT;.

continue to decrease and the difference in concentration between them remains small. However,
in the undepleted parts of the N bases, the difference between the hole carrier profiles continues
to increase with the same trend from 1.57 pus to 5.35 ps. At this point, in the undepleted parts of
the N bases, the hole carrier profiles have decreased below the N-type doping profiles (not
shown) in both the IGBT; and the IGBT>.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-
ulation results agree with the theoretical results of the Ve divergence caused by a gate driving
delay in an IGBT discussed in the case 1) in section 3.3.4.

3.5.2 1IGBT: with a Higher P Emitter Doping Profile

Figure 3.20 shows the turn-off simulation of two IGBTs in series with the doping profile of the
backside P emitter in the IGBT increased by 5% in concentration. The Vce divergence caused
by a higher P emitter doping profile in an IGBT represents the other basic Vcr diverging
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Figure 3.20: Turn-off of two IGBTSs in series with the P emitter doping profile in the IGBT; increased by 5% in
concentration.

scenario discussed in section 3.3.4 that features reduced expansion of the depletion region in
the N base due to a higher excess carrier profile. Here, the Ve apspiris defined as (Vcez — Veer)
and reaches its maximum of 359.00 V at 11.25 us before starts to decrease slowly. To reveal
more Vg diverging details, the first 15 ps of this turn-off is shown in Figure 3.20. No significant
difference in the /c or the Ve is observed.

After the initial gate discharging period from 0 ps to approx. 0.8 us, the Vcg; and the Vegz
both start to increase rapidly. During the fast Vcg-Ic transient, the Vg2 has a slight lead over the
Vcer due to the higher excess carrier profile in the IGBT; caused by its higher P emitter doping
profile. Unlike the previous case of a 10 ns gate driving delay, here the Vg apspif first increases
slowly, and during the Ve overshoot the increase in the Vg apspiy moderates as the Ic falls
rapidly. In the tail time, as the lead of the Ve over the Vce; increases, the Ve apspi continues
to increase and reaches its maximum of 359.00 V at 11.250 pus. In terms of magnitude, the main
Vce divergence also arises in the tail time over a long period.
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Figure 3.21: Turn-off of two IGBTs in series with the P emitter doping profile in the IGBT increased by 5% in
concentration.

Figure 3.21 shows the Vg in the full 100 ps of the turn-off and the off-state. After peaks at
11.250 ps, the Ver anspir also starts to decreases gradually. This Ve converging process is also
considerably slower than the Vg diverging process in the tail time. The Vg2 remains above the
Vcer in the entire turn-off and off-state in this simulation.

Figure 3.22 to Figure 3.24 show respective comparisons of the electric field and the hole
carrier profiles, along y = 0-175 pm at x = 1.5 um in Figure 3.5, between the IGBT, and the
IGBT: at different times during the turn-off shown in Figure 3.20. The traces sampled at the

same time are grouped and indicated, and the timestamps refer to the time axis in Figure 3.20.

18 T T T T T

T T T
Electric Field - IGBT1
16 - - - - Electric Field - IGBT2 |

14
12
10

(V/cm)

Electric Field

o N OB oy

4 L 1 - - -
0=f 20 40 60 80 100 120 140 160
Y Coordinate (pm)

19 T T T T T T T T
~ 18 ¢ 4
17

16 _

15 H
14§

13

12 + Hole Conc. (p) - IGBT1
- = == THole Conc. (p) = IGBT2
ll 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160

Y Coordinate (um)
Figure 3.22: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 um at x = 1.5 pm in
Figure 3.5. The P emitter doping concentration in the IGBT] is increased by 5%.
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The traces in Figure 3.22 are sampled at different times from 0.81 us to 1.02 ps during the
rising of the total Vcg from the MOS channel cut-off to the Vpc in Figure 3.20. At 0.81 pus when
the MOS channel is just cut off, no obvious difference in the electric field or the hole carrier
profiles between the IGBT; and the IGBT: can be observed. Due to the higher P emitter doping
profile, the hole carrier profile in the IGBT is slightly higher than that in the IGBT>, however,
on the scale presented such a small difference is not visually obvious. At 0.93 ps, the total Ve
reaches approx. 50% of the Vpc. Slight differences in the electric field and the hole carrier pro-
files can be observed. The IGBT> with a lower hole carrier profile in the N base leads in the
depletion progress, which results in a higher electric field profile in the depletion region and a
narrower and lower hole carrier profile in the remaining CSR. At 1.02 us, the total Vg rises to
approx. 100% of the Vpc. The electric field gradients at 1.02 us are similar to those at 0.93 us
as the IGBT Ic remains virtually at the load level before the current commutation during the
Vce overshoot. The respective gaps between the electric field and the hole carrier profiles widen
slightly compared with those at 0.93 ps. Those gaps during the fast Vcg-Ic transient are much
smaller compared with those in the previous case of an IGBT gate driving delay. The respective
hole carrier profiles in the remaining CSRs in the IGBTSs remain virtually unchanged throughout

the period covered in Figure 3.22 as the IGBT /c remains virtually at the load level.

The traces in Figure 3.23 are sampled following the trace set of 1.02 us in Figure 3.22 at
different times from 1.02 us to 1.57 us as the /¢ falls from the load level to the initial tail current
during the Vce overshoot. At 1.21 ps, the Ic falls to approx. 50% of the load current, which
reduces the electric field gradients. Still, the expansion of the depletion regions since 1.02 us
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Figure 3.23: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 um at x = 1.5 pm in
Figure 3.5. The P emitter doping concentration in the IGBT] is increased by 5%.
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results in higher electric field profiles related to the Vcr overshoot with slight increases in the
peak electric field. As the /¢ falls, the hole carrier profiles in the undepleted parts of the N bases
decrease. In the depletion regions, the hole carrier profiles under high electric fields also de-
crease. The respective gaps between the electric field and the hole carrier profiles increase
slightly but are still small compared with those in the previous case of an IGBT gate driving
delay. At 1.57 us, the Ic falls to the initial tail current while the total Vce falls to near the Vpc
level. The depletion regions only expand slightly while the electric field gradients continue to
decrease, which results in the total Vg falling back to the Vpc level and completes the Vg
overshoot. The hole carrier profiles in the depletion regions continue to decrease. The hole car-
rier profiles in the undepleted parts of the N bases show significant decreases as the /¢ falls to
the initial tail current. The respective gaps between the electric field and the hole carrier profiles
continue to widen compared with those at 1.21 us but are still smaller than those in the previous
case of an IGBT gate driving delay.

The traces in Figure 3.24 are sampled following the trace set of 1.57 us in Figure 3.23 at
different times from 1.57 ps to 11.25 ps in the tail time, where in terms of magnitude the main
Ve divergence develops. The respective trends in the electric field and the hole carrier profiles
in the tail time here are similar to those in the previous case of an IGBT gate driving delay. At
5.35 us, the Ic falls to approx. 0.065 A, 1% of the initial tail current of approx. 6.5 A. As the I¢c
falls, the hole carrier profiles and the electric field gradients continue to decrease. Compared
with the trace sets at 1.57 ps, in the IGBT) the depletion edge near 135 um remains virtually
unchanged while the peak electric field in the depletion region decreases. In contrast, in the
IGBT: the peak electric field in the depletion region remains virtually unchanged while the
depletion region expands. The gap between the electric field profiles has a significant increase
which is related to the increase in the Ve divergence in this period. In the depletion regions,
the hole carrier profiles continue to decrease while the difference in concentration between them
remains small. However, in the undepleted parts of the N bases, the difference between the hole
carrier profiles becomes significant as the hole carrier profile in the IGBT> decreases faster and

becomes narrower.

The respective trends in the electric field and the hole carrier profiles from 1.57 us to 5.35
us continue to 11.25 ps. At 11.25 ps, the Vceapspiyr reaches its maximum. In the IGBT; the
depletion region contracts and the peak electric field decreases, while in the IGBT> the depletion
region expands and the peak electric field increases. This is related to the continuous increase
in the V¢ divergence from 5.35 ps to 11.25 ps. From 5.35 ps to 11.25 ps, in the depletion
regions with high electric fields, the hole carrier profiles continue to decrease and the difference
in concentration between them remains small. However, in the undepleted parts of the N bases,
the difference between the hole carrier profiles continues to increase with the same trend from
1.57 us to 5.35 us. At this point, in the undepleted parts of the N bases, the hole carrier profiles
have decreased below the N-type doping profiles (not shown) in both the IGBT; and the IGBT>.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-
ulation results agree with the theoretical results of the Vg divergence caused by a higher P
emitter doping profile in an IGBT discussed in the case 2) in section 3.3.4.

91



Chapter 3 - 3.5

14 220 20
— E-Field, IGBT1 Hole Conc., IGBT1
§ 12 - - - - E-Field, IGBT2 —~ 18 - === Hole Conc., IGBT2
= 7
< 10 £
L 16
S s
] N t
- 8 14 1
. 8
0
d oy o 12 1.57 ps
8 o
o)
[0) 10
5 02 -
]
0 8
0 50 100 150 0 50 100 150
Y Coordinate (pm) Y Coordinate (um)
4
14 220 20
- E-Field, IGBT1 Hole Conc., IGBT1
g 120 - = - - E-Field, IGBT2 — 13 ~ = == Hole Conc., IGBT2
> i
2 =
L 16
k]
?) .
9 S
F 3]
0 O
g 2
D o
0 o)
3 - 5.35
= . us
8
0 50 100 150 0 50 100 150
Y Coordinate (um) Y Coordinate (um)

14 20
— I E-Field, IGBT1 Hole Conc., IGBT1
§i12ph '~ - 2 - E-Field, IGBT2 — 1g} ===~ Hole conc., 16BT2
S~ ™
> 's
L 16
ko]
E .
A 9 14
F o
O
0]
- 12
v 2
+ o
3 S 10
=2 N s T e
= . 11.25 ps
0 50 100 150 0 50 100 150
Y Coordinate (pm) Y Coordinate (um)

Figure 3.24: Comparisons of the electric field and the hole carrier profiles, along y = 0-175 pm at x = 1.5 pm in
Figure 3.5. The P emitter doping concentration in the IGBT) is increased by 5%.

This scenario with a higher P emitter doping profile and the previous scenario with an IGBT
gate driving delay are the two basic Vg diverging scenarios here. Their respective Vg diverging
mechanisms in different turn-off phases can be used in combinations to account for the Vg
diverging effects of the other Ve diverging factors included in this thesis. Hence, the internal
IGBT states in the turn-off simulations of the other Ve diverging factors will not be shown.

3.5.3 IGBTi with a Higher Gate Resistance

Figure 3.25 shows the turn-off simulation of two IGBTs in series with the gate resistance for
the IGBT) increased by 1%. The higher gate resistance reduces the gate discharging current
during the IGBT turn-off, which delays the MOS channel cut-off. Therefore, according to sec-
tion 3.3.4, the Vcr divergence caused by a higher gate resistance in an IGBT can be considered
as a variant of the basic scenario of an IGBT gate driving delay discussed in section 3.5.1, where
the IGBT] is delayed by its higher gate resistance. Here, the Vg 4pspifris defined as (Vcez — Veer)
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Figure 3.25: Turn-off of two IGBTs in series with the gate resistance for the IGBT) increased by 1%.

and reaches its maximum of 293.09 V at 11.138 ps before starts to decrease slowly. To reveal
more Vg diverging details, the first 15 ps of this turn-off is shown in Figure 3.25. The differ-
ence in Vge 1s very small on this time scale. No significant difference in /¢ is observed.

After the initial gate discharging period from 0 us to approx. 0.8 us, the Vg starts to
increase ahead of the Vcg;. Due to the delay in the MOS channel cut-off in the IGBT], the
VcE anspigr has a rapid increase at first but remains small while the total Vg rises to the Vpc.
During the Vce overshoot, the Vegz remains higher than the Vegs, but the Ve anspig starts to
decrease as the /¢ falls rapidly. A similar Vg diverging feature is observed in the same stage in
the simulation of an IGBT gate driving delay shown in Figure 3.15. As the /¢ falls, the electric
field gradient in the depletion region decreases due to the decrease in the hole carrier profile
under the high electric field in the depletion region which is related to the /c. This reduces the
difference in the integral of the electric field over the depletion region, and hence the reduction

in the VcE apspif-
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Figure 3.26: Turn-off of two IGBTs in series with the gate resistance for the IGBT) increased by 1%.

In the tail time, the Vce.apspif starts to increase again as the lead of the Ve over the Vg
increases. In terms of magnitude, the main V¢ divergence arises in the tail time over a long
period. The maximum Vg divergence of 293.09 V is reached at 11.138 us, where the intrinsic
leakage current based on the carrier generation in the depletion region prevails over the hole
diffusion current in the undepleted part of the N bulk towards the depletion region.

Figure 3.26 shows the Vcg in the full 100 ps of the turn-off and the off-state. After peaks at
11.138 us, the Ve anspif starts to decrease gradually. This Ve converging process is considera-
bly slower than the Vcg diverging process in the tail time. The Vg2 remains above the Veg; in
the entire turn-off and off-state in this simulation.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-
ulation results agree with the theoretical results of the Ve divergence caused by a higher gate
resistance for an IGBT discussed in the case 3) in section 3.3.4.

3.5.4 IGBT: with a Higher Gate Oxide Thickness

Figure 3.27 shows the turn-off simulation of two IGBTs in series with the gate oxide thickness
of the IGBT] increased by 1%. The higher gate oxide thickness leads to a weaker MOS inversion
layer and a slightly lower excess carrier profile in the on-state, as well as early MOS channel
cut-off in the turn-off. Therefore, according to section 3.3.4, the Ve divergence caused by a
higher gate oxide thickness of an IGBT can be considered as a combination of the scenario of
a lower P emitter doping profile, the opposite of the situation in section 3.5.2, and the scenario
of a timing lead in gate driving, the opposite of the situation in section 3.5.1. Both these scenar-
ios result in higher Vce sharing in the fast Vce-Ic transient and the following tail time. In this
case, the Vg apspi 1s defined as (Vcer — Verz) and reaches its maximum of 400.12 V at 11.250
us before starts to decrease slowly. To reveal more Vg diverging details, the first 15 ps of the
turn-off is shown in Figure 3.27. The difference in Ve is very small on this time scale. No
significant difference in /c 1s observed.

After the initial gate discharging period from 0 us to approx. 0.8 us, the Vg starts to
increase ahead of the Vcg2. Due to the timing lead of the IGBT; in MOS channel cut-off, the
Ve apspifr has a rapid increase at first but remains small while the total Vg rises to the Vpc.
During the Ve overshoot, the Veg; remains higher than the Vg2, but the Vegapspi starts to
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Figure 3.27: Turn-off of two IGBTs in series with the gate oxide thickness of the IGBT; increased by 1%.

decrease as the Ic falls rapidly. A similar Vg diverging feature is observed in the simulation of
an IGBT gate driving delay shown in Figure 3.15. As the /¢ falls, the electric field gradient in
the depletion region decreases due to the decrease in the hole carrier profile under the high
electric field in the depletion region which is related to the /c. This reduces the difference in the
integral of the electric field over the depletion region, and hence the reduction in the Ve apspif-

In the tail time, the Vceapspif starts to increase again as the lead of the Vce; over the Ve
increases. In terms of magnitude, the main Ve divergence arises in the tail time over a long
period. The maximum Vcg divergence of 400.12 V is reached at 11.250 us, where the intrinsic
leakage current based on the carrier generation in the depletion region prevails over the hole
diffusion current in the undepleted part of the N bulk towards the depletion region.

Figure 3.28 shows the Vg in the full 100 us of the turn-off and the off-state. After peaks at
11.250 s, the Vceanspiy starts to decrease gradually. This Vg converging process is
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Figure 3.28: Turn-off of two IGBTs in series with the gate oxide thickness of the IGBT| increased by 1%.

considerably slower than the Ve diverging process in the tail time. The Vg remains above the
Vce2 in the entire turn-off and off-state in this simulation.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-
ulation results agree with the theoretical results of the Vg divergence caused by a higher gate
oxide thickness of an IGBT discussed in case 4) in section 3.3.4.

3.5.5 IGBT: with a Higher N buffer Doping Profile

Figure 3.29 shows the turn-off simulation of two IGBTs in series with the N buffer doping
profile of the IGBT] increased by 5% in concentration. The higher N buffer doping profile leads
to a lower excess carrier profile in the on-state, although the reduction is very limited as the N
buffer in a modern FS IGBT is normally designed to be under high-level injection in a typical
on-state. Therefore, according to section 3.3.4, the Vce divergence caused by a higher N buffer
doping profile of an IGBT can be considered as a variant of the scenario of a lower P emitter
doping profile, the opposite of the situation in section 3.5.2, with higher carrier recombination
in the N buffer of a higher doping profile in the tail time. This scenario results in higher Veg
sharing in the fast Vcg-Ic transient and the following tail time. In this case, the Vceapspig 1S
defined as (Vcer — Vcez) and reaches its maximum of 101.54 V at 11.250 ps before starts to
decrease slowly. To reveal more Vg diverging details, the first 15 ps of the turn-off is shown
in Figure 3.29. No significant difference in the /c or the Ve 1s observed.

After the initial gate discharging period from 0 ps to approx. 0.8 us, the Vcg; and the Vegz
both start to increase rapidly. During the fast Vcg-Ic transient, the Vg only has a slight lead
over the Vcez due to the slightly lower excess carrier profile in the IGBT: caused by its higher
N buffer doping profile. The Vcg apspif first increases slowly, and during the Vg overshoot the
increase in the Vceapspiy moderates as the Ic falls rapidly. The Vg apspiy remains very small
during the fast Vcg-Ic transient. In the tail time, as the lead of the Vcgs over the Veg: increases,
the VcE 4pspigr continues to increase and reaches its maximum of 101.54 V at 11.250 ps.

Figure 3.30 shows the Vg in the full 100 us of the turn-off and the off-state. After peaks at
11.250 ps, the Vg anspif starts to decreases gradually. This Ve converging process is consider-
ably slower than the Vg diverging process in the tail time. The Vg remains above the Vees in
the entire turn-off and off-state in this simulation.
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Figure 3.29: Turn-off of two IGBTs in series with the N-buffer doping conc. in the IGBT; increased by 5%.
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Figure 3.30: Turn-off of two IGBTsS in series with the N-buffer doping conc. in the IGBT; increased by 5%.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-

ulation results agree with the theoretical results of the Vcr divergence caused by a higher N

buffer doping profile of an IGBT discussed in the case 5) in section 3.3.4.
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3.5.6 IGBTi with Longer Carrier Lifetimes

Figure 3.31 shows the turn-off simulation of two IGBTs in series with the low-level carrier
lifetimes of both electrons and holes in the IGBT; increased by 5%. The longer carrier lifetimes
lead to a higher excess carrier profile in the on-state. Therefore, according to section 3.3.4, the
Vce divergence caused by longer carrier lifetimes of an IGBT can be considered as a variant of
the scenario of a higher P emitter doping profile in section 3.5.2, with reduced carrier recombi-
nation in the tail time. This scenario results in lower V¢ sharing in the fast Vcg-Ic transient and
the following tail time. In this case, the Vceanspig is defined as (Vcez — Veer) and reaches its
maximum of 127.83 V at 11.250 us before starts to decrease slowly. To reveal more Vcr di-
verging details, the first 15 ps of the turn-off is shown in Figure 3.29. No significant difference
in the /¢ or the Ve is observed.

After the initial gate discharging period from 0 pus to approx. 0.8 us, the Vcg; and the Vg
both start to increase rapidly. During the fast Vcg-Ic transient, the Vg only has a slight lead
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Figure 3.31: Turn-off of two IGBTs in series with the carrier lifetimes in the IGBT increased by 5%.
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Figure 3.32: Turn-off of two IGBTs in series with the carrier lifetimes in the IGBT increased by 5%.

over the Vce; due to the higher excess carrier profile in the IGBT; caused by its longer carrier
lifetimes. The Vg 4pspif first increases slowly, and during the Ve overshoot the increase in the
VcE abspirmoderates as the Ic falls rapidly. The Vg apspipremains very small during the fast Veg-
Ic transient. In the tail time, as the lead of the Vcg2 over the Vg, increases, the Vg apspig con-
tinues to increase and reaches its maximum of 127.83 V at 11.250 ps.

Figure 3.32 shows the Vg in the full 100 ps of the turn-off and the off-state. After peaks at
11.250 ps, the Vg anspif starts to decreases gradually. This Vg converging process is consider-
ably slower than the Vcg diverging process in the tail time. The Vg2 remains above the Vg in

the entire turn-off and off-state in this simulation.

In both the fast Vcg-Ic transient and the tail time in this IGBT turn-off simulation, the sim-
ulation results agree with the theoretical results of the Ve divergence caused by longer carrier
lifetimes of an IGBT discussed in the case 6) in section 3.3.4.

3.5.7 IGBT: with a Higher Temperature

Figure 3.33 shows the turn-off simulation of two IGBTs in series with the thermal boundary
temperature for the IGBT: increased by 5 K from that for the IGBT,. The Silvaco ATLAS
MixedMode used for the simulations merges all the input ATLAS devices, e.g. the IGBTs in
series here, into a large ATLAS device internally for simulation. This mechanism does not sup-
port using the MODELS statement to apply different temperatures to individual input ATLAS
devices. The only method found to apply such different temperatures is via assigning different
values to the thermal boundary temperature EXT . TEMPER in the THERMCONTACT statement.
Here a thermal boundary temperature of 305 K is applied to the IGBT; while the thermal bound-
ary temperature for the IGBT: is kept at 300 K. Such a simulation setup is also more realistic.
To reveal more Ve diverging details, the first 15 ps of the turn-off is shown in Figure 3.33. The
difference in Ve is very small on this time scale. No significant difference in /¢ is observed.

As discussed in section 3.3.4, a temperature difference can have mixed effects on the turn-
off Vce sharing. The simulation result shown in Figure 3.33 presents such a case. After the initial
gate discharging period from 0 ps to approx. 0.8 us, the Vce; and the Vegz both start to increase
rapidly. The higher temperature of the IGBT; leads to a higher excess carrier profile in the on-
state and a longer initial turn-off delay, causing the Vce; to be lower at first. In this case, the
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Figure 3.33: Turn-off of two IGBTs in series with the thermal boundary temperature for the IGBT increased by
5K.

Ve abspir1s defined as (Veez2 — Veer) and a small increase in the Vg apspig 1s first observed at the
beginning of the fast Vcg-Ic transient.

As discussed in section 3.3.4, at a higher temperature, due to reduced carrier mobilities and
saturation drift velocities, the transport of holes from the MOS gate side CSR boundary into the
depletion region as well as the hole carrier profile and the electric field gradient in the depletion
region all increase. In the IGBT}, as the Vg rises and the saturation velocity of holes in the
depletion region is reached, in this temperature range and under the operating conditions here,
these related changes start to offset the opposite effects of the higher excess carrier profile at
the higher temperature and give rise to a higher dVcg/df rate. In Figure 3.33, as discussed in the
minority case with mixed Vcr diverging features in the fast Veg-Ic transient in section 3.3.4, the
VcE anspir decreases to near zero as the Vg rises into the overshoot. When the /¢ falls to approx.
40 A during the Vcre overshoot, the mechanism related to the higher dVcg/dr rate is reduced to
an extent that the Ve apspif starts to increase during the rest of the Ve overshoot.
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Figure 3.34: Turn-off of two IGBTs in series with the thermal boundary temperature for the IGBT increased by
5K.

In the tail time, the Ve apspifr continues to increase, where the higher hole carrier profile in
the undepleted part of the N base of the IGBT has a strong influence on the Vce divergence. In
the tail time, the Vcr divergence caused by a higher temperature in an IGBT can be considered
as a variant of the scenario of a higher P emitter doping profile discussed in section 3.5.2. This
scenario results in higher Vcg sharing in the tail time. In terms of magnitude, the main Vcg
divergence arises in the tail time over a long period. The maximum Vg divergence of 93.161
V is reached at 11.025 ps, where the intrinsic leakage current based on the carrier generation in
the depletion region prevails over the hole diffusion current in the undepleted part of the N base

towards the depletion region.

Figure 3.34 shows the Vg in the full 100 ps of the turn-off and the off-state. After peaks at
11.025 ps, the Vg anspif starts to decrease gradually. This Ve converging process is considera-
bly slower than the Ve diverging process in the tail time. The Vcg2 remains above the Vg
during the entire tail time and off-state in this simulation.

The Ve divergence caused by a higher temperature in an IGBT depends on the temperature
range and the other operating conditions of the IGBTs in series and needs to be examined on a
case-by-case basis. The simulation results here agree with the theoretical results of the minority
case with mixed Vg diverging features in the fast Veg-Ic transient regarding the Vg divergence
caused by a temperature difference discussed in the case 7) in section 3.3.4. Still, in the tail time,
the higher hole carrier profile in the undepleted part of the N base of the IGBT with the higher

temperature has a strong influence on the Vg divergence, which results in lower Vg sharing.
3.5.8 Summary of the Vce Divergence Results and Sensitivity Analysis

The IGBT turn-off simulations of the individual Vcg diverging factors are at Vpc= 1700 V and
I10aa = 65 A for two IGBTs in direct series under an average utilisation of 50% of their Vcr and
Ic ratings. A summary of the simulation results of the individual Vg diverging factors is pre-
sented in Table 3.3. The largest magnitude of (Vcer — Veez) and its relative value to the Vpc,
(Vcer — Vee2)!/Vpc, are included, as well as the difference in the turn-off losses (Eopr — Eof2) and
its relative value to the turn-off losses of the IGBT2, (Eopr — Eo2)/ Eofpo.
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Table 3.3: Summary of Vg divergence simulations at Vpc= 1700 V and Ic = 65 A.

Diverging factor applied to IGBT; |Largest mag. of |Largest mag. of |Losses diff. Rel. losses diff.
Veer-Ver2) (V) |(Veei-Ver)!Voe  [(Eofi-Eopz) (M) | (Eogi-Eop) Eop2
+10 ns gate driving delay -438.06 -25.768% -1.6360 -6.6354%
+5% P emitter doping conc. -359.00 -21.118% -0.47832 -1.9723%
+1% gate resistance -293.09 -17.241% -1.0820 -4.4383%
+1% gate oxide thickness +400.12 +23.537% +1.4858 +6.4348%
+5% N buffer doping conc. +101.54 +5.9729% +0.079961 +0.33659%
+5% low-level carrier lifetimes -127.83 -7.5195% -0.23953 -0.99714%
+5 K thermal boundary temp. -93.161 -5.4801% -0.11994 -0.50173%

Regarding the Ve divergence, in terms of magnitude the main Vg divergence arises in the
tail time in all the simulations of the individual Vg diverging factors here, among which the 10
ns IGBT gate driving delay, the +5% higher P emitter doping profile, the +1% gate resistance,
and the +1% gate oxide thickness result in considerably higher V¢ divergence. Regarding the
IGBT parameter variations, the turn-off Vcg divergence is more sensitive to a variation in the
gate resistance or the gate oxide thickness. The individually V¢ divergence caused by the other
Vee diverging factors is smaller, but the concurrent Ver diverging effects of certain combina-

tions of those Vg diverging factors can still cause high Vg divergence.

Regarding the difference in turn-off losses, those four cases with considerably higher Ve
divergence also result in higher differences in turn-off losses. However, large Ve divergence is
not always related to a large difference in turn-off losses. The cases of the 10 ns gate driving
delay, the +1% gate resistance, and the +1% gate oxide thickness that feature a significant delay
in the MOS channel cut-off have considerably higher differences in the turn-off losses compared
with that in the case of the +5% higher P emitter doping profile with comparable Ve divergence.
This is because turn-off losses are produced mainly in the fast Vcg-Ic transient, where a signif-
icant delay in the MOS channel cut-off causes Vcr divergence which directly gives rise to a
large difference in turn-off losses.

Regarding the sensitivity of the V¢ divergence to the basic Vg diverging factors, Figure
3.35 shows the simulations of IGBT gate driving delays applied to the IGBT; of 20% (2 ns),
50% (5 ns), and 80% (8 ns) of the original 10 ns delay as the reference indicated by “Ref”. The
basic Vcr diverging features are similar at the scaled IGBT gate driving delays and therefore
will not be repeated here. Figure 3.36 shows the largest Vcr divergences and the relative turn-
off loss differences at the scaled IGBT gate driving delays. The largest Vcg divergences in the
range of the scaled IGBT gate driving delays shown in Figure 3.36 (a) can be fitted as:

Ve maxpiv = 677.8{exp(0.04972t;p) — 1}
where Ve maxpiv 1s the largest Ver divergence and t6p is the IGBT gate driving delay. This fit
achieves a R? of 0.9999 and an adjusted R? of 0.9998. As the tGp increases, the resulting differ-
ence in the remaining CSR at the beginning of the tail time increases. With such a smaller

Equation 3.2

remaining CSR, in the tail time the recombination of holes in the N buffer has a higher influence
on the decreases in the hole carrier profile in the undepleted part of the N base and the hole
diffusion current in it towards the depletion region. Consequently, the largest V¢ divergence
increases superlinearly with the IGBT gate driving delay. As the relative turn-off loss difference
is strongly related to the Ve divergence during the fast Vcg-Ic transient and therefore the IGBT
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Figure 3.35: Simulations of IGBT gate driving delays of 20%, 50%, and 80% of the original 10 ns delay.
gate driving delay, the relative turn-off loss differences in the range of the scaled IGBT gate

driving delays shown in Figure 3.36 (b) can be fitted in the same form of Equation 3.2:

Eoff rewiry = 10.41{exp (0.04915¢t5p) — 1} Equation 3.3
where Eof e is the relative turn-off loss difference. This fit achieves a R? of 0.9999 and an
adjusted R* of 0.9998. The relative turn-off loss difference also increases superlinearly with the
IGBT gate driving delay.

Figure 3.37 shows the simulations of increases in the P emitter doping concentration of the
IGBT: of 20% (1%), 50% (2.5%), and 80% (4%) of the original 5% increase as the reference
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Figure 3.36: (a) The largest V¢e divergences and (b) the relative turn-off loss differences of the scaled IGBT gate
driving delays.
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Figure 3.37: Simulations of increases in the P emitter doping concentration of 20%, 50%, and 80% of the origi-
nal 5% increase.

indicated by “Ref”. The basic V¢ diverging features are similar at the scaled increases in the P
emitter doping concentration and therefore will not be repeated here. Figure 3.38 shows the
largest Vce divergences and the relative turn-off loss differences at the scaled increases in the P
emitter doping concentration. The largest Vce divergences in the range of the scaled increases
in the P emitter doping concentration shown in Figure 3.38 (a) can be fitted as:

Veemaxpiv = 4081{1 — exp(—0.0184AN, pryme) } Equation 3.4
where AN peme is the increase in the P emitter doping concentration. This fit achieves a R? of

0.9999 and an adjusted R of 0.9999. According to the approximations by Equation 1.48 to
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Figure 3.38: (a) The largest Vce divergences and (b) the relative turn-off loss differences of the scaled increases
in the P emitter doping concentration.
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Equation 1.50 in Chapter 1, as the ANy pem: increases, the resulting increase in the on-state ex-
cess carrier concentration moderates. Consequently, the largest Vcr divergence increases
sublinearly with the increase in the P emitter doping concentration. As the relative turn-off loss
difference is strongly related to the Vcr divergence during the fast Vce-Ic transient, the relative
turn-off loss differences in the range of the scaled increases in the P emitter doping concentra-
tion shown in Figure 3.38 (b) can be fitted in the same form of Equation 3.4:

Eoffreniff = 38.13{1 — exp(—0.01061AN, pgme) }- Equation 3.5
This fit achieves a R? of 0.9999 and an adjusted R? of 0.9999. The relative turn-off loss differ-
ence also increases sublinearly with the increase in the P emitter doping concentration. Equation
3.2 to Equation 3.5 are only applicable to the respective basic Ve diverging factors of such
small degrees. The effects of Ve diverging factors of large degrees are intended for future re-
search.

The IGBT parameter variations and gate driving errors simulated are of small degrees, yet
considerable Ve divergences are produced in some of the cases. It is apparent from the above
summary that Ve divergences in both the fast Vcg-Ic transient and the tail time need to be
mitigated. Approaches to mitigating the Vcg divergence can be explored from adjustments to
IGBT operating conditions and internal parameters, direct feedback control via IGBT gate con-
trol, and external feedback control via additional power devices. These approaches will be
discussed in the following three chapters.
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Chapter 4 Passive Mitigation Methods at IGBT Device Level
under Direct Series Connection

4.1 Vce Diverging Features and Passive Mitigation Methods

The focus of this chapter is on passive mitigation methods for the turn-off Vg divergence under
direct series connection at IGBT device level via adjustments to operating conditions and inter-
nal parameters of the IGBTs. The objective here is to improve the basis of the turn-off Vg
sharing rather than the regulation of the Vcr sharing. In Chapter 3, seven Ve diverging factors
are discussed regarding their effects on the turn-off Vg divergence. The largest magnitude of
the Vce divergence relative to the Vpc, the difference in turn-off losses relative to that of the
IGBT>, and the key features of those Vcr diverging factors are summarised in Table 4.1.

Table 4.1: Summary of Vg diverging features from simulations at Vpc = 1700 V and Ic = 65 A.

Diverging factor applied to |Largest mag. of |Rel. losses diff. |Initial CSR |MOS channel [CSR carrier profile when the

IGBT! (Veei-Vee2)/Vpe | (Eogi-Eof2) Eof2 | carrier conc. |cut-off timing | turn-off enters the tail time

+10 ns gate driving delay -25.768% -6.6354% | Same Lag Extended dist. w/ same local
conc.

+5% P emitter doping conc. -21.118% -1.9723% |Higher Virtually same | Extended dist. w/ higher local
conc.

+1% gate resistance -17.241% -4.4383% |Same Lag Extended dist. w/ same local
conc.

+1% gate oxide thickness +23.537% +6.4348% | Lower Lead Narrowed dist. w/ lower local
conc.

+5% N buffer doping conc. +5.9729% +0.33659% | Lower Virtually same | Narrowed dist. w/ lower local
conc.

+5% low-level carrier life- -7.5195% -0.99714% | Higher Virtually same | Extended dist. w/ higher local

times conc.

+5 K thermal boundary -5.4801% -0.50173% | Higher Lag Extended dist. w/ higher local

temp. conc.

The passive mitigation methods here consider the first four Ve diverging factors summa-
rised in Table 4.1 that cause considerably higher Vcr divergence and relative loss differences
than those of the other Ve diverging factors. Considering the general Ve diverging processes,
the passive mitigation approaches here aim to mitigate, with regard to the IGBTs in series, (1)
a few key differences in initial IGBT conditions, (2) the conversion of these differences in the
initial IGBT conditions into the Ve divergence and differences in the carrier profile of the re-
maining CSR in the fast Vcg-Ic transient, and (3) the conversion of the latter differences in the
CSR carrier profile into Vg divergence in the tail time.

First, the dependence of the on-state excess carrier concentration on the P emitter doping
concentration and the gate oxide thickness is considered. According to the approximations by
Equation 1.48 to Equation 1.50 in Chapter 1, the sensitivity of the on-state excess carrier con-
centration to a variation in the P emitter doping concentration can be moderated by reducing
the on-state current density, reducing the carrier lifetimes, or increasing the P emitter doping
concentration. Regarding variation in the gate oxide thickness, since in a typical IGBT on-state
the MOS channel operates in its linear region, its influence on the on-state carrier concentration
is minor and will not be discussed further.

A timing difference in the MOS channel cut-off causes a difference in the depletion pro-
gress during the fast Vcg-Ic transient, which leads to Ve divergence in the fast Vcg-Ic transient
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and the tail time. This difference in the depletion progress can be moderated by reducing the Jc
according to the approximations by Equation 1.48 to Equation 1.50 in Chapter 1, or by increas-
ing the P emitter doping concentration. However, increasing carrier lifetimes, although can
increase the on-state excess carrier concentration, has a stronger opposite effect of enhancing
the hole diffusion in the undepleted part of the N base towards the depletion region in the tail
time. In typical use, this amplifies the Vcr divergence, and hence the opposite approach of re-
ducing carrier lifetimes is useful. Another method to reduce the influence of a difference in the
depletion progress on the Ve divergence is increasing the thickness of the N-drift region, which
in general reduces the proportion of the depletion difference to the remaining CSR. An addi-
tional method based on this principle is reducing the average off-state Vg utilisation of the
IGBTs in series, which in general results in a reduced depletion region and an extended remain-
ing CSR. Therefore, the proportion of the depletion difference to the remaining CSR is reduced.

Regarding a timing difference itself in the MOS channel cut-off, if the timing difference is
produced in the initial gate discharging process, e.g. in the scenarios of a gate resistance varia-
tion or a gate oxide thickness variation, it is useful to reduce the gate resistance to accelerate
the initial gate discharging, so that the absolute timing difference in the MOS channel cut-off is
reduced. Hence, the Vg divergence in that type of diverging scenarios is reduced. However,
that effect of reducing the gate resistance is insignificant in the case of a direct delay in the gate
drive output, e.g. caused by a jitter in the control signal acquisition, which results in essentially
a shift in time of the same gate discharging process.

Differences in the hole carrier profile in the undepleted part of the N base when the turn-
off enters the tail time cause a difference in the hole diffusion current in the undepleted part of
the N base towards the depletion region in the tail time which leads to Ve divergence. To reduce
the influence of a difference in that hole diffusion current on the Vcr divergence, an approach
is to accelerate the recombination of the holes in the undepleted part of the N base by reducing
carrier lifetimes. Hence, the difference in the hole carrier profile and its influence on the Ve
divergence is reduced by a shortened tail time. Another method is to reduce the Jc. Hence, the
hole concentration in the undepleted part of the N base and the concerned hole diffusion current
in the tail time are reduced, so are their difference and its influence on the Ve divergence.

An additional method is to increase the thickness of the N-drift region, which in general
results in an extended remaining CSR when the turn-off enters the tail time. Such an extended
initial remaining CSR can reduce the difference in the hole diffusion current towards the deple-
tion region in the undepleted part of the N base as the difference in the undepleted part of the N
base increases in the tail time. This is due to the additional supply of holes from the extended
inner section of the undepleted part of the N base. This method moderates the conversion of
differences in the hole carrier profile in the undepleted part of the N base into Ve divergence,
where Figure 3.19 and Figure 3.24 can be considered as opposite examples. Another method
based on the same principle is to reduce the off-state Vcg utilisation of the IGBTs in series,
which in general reduces the depletion region and results in an extended initial remaining CSR
when the turn-off enters the tail time.
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These passive mitigation methods affect the trade-offs between the Ve sharing and multi-
ple performance and cost aspects. Nevertheless, these passive mitigation methods and their
combinations that are useful for improving the basis of the Vg sharing are worth exploring.

4.2 Simulation Test of the Passive Mitigation Methods

The passive mitigation methods at IGBT device level discussed in section 4.1 are summarised
as follows: (1) reducing the collector current density, (2) reducing the carrier lifetimes, (3) in-
creasing the P emitter doping concentration, (4) increasing the N-drift region thickness, (5)
reducing the off-state Vg utilisation, and (6) reducing the gate resistance.

These methods are tested in the two basic V¢ diverging scenarios summarised in section
3.5: (1) an output delay between the IGBT gate drives, and (2) a variation in the P emitter doping
concentration, except for the method of reducing the gate resistance which is designed for and
tested in the Vcr diverging scenarios of a variation in the gate resistance and a variation in the
gate oxide thickness. The implementation of these methods is discussed in their individual sub-
sections. To focus the presentation of the test results on the mitigation of the Ve divergence, in
section 4.2 the Vcgy, the Veez, and the Vg apspir are shown and compared with those in the
original results indicated by dashed lines and the subscript “Ref”. The results are aligned at the

first gate drive turn-off action on the time axis, unless specified otherwise.
4.2.1 Reducing the IGBT Collector Current Density

In this simulation test, the IGBT Jc is reduced by 20%, which is implemented by increasing the
IGBT active chip area by 25% for both the IGBTs. The on-state J¢ is reduced to 52 A/cm? from
the original value of 65 A/cm?. This implementation is related to the use of IGBT modules of a
higher total current rating for the same load current. To match the increase in the IGBT active
chip area, the gate resistances for both IGBTs are scaled down by 20%, and the capacitance in
the FWD circuit in the CCL is scaled up by 25%. The rest of the IGBT parameters and the

circuit parameters remain unchanged.

Figure 4.1 shows the turn-off simulation with the 20% reduced Jc of two IGBTs in series
and a 10 ns delay applied to the gate drive output for the IGBT;. Note that the voltage scale of
the Ve pifraxis is different from that of the Ve axis. With the 20% reduced Jc, during the fast
Vce rising, a reduction is observed in the dVcg/dt rate and the Vg anspiy 1s reduced compared
with the original result. The Vg diverging feature during the fast Veg-Ic transient remains sim-
ilar to that in the original result. The Vceapspi and the original Vg remiy are similar when the
turn-off enters the tail time. The Ve apspi remains below the original Ve repi during the tail
time and the following off-state in the simulation.

In this simulation, the largest Vcr divergence is reduced to 406.40 V at 11.038 ps from the
original value of 438.06 V at 11.659 pus, a relative reduction of 7.2286% in the largest Ve
divergence. The time of the largest Ve divergence becomes earlier with the reduced Jc due to
the reduced hole carrier profile and the reduced hole diffusion current towards the depletion
region in the undepleted part of the N base. The difference in the turn-off losses relative to the
Eop 1s reduced to 6.2451% from the original value of 6.6354%, a relative reduction of 5.8817%.
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Figure 4.1: Turn-off of two IGBTs in series with the 20% reduced Jc with the gate drive output for the IGBT;
delayed by 10 ns.

Figure 4.2 shows the turn-off simulation with the 20% reduced Jc of two IGBTs in series
and a 5% increase in the P emitter doping concentration of the IGBT;. With the 20% reduced
Jc, during the fast Veg-Ic transient, a reduction is observed in the dVcg/df rate and the Ve apspigr
is similar compared with the original result. The Vce diverging feature during the fast Veg-Ic
transient remains similar to that of the original result. Early in the tail time until approx. 5.8 ps,
the Vce.apspif s slightly above the original Ve rempig but the difference is very small. After ap-
prox. 5.8 us, the Vceapspiy becomes lower than the original Vg remiy due to the reduced hole
carrier profile and the reduced hole diffusion current towards the depletion region in the un-
depleted part of the N base.

In this simulation, the largest Vcr divergence is reduced to 353.16 V at 10.978 us from the
original value of 359.00 V at 11.250 ps, a relative reduction of 1.6269% in the largest Ve
divergence. The time when the largest Vce divergence is reached also becomes earlier with the
reduced Jc due to the reduced hole carrier profile and the reduced hole diffusion current towards
the depletion region in the undepleted part of the N base. However, due to the reduction in the
dVce/dt rate during the fast Vg rising, the difference in the turn-off losses relative to the Eqp2 is
increased to 2.1602% from the original value of 1.9723%, a relative increase of 9.5292%.

At a given load current, reducing the Jc by increasing the total IGBT active chip area is
straightforward. The mitigation effect of reducing the Jc on the Vcr divergence caused by a
delay in the MOS channel cut-off is significant with a reduction in the turn-off losses. However,
the mitigation effect of reducing the Jc on the Vg divergence caused by a variation in the on-
state excess carrier profile is not ideal, as the relative difference in the turn-off losses increases.

110



Chapter 4 — 4.2

T T
>
[£3]
O \
> CEl N
v
CE2
e v -
CEL,Ref
et V-
CE2,Ref —
15
— v 4
> CE,AbsDiff
Y
w CE,RefDiff
W
a i
a
23]
O
> -
1 1

0 5 10 15
Time (ps)
Figure 4.2: Turn-off of two IGBTs in series with the 20% reduced J¢ with the P emitter doping concentration of
the IGBT; increased by 5%.

Also, the lower Jc reduces the dVcg/dt rate during the fast Vg rising which causes higher turn-
off losses as a side effect.

4.2.2 Reducing the IGBT Carrier Lifetimes

In this simulation test, reducing the carrier lifetimes is implemented by reducing the basic low-
level carrier lifetimes of electrons and holes, 7,0 and 7,0, respectively, in the SRH and the Auger
recombination models for both the IGBTs. The 7,0 and the 7,0 are both reduced by 20% to 6.0
us and 2.0 us from the original values of 7.5 us and 2.5 ps, respectively. The rest of the IGBT

parameters and the circuit parameters remain unchanged.

Figure 4.3 shows the turn-off simulation with the 20% reduced 7,0 and 7,0 of two IGBTs in
series and a 10 ns delay applied to the gate drive output for the IGBT;. With the 20% reduced
70 and 70, the Ve diverging feature during the fast Veg-Ic transient remains similar to that of
the original result. During the fast Vcg rising, slight increases are observed in the dVce/df rate
and the Vcgapspir due to the reductions in the carrier lifetimes leading to a reduced excess carrier
concentration and a shorter Vg rising time. The Vcgapspi and the Vg remiy are similar when
the turn-off enters the tail time. In the tail time, from approx. 4 us, the Vg 4pspif starts to diverge
from the original Vcg remif and remains below the Vg remir during the rest of the tail time and
the following off-state in the simulation.

In this simulation, the largest Ve divergence is reduced to 397.75 V at 10.157 ps from the
original value of 438.06 V at 11.659 us, a relative reduction of 9.2027% in the largest Vg
divergence, and the time when the largest Vcr divergence is reached becomes earlier. These

111



Chapter 4 — 4.2

CE,Diff

Y

CE,AbsDiff

CE,RefDiff

1 1
0 5 10 15
Time (ps)

Figure 4.3: Turn-off of two IGBTs in series with the 20% reduced 7,9 and 7,0, with the gate drive output for the
IGBT, delayed by 10 ns.

changes are due to the enhanced carrier recombination by the reduced 7,0 and 70 shortening the
tail time and reducing the hole diffusion current in the undepleted part of the N base towards
the depletion region. The difference in the turn-off losses relative to the E,y> is increased slightly
to 6.6988% from the original value of 6.6354%, a small relative increase of 0.95558%. This is
due to the slightly increased Vg apspiir and the slightly shorter Vg rising time during the fast

Ve rising.

Figure 4.4 shows the turn-off simulation with the 20% reduced 7,0 and 7,0 of two IGBTs in
series and a 5% increase in the P emitter doping concentration of the IGBT;. With the 20%
reduced 7.0 and 7p0, the Ve diverging feature during the fast Vcg-Ic transient remains similar to
that of the original result. The results are similar during the fast Vcg rising, with a slight increase
in the dVcg/dt rate due to the reductions in the carrier lifetimes leading to a reduced excess
carrier concentration. During the fast Vcg-Ic transient, the Ve apspir and the original Ve remify
are very similar. In the tail time, the Vg apspi gradually diverges from the original Vg, remirand
remains below the Vcg remif during the tail time and the following off-state in the simulation.

In this simulation, the largest Vcr divergence is reduced to 319.17 V at 10.073 us from the
original value of 359.00 V at 11.250 ps, a relative reduction of 11.095% in the largest Ve
divergence, and the time when the largest Vcr divergence is reached becomes earlier. These
changes are also due to the enhanced carrier recombination by the reduced 7,0 and 7,0 shortening
the tail time and reducing the hole diffusion current in the undepleted part of the N base towards
the depletion region. As the difference in the excess carrier concentration caused by the varia-
tion in the P emitter doping concentration decreases due to the reduced 7,0 and 7,0, the difference
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Figure 4.4: Turn-off of two IGBTs in series with the 20% reduced 7,0 and 7,0, with the P emitter doping concen-
tration of the IGBT) increased by 5%.

in the turn-off losses relative to the Eyy» 1s reduced to 1.8819% from the original value of
1.9723%, a relative reduction of 4.5813%.

In the two basic Vce diverging scenarios, reducing the carrier lifetimes is effective for mit-
igating the Vcr divergence. Reducing the carrier lifetimes requires additional processing in
IGBT fabrication, where local carrier lifetime control in the N buffer is attractive.

4.2.3 Increasing the IGBT P Emitter Doping Concentration

In this simulation test, increasing the P emitter doping concentration is implemented by increas-
ing the basic surface doping concentration of the P emitter at the backside semiconductor
surface by 20% to 7.2x10'7 cm™ from the original value of 6x10'” cm?. The rest of the IGBT

parameters and the circuit parameters remain unchanged.

Figure 4.5 shows the turn-off simulation with the 20% increased P emitter doping concen-
tration of two IGBTs in series and a 10 ns delay applied to the gate drive output for the IGBT.
With the 20% increased P emitter doping concentration, the Ve diverging feature during the
fast Vce-Ic transient remains similar to that of the original result. Due to the higher excess carrier
concentration, during the fast Vg rising, slight reductions are observed in the dVcg/dt rate and
the Vceapspif. The VeE aspiy remains below the original Vg remi during the Ve overshoot but
the difference is small. In the tail time, the Vcgapspig diverges from the original Veg remi and
remains below the Vcg remif during the tail time and the following off-state in the simulation.

In this simulation, the largest Ve divergence is reduced to 393.75 V at 11.567 us from the
original value of 438.06 V at 11.659 us, a relative reduction of 10.115% in the largest Vce
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Figure 4.5: Turn-off of two IGBTs in series with the 20% increased basic P emitter doping concentration, with
the gate drive output for the IGBT; delayed by 10 ns.

divergence. These changes are due to the reduced difference in the depletion progress by the
increased excess carrier concentration resulting from the 20% increased P emitter doping con-
centration. The difference in the turn-off losses relative to the £, is reduced to 6.3326% from
the original value of 6.6354%, a relative reduction of 4.5632%. This is due to the relative re-
duction in the Vg apspir during the fast Vg rising despite the reduced dVcg/de rate.

Figure 4.6 shows the turn-off simulation with the 20% increased basic P emitter doping
concentration of two IGBTs in series and a 5% further increase in the P emitter doping concen-
tration of the IGBT;. With the 20% increased basic P emitter doping concentration, the Vcg
diverging feature during the fast Vcg-Ic transient remains similar to that of the original result.
The results are similar during the fast Vcg rising, with a small reduction in the dVcg/dt rate due
to the increased excess carrier concentration resulting from the 20% increased basic P emitter
doping concentration. During the fast Vcg-Ic transient, the Vg apspir and the original Ve remig
are similar. In the tail time, the Vg apspiy diverges from the original Vg remi and remains below
the Ve remiy during the tail time and the following off-state in the simulation.

In this simulation, the largest Vcr divergence is reduced to 342.67 V at 11.594 us from the
original value of 359.00 V at 11.250 ps, a relative reduction of 4.5495% in the largest Ve
divergence. These changes are due to the reduced sensitivity of the on-state excess carrier con-
centration to the P emitter doping concentration at the 20% increased basic P emitter doping
concentration. Due to the extended period of the fast Vcg-Ic transient resulting from the in-
creased excess carrier concentration, the difference in the turn-off losses relative to the Eqp2 is
increased to 1.9976% from the original value of 1.9723%, a relative increase of 1.2828%.
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Figure 4.6: Turn-off of two IGBTs in series with the 20% increased basic P emitter doping concentration, with
the P emitter doping concentration of the IGBT further increased by 5%.

In the two basic Ve diverging scenarios, increasing the P emitter doping concentration is
effective for mitigating the turn-off Ve divergence. Increasing the P emitter doping concentra-
tion can be implemented by adjusting IGBT fabrication processes. However, the mitigation here
of the Vce divergence caused by a variation in the P emitter doping concentration is not ideal,
as the relative difference in turn-off losses increases. The increased excess carrier concentration
reduces the dVcg/dt rate during the fast Vg rising and causes higher turn-off losses as a side
effect. Increasing the P emitter doping concentration results in an increased excess carrier con-
centration, but it does not conflict with reducing the carrier lifetimes as these two methods are
from different approaches.

4.2.4 Increasing the IGBT N-drift Region Thickness

In this simulation test, increasing the IGBT N-drift region thickness is implemented by extend-
ing the N-drift region thickness by 15 pm, which increases the semiconductor thickness of the
IGBT model to 190 um from the original value of 175 pm. To obtain comparable results, the
190 um IGBT model is calibrated to achieve a similar 1700 V class forward-blocking voltage,
Figure 4.7, and a dVcg/d¢ rate similar to that of the 175 um IGBT model during the fast Vg
rising in single-IGBT turn-off at 850 V Vpc and 65 A load current, the average circuit conditions
for each IGBT in the two-in-series IGBT turn-off. This is achieved by increasing the surface
doping concentration of the backside P emitter to 8.5x10'7 cm™ for the 190 pm IGBT model
from the original value of 6x10'7 cm™ for the 175 um IGBT model. The rest of the IGBT pa-
rameters and the circuit parameters remain unchanged.
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Figure 4.7: Forward-blocking of the IGBT model adjusted to the 190 pm semiconductor thickness.
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Figure 4.8: Turn-off of two IGBTs in series with the adjusted 190 um semiconductor thickness, with the gate
drive output for the IGBT; delayed by 10 ns.

Figure 4.8 shows the turn-off simulation with the adjusted 190 pm semiconductor thickness
of two IGBTs in series and a 10 ns delay applied to the gate drive output for the IGBT,. Note
that the time scale is extended to 20 ps as the expanded CSR here extends the tail time. Despite
the adjusted 190 um semiconductor thickness, in the fast Vcg-Ic transient the Vegy, the Vegz, and
the Ve anspify are similar to those in the original result until late in the Ve overshoot at approx.
1.2 ps. From approx. 1.2 ps, the Vceapspi diverges from and remains below the original
VcE remir in the rest of the turn-off and off-state simulated. In the tail time, the Vg anspig rises
considerably slower than the original Vcg remig. This is due to the accumulated effects over time
of the larger undepleted part of the N base and the relatively reduced differences in the hole
carrier profile and the hole diffusion current towards the depletion region in it.
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In this simulation, the largest Vcr divergence is reduced to 253.51 V at 16.585 us from the
original value of 438.06 V at 11.659 us, a relative reduction of 42.129% in the largest Vce
divergence despite the extended tail time. These changes are due to the accumulated effects
over time of the expanded remaining CSR by the increased N-drift region thickness reducing
the difference in the hole diffusion current in the undepleted part of the N base towards the
depletion region. The difference in the turn-off losses relative to the Eop is reduced to 6.2057%
from the original value of 6.6354%, a relative reduction of 6.4767%. This is due to the relative
reduction in the Vcg apspif from late in the Ve overshoot.

Figure 4.9 shows the turn-off simulation with the adjusted 190 pm semiconductor thickness
of two IGBTs in series and a 5% increase in the P emitter doping concentration of the IGBT.
The time scale here is also extended to 20 ps as the expanded CSR extends the tail time. In the
fast Vce-Ic transient the Vcgy, the Vegz, and the Vg apspi of the 190 um IGBT model are also
similar to those in the original result until late in the Vcr overshoot at approx. 1.2 ps. From
approx. 1.2 us, the Vcg anspir diverges from and remains below the original Vg remif in the rest
of the turn-off and off-state simulated. In the tail time, the Vcganspiy also rises considerably
slower than the original Vcg rempi. This is also due to the accumulated effects over time of the
larger undepleted part of the N base and the relatively reduced differences in the hole carrier
profile and the hole diffusion current towards the depletion region in it.

Similarly, in this simulation, the largest Ve divergence is reduced to 252.61 V at 17.050
us from the original value of 359.00 V at 11.250 s, a relative reduction of 29.635% in the
largest Vce divergence despite the extended tail time. These changes are also due to the
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Figure 4.9: Turn-off of two IGBTs in series with the adjusted 190 um semiconductor thickness, with the P emit-
ter doping concentration of the IGBT increased by 5%.
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accumulated effects over time of the expanded remaining CSR by the increased N-drift region
thickness reducing the difference in the hole diffusion current in the undepleted part of the N
base towards the depletion region. However, due to the extended tail time with a higher tail
current, the difference in the turn-off losses relative to the E,zp is increased to 2.0670% from
the original value of 1.9723%, a relative increase of 4.8041%, which is small considering the
substantial reduction in the largest Ve divergence.

In the two basic Vcr diverging scenarios, increasing the N drift region thickness shows
considerable mitigation effects on the turn-off Vcr divergence. However, increasing the N drift
region thickness alters the trade-off between on-state losses and switching losses which in-

creases overall losses.
4.2.5 Reducing the Off-State V¢ Utilisation

In this simulation test, reducing the off-state Vg utilisation is implemented by reducing the DC
link voltage Vpc via the input and the output stages of the test circuit, the V;, and the V. in
Figure 3.4, respectively, by 20% to 1360 V from the original value of 1700 V. Thus, the average
off-state Vg utilisation of the two IGBTs in series is reduced by 20%. This implementation is
related to the use of more IGBTs in series for the same DC link voltage. Hence, the two lumped
stray inductances for the IGBT branch and the FWD branch in the CCL, the Lso and the Ls; in
Figure 3.4, respectively, are both reduced by 20%. The rest of the circuit parameters and the
IGBT parameters remain unchanged.

Figure 4.10 shows the turn-off simulation with the 20% reduced off-state V¢ utilisation of
two IGBTs in series and a 10 ns delay applied to the gate drive output for the IGBT;. Note that
the time scale is extended to 20 us as the expanded CSR here extends the tail time. In the fast
Vee-Ic transient, the Vcgy, the Vg, and the Veg apspifr are similar to those in the original result
until the early Vce overshoot from approx. 1 ps. During the Vce overshoot, as the Ic falls the
Ve apspifr decreases but not as fast as the original Vg repig. This is because the depletion region
is smaller at the reduced Ve utilisation, and therefore the decrease in the electric field gradient
in it related to the /¢ falling has a reduced influence on the voltage across the depletion region.
Still, when the turn-off enters the tail time, the Vcg pspif 1s similar to the original Veg remif. In
the tail time, from approx. 1.5 ps, the Ve apspiyr diverges from and remains below the original
VcE remifr in the rest of the turn-off and off-state simulated. In the tail time, the Vg apspif rises
considerably slower than the original Vcg remi. This is due to the accumulated effects over time
of the larger undepleted part of the N base and the relatively reduced differences in the hole
carrier profile and the hole diffusion current towards the depletion region in it, which is similar
to the situation in the previous case of increasing the N drift region thickness.

In this simulation, the largest Vcr divergence is reduced to 338.71 V at 16.047 us from the
original value of 438.06 V at 11.659 pus, a relative reduction of 22.679% in the largest Ve
divergence despite the extended tail time. These changes are due to the accumulated effects
over time of the extended remaining CSR by the lower Vcg utilisation reducing the difference
in the hole diffusion current in the undepleted part of the N base towards the depletion region.
However, the difference in the turn-off losses relative to the Ey is increased to 8.4648% from

118



Chapter 4 — 4.2

1200 |
1000 |
— 800
z
600 |
£3)
O
> 400
200 -
—J ____VCEl,Ref
0 "**VCEZ,Ref N
1 1 1
0 5 10 15 20
Time (us)
T l- ________ T
E VCE,AbsDiff
VvV .
o CE,RefDiff
4y
A 4
[a]
=y
O
>3 -
1 1 1

0 5 10 15 20
Time (ps)
Figure 4.10: Turn-off of two IGBTs in series with the 20% reduced Vpc, with the gate drive output for the IGBT)
delayed by 10 ns.

the original value of 6.6354%, a relative increase of 27.570%. This is due to the same load
current and the similar Vg divergence during the fast Vcg-Ic transient produce a similar turn-
off loss difference, but because of the 20% reduction in the Vpc, the total turn-off losses here
decrease and hence the relative difference in the turn-off losses increases.

Figure 4.11 shows the turn-off simulation with the 20% reduced off-state Vcr utilisation of
two IGBTs in series and a 5% increase in the P emitter doping concentration of the IGBT,. The
time scale here is also extended to 20 ps as the expanded remaining CSR extends the tail time.
In the fast Vcg-Ic transient, the Vegs, the Ve, and the Vg apspiy are also similar to those in the
original result until the early Vcr overshoot from approx. 1 ps. During the Vcr overshoot, the
Ve abspify remains close to the original Veggremiy: In the tail time, from approx. 1.2 ps, the
Ve abspi diverges from and remains below the original Vg remi in the rest of the turn-off and
off-state simulated. In the tail time, the Vcgapspig rises considerably slower than the original
VcE reifr. This is also due to the accumulated effects over time of the larger undepleted part of
the N base and the relatively reduced differences in the hole carrier profile and the hole diffusion
current towards the depletion region in it, which is also similar to the situation in the previous
case of increasing the N drift region thickness.

In this simulation, the largest Vcr divergence is reduced to 254.10 V at 15.723 us from the
original value of 359.00 V at 11.250 ps, a relative reduction of 29.220% in the largest Vce
divergence despite the extended tail time. These changes are also due to the accumulated effects
over time of the extended remaining CSR by the lower Vcg utilisation reducing the difference
in the hole diffusion current in the undepleted part of the N base towards the depletion region.
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Figure 4.11: Turn-off of two IGBTSs in series with the 20% reduced Vpc, with the P emitter doping concentration
of the IGBT) increased by 5%.

However, the difference in the turn-off losses relative to the Eyy» 1s increased to 2.3910% from
the original value of 1.9723%, a relative increase of 21.229%. This is also due to the same load
current and the similar Ve divergence during the fast Veg-Ic transient produce a similar turn-
off loss difference, but because of the 20% reduction in the Vpc, the total turn-off losses here
decrease and hence the relative difference in the turn-off losses increases.

In the two basic Vce diverging scenarios, reducing the off-state Vcg utilisation shows con-
siderable mitigation effects on the turn-off Vce divergence. However, due to the similar
differences in the turn-off losses and the decreases in the total turn-off losses, the relative dif-
ferences in the turn-off losses are increased.

4.2.6 Reducing the IGBT Gate Resistance

In this simulation test, reducing the IGBT gate resistance is implemented by reducing the basic
IGBT gate resistances, the Rg; and the R,2 in Figure 3.4, by 20% to 10.8 Q from the original
value of 13.5 Q. The rest of the circuit parameters and the IGBT parameters remain unchanged.
According to the discussion in section 1.5.4, an IGBT gate resistance of such a low value com-
pletes the MOS channel cut-off early in the fast Vcg rising, which only has a minor influence
on the dVcg/dt rate in the fast Vg rising. Hence, reducing the IGBT gate resistance only has
minor mitigation effects in the two basic Ve diverging scenarios with only minor differences
in the individual initial gate discharging between the IGBTs in series. Therefore, reducing the
IGBT gate resistance will be tested in the Ve diverging scenarios of a variation in the IGBT
gate resistance and a variation in the IGBT gate oxide thickness. The method of reducing the
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Figure 4.12: Turn-off of two IGBTs in series with the 20% reduced basic IGBT gate resistance, with the Rg; for
IGBT,| increased relatively by 1%.

IGBT gate resistance is intended for these two scenarios with significant differences in the in-
dividual initial gate discharging between the IGBTs in series.

Figure 4.12 shows the turn-off simulation with the 20% reduced basic gate resistance and
the Rg; for the IGBT) increased relatively by 1%. Due to the reduced basic gate resistance, the
initial gate discharging period is shortened. For a clear comparison, here the test results are
shifted along the time axis to align the Vg traces in the fast Vg rising. With the 20% reduced
basic gate resistance, the Vg diverging feature remains similar to that in the original result.
During the fast Vg rising, a decrease in the Vg apspir from the original Veg remig 1s observed.
This is due to the reduced basic gate resistance accelerating the initial gate discharging which
reduces the timing difference in the MOS channel cut-off caused by the same relative difference
between the gate resistances. During the Ve overshoot, the Vg apspiremains below the original
Ve remif, Which suggests that the difference in the depletion progress is reduced. Consequently,
in the tail time from approx. 1.5 ps, the Vg apspig further diverges from and remains below the
original Vck reifr in the rest of the turn-off and off-state simulated.

In this simulation, the largest Vcr divergence is reduced to 233.42 V at 10.912 us in Figure
4.12 from the original value of 293.09 V at 11.138 ps, a relative reduction of 20.361% in the
largest Ve divergence. The difference in the turn-off losses relative to the E,p is reduced to
3.5550% from the original value of 4.4383%, a relative reduction of 19.901%.

Figure 4.13 shows the turn-off simulation with the 20% reduced basic gate resistance and
the gate oxide thickness of the IGBT] increased by 1%. Due to the reduced basic gate resistance,
the initial gate discharging period is shortened. For a clear comparison, here the test results are
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Figure 4.13: Turn-off of two IGBTs in series with the 20% reduced basic gate resistance, with the gate oxide
thickness of the IGBT increased by 1%.

also shifted along the time axis to align the Vg traces in the fast Vg rising. Note that unlike the
previous simulation tests shown in section 4.2, the Vce; in Figure 4.13 is higher than the Ve
due to the increase in the gate oxide thickness applied to the IGBT;. With the 20% reduced
basic gate resistance, the Vcr diverging feature remains similar to that in the original result.
During the fast Vg rising, a decrease in the Vegapspiy from the original Veg remig 1s observed.
This is due to the reduced basic gate resistance accelerating the initial gate discharging which
reduces the timing difference in the MOS channel cut-off caused by the same relative difference
in the gate oxide thickness. During the Ve overshoot, the Vg 4pspi remains below the original
Ve rempifr, which suggests that the difference in the depletion progress is reduced. Consequently,
in the tail time from approx. 1.5 ps, the Vcr anspir further diverges from and remains below the
original Vck reifr in the rest of the turn-off and off-state simulated.

In this simulation, the largest Vcr divergence is reduced to 323.43 V at 11.509 us in Figure
4.13 from the original value of 400.12 V at 11.250 ps, a relative reduction of 19.166% in the
largest Vce divergence. The difference in the turn-off losses relative to the Eop» is reduced to
5.1491% from the original value of 6.4348%, a relative reduction of 19.981%.

Reducing the IGBT gate resistance shows significant mitigation effects on the turn-off Vg
divergence caused by a variation in the IGBT gate resistance or the IGBT gate oxide thickness.
The relative reductions in the relative turn-off loss differences are close to the relative reduc-
tions in the largest Vce divergence, both of which are also close to the relative reduction of 20%
in the basic IGBT gate resistance.
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4.3 The Use of the Passive Mitigation Methods in Combination

The relative changes in the largest Vcr divergence and the relative turn-off loss differences of
the test results presented in section 4.2 are summarised in Table 4.2. Note that the results in the
last entry of the -20% Rg are tested in different Vg diverging scenarios.

Table 4.2: Summary of the simulation test results of the passive mitigation methods.

Passive mitiga- |+10 ns gate drive output delay +5% P emitter doping conc.
tion method Rel. change in largest |Rel. change in rel. Rel. change in largest |Rel. change in rel.
Vce divergence turn-off loss diff. Vce divergence turn-off loss diff.
-20% Jc (+25% -7.2286% -5.8817% -1.6269% +9.5292%
Ar16BT)
-20% 40 and 70 -9.2027% +0.95558% -11.095% -4.5813%
+20% P emitter -10.115% -4.5632% -4.5495% +1.2828%
doping conc.
+15 pm N drift -42.129% -6.4767% -29.635% +4.8041%
region thickness
-20% Vpc -22.679% +27.570% -29.220% +21.229%
-20% Rc -20.361% * -19.901% * -19.166% ** -19.981% **
* tested under +1% gate resistance ** tested under +1% gate oxide thickness

All the passive mitigation methods in section 4.1 are capable of providing effective miti-
gation of the Vcr divergence. However, individual increases in the relative difference in the
turn-off losses are found except for the method of reducing the IGBT gate resistance which is
tested in different Vg diverging scenarios. Nevertheless, it is possible to use some of those

passive methods in combination to compensate for their individual disadvantages.

Regarding IGBT parameters, the methods of the -20% 7,0 and 7,0 and the +20% P emitter
doping concentration only have small relative increases in the relative loss difference in differ-
ent basic diverging scenarios. The former has a small relative increase in the basic scenario of
a gate driving delay, while the latter has a small relative increase in the basic scenario of a
variation in the P emitter doping concentration. Therefore, the use of these two methods in
combination can compensate for their individual relative increases in the relative loss difference
and their individual influences on the on-state losses. Appropriate application of these two
methods in combination can also improve the trade-off between the on-state losses and the turn-
off losses. To achieve the same on-state excess carrier profile, a higher P emitter doping con-
centration with local carrier lifetime control in the N buffer can reduce the tail current in turn-
off and improve the basis of the turn-off Vg sharing, although adjustments in IGBT fabrication
processes will be required.

Similarly, the method of the +15 pm N drift region thickness provides considerable miti-
gation effects with only a moderate relative increase in the relative loss difference in the basic
scenario of a variation in the P emitter doping concentration. This moderate relative increase
can be compensated for by the method of reducing the carrier lifetimes. Therefore, these two
methods can be another useful combination.

Regarding IGBT operating conditions, as shown in the last result entry in Table 4.2, the
method of the -20% R¢ provides consistent mitigation effects on the Vg divergence in the two
scenarios for which the method is designed, with comparable and consistent relative reductions
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in the relative loss differences. The rest of the methods here, although can provide mitigation
effects on the Vg divergence, have disadvantages in the relative loss difference. These methods
can be used in combination with the method of reducing the carrier lifetimes to offset their
disadvantages in the relative loss difference.

Figure 4.14 and Figure 4.15 show the simulation tests of the use of those four methods in
combination in the two basic Vcr diverging scenarios with a 10 ns gate driving delay applied to
the IGBT; and a 5% increase of the P emitter doping concentration applied to the IGBT}, re-
spectively. These tests are based on the 190 um IGBT model used in section 4.2.4, with the
other three methods applied in the same manner as in their individual tests. As discussed previ-
ously, the method of reducing the IGBT gate resistance is not expected to provide significant
mitigation effects in the two basic Ve diverging scenarios. To compare with the original results,
the test results here are shifted along the time axis to align the Vg traces. The Ve diverging
features shown in Figure 4.14 and Figure 4.15 are similar to those in the respective tests of
increasing the IGBT N-drift region thickness using the 190 pm IGBT model and therefore will

not be repeated here.

In the simulation of the 10 ns gate driving delay, Figure 4.14, the largest Vcr divergence is
reduced to 200.36 V at 15.419 us from the original value of 438.06 V at 11.659 ps, a relative
reduction of 54.261% in the largest Vcg divergence. The difference in the turn-off losses relative
to the Eqp is reduced to 6.0402% from the original value of 6.6354%, a relative reduction of
8.9702%.
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Figure 4.14: Turn-off of two IGBTs in series with the use of three passive mitigation methods in combination. A
gate driving delay of 10 ns is applied to the IGBT}.
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Figure 4.15: Turn-off of two IGBTSs in series with the use of three passive mitigation methods in combination. A
5% increase in the P emitter doping concentration is applied to the IGBT}.
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In the simulation test of the 5% increase in the P emitter doping concentration, Figure 4.15,
the largest Ve divergence is reduced to 207.05 V at 15.545 ps from the original value of 359.00
V at 11.250 ps, a relative reduction of 42.327% in the largest Ve divergence. The difference in
the turn-off losses relative to the Ey» increases slightly to 2.0028% from the original value of
1.9723%, a small relative increase of 1.5486%.

In these two simulation tests, the relative reductions in the largest Vcr divergence and the
relative changes in the relative turn-off loss difference are close to the respective products of
those of the three methods related to IGBT parameters, Table 4.3. Considering the change of
the base IGBT model, the mitigation effects of the tested passive mitigation methods in combi-
nation are as expected.

Table 4.3: Comparison of the combined mitigation effects of a few passive mitigation methods.
+10 ns gate drive output delay +5% P emitter doping conc.

Method

Rel. change in larg-
est Vg divergence

Rel. change in rel.
turn-off loss diff.

Rel. change in larg-
est Vg divergence

Rel. change in rel.
turn-off loss diff.

-20% 740 and Tp0o

-9.2027% (90.797%)

+0.95558% (100.96%)

-11.095% (88.905%)

-4.5813% (95.419%)

+20% P emitter
doping conc.

-10.115% (89.885%)

-4.5632% (95.437%)

-4.5495% (95.451%)

+1.2828% (101.28%)

+15 pm N drift re-
gion thickness

42.129% (57.871%)

-6.4767% (93.523%)

-29.635% (70.365%)

+4.8041% (104.80%)

Products of relative
changes

-52.770% (47.230%)

-9.8914% (90.109%)

-40.288% (59.712%)

+1.2855% (101.29%)

The use of methods
in combination

-54.261%

-8.9702%

-42.327%

+1.5486%
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The passive mitigation methods discussed in this chapter are effective in the simulation
tests. Appropriate application of some of these methods in combination is attractive as the indi-
vidual drawbacks of these methods can be compensated for while maintaining or even
improving the trade-off between the on-state losses and the turn-off losses. The passive ap-
proaches here are focused on improving the basis of the turn-off Vcg sharing rather than
regulating the Vce sharing. Due to the nature of passive approaches, these passive mitigation
methods cannot regulate the Ve sharing or considerably mitigate the Ve divergence without
significantly degrading IGBT performance. These challenges can be addressed by the use of
active voltage regulation methods via feedback control, which will be discussed in the following

two chapters.
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Chapter 5 Direct Active Voltage Control for Regulating the
Voltage Sharing

5.1 Direct Active IGBT Gate Control for Regulating the Vce Sharing

At IGBT device level, the basic Ve diverging mechanisms and seven Vg diverging factors
concerning IGBT internal parameter variations and gate control errors are discussed in Chapter
3. Following Chapter 3, six passive mitigation methods at IGBT device level regarding IGBT
parameters and operating conditions are designed and tested in simulation in Chapter 4. Some
of these passive mitigation methods and appropriate application of them in combination are
practical, but passive mitigation methods cannot regulate the V¢ sharing or considerably miti-
gate the Vcr divergence without significantly degrading IGBT performance. Although outside
the scope of this thesis, beyond device level, the geometry of the power circuit often results in
different parasitic capacitances between the individual IGBT modules in series to ground which
affect the turn-off Vcr sharing [202]. Hence, active control methods using feedback control are

required to regulate the turn-off Vg sharing for the operation of IGBTS in series.

Evenly distributed Vce sharing in uncontrolled IGBT turn-off is rarely achieved in practice
due to the differences between the IGBTs, the gate drives, and the circuit parameters for indi-
vidual IGBTs. The mechanisms of the Ve divergence in IGBT turn-off are discussed in Chapter
3. Ideally, with identical parameters for individual IGBTSs, the individual turn-off trajectories of
the IGBTs in series will be the same as that of a single IGBT turned off with scaled circuit
parameters for one IGBT.

5.1.1 AVC Scheme and Its Implementation for Regulating the Vcg Sharing

Among the active control methods summarised in section 2.2, the Active Voltage Control
(AVC) is the most versatile control scheme in terms of the control of the Vcg. The AVC scheme
applies closed-loop feedback control via IGBT gate control to control the Vce of an IGBT.
Where controllable, the AVC scheme can control the Vcg to follow a preset trajectory using a
calibrated Vcg reference signal [174], [203], [204], which can be designed for various control
targets, e.g. regulating the Vcr sharing. Hence, in this thesis the AVC scheme is employed for
the active regulation of the Vg sharing.

The use of the AVC scheme in this thesis adopts the basic control structure of the Cascade
Active Voltage Control (CAVC) in [204], Figure 5.1. The original CAVC in [204] uses three
feedback loops for Ve feedback, dVee/dt feedback, and Ve feedback, Figure 5.1. The stability
of the CAVC has been analysed with experiments in [204]. The active Vce sharing regulation
method here aims to achieve a high turn-off dVcg/d¢ rate using the strategy of differential regu-
lation with a low gate resistance. Hence, the Ve feedback is not applicable due to the internal
gate resistance which is comparable to the external gate resistance preventing usable feedback
of the VgE of the IGBT chips. Also, the dVce/df feedback is not applicable due to the intended
use of differential regulation. Therefore, here only the V¢ feedback loop is used.

The feedback control of the Vg is achieved by comparing the scaled feedback of the Vg,
Vi = oV cE obtained via a potential divider, with the Ve reference signal Vrer and applying the
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Figure 5.1: Basic control structure of the original CAVC [204].

processed and amplified error signal to the IGBT gate, which is an implementation of classic
Proportional-Derivative (PD) control. This control structure can reduce the dependence of the
control performance on the main plant, e.g. the IGBT [204].

5.1.2 Previous Implementations and Drawbacks

So far the most comprehensive use of the AVC scheme for regulating the Vcr sharing is reported
in [180]. The circuit implementation of the AVC scheme in [180] is based on the AVC circuit
configuration in [204], Figure 5.1.

The Ve reference signal in [180] consists of three control stages. The first preconditioning
stage features a low clamp to accommodate the timing difference in the initial discharging of
the IGBT MOS gate from the on-state level to the Ve controlled active region. The Vg is
expected to settle at a low level in this stage to improve the synchronisation of the V¢ after the
initial gate discharging. In [180] the implementation results in a Vcr overshoot and a relatively
high Vce clamping level in this stage which cause undesirable losses.

The second control stage features a ramp in the Vg reference signal that extends above the
value for the average off-state Vce of the IGBTSs, which enables Ve overshoot and load current
commutation. In [180] this ramp is designed to control the Vcr through the Ver controlled active
region. In this stage the Ve is expected to rise under the control of this ramp. To achieve such
actively controlled Vg rising, this ramp extends over a longer period than the Vg rising time
in hard-switched turn-off with a low gate resistance under the same load conditions. A drawback
of such a ramp is a reduced dVcg/df rate during the fast Vg rising which increases the turn-off
losses. Also, in such an implementation of the AVC scheme, the Ve control performance of
this ramp is weaker at low load currents [205], [206].

The third control stage features a temporarily lowered hard clamp in the Vcg reference sig-
nal, calibrated for the average off-state Vcr of the IGBTs and applied near the end of the tail
time. The V¢ divergence accumulated after the Ve overshoot is significantly reduced in this
stage. This temporary clamp is removed after it is expected that the Vg sharing will not diverge
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to a significant extent afterwards. Before the temporary clamp, only the maximum Vg is limited
by an upper clamp which cannot effectively reduce the Vcr divergence. Hence, the Vg diver-
gence before the temporary clamp and the relatively high initial tail current of the high voltage
Si IGBT cause a difference in the turn-off losses between the IGBTs.

In [180] the Ve divergence is expected to be small and stable after processed by the AVC
circuit and the Vg reference signal. The experiment examples in [ 180] demonstrate that the Vg
divergence can be reduced to near zero after the temporary clamp in the Vg reference signal
and remain relatively stable afterwards, although the Vcr divergence in the tail time can still
become significant before the temporary clamp.

A few factors are responsible for the underperforming of the AVC circuit and the Vg ref-
erence signal in [180]. First, the AVC gate drives in [180] are subject to a triggering delay in
the acquisition of the instruction signal for IGBT switching between the AVC gate drives. Dig-
ital IGBT gate drives based on FPGAs, e.g. the prototype AVC gate drives used in this thesis
and in [180], enable the use of advanced control schemes. However, the synchronisation of the
clock sources for the FPGAs is difficult between the gate drives isolated for the high voltage
insulation requirements of the IGBTs in series. The triggering delay is therefore difficult to
minimise and can be up to the full edge detection period of the FPGA, which is often an internal
FPGA clock cycle. Even assuming complete control of the Vcg, since the Vg reference signal
in [180] apparently does not synchronise the peak of the Vcr overshoot, such a triggering delay
can still cause a difference in the depletion progress by the initial tail time.

Regarding the V¢ control performance of the AVC scheme, due to the phase lag of the
AVC loop [204], e.g. contributed by the propagation delay of the op-amps, the charging/dis-
charging of the IGBT gate-emitter capacitance Cgr, and the internal ambipolar carrier transport,
it is difficult to achieve high precision control of the Ve in IGBT turn-off, even with well opti-
mised AVC circuit parameters [204]. Even assuming matched instruction signal acquisition and
AVC circuit performance, the Vcr control performance that is dependent on IGBT parameters
[204] cannot ensure synchronised depletion progress during the turn-off. As discussed in Chap-
ter 3, a small difference in the depletion progress can cause significant Vg divergence in the
tail time before the temporary clamp in [180] is applied.

5.2 Design and Implementation of Direct Active V'cr Sharing Regulation

The use of the AVC scheme here for direct active Vg sharing regulation has been published to
a limited extent by the thesis author as the first author in [185]. The experimental implementa-
tion of the direct active Vcr sharing regulation here attempts to demonstrate its design concept
and key principles. Monitoring of circuit conditions, real-time automatic adjustments to the Vg
reference signal, and protection of the IGBTs switched in series are essential at product level,
which are intended for future research.

5.2.1 Design Concept of the Direct Active Vce Sharing Regulation

Considering the basic Vcr diverging mechanisms discussed in section 3.3, to compensate for
the internal differences between the IGBTs that can cause the Vce divergence in turn-off, a
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universal approach is to adjust the proportions of the current components in the IGBT with a
higher Vcg. Thus, the depletion process in the fast Vcg-Ic transient and the hole diffusion current
in the undepleted part of the N base towards the depletion region in the tail time can be adjusted
to suppress the original Vcr diverging mechanisms and mitigate the Vcr divergence. The in-
tended adjustments to the proportions of the current components are achieved by introducing
an electron current via the IGBT MOS channel controlled by the AVC scheme. With an ade-
quate electron current via the MOS channel to counter the effects of the Vcr diverging factors,

the original Ve diverging mechanisms can be reversed to reduce the Ve divergence.

To reduce the additional turn-off losses related to the Vg sharing regulation, here the active
Vce sharing regulation is based on the strategy of differential Vcr sharing regulation, where the
Ve sharing regulation is only active on the IGBT with a higher Vcg. The direct Vce sharing
regulation is intended to regulate the Vg sharing as it tends to diverge. This is to reduce the
difference in the turn-off losses and mitigate the influence of the Vg sharing regulation on the
stability and the EMC of the power circuit. A redesigned preconditioning stage to mitigate the
timing difference in the initial discharging of the IGBT MOS gate is also included. The mech-

anism and the implementation will be discussed further in the following sections.
5.2.2 Mechanism of the Differential V'crg Sharing Regulation

The differential Ve sharing regulation here is triggered only on the IGBT with a higher Veg
when its Vcr exceeds a preset trajectory including a small safety margin. During the turn-off,
for the IGBT with a higher Vg, when the Vg sharing regulation is triggered, its Ve is raised
above the Vry by its AVC gate drive circuit, and an inversion layer in the MOS channel is
formed to provide a small electron current for the depletion region. In the depletion region this
electron current reduces the proportion of the hole current to the electron current compared with
that in the other IGBT without an electron current via the MOS channel, which is assisted by
the recombination of the electrons via the MOS channel with the drifting holes. Hence, in con-
junction with the negative charges by those electrons, the positive net charge density and the
electric field gradient in the depletion region are lower relative to the IGBT with a lower Vee.

In the fast Vcg-Ic transient when high-level excess carriers exist in the undepleted part of
the N base, the electrons via the MOS channel that reach the CSR supply some electrons to the
ambipolar current in the CSR. Relative to the IGBT with a lower Vg, this process results in
lower transport of the excess electrons towards the P emitter and the excess holes towards the
depletion region from the MOS gate side CSR boundary. Therefore, the difference in the ex-
pansion of the depletion region is mitigated, and with the relatively lower electric field gradient
in the depletion region, the V¢ divergence is mitigated.

In the tail time when high-level excess electrons no longer exist in the undepleted part of
the N base, the electrons via the MOS channel that reach the undepleted part of the N base
reduce the proportion of the hole drift current in it towards the depletion region. This process is
assisted by a higher hole diffusion current from the P emitter due to a higher electron current in
the undepleted part of the N base. Consequently, further depletion in the N base in the IGBT
with a higher Ve that increases the Ve divergence is mitigated. In conjunction with the lower
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electric field gradient in the depletion region, the Vcr divergence is mitigated. With adequate
electrons via the MOS channel reaching the undepleted part of the N base, the opposing diffu-
sion-drift relation of the electrons at the depletion edge in the N base can be biased to diffusion,
which recovers the depletion region from that depletion edge. In this process, the electron cur-
rent via the MOS channel also results in increases in the hole diffusion current from the P emitter
and the /c. The increase in the hole diffusion current from the P emitter assists the redistribution
of holes as the depletion region is being recovered. Meanwhile, since the /c of the IGBT with a
lower Vck is increased, the original mechanism that causes the Ve divergence is reversed and

the Ve divergence is reduced.
5.2.3 Implementation of the AVC Gate Drive Circuit

The experimental implementation of the AVC gate drive circuit here for the direct active regu-
lation of the Vcr sharing is shown in Figure 5.2 with key parameters included. The IGBT Vg
is scaled down via a passive network Rp-Cp/Rei-Cri by a ratio of 101:1. The scaled Vcr feed-
back, Vrs, is compared with a Vg reference signal, Vzer, and the difference is amplified by a
gain of 10. This stage is achieved using a voltage source op-amp, Texas Instruments LM7171
indicated by LM7171 1. The next op-amp, a second Texas Instruments LM7171 indicated by
LM7171 2, is configured as a voltage follower to enable high bandwidth driving for the next
buffer stage. The LM7171 2 can also be configured to further increase the gain if required.

The output current of the op-amp stage is enhanced using a buffer, Texas Instruments
BUF634, to drive a push-pull gate driving stage by BJTs, Diodes Inc. FZT851 (NPN) and Di-
odes Inc. FZT951 (PNP), to provide adequate driving current capabilities for the use of a low
gate resistance. The push-pull BJTs replace the push-pull MOSFETs used in [204] as shown in
Figure 5.1 to increase the output voltage range and enhance the response of the gate driving
stage. This gate driving stage is more cost-effective compared with the use of multiple high-
speed op-amps in parallel to provide the same driving current capabilities. The external gate
resistance Rg_ext is 1 Q. Further reducing the external gate resistance enhances the response of
the AVC loop but starts to cause stability issues. In the AVC gate drive, the nominal power
supply voltages for the gate driving stage are =15 V, and the measured output voltage range of

|Cf2 Vece
‘2 pF
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Ros2 FZT851
NPN
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Ri1 Rg_ext
Vag /\
100 Q BUF634 10
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—+ 10 PNP
o cf Rf1
200 pF 12 kQ Vee

Figure 5.2: Implementation of the AVC circuit.
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the AVC gate drive is approx. +13.3 V to -13.2 V. Such a range is reasonable considering the
voltage drops of the forward biased PN junctions from the power supply to the output.

The ideal output voltage of the AVC gate drive, ignoring the PN junction voltage drops of
the output BJTs, under quasi-static conditions can be described by:
;3 .
VGG = (VFB - VREF) R_ + VFB Equatlon 5.1
i
For calibrating the Vcg reference signal, it is convenient to write Equation 5.1 as:
_ Riy .
VREF = (VFB - ch) R_ + VFB Equatlon 52
b1
With the Ve reference signal calibrated, when the Ve exceeds the predicted trajectory plus
a small safety margin, the Vg is raised by the AVC circuit to increase the Vgr for introducing
or increasing the electron current via the MOS channel, so that the Vg divergence can be miti-
gated as discussed in section 5.2.2.

In the AVC gate drive, the Vrer is generated by an on-board FPGA and an 8-bit Digital-to-
Analog Converter (DAC). The FPGA, Xilinx Spartan-3AN XC3S50AN, uses an independent
on-board crystal as its clock source. Despite the same nominal frequency of the crystals, neither
the frequency nor the phase of the clock sources in the AVC gate drives is synchronised. The
instruction signal for an IGBT switching event is distributed to the AVC gate drives via optical
fibres from a central signal generator due to the requirements of high voltage insulation.

The generation of the Vrer for IGBT turn-off and turn-on is triggered independently once
a respective instruction signal is acquired by the FPGA. Due to the unsynchronised clock
sources for the FPGAs, a relative jitter in the acquisition of an instruction signal exists between
the FPGAs. In the experimental implementation here, the on-board FPGAs are operated at a
nominal frequency of 50 MHz, which results in a signal acquisition jitter between the FPGAs
of £20 ns maximum. The maximum operational frequency of an FPGA depends on the physical
layout and the performance of the logic blocks used in the FPGA for the logic programmed and
the quality of the clock signal distributed to those logic blocks. With the essential control logic
programmed in the FPGA here, the operating frequency of 50 MHz cannot be further increased
without compromising reliability. Hence, the maximum signal acquisition jitter cannot be fur-

ther reduced.

This signal acquisition jitter after processed through the FPGA and the DAC is converted
into a timing jitter in the Vzer, which leads to a timing jitter in IGBT switching. As the genera-
tion of the Vzer for IGBT turn-off and turn-on is triggered independently, an early timing of
turn-off may not lead to an early timing of the following turn-on.

5.2.4 Implementation of the Vce Reference Signal

The implementation of the Vg reference signal Vrer here is based on the strategy of differential
Vce sharing regulation, where the V¢ sharing regulation is only active on the IGBT with a
higher Vce. Hence, the calibration of the Vg reference signal depends on IGBT characteristics,
AVC gate drive parameters, and CCL parameters in the IGBT turn-off. These factors determine
the average characteristics of the IGBT turn-off, e.g. the initial MOS gate discharging, the fast

132



Chapter 5 - 5.2

) 4— 2 (; 2I 11 é E; llO 1I2 14
Time (us)
Figure 5.3: Redesigned reference signal for the direct active V¢r sharing regulation.
Vce rising, the Ve overshoot, and the tail current. These characteristics provide predictions of
the average Vce and Ic trajectories in the IGBT turn-off for calibrating the Vg reference signal.
Here, as only to demonstrate the key principles of the active Vce sharing regulation, the Vce
reference signal is calibrated manually. The Ve reference signals in this thesis are for typical
operating conditions of modern FS IGBTs without punch-through of the depletion region to the
N buffer. Automatic calibration of the Vck reference signal and Vg reference signals for other

operating conditions are intended for future research.

The Vce reference signal calibrated for the experiments in this chapter, Figure 5.3, uses
three control stages by the segments t; to t7 for all the IGBT turn-off stages with improvements
upon the Vg reference signal in [180]. In the Vg reference signal here, the segment(s) ti to t;
are for the turn-off, tg and to are for the off-state, tio is for the turn-on, and t;; and to are for the
on-state. The t; to to are triggered by an IGBT turn-off instruction signal, and the tio, ti1, and to
are triggered by an IGBT turn-on instruction signal. Since the IGBT turn-on is not part of the
focus of this thesis, only a simple ramp is used for the tio.

The timings and the voltages of the t to ts and tio shown in Figure 5.3 are the actual values
calibrated for the experiments of the direct active Vg sharing regulation in this chapter. The
voltages of the to, to, and t11 shown in Figure 5.3 are also the actual values used, but the timings
of the to, to, and t11 are controlled by the central signal generator and are longer in the actual
experiments. The Vg reference signal shown in Figure 5.3 is calibrated for demonstrating the
key principles of the direct active Vce sharing regulation in this chapter, which is not intended

for industrial use.

The on-state driving in the t11 and to is achieved by setting a negative plateau that saturates
the AVC gate drive at its on-state driving voltage for V' =0 V. Similarly, the off-state driving
in the to is achieved by setting a positive plateau that saturates the AVC gate drive at its off-
state driving voltage for the Vrp of the predicted average off-state Vce.

5.2.4.1 Low-Loss Preconditioning Stage

For the turn-off, the first control stage in the Vce reference signal is a preconditioning stage that
consists of two segments, the t; and t2 as shown in Figure 5.3, designed to accommodate the
timing difference in the initial discharging of the IGBT MOS gate from the on-state level to the
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Ve controlled active region. The general concept of the preconditioning stage here is similar to
those in [204] and [180] with consideration of minimising the losses produced in the precondi-
tioning stage.

The segment t; uses a positive plateau to set the gate driving output to its minimum negative
voltage for shortening the initial gate discharging period. The segment t; uses a negative plateau
calibrated to set the gate driving output to the Vg that provides the minimum (Vee — Vrn) re-
quired to operate the IGBT in the quasi-saturation region at the on-state load current. Ideally,
the initial gate discharging in the t; shifts the operating point of the IGBT to the quasi-saturation
region, but not into the Vgr controlled active region. Hence, the calibration of the t; and t> de-
pends on the IGBT transfer characteristics, the gate drive circuit, and the on-state load current.
The timing difference in the initial gate discharging between the IGBTs accumulated in the t;
is mitigated in the t;, where the synchronisation of the IGBTs in the quasi-saturation region can
minimise the losses produced compared with those of the preconditioning stage in [180].

5.2.4.2 Differential Vcg Sharing Regulation in the Fast Vcg-Ic Transient

After the synchronisation in the t», for the fast Vcg-Ic transient the Ve reference signal consists
of three segments, the t3 to ts as shown in Figure 5.3. To initiate the fast Vcg-Ic transient, the t3
uses a slow rising ramp to drive the Ve from the synchronisation level in the t> towards the Vee
controlled active region in a moderated manner. Such a slow ramp avoids saturating the op-
amps in the AVC circuit or the driving stage and allows the Vgr to follow the V6 more closely
through the quasi-saturation region. With the preparation in the t3, the following t4 can drive the
IGBTs rapidly through the Ve controlled active region with a reduced timing difference.

For the fast Vce rising, the t4 uses a fast-rising ramp that is related to a linearised prediction
of the average Vcr trajectory of the IGBTs in this turn-off stage. The Ve reference signal in the
ts4 is designed to benefit from the highly similar electric field gradients in the depletion regions
of the IGBTs arising from the same /c in this turn-off stage to assist the Vcr sharing regulation.
Since the differential V¢ sharing regulation is only active on the IGBT with a higher Vg, for
the Vcr reference signal calibration a small safety margin is added to the predicted average Ve
trajectory to avoid instability caused by the phase lag of the AVC loop. The Vck reference signal
in the t4 1s designed to keep the Ve between the Vry and zero under evenly distributed Vg
sharing, which enables quick responses of the IGBT to the control loop.

For the Ve overshoot, the ts uses a cap that closely traces the predicted Vcr overshoot with
a reduced safety margin. In uncontrolled turn-off, the Ve divergence often reaches a local max-
imum during the Vce overshoot. The ts is designed to regulate this local maximum of the Ve
divergence and the difference in the depletion progress for improving the Vg sharing in the tail
time, although the actual effect varies depending on the Vg diverging factors.

5.2.4.3 Differential Vcg Sharing Regulation in the Tail Time

In uncontrolled turn-off, the main Vcr divergence in terms of magnitude often develops in the
tail time. Following the ts, for the tail time the Vcr reference signal consists of two segments,
the t¢ with a short clamp followed by the t7 with a long and slightly lower clamp as shown in
Figure 5.3.
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For the early tail time, the short clamp in the ts is set to accommodate the slightly higher
Vce compared with the predicted average off-state Vcr due to the stray inductance in the CCL
as the early tail current decays. In the ts, due to the phase lag of the AVC loop, a clamp in the
Ve reference signal calibrated to the predicted average Vcr may cause Ve undershoot during
Vce clamping, where the other IGBT in series may be forced into undesirable Vce clamping.
This situation in the worst-case scenario will cause Vce oscillation and/or simultaneous Vce
clamping on both the IGBTSs, where the /c will rise undesirably. Hence, a small safety margin
is included above the predicted average Vcr in the te. If the Ve divergence is inadequate to
quickly trigger the Vcr regulation in the ts, the Ve will be near the V7 to reduce the response
time of the IGBT in the following t7.

For the late tail time, the long clamp in the t7 regulates the Vcr sharing continuously towards
the predicted average off-state Vce. Since the internal differences between the IGBTs are re-
duced in the previous V¢ sharing regulation process, the ts and t7 only needs to cover part of
the tail time until the remaining differences between the IGBT devices after the Vcg sharing
regulation would not upset the regulated Vce sharing to a significant extent. Similar to the ts, a
small safety margin is included in the t7 to avoid V¢r oscillation and/or simultaneous Vg clamp-
ing on both the IGBTs. Hence, a slight but self-stabilising Vcr divergence may exist after the t;
depending on the remaining differences between the IGBT devices.

For the following off-state, first in the tg a slow rising ramp gradually removes the previous
clamp without producing a significant gate current. In the to, a plateau is set to saturate the
driving stage of the AVC gate drive at the off-state driving voltage for a secure IGBT off-state.

5.3 Experiments of the Direct Active Vcg Sharing Regulation

5.3.1 Experiment Setup

The experiments of the direct active Vg sharing regulation use a basic boost converter circuit
as shown in Figure 5.4. In this circuit, two FS IGBTs in series are tested as the main switch
using the double pulse method in [172], which enables testing power devices without high
throughput power. The two IGBTs of the same model rated 1700 V and 650 A each are con-
nected directly in series within a half-bridge module, Fuji Electric 2MBI650VXA-170E-50,
without any snubber component attached except for the internal anti-parallel FWDs packaged

in the same module.

The test rig for the experiments in this chapter is shown in Figure 5.5 and Figure 5.6. In
this chapter, HS denotes the Higher electric potential Side (HS), and LS denotes the Lower
electric potential Side (LS). The base signal generator provides a low frequency base signal to
the double pulse signal generator, in which the base signal is converted into a double pulse
signal. This double pulse signal is distributed to the AVC gate drives as the instruction signal
for triggering Vcr reference signal generation.

In the experiment setup, for safety considerations, the average off-state Vce of the IGBTs
is set to approx. 600 V, only slightly higher than one third of the rated maximum Vce of one
IGBT. This is to ensure that in the case of a fault in an AVC gate drive where only one IGBT

135



Chapter 5 -5.3

Figure 5.4: Boost converter circuit for the demonstration of the direct active V¢r sharing regulation.
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Figure 5.5: Test rig for the demonstration of Figure 5.6: Central test rig for the demonstration of the direct ac-
the direct active Vg sharing regulation. tive Vg sharing regulation.

remains operational for switching, either IGBT can still remain within the RBSOA at a Vpc of
approx. 1200 V. Limited by the specifications of the test rig available for the experiments, the
IGBT load current for the IGBT turn-off is approx. 65 A.

5.3.2 Vce Reference Signal Generated on the AVC Gate Drive

The measured Ve reference signal generated by the FPGA and the DAC on the AVC gate drive
under zero-input of the boost converter circuit is shown in Figure 5.7, and the segments for the
turn-off Vg sharing regulation is shown in Figure 5.8. The segments indicated in Figure 5.7
and Figure 5.8 correspond to those shown in Figure 5.3 and discussed in section 5.2.4. In a test
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Figure 5.8: Segments of the redesigned reference signal for the direct turn-off V¢z sharing regulation.
cycle, excluding the preconditioning stage and the fast Vcg-Ic transient, the nominal IGBT off-
state is approx. 37.5 us, which is limited by the main inductor and the high conversion ratio of
the boost converter circuit. The boost converter circuit is configured to operate in discontinuous
mode at a high conversion ratio, which results in a considerable decrease in the main inductor
current during the IGBT off-state in a test cycle. Hence, a considerable decrease in the IGBT
load current is observed after the IGBT off-state.

The experiments here in each test group use the same Vg reference signal and are sampled
at different times during a continuous testing period with unchanged control of the circuit input
conditions, unless specified otherwise. The features of the experiments are captured to an 8-bit
resolution with a 2 ns sampling interval by a LeCroy LT344L oscilloscope.

5.3.3 Vce Divergence in Uncontrolled IGBT Turn-Off

First for comparison, the Vce divergence in uncontrolled IGBT turn-off, with the direct active
Vce sharing regulation disabled, is tested using hard-switched IGBT turn-off in the same test
circuit. The hard-switched IGBT turn-off is emulated by the AVC gate drive using a step tran-
sition from the on-state level to the off-state level in the Vg reference signal to sharply switch
the AVC gate drive from its on-state driving voltage to its off-state driving voltage. Therefore,
this emulated IGBT turn-off is effectively hard-switched and uncontrolled. For safety consid-
erations, in this test of uncontrolled IGBT turn-off, the Vpc for the two IGBTs is 1000 V, and
the IGBT load current to be switched at the IGBT turn-off is approx. 55 A. Due to the use of
the AVC gate drives, the IGBT turn-off here is subject to the relative timing jitter between the
AVC gate drives.
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A typical example of the uncontrolled IGBT turn-off with large Vcr divergence is shown
in Figure 5.9. As the IGBT package here only allows the /c to be measured at the ‘C’ terminal
of the IGBT package, the measured ‘C’ terminal current /¢ pxc includes the current through the
anti-parallel FWD inside the IGBT package, which are in off-state and without high-level ex-
cess carriers during the IGBT turn-off. Under these conditions, the current through the anti-
parallel FWD is significantly smaller than the /c of the IGBT. Therefore, during the IGBT turn-
off, the measured /c pxc 1s close to the Ic of the IGBT. The Vg pig; 1s defined as (Vg s — Vek us)
here. As the turn-off and the turn-on of the IGBTs are triggered independently, the relative
timing jitter between the AVC gate drives at the turn-off may change at the following turn-on
and lead to an opposite Vcr diverging situation.

In this example, the Ve divergence has a rapid but small increase at the beginning of the
fast Ve rising and continues to increase at a moderate rate as the total Vg rises to the Vpc. The
Vce divergence decreases slightly during the Ve overshoot as the Ic pxe falls rapidly. During
the fast Vcg-Ic transient, the Vg divergence remains small. During the tail time, the Vg diver-
gence increases again at a moderate rate in approx. the first 10 pus and continues to increase in
the following 10 ps with a significantly lower increase rate. The total Vce diverging period
under the circuit conditions here exceeds 20 us. Before the following IGBT turn-on, the Vg pig:
reaches a maximum of approx. 320 V, 32% of the 1000 V Vpc, which would increase with the
Vpc as discussed previously in section 4.2.5. The Ve diverging situation in the following turn-
on is not fully dependent on this turn-off event. At the following turn-on, the Vcg 1s starts to fall
first, causing the Vcg us to rise temporarily and the Ve py: to become negative during the turn-
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Figure 5.9: Uncontrolled turn-off of two IGBTs in series with large V¢r divergence.
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on. A spike and oscillation in the /cpkG are observed at the turn-on, which is caused by the
reverse recovery current of the FWD branch in the CCL.

The Ver rerm Ls refers to the gate-emitter voltage measured at the package terminals of the
lower electric potential side IGBT. The internal gate resistance inside the IGBT package is 1.75
Q, and the external gate resistance on the AVC gate drive is 1 Q. The IGBT module used here
only allows measurement at the package terminals, and the gate terminal in the gate driving
path is between the internal gate resistance and the external gate resistance. Hence, the measured
Ve terms here is different from the Ve of the IGBT chips.

The detailed features of the uncontrolled turn-off in Figure 5.9 is shown in Figure 5.10. A
significant initial delay is observed between the Vg trajectories at the beginning of the fast Vg
rising, after which the Vcg divergence continues to increase at a moderate rate as the total Vg
rises to the Vpc. As identified in Figure 5.9, the Vcr divergence decreases temporarily as the
Ic pxc falls rapidly in the Vcr overshoot. This Ve diverging feature is found in the previous
simulation results that involve a delay in the IGBT MOS channel cut-off, e.g. the simulation of
an IGBT gate driving delay shown in section 3.5.1.

Despite the difference between the terminal Ve and the chip Ve due to the internal gate
resistance, as here the AVC gate drive output is quickly saturated at its off-state driving voltage,
the terminal VE can be used to estimate the timings of the chip Ve during the hard-switched
turn-off. With given internal and external gate resistances, when the chip Vg starts to fall at the
end of the Miller plateau, the terminal Vg starts to fall accordingly at the end of a similar
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Figure 5.10: Detailed features of uncontrolled IGBT turn-off with large Vg divergence.
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plateau, which is aligned with the beginning of the fast Vcg rising, Figure 5.10. Hence, here the
IGBT MOS channel is cut off very early in the fast Vg rising due to the low gate resistance.

The relative timing jitter between the AVC gate drives in the Vg reference signal for turn-
off is shown in Figure 5.11 using colour graded persistence processed by the oscilloscope of 20
s of an edge in the turn-off Vg reference signal. The red trace inside is the edge in the lower
side Vg reference signal used for triggering, which is positioned to cross the central intersection
of the axes and is saturated at a red colour as it remains nearly unchanged. The blue/purple part
is the distribution of the corresponding edge in the higher side Vg reference signal. By meas-
urement on the time axis at the zero-voltage level, the higher side Vcr reference signal is
distributed between a 25 ns lead and a 15 ns lag relative to the lower side Vg reference signal.
This total range of 40 ns agrees with the relative timing jitter of £20 ns maximum discussed in
section 5.2.3. The 5 ns average offset in this distribution suggests a fixed 5 ns lead possibly in
the transmission of the instruction signal regarding the higher side AVC gate drive.

While maintaining the respective optical fibres for the high and lower side IGBTs, exchang-
ing only the two AVC gate drives produces a closely matched result of the relative timing jitter
in the Vg reference signal. While maintaining the respective AVC gate drives for the high and
lower side IGBTs, exchanging only the optical fibres produces an opposite result of the relative
timing jitter in the Vg reference signal, where the lower side Vg reference signal has an average
5 ns lead. This suggests that the components of the AVC gate drives do not have significant
differences to affect the average offset of this relative timing jitter in the Vg reference signal.
Therefore, the average offset found in this relative timing jitter is caused by the optical fibres,
possibly due to a difference in the light quality of the optical fibre output.

In Figure 5.10, the Ve ns has a lower dVce/df rate compared with that of the Vg, s during
the fast Vce rising. The detailed features of a typical example of the uncontrolled turn-off with

small Vce divergence is shown in Figure 5.12, sampled at a different time during a continuous
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Figure 5.11: Distribution of the relative timing jitter in the reference signal between the AVC gate drives.
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Figure 5.12: Detailed features of unconfrt)r;lid (Ié;)T turn-off with small Vg divergence.
testing period under unchanged circuit input conditions as those of the example shown in Figure
5.10. Despite a slight lead in the fast Ve rising, the Vcg us has a lower dVeg/df rate compared
with that of the Vcg s during the fast Vg rising. This Ve diverging feature is found in the
previous simulation results that involve a difference in the on-state excess carrier concentration,
e.g. the simulation of a higher P emitter doping profile in one IGBT shown in section 3.5.2.

5.3.4 Demonstration of the Direct Active Vcg Sharing Regulation in the Fast Vcg-Ic
Transient

Figure 5.13 shows a typical example of the direct active Vce sharing regulation in the precon-
ditioning stage and the fast Vcg-Ic transient against strong Vg diverging factors. The Vpc is
1200 V, and the IGBT load current to be switched at the IGBT turn-off is 65 A.

The preconditioning stage here avoids significant losses compared with those in the previ-
ous researches [178]-[181] while providing comparable synchronisation effects for the IGBTs.
The duration of the t; used here is extended to emphasise the differences between the IGBTs
and the synchronisation process in the following t>. Therefore, temporary Vce rises in both the
IGBTs are observed as indicated in Figure 5.13, which can be mitigated by shortening the t; in
the Vce reference signal to further reduce losses. In this temporary Ve rise, the lower side IGBT
Vck rises first with a higher magnitude, while the higher side IGBT Vg rises later with a lower
magnitude. This feature agrees with the lower side IGBT leading in the fast Vcg rising in the
previous uncontrolled IGBT turn-off shown in Figure 5.10. The Vg rerm s remains stable at
approx. 8.75 V in the late t».

141



Chapter 5-5.3

800 T T T T T
S VCE,LS —L VCE,HS VCE,Diff.
600 -
g 400 -
>U 200 Temp. V_. rises
and sync. |
0 b 4
T Improved sync. of
MOS ch. cut off
_200 | 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Time (us)
80 T T T T Al
60 F T T 15
40 - 110 &
<L -
= 20 |
&0 £
3) N
=o-20 -
_a0 L VGE,TERM,LS:> -10
—C— I pre —2— Vs, teru,1s
_60 1 1 1 1 1 _15
0 0.5 1 1.5 2 2.5 3

Time (us)
Figure 5.13: The direct active Vg sharing regulation against strong V¢ diverging factors in the redesigned pre-
conditioning stage and the fast V¢g-Ic transient.

From approx. 1.65 us to 1.85 ps in Figure 5.13, a slow decrease in the Ver reru Ls 1s ob-
served, which is related to the t3 in the Vce reference signal that prepares the IGBTs for the fast
Vce rising. Despite the differences in the temporary Ve rise indicating some differences be-
tween the IGBTs, the timing consistency of the MOS channel cut-off indicated by the beginning
of the fast Ve rising is improved after the preconditioning stage compared with the uncontrolled
turn-off result with strong Vg diverging factors.

The Vcr divergence starts to increase at the beginning of the fast Vg rising. Due to the
integer limits in the FPGA programming to achieve the 20 ns clock cycle and the 8-bit DAC
resolution, in the Vg reference signal only a very few combinations of rising rates and durations
are available for the fast Vce rising considering the Ve sharing regulation for the following Ve
overshoot. Consequently, with the safety margin in the Vce reference signal, here the Ve shar-
ing regulation is not active during the fast Vcg rising. Although increases with the Vcg iy as
expected, the ViE rery s remains below the V7y during the fast Vg rising. Further reducing the
safety margin would cause the Vcg reference signal to force both the IGBTs undesirably into
the Ve controlled active region late in the fast Vg rising under the circuit conditions here. A
small decrease in the Vcgpiy is observed in the Vg overshoot. The Ve piy starts to increase
again at the beginning of the tail time before intervened by the active Vce sharing regulation.

Figure 5.14 shows a typical example of the direct active Vg sharing regulation in the pre-
conditioning stage and the fast Vcg-Ic transient in an opposite Vce diverging situation compared
with that in the example shown in Figure 5.13. In the temporary Vcr rise, the lower side IGBT
still leads with a higher magnitude, but the timing lead here is smaller compared with that shown
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Figure 5.14: Preconditioning stage of direct active V¢r sharing regulation in an inverted Ve diverging situation
in fast Vcg-Ic transient.

in Figure 5.13. Also, the higher side IGBT has a timing lead at the beginning of the fast Vce
rising. Therefore, here the relative timing of the Vg reference signal for the higher side IGBT
shifted ahead compared with that shown in Figure 5.13. The higher side IGBT is still subject to
a lower dVcg/dt rate, which offsets its timing lead here in the beginning of the fast Vcg rising.
The Vce divergence decreases in the fast Vg rising, and the Vg sharing regulation is not active
during the fast Vg rising here due to the close Ve sharing.

Summarising from the examples shown in Figure 5.13 and Figure 5.14, some effects of the
fixed Vce diverging factors can be mitigated by the redesigned preconditioning stage without
producing significant losses. Both the operating frequency of the FPGA and the resolution of
the DAC need to be increased to enhance the resolution and the precision of the Vg reference
signal for improving the adaptability of the Vcr reference signal to different IGBTs and circuit
conditions. Also, synchronised clock sources for the FPGAs can significantly reduce the relative
timing jitter in the Vg reference signal to further improve the active Vg sharing regulation.

5.3.5 Demonstration of the Direct Active Vcg Sharing Regulation in the Tail Time

Figure 5.15 shows the direct active Vg sharing regulation in the tail time of the same example
with strong Ve diverging factors shown in Figure 5.13. After the Vce overshoot, as the Ve
divergence increases in the tail time from approx. 2.7 us, the Vg reruLs 1s raised by the clamp
in the te of the Vcr reference signal. The Ver rera s starts to increase at 2.75 ps, and from 3 us
the Vcr divergence is limited to 73 V until the following t; of the Vg reference signal, where
the Ve divergence is reduced.
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Figure 5.15: Direct active Vg sharing reguthji(r: a;:irslit strong Vg diverging factors in tail time.

The small rise in the Vee rerm s from 3.4 ps to 3.5 pus due to the lower clamp in the t7
indicates the transition from the ts to the t7. At 3.5 pus, the Vg s starts to decrease which signif-
icantly reduces the Ve divergence, after which the Ve rerum s falls back to the previous level
with slight oscillation. In this process, the /¢ rxc remains near level as the Vce divergence de-
creases from 3.5 ps to 3.7 ps due to the MOS channel current in the lower side IGBT by the
active Vce sharing regulation.

In the rest of the t7, the Vcr divergence is mitigated gradually, and the Vgr rerum s decreases
slightly but remains above 5 V. This gradual Vce sharing regulation process only requires a
small MOS channel current and therefore the Vg rera s in this period is below the typical Vg
in the datasheet of 6.5 V at Ve =20V, Ic = 650 mA, and 25 °C. For demonstration, here the tg
and the following t7 only cover the first 4.3 us of the tail time, which is significantly shorter
than the Vce diverging period in the tail time of approx. 20 us in a similar Vg diverging situation
shown in Figure 5.9. It is expected that under the circuit conditions here, after the t; the remain-
ing differences between the IGBTs would not upset the regulated Vcr sharing to a significant
extent. The removal of the V¢ sharing regulation is from 7 us to 8 ps, indicated by the
VGE erm Ls being driven towards the off-state driving voltage of the AVC gate drive.

Figure 5.16 shows a typical example of the direct active Vcr sharing regulation in the tail
time against moderate Vcr diverging factors. Compared with the example shown in Figure 5.15
with strong Vcr diverging factors, here the Vg divergence at the beginning of the fast Vg rising
at approx. 2 us does not have a small and rapid initial increase, and the largest Vce divergence
reaches 50 V before mitigated in the t7 of the Vcr reference signal. Also, here during the te, the
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Figure 5.16: Direct active Vg sharing regulation against moderate Vg diverging factors.

VG term s remains below 5 V, indicating that the Vce divergence is inadequate to quickly trig-
ger the active Vg sharing regulation.

In the t7 as the clamp in the Vcr reference signal decreases, the Ve rerm s increases and
exceeds 5 V at 3.4 ps. From 3.6 us the Ve divergence is limited and mitigated gradually. The
Ve termLs decreases slightly but remains above 5 V as the Vegpiy decreases. Similar to the
previous example, such a gradual and steady Vcre sharing regulation process only requires a
small MOS channel current, and therefore the Ve rerys in this period is below 6.5 V and the
decay of the tail current remains steady in this process. The removal of the Vcg sharing regula-
tion is from 7 ps to 8 us, indicated by the Ve rerm s being driven towards the off-state driving
voltage of the AVC gate drive.

Figure 5.17 shows the direct active Vg sharing regulation in the tail time of the same ex-
ample shown in Figure 5.14 that features an opposite Vcr diverging situation compared with
those in the examples shown in Figure 5.15 and Figure 5.16. Here, the Ve divergence from the
beginning of the fast Vg rising at approx. 2 ps is basically of Ve s < Vceus, and therefore the
differential active Vcr sharing regulation is triggered on the higher side IGBT. The higher side
IGBT has a timing lead in the beginning of the fast Vg rising at approx. 2 ps, despite a lag in
the previous temporary Vg rise from 1 ps to 1.5 ps in the preconditioning stage. The Vg di-
vergence decreases during the fast Vg rising due to the lower dVcg us/df rate of the higher side
IGBT and fluctuates near zero during the Vce overshoot. Limited by the specifications of the
voltage probes available for the experiments, only the Ve reraLs can be measured. In the fast
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Figure 5.17: Direct active Vg sharing regulation in an opposite Vg diverging situation against strong Ve di-
verging factors.

Vce-Ic transient and the tail time, the Vee rera s remains below 5 V as the differential active
Ve sharing regulation is not triggered on the lower side IGBT.

In the tail time, the Vg divergence of Vg s < Vg us increases gradually at first. Due to the
safety margin in the Vg reference signal and the phase lag caused by charging/discharging the
IGBT Cge, here the active Vce sharing regulation is not immediately effective on the higher side
IGBT. The Vcr reference signal enters the t7 at 3.4 ps, indicated by a slight increase in the
Ve term Ls as the clamp in the Vg reference signal decreases. In the t7, at first the Vg rerm s 18
reduced as the Vg s decreases. The Vg divergence reaches 68 V at 5.25 us (Vegaig, = -68 V as
Ve s < Veens) and then starts to decrease as the active Vg sharing regulation becomes effec-
tive on the higher side IGBT. Consequently, the Vg s increases and the Vee rermrs 1s raised
but remains below 5 V.

Due to the phase lag of the AVC loop, slight over correction of the Vg sharing is observed
at 6.6 ps. Despite this over correction, the safety margin in the Vcg reference signal prevents the
Ve termLs from exceeding 5 V and causing stability issues. The removal of the Vg sharing
regulation is from 7 ps to 8 ps, indicated by the Ve rerm s being driven towards the off-state
driving voltage of the AVC gate drive.

The three examples shown here are in three typical situations of the Vcg sharing regulation.
In those examples, the direct active Vcr sharing regulation is effective with stable regulation
processes, and oscillation is not observed during the removal of the Vg sharing regulation. In
the example shown in Figure 5.17, the phase lag caused by charging/discharging the IGBT Cqr
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results in a lag in the Vg sharing regulation process. Despite the slight over correction of the
Vce sharing, control instability is not observed due to the safety margin in the Vcr reference
signal. The lag in the Vg sharing regulation process can be reduced with a lower stray induct-
ance in the gate driving path that ensures control stability when using a lower gate resistance
and a higher gain in the AVC loop.

5.3.6 Long-Term Off-State Vce Sharing after the Direct Active Vce Sharing Regulation

For demonstration, here the t¢ and the following t; only cover the first 4.3 us of the tail time,
after which it is expected that under the circuit conditions here the remaining differences be-
tween the IGBTs would not upset the regulated Vcr sharing to a significant extent.

Figure 5.18 shows the long-term Vg sharing in the IGBT off-state after the direct active
Vce sharing regulation of the same example shown in Figure 5.15 that features strong Ve di-
verging factors. The IGBT off-state after the end of the Vcr sharing regulation as indicated in
Figure 5.18 is approx. 33.3 us from 7 ps to 40.3 pus.

At the end of the Vg sharing regulation at 7 ps, the Vg pig is reduced to near zero but not
eliminated due to the safety margin in the Vg reference signal. The Vegpyr is 4 V at 7 us and
decreases slightly afterwards. The Vcepiy reaches -4 V at 12 ps and decreases gradually to -9
V at the end of the IGBT off-state at 40.3 pus. This slight decrease of the Vg iy is due to the
small remaining differences between the IGBTs after the Ve sharing regulation. As discussed
previously in section 3.3.6, the long-term Vg sharing in the IGBT off-state is self-stabilising,
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Figure 5.18: Long-term Vcg sharing in IGBT off-state following direct active Vcr sharing regulation against
strong Vg diverging factors.
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although it may not reach an even distribution depending on the fixed differences between the
IGBTs.

Here, the t¢ and the t7 in the Ve reference signal only cover the first 4.3 ps of the tail time.
However, since the differences between the IGBTs are reduced during the Vcg sharing regula-
tion process, this short regulation period compared with the Vcg diverging periods in the
previous uncontrolled IGBT turn-off tests is still adequate to achieve quasi-static Vg sharing
in the following IGBT off-state. As discussed previously, the Vcr divergence in the following
uncontrolled turn-on is not fully dependent on the V¢ diverging situation in this turn-off event
and may be in an opposite Vcr diverging situation. Regarding the Ic kg, a spike followed by
oscillation is observed in the following turn-on due to the reverse recovery current of the FWD

branch in the CCL, which also causes simultaneous oscillation in the Ve reru Ls.

Figure 5.19 shows the long-term Vg sharing in the IGBT off-state after the direct active
Vce sharing regulation of the same example shown in Figure 5.16 that features moderate Vce
diverging factors. The initial Vg divergence in the fast Vcg-Ic transient here is not as large as
that in the example shown in Figure 5.18. At the end of the active Vcr sharing regulation at 7
us, the Ver divergence is reduced to near zero but not eliminated due to the safety margin in the
Ve reference signal. The Vegpig is 11 'V at 7 us and decreases slightly afterwards. The Vg pig:
reaches 3 V at 12 pus and decreases gradually to -1 V at the end of the following IGBT off-state
at 40.3 us. The long-term Vg sharing here is also quasi-static and self-stabilising in the IGBT
off-state after the Vcr sharing regulation.
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Figure 5.19: Long-term Vg sharing in IGBT off-state following direct active V¢r sharing regulation against
moderate Vg diverging factors.
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Figure 5.20 shows the long-term Vg sharing in the IGBT off-state after the direct active
Vce sharing regulation of the same example shown in Figure 5.17 that features an opposite Vce
diverging situation compared with those in the examples shown in Figure 5.18 and Figure 5.19.
Here, the Ve divergence from the beginning of the fast Vg rising at approx. 2 ps is basically
of Vce s < Vck us, and therefore the differential active Vg sharing regulation is triggered on the
higher side IGBT. The lag caused by charging/discharging the IGBT Cgr delays the mitigation
of the Vcr divergence and causes a slight over correction of the Vcr sharing. At the end of the
active Vg sharing regulation at 7 ps, the Vcg py: is 11 V due to the over correction and the phase
lag of the AVC loop. Despite the triggering of the direct active Vcr sharing regulation on the
higher side IGBT, the Ve piy: decreases slightly in the following IGBT off-state, similar to the
examples shown in Figure 5.18 and Figure 5.19. The Vg pig reaches -2 V at 12 us and decreases
gradually to -10 V at the end of the following IGBT off-state at 40.3 us. The Vcr sharing here
is quasi-static and self-stabilising in the IGBT off-state after the Vcr sharing regulation.

The three typical examples shown in this section all have similar slight decreases in the
Vce piy: after the Ve sharing regulation during the following IGBT off-state, regardless of the
Vce diverging situation and the IGBT on which the Vg sharing regulation is triggered. Hence,
those slight decreases in the Vg piy: after the Vg sharing regulation are mainly caused by fixed
differences between the IGBTs.

The AVce pig after the Vg sharing regulation is similar in the first two examples, in which
the Ve sharing regulation is triggered on the lower side IGBT, despite differences in the Veg pig:
values. In the third and opposite Vce diverging example, the AVcepiy: after the Ve sharing
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Figure 5.20: Long-term Vg sharing in IGBT off-state following direct active V¢r sharing regulation against in-
verted Ve divergence with strong Vg diverging factors.
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regulation is higher. Considering the Vcr sharing regulation process in the tail time, in the IGBT
with a rising Ve the depletion region expands into the previously undepleted part of the N base,
where electrons are transported towards the P emitter, inducing additional hole diffusion from
the P emitter. These additional holes reduce the tendency of the Vg rising after the Vg sharing
regulation according to the discussion in section 3.3.3. Hence, the AVcg, piy; after the Vg sharing
regulation is higher in the third example, in which the lower side IGBT is with a rising Vcr in

the Ve sharing regulation process in the tail time.

In all the three typical examples shown, despite the relatively short Vce sharing regulation
period in the tail time, the Vce sharing after the Vg sharing regulation is quasi-static and appar-
ently self-stabilising. However, evenly distributed Vcr sharing is not reached due to fixed
differences between the IGBTs. Similar to the long-term off-state Vcg sharing after the direct
active Vcg sharing regulation in Chapter 5, here the duration of the IGBT off-state after the Vg
sharing regulation in the test period is also insufficient for the Vcg sharing to reach a static
distribution.

5.4 Summary of the Direct Active Vcg Sharing Regulation

The direct active Vce sharing regulation via IGBT gate control is effective in the experiments.
Due to the low-loss preconditioning stage and the differential Vcr sharing regulation that ena-
bles a high dVcg/df rate in the fast Vg rising, the additional losses caused by the Vg sharing
regulation are reduced compared with the previous relevant researches in [178]-[181]. In the
tail time, as the differential Vg sharing regulation here regulates the Vg sharing as it tends to
diverge, the extent of the Vcr divergence remains low in the turn-off, although not eliminated
due to the essential small safety margin in the Vce reference signal. The Vg sharing after the
Vce sharing regulation is quasi-static with a self-stabilising trend.

However, the influence of the direct active Vcr sharing regulation on the reliability of the
IGBT gate oxide requires further research. In an uncontrolled IGBT turn-off event, the IGBT
gate oxide is only discharged once from the on-state to the off-state, which has a more predict-
able influence on the reliability of the IGBT gate oxide compared with that of the complicated
and variable charging/discharging of the IGBT gate oxide in the direct active Vcg sharing reg-
ulation. The reliability prediction of the IGBTs under the direct active Vg sharing regulation is
difficult, which limits the use of the direct active Vg sharing regulation in power electronic
systems that require dependable reliability prediction of the IGBTs. This topic is intended for
future research.
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Chapter 6 External Active Voltage Control for Regulating
the Voltage Sharing

6.1 External Active Vcr Sharing Regulation with SiC MOSFETSs

6.1.1 Design Concept of the External Active Vcg Sharing Regulation

Following the discussions in section 5.2.1, another universal approach to compensate for the
internal differences between the IGBTs that can cause the V¢ divergence in turn-off is to adjust
the /c of the IGBT with a higher Vcg. Thus, the depletion process in the fast Veg-Ic transient
and the hole diffusion current in the undepleted part of the N base towards the depletion region
in the tail time can be adjusted to suppress the original V¢ diverging mechanisms and mitigate
the Vce divergence. The intended adjustments to the /c are achieved by introducing a current
via an auxiliary power semiconductor device in parallel to the IGBT controlled by the AVC
scheme. With an adequate current via this auxiliary power semiconductor device to counter the
effects of the Ve diverging factors, the original Vcr diverging mechanisms can be reversed to
reduce the V¢ divergence.

To reduce the additional IGBT turn-off losses related to the Vce sharing regulation, the
external active Vg sharing regulation here is also based on the strategy of differential Vg shar-
ing regulation, where the Vce sharing regulation is only active on the IGBT with a higher Vce.
The external active Vcg sharing regulation is also intended to regulate the Vcr sharing as it tends
to diverge, so as to reduce the difference in the IGBT turn-off losses and mitigate the influence
of the Ve sharing regulation on the stability and the EMC of the power circuit.

Applying the Ve sharing regulation via auxiliary power semiconductor devices in parallel
diverts the extra stresses on the IGBT gate oxide related to the previous direct Vg sharing reg-
ulation to the auxiliary power semiconductor devices. This topic is intended for future research.

The requirements for the auxiliary power semiconductor devices here include: (1) FET-
type devices that enable the use of the AVC scheme and low-loss driving, (2) a high voltage
rating that enables the device to withstand the high Vce of the IGBT in parallel during the turn-
off and the off-state, (3) the negative influence of the auxiliary power devices on the IGBT turn-
off dVcg/dt rate is insignificant, and (4) a wide RBSOA of the auxiliary device that enables the
use of a small active chip area of the auxiliary device to improve the control response under the
AVC scheme and reduce the cost of the auxiliary devices.

Considering these requirements, Silicon Carbide (SiC) MOSFETs are suitable as the aux-
iliary power semiconductor devices for the intended external active V¢ sharing regulation. The
gate driving of SiC MOSFETs is similar to that of Si IGBTs. Currently commercial SiC
MOSFETs are available in voltage classes up to 1.7 kV, e.g. Wolfspeed C2M0045170P rated
1.7kV and 72 A at 25 °C, which cover commercial SiIGBTs of up to 1.7 kV. Commercial SiC
MOSFETs are also available in module packages for higher current ratings, e.g. Wolfspeed
CAS300M17BM2 rated 1.7 kV and 325 A at 25 °C. The SiC MOSFET is a unipolar device that
does not produce any tail current that can be found in typical Si IGBT turn-off. It also has a
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very low leakage current in the off-state. Therefore, SiIC MOSFETs have a very limited influ-
ence on the IGBT Vg sharing after the intended external active Vg sharing regulation.

The external active Vg sharing regulation here only requires a small current via the auxil-
iary power semiconductor device for a short period during the IGBT turn-off, e.g. normally on
a scale of 10-20 ps depending on the IGBT device and the operating conditions. Hence, the
typical RBSOA of a SiC MOSFET enabled by the WBG characteristics of SiC and the robust
SiC MOSFET structure including an avalanche capability enables the use of auxiliary SiC
MOSFETs of small active chip areas to improve the control response and the cost-effectiveness.

Here, the auxiliary SiC MOSFETs only conduct the external active Vg sharing regulation
during the IGBT turn-off and are inactive during the rest of the IGBT switching cycle. Appli-
cations of similar circuits involving a Si IGBT and a SiC MOSFET are reported in [207], [208],
however, their design concepts and operating principles are for reducing switching losses and
are completely different from those of the external active Vcg sharing regulation here.

Since the approaches discussed in section 5.2.4.1 and 5.2.4.2 to mitigating the timing error
in the initial discharging of the IGBT MOS gate can only be applied via IGBT gate control, the
external active Vg sharing regulation here is intended to operate in conjunction with the pre-

conditioning stage of the direct active Vg sharing regulation discussed in Chapter 5.

As discussed in section 5.2.3, here the Vcr reference signals generated on separate AVC
gate drives are also subject to relative timing jitters due to the unsynchronised clock sources for
the digital FPGAs on the AVC gate drives. If the intended external active Vcg sharing regulation
is applied during the timing-critical fast Vg rising of IGBT turn-off, such a relative timing jitter
between the AVC gate drives for an IGBT and its auxiliary SiC MOSFET in parallel may cause
undesirable shifting of the load current from the IGBT to its auxiliary SiC MOSFET of a much
smaller current rating. For example, if the triggering of the IGBT gate drive is ahead of the
triggering of the SiC MOSFET gate drive, the timing of the fast Vg rising of the IGBT will be
ahead of the related segments of the calibrated Vg reference signal for the SiC MOSFET. In
this case, false feedback of over-Vcr may occur in the AVC circuit for the SiC MOSFET and
trigger the external active Vg sharing regulation incorrectly. Part of the IGBT load current will
be diverted to the SiIC MOSFET, which in extreme cases can impose excessive and even critical
stresses on the SiC MOSFET.

To avoid this situation, a safety margin needs to be included in the V¢g reference signal for
the SiC MOSFET. However, considering the relative timing jitter of up to 20 ns and the FPGA
programming limits under the experiment setup here, an adequate safety margin in the Vg ref-
erence signal will significantly reduce the effectiveness of the external active Vg sharing
regulation during the fast Vcg rising. Hence, also for safety considerations, the external active
Vce sharing regulation under the experiment setup here will only be applied after the timing-
critical fast Ve rising of the IGBT from the peak Vce overshoot. The detailed mechanism of the
external active Ve sharing regulation will be discussed in the following section.
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6.1.2 Mechanism of the External Active Vcr Sharing Regulation
6.1.2.1 Internal Regulation Mechanism for the IGBTs

The differential Vg sharing regulation here is also triggered only on the IGBT with a higher
Vce when its Vg exceeds a preset trajectory including a small safety margin. During the IGBT
turn-off, for the SiC MOSFET in parallel to the IGBT with a higher Vcg, when the Ve sharing
regulation is triggered, its Vs is raised above the Vry by its AVC gate drive circuit to enable a
small drain current /p to flow to the other IGBT-MOSFET pair with a lower IGBT Vce. For the
IGBT-MOSFET pair with a lower IGBT Vcg, as the differential Vg sharing regulation is not
triggered, the SiC MOSFET is inactive with an insignificant /p compared with the /¢ of the
IGBT, regardless of the turn-off phase of the IGBT. This is because the SiC MOSFET has a
much smaller active chip area and as a unipolar device is without high-level excess carriers.
Hence, given the same total current of the IGBT-MOSFET pairs in series, the /c of the IGBT
with a higher Ve under the external active Vg sharing regulation is lower than the /¢ of the
IGBT with a lower Vcg. Here, between the IGBTs, the difference in the /¢ is responsible for

mitigating the Ve divergence.

For the IGBT with a higher Vcg, under the external active Vcg sharing regulation, the lower
Ic results in a lower total current in the undepleted part of the N base. When high-level excess
carriers exist in the undepleted part of the N base, the lower /¢ results in a lower ambipolar
current in that region which requires a smaller number of electrons from the MOS gate side
CSR boundary. Therefore, the number of holes from the MOS gate side CSR boundary trans-
ported into the depletion region is also smaller, which results in a lower electric field gradient
in the depletion region. Hence, since the expansion of the depletion region and the electric field
gradient in the depletion region are both lower, the Ve divergence is mitigated.

When high-level excess carriers no longer exist in the undepleted part of the N base, the
lower Ic results in a lower hole current in that region which leads to a lower requirement for the
hole drift current in that region. Consequently, the number of holes transported into the deple-
tion region and the tendency of further depletion in the N base are lower. Hence, since the
electric field gradient in the depletion region and the tendency of further depletion in the N base
are both lower, the Vcr divergence is mitigated. With an adequate current via the auxiliary SiC
MOSFET, for the IGBT in parallel with a higher Vg, its Ic can be lower to an extent that the
opposing drift-diffusion relation of the electrons at the depletion edge in the N base is biased to
diffusion, which recovers the depletion region from that depletion edge. In this process, the
current via the auxiliary SiC MOSFET increases the /c of the IGBT with a lower Vg to reverse
the original mechanism that causes the Ve divergence. Hence, the Ve divergence is reduced.

6.1.2.2 Internal Voltage Regulation Mechanism for Auxiliary SiC MOSFETsSs

The auxiliary SiC MOSFETs here are n-channel devices. In the forward-blocking state, the
depletion region develops mainly in the N-drift region. Since SiC MOSFETs are unipolar de-
vices, they do not produce any tail current that can be found in typical Si IGBT turn-off.

The auxiliary SiC MOSFET when conducting the external active Vcg sharing regulation is
in the /p saturation region and its Vps is approximately equal to the Vce of the IGBT in parallel.
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In this process, relative to the other SIC MOSFET, the electrons via the MOS channel result in
a lower electric field gradient in the depletion region in which the N-type dopants exhibit posi-
tive charges as they lost electrons. In the fast Vcg-Ic transient of the IGBT turn-off, part of the
electrons via the MOS channel in this SiC MOSFET also adjust its own depletion process dy-
namically. Hence, its V'ps can change with the Vg of the IGBT in parallel in the Vg sharing
regulation process.

When the Ve of the IGBT in parallel is being reduced in the Vg sharing regulation process,
in this SiC MOSFET the electrons via the MOS channel bias the opposing drift-diffusion rela-
tion of the electrons at the depletion edge in the N base to diffusion, which recovers the depletion
region from that depletion edge. Hence, the Vps of this SiIC MOSFET decreases with the Vg of
the IGBT in parallel. Meanwhile, a small part of the /p via the active SiIC MOSFET is distributed
to the other inactive SiC MOSFET with a lower Vps. Consequently, in the inactive SiC
MOSFET the electron current in the undepleted part of the N-drift region increases, which leads
to further depletion in the N-drift region. Hence, the Vps of the inactive SiC MOSFET increases
with the Vg of the IGBT in parallel.

6.1.3 Implementation of the AVC Circuit and the Vce Reference Signal

The experimental implementation of the external active Vg sharing regulation here uses the
same prototype AVC gate drives presented in Chapter 5 to control the auxiliary SiC MOSFETs.
The AVC circuit of the AVC gate drives for the auxiliary SiC MOSFETSs remains the same as
presented in section 5.2.3 except that the external gate resistance Rg_ext is increased to 2.35 Q
to prevent oscillation in the gate driving path. The AVC gate drives for the IGBTs are set to
perform uncontrolled turn-off. All the AVC gate drives are attached to the same central signal
generator for switching instruction signals. Due to the signal acquisition jitter discussed in sec-
tion 5.2.3, the relatively timing jitters between the AVC gate drives at an IGBT turn-off event
may alter at the following IGBT turn-on event.

Following the discussion in section 6.1.1, for demonstration, here the Vg reference signal
for the auxiliary SiC MOSFETs is set to conduct the external active Ve sharing regulation from
the peak Vcr overshoot of the IGBT turn-off. The Vg reference signal is also based on the
strategy of differential Vcr sharing regulation using a predicted average Ve trajectory and is
calibrated manually using the same method in section 5.2.4 considering the conditions of the
CCL and the characteristics of both the IGBT and the auxiliary SiC MOSFET. With the Ve
reference signal calibrated, when the Vcr of an IGBT exceeds the predicted trajectory plus a
small safety margin, the gate driving voltage for the auxiliary SiC MOSFET in parallel to this
IGBT is raised by the AVC circuit to introduce and/or adjust the /p of the auxiliary SiC
MOSFET, so that the Vce divergence can be mitigated as discussed in section 6.1.2.

The Vce reference signal for the auxiliary SiC MOSFET calibrated for the experiments in
this chapter, Figure 6.1, uses two control stages by segments t to ts for the part of IGBT turn-
off from the peak Vcr overshoot to the tail time. In the Vg reference signal, the segments t; to
ts are for the IGBT turn-off, and the segments t¢, t7, and to are for the following IGBT off-state,
turn-on, and on-state. The Vg reference signal in the order of segment t; to t7 and to is triggered
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Figure 6.1: The reference signal for the auxiliary SiC MOSFETs.

by an IGBT turn-off instruction signal. Since the IGBT turn-on is not part of the focus of this
thesis, the t7 and to are set to only maintain the auxiliary SiC MOSFET in the off-state.

The timings and the voltages of the t; to t¢ as shown in Figure 6.1 are the actual values
calibrated for the auxiliary SiC MOSFETs in the experiments of the external active Vcg sharing
regulation in this chapter. The voltages of the t; and to as shown in Figure 6.1 are also the actual
values used, but the timings of the t; and to are controlled by the central signal generator and
are longer in the actual experiments. The Vg reference signal shown in Figure 6.1 is calibrated
for demonstrating the key principles of the external active Vg sharing regulation in this thesis,
which is not intended for industrial use.

To maintain the auxiliary SiC MOSFET in the off-state outside the Vcr sharing regulation
period, the t7 and to are set to a plateau higher than the scaled feedback of the predicted average
off-state IGBT Vg that saturates the AVC gate drive for the auxiliary SiC MOSFET at its off-
state driving voltage.

After the acquisition of an IGBT turn-off instruction signal, as shown in Figure 6.1, the t;
uses a slow ramp for the transition of the auxiliary SiC MOSFET from the off-state in the to to
conducting the external active Vcr sharing regulation in the t; from the peak IGBT Ve over-
shoot. The duration of the t is determined by the predicted time from the IGBT turn-off
instruction signal to the beginning of the IGBT Vcg overshoot.

The t2 and the t3 are designed to trace the predicted IGBT Ve overshoot from its peak. A
small safety margin is included above the predicted Vcr to maintain the Ves of the auxiliary SiC
MOSFET below the Vry in the case of evenly distributed Ve sharing, similar to the Vg refer-
ence signal in the direct active Vg sharing regulation in Chapter 5.

Following the t3, for the IGBT tail time the Vcr reference signal consists of two segments,
the t4 with a short clamp followed by the ts with a long and slightly lower clamp. For the early
IGBT tail time, the short clamp in the t4 is set to accommodate the slightly higher IGBT Vg
compared with the predicted average off-state Vcr due to the stray inductance in the CCL as the
early IGBT tail current decays. Similar to the t> and the t3, a small safety margin is included
above the predicted average Vce in the t4 to avoid Ve oscillation and/or simultaneous clamping
of the Vcr on both the IGBTS, in which case the Ip of both the auxiliary SiC MOSFETs would
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rise undesirably. If the V¢ divergence is inadequate to trigger the Vg regulation in the t4, the
Vs of the auxiliary SiC MOSFET will be near the Vry to reduce the response time of the aux-
iliary SiC MOSFET in the following ts, similar to the direct active Vcg sharing regulation in
Chapter 5.

For the late IGBT tail time, the long clamp in the ts regulates the Vg sharing continuously
towards the predicted average off-state IGBT Vcg. Since the internal differences between the
IGBTs are reduced in the previous Vcr sharing regulation process, the t4 and ts only needs to
cover part of the IGBT tail time until the remaining differences between the IGBT-MOSFET
pairs would not upset the regulated Vcr sharing to a significant extent. Similar to the t4, a small
safety margin is included in the ts to avoid Vg oscillation and/or simultaneous clamping of the
Ve on both the IGBTs. Hence, a slight but self-stabilising Vcr divergence may exist after the
ts depending on the remaining differences between the IGBT-MOSFET pairs.

For the following IGBT off-state, turn-on, and on-state where the auxiliary SiC MOSFET
is maintained in the off-state, first in the ts a slow rising ramp removes the previous clamp
gradually. In the t7, a plateau is set to saturate the AVC gate drive for the auxiliary SiC MOSFET
at the off-state driving voltage for a secure off-state of the SiC MOSFET.

6.2 Experiments of the External Active Vcr Sharing Regulation
6.2.1 Experiment Setup

The experiments of the external active Vcr sharing regulation are based on the experiment setup
and the test method used in Chapter 5, including the same IGBTs and boost converter circuit,
with a few modifications as shown in Figure 6.2. Here, one SiC MOSFET controlled by an
AVC gate drive is attached in parallel to each of the IGBTs in series, which remain as the main

L1 D1 D2
N N
L1 L1
-+ \Vin Ls
_ Vdc
MOSFET_HS —
IGBT_HS
Rg_ext1 = Rout
—— | Cout §
Vgg1 Vgg3
MOSFET_LS }‘f
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Rg_ext2
Vgg2
L]

Figure 6.2: Boost converter circuit for demonstrating the external active V¢g sharing regulation.
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switch of the boost converter circuit. Due to the availability of SiC MOSFETs at the time of the
experiments, the SiIC MOSFETs used here are Wolfspeed C2M0080120D, rated 1200 V and 36
A at 25 °C, with an internal gate resistance of 4.6 Q. Limited by the voltage rating of the SiC
MOSFETs, for the same safety considerations discussed in section 5.3.1, the V'pc here is reduced
to approx. 800 V for an average off-state blocking voltage of approx. 400 V for the two IGBT-
MOSFET pairs. As a result, the IGBT load current to be switched at the IGBT turn-off is re-
duced to approx. 45 A.

Figure 6.3 shows the layout of the AVC gate drives in the experiments of the external active
Ve sharing regulation. The AVC gate drives for the auxiliary SiC MOSFETsS are positioned on
the outer sides of the IGBT gate drives. Figure 6.4 shows the layout of the power devices in the
experiments of the external active Vg sharing regulation. The same experiment setup has the
same parameter variations between the IGBTs and their respective gate drives. The uncontrolled
turn-off of the IGBTs is also emulated by their AVC gate drives using step transitions in the
Vcr reference signal for IGBT switching, which is subject to the same type of relative timing

jitters between the AVC gate drives that can cause the V¢ divergence.

The measured Vg reference signal generated by the FPGA and the DAC on the AVC gate
drive for an auxiliary SiC MOSFET under zero-input of the boost converter circuit is shown in
Figure 6.5. The segments indicated in Figure 6.5 correspond to those shown in Figure 6.1 and
discussed in section 6.1.3. The short segment t4 is not obvious in Figure 6.5 due to the 8-bit
resolution of the oscilloscope. The full cycle of this Vcr reference signal is not shown, as outside
the t; to ts the same plateau is used for the t;7 to to to maintain the auxiliary SiC MOSFET in the
off-state. Outside the Vce sharing regulation period, the auxiliary SiC MOSFET remains in the
off-state. Hence, the distribution of the thermal allowance of the auxiliary SiC MOSFET only
needs to consider the losses in the Ve sharing regulation period, which enables the cost-effec-
tive use of SiC MOSFETs of a low current rating.

In a test cycle, the nominal IGBT off-state is approx. 39 us. Same as the experiments in
Chapter 5, this is limited by the main inductor and the high conversion ratio of the boost con-
verter circuit, which results in considerable decreases in the main inductor current during the
IGBT off-state and the IGBT load current after the IGBT off-state.
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Figure 6.5: Boost converter circuit for demonstrating external active V¢g sharing regulation.

The experiments here in each test group use the same Vg reference signal and are sampled
at different times during a continuous testing period with unchanged control of the circuit input
conditions, unless specified otherwise. The features of the experiments are also captured to an
8-bit resolution with a 2 ns sampling interval by the same LeCroy LT344L oscilloscope used in

the experiments in Chapter 5.
6.2.2 Vce Divergence in Uncontrolled IGBT Turn-off

First for comparison, the V¢ divergence in uncontrolled IGBT turn-off, with the external active
Ve sharing regulation disabled, is tested using hard-switched IGBT turn-off with the same test
circuit. For the IGBTs, the hard-switched turn-off is also emulated using the same method in
section 5.3.3 and is effectively uncontrolled. For the auxiliary SiC MOSFETs, the Vg reference
signal is set to the off-state level to saturate their AVC gate drives at the off-state driving voltage.
Hence, the external active Vcr sharing regulation is effectively disabled. Similar to the uncon-
trolled IGBT turn-off test in section 5.3.3, here the V¢ divergence is also affected by the relative
timing jitters between the AVC gate drives.

A typical example of the uncontrolled IGBT turn-off with large Ve divergence is shown
in Figure 6.6. The measured current /p4r includes the /p of the auxiliary SiC MOSFET and the
Icpkc of the IGBT package that is close to the /c of the IGBT. During this uncontrolled IGBT
turn-off, since the unipolar SiC MOSFET of a low current rating without high-level excess
carriers is in the off-state, the Ip is considerably smaller than the /¢ pxc. Hence, here the Ipir is
close to the Ic of the IGBT. The Vg pig is defined as the same (VegLs — Ver ws). As the turn-off
and the turn-on of the IGBTs are triggered independently, the relative timing jitters between the
AVC gate drives at the turn-off may change at the following turn-on and lead to an opposite
IGBT Vcr diverging situation.

In this example, the Ve diverging features are similar to those in the IGBT-only uncon-
trolled turn-off test in section 5.3.3. Large V¢ divergence is observed in Figure 6.6, although
compared with the results shown in Figure 5.9 in section 5.3.3 the Ve divergence here is smaller
but extends over a longer period at the reduced IGBT load current and DC voltage at the IGBT
turn-off. Similar changes are also observed in the simulations in section 4.2.1 and 4.2.5 with
similar reductions in the on-state Jc and the Vpc, respectively. The Ve diverging period under
the circuit conditions here exceeds 20 ps. Before the following IGBT turn-on, the Vcgpig
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Figure 6.6: Uncontrolled turn-off of two IGBTs in series with large Vg divergence and the external active Ve
sharing regulation disabled.

reaches a maximum of approx. 250 V, which is 31.25% of the 800 V Vpc and similar to that of
32% in the IGBT-only uncontrolled turn-off test in section 5.3.3, despite the reduced IGBT load
current and DC voltage at the IGBT turn-off. Hence, the passive effects of the auxiliary SiC
MOSFETs on the IGBT turn-off Vcg sharing are insignificant. Here, the passive characteristics
of the SiC MOSFETs in the off-state are simply capacitive.

In the experiment results here, the Vs piv,1s refers to the gate-source voltage measured at
the package pins of the lower electric potential side auxiliary SiC MOSFET. The internal gate
resistance inside the MOSFET package is 4.6 Q, and the external gate resistance on the
MOSFET gate drive is 2.35 Q. The MOSFET package here only allows the Vgs to be measured
at the package pins, where the gate pin is between the internal gate resistance and the external
gate resistance in the gate driving path. Hence, the measured Vs here is different from the Vs
of the MOSFET chip.

The Vs piv s has slight oscillation during the fast Vg rising at the IGBT turn-off as indi-
cated in Figure 6.6 due to the gate-drain capacitance Cep, the stray inductance in the gate driving
path, and the gate resistance of the SiC MOSFET. At the following IGBT turn-on, the Vs piv s
is subject to oscillation as indicated in Figure 6.6. The oscillation in the Vs piv s and the Ipar
at the IGBT turn-on is caused by the reverse recovery current of the FWD branch in the CCL.

6.2.3 Demonstration of the External Active Vcr Sharing Regulation

To reveal the effects of the external active Ve sharing regulation, the IGBTs are turned off in
the same uncontrolled manner as in section 6.2.2. Figure 6.7 shows a typical example of the
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Figure 6.7: External active V¢g sharing regulation against strong Vg diverging factors.

external active Vcg sharing regulation against strong Vce diverging factors. Without any control
of the IGBT Vcr applied until the peak Ve overshoot, first a rapid but small Ve divergence is
observed at the beginning of the fast V¢ rising at 2 us in Figure 6.7 mainly due to a relative
timing jitter in IGBT gate driving. The Ve piy: defined as (Vce s — Ve ns) here increases and
reaches a maximum of approx. 53 V during the fast Vcg-Ic transient before mitigated by the
external active Vce sharing regulation. As discussed in section 6.1.1, in the demonstration here
the external active Ve sharing regulation is applied from the peak Ve overshoot, which is from
the segment t4 of the Ve reference signal.

At approx. 2.45 s, slightly prior to the total Ve reaching the Vpc, the Ves pivis starts to
increase rapidly. At approx. 2.55 us, the Vs piv s exceeds the typical Vry in the datasheet of
2.6 Vat Vps=Vgs, Ip=>5mA, and 25 °C, slightly prior to the peak Vcg s overshoot. Afterwards
a significant reduction in the Vcgpig 1s observed, although this reduction is also related to the
simultaneous falling of the /¢ as discussed previously in Chapter 3 and 4. Nevertheless, the more
rapid and much larger decrease in the Ve s in its overshoot after the peak compared with that
of the Ve us suggests effective and rapid Ve sharing regulation. The changes in the Ves piv s
during the rest of the t4 of the Vcr reference signal are related to the simultaneous changes in
the Ve rs. The Vs piv s reaches a maximum of approx. 5 V at approx. 2.6 us. Afterwards the
Ve pig 1s controlled in the rest of the ts.

The small rise in the Vgspives at 2.9 ps indicates the transition from the t4 to the ts of the
Vce reference signal due to the lower clamp level in the ts, after which the Vcgpiy: starts to
decrease gradually. In this process the Vgspmvis decreases gradually to 2.7 V as the Vcgpiy:
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decreases. Similar to the example of the direct active Ve sharing regulation shown in Figure
5.16 in Chapter 5, here the gradual and steady Vcr sharing regulation process only requires a
small current via the auxiliary SiC MOSFET, and therefore late in the t7 the Vespmv s is near
the typical V'ry in the datasheet of 2.6 V at Vps = Vgs, Ip =5 mA, and 25 °C. Due to the safety
margin in the Vg reference signal, the Vg divergence is not eliminated in the ts. The removal
of the Vcr sharing regulation is from approx. 6.95 us to 7.45 ps, where the Vgspv s is driven
towards the off-state driving voltage of the AVC gate drive.

Figure 6.8 shows a typical example of the external active Vg sharing regulation against
moderate Vce diverging factors. The initial Vcr diverging features in this example are similar to
those in the previous example shown in Figure 6.7. Here, the initial Vg divergence at 2 us in
Figure 6.8 is smaller than that shown in Figure 6.7 due to a smaller relative timing jitter in IGBT
gate driving. The Vg pi increases and reaches a maximum of approx. 34 V during the fast Veg-
Ic transient before mitigated by the external active Vg sharing regulation.

The Vce sharing regulation features in this example are also similar to those shown in Fig-
ure 6.7. At approx. 2.45 us, slightly prior to the total Vg reaching the Vpc, the Vs piv,Ls starts
to increase rapidly. At approx. 2.55 ps, the Vs piv s exceeds the typical V7 in the datasheet of
2.6 Vat Vps=Vgs, Ip=5mA, and 25 °C, slightly prior to the peak Vcg s overshoot. Afterwards
a significant reduction in the Vcgpiy is observed. The more rapid and larger decrease in the
Vcers in its overshoot after the peak compared with that of the Vg ms also suggests effective
and rapid Vcg sharing regulation. The changes in the Vs pivis during the rest of the t4 of the
Ve reference signal are related to the simultaneous changes in the Vg s. The Vs piv s reaches
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Figure 6.8: External active V¢ sharing regulation against moderate Vg diverging factors.
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a maximum of approx. 4 V at approx. 2.6 us, which is lower than that shown in Figure 6.7 due
to the smaller initial Vg divergence. Afterwards the Vg pig: 1s controlled in the rest of the ts.

The small rise in the Vgspvizs at 2.9 us indicates the transition from the t4 to the ts of the
Vce reference signal due to the lower clamp level in the ts, after which the Vegpig: starts to
decrease gradually. In this process the Vs pv s decreases gradually to 2.55 V as the Vg piy:
decreases. Same as the previous example shown in Figure 6.7, here the gradual and steady Ve
sharing regulation process only requires a small current via the auxiliary MOSFET, and there-
fore late in the t7 the Vs piv s 1s also near the typical Vry in the datasheet of 2.6 V at Vps = Vs,
Ip =5 mA, and 25 °C. Due to the safety margin in the Vg reference signal, the Ve divergence
is not eliminated in the ts. The removal of the V¢r sharing regulation is from approx. 6.95 us to
7.45 ps, where the Vgspivis is driven towards the off-state driving voltage of the AVC gate

drive.

As the IGBT gate drives are set to conduct uncontrolled turn-off, due to the fixed differ-
ences between the IGBTs, an example in which the higher side IGBT has higher Vcg sharing
was not found in the testing period here. The external active Vg sharing regulation is effective
with stable Ve sharing regulation processes in both the typical examples here with different
Vce diverging factors, and oscillation is not observed during the removal of the Vcg sharing
regulation. Compared with the experiments of the direct active Vg sharing regulation shown in
Chapter 5, here the lag in the Vg sharing regulation process is not as significant due to the
considerably smaller Cgs of the auxiliary SiC MOSFET despite the higher gate resistance.

6.2.4 Long-Term Off-State Vcr Sharing after the External Active Vcr Sharing
Regulation

For demonstration, here the t4 and the following ts only cover the first 4.3 us of the IGBT tail
time, after which it is expected that under the circuit conditions here the remaining differences
between the IGBT-MOSFET pairs would not upset the regulated Vce sharing to a significant
extent. The total duration of the t4 and ts here is the same as that of the equivalent ts and t7 in
the demonstration of the direct active Vg sharing regulation in Chapter 5.

Figure 6.9 shows the long-term Vce sharing in the IGBT off-state after the external active
Vce sharing regulation of the same example shown in Figure 6.7 that features strong Ve diverg-
ing factors. The IGBT off-state after the end of the Ve sharing regulation as indicated in Figure
6.9 is approx. 34.3 us from 7 ps to 41.3 ps.

At the end of the Ve sharing regulation at 7 ps, the Vcepig is reduced to 12 V from the
highest 52 V but not to zero due to the safety margin in the Vce reference signal. Afterwards,
the Ve pig 1s still approx. 12 V at 12 ps and then decreases gradually to 7 V at the end of the
following IGBT off-state at 41.3 ps. This slight decrease in the Vg pig is due to the small re-
maining differences between the IGBT-MOSFET pairs after the Vg sharing regulation process.
The t4 and the ts in the Vce reference signal only cover the first 4.3 ps of the IGBT tail time, but
they are adequate for reducing the differences between the IGBTs to achieve quasi-static Vce
sharing in the following IGBT off-state. Since the basic principles regarding the long-term off-
state voltage sharing discussed in section 3.3.6 are also applicable to SiC MOSFETs in series,
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Figure 6.9: Long-term Vg sharing in the IGBT off-state after the external active V¢r sharing regulation against
strong Vg diverging factors.

the long-term Ve sharing in the IGBT off-state is also self-stabilising with the auxiliary SiC
MOSFETs in parallel, although it may not reach an even distribution depending on the fixed
differences between the IGBT-MOSFET pairs. The Vce divergence in the following uncon-
trolled IGBT turn-on is not fully dependent on the Vcg diverging situation in this IGBT turn-off
event. Regarding the Ip4r, a spike followed by oscillation is observed in the following IGBT
turn-on due to the reverse recovery current of the FWD branch in the CCL, which also causes
simultaneous oscillation in the Vgs pivis.

Figure 6.10 shows the long-term Vcr sharing in the IGBT off-state after the external active
Vce sharing regulation of the same example shown in Figure 6.8 that features moderate Ve
diverging factors. The initial Vce divergence in the fast Vcg-Ic transient here is not as large as
that in the previous example shown in Figure 6.9, but the Vg diverging features are similar. At
the end of the Vg sharing regulation at 7 us, the Vg pig: 1s reduced to 12 V from the highest 34
V but not to zero due to the safety margin in the Vce reference signal. Afterwards, the Ve pig
decreases to 6 V at 12 us and continues to decrease gradually to -2 V at the end of the following
IGBT off-state at 41.3 pus. This slight decrease in the Vg pig: is also due to the small remaining
differences between the IGBT-MOSFET pairs after the Ve sharing regulation process. Here,
the long-term Vcr sharing is also quasi-static and self-stabilising in the following IGBT off-
state.

The two typical examples shown in this section both have slight decreases in the Vcgpiy:
after the Vcr sharing regulation during the following IGBT off-state. The general features of the
long-term off-state Ve sharing after the external active Vce sharing regulation are similar
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Figure 6.10: Long-term V¢r sharing in the IGBT off-state after the external active Vg sharing regulation against
moderate Vg diverging factors.

compared with those after the direct active Ve sharing regulation in Chapter 5. This suggests
that those decreases in the Vg piy after the Vg sharing regulation are mainly caused by fixed
differences between the IGBT-MOSFET pairs.

In both the typical examples shown here, despite the relatively short Vcr sharing regulation
period in the IGBT tail time, the Ve sharing after the Vg sharing regulation is quasi-static and
apparently self-stabilising as discussed previously. However, evenly distributed Vg sharing is
not reached due to fixed differences between the IGBTs. Considering the gradual decreases in
the Vce divergence in the uncontrolled IGBT off-state in the simulations shown in Chapter 3,
here the duration of the IGBT off-state after the Vce sharing regulation in the test period is
insufficient for the Vce sharing to reach a static distribution.

6.2.5 Thermal Utilisation of the Auxiliary SiC MOSFET

During the external active Vcg sharing regulation, the auxiliary SiC MOSFET is subject to high
blocking voltages while providing a small current for the Ve sharing regulation process. De-
spite the short Vcr sharing regulation period, the thermal utilisation of the auxiliary SiC
MOSFET of a low current rating needs to be considered.

During the V¢ sharing regulation process, since Vps > (Vas — Vru), the auxiliary SiC
MOSFET operates under channel pinch-off conditions in the saturation region, where at a cer-
tain (Vs — Vru) > 0 the Ip is considered to be saturated as the Vps increases. As the saturated
drain current Iy ¢qr < (Vs — Vry)?, first the Ves in the Ve sharing regulation process is esti-

mated. Considering the major circuit components in the gate driving path, the time constant of
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the gate driving path is basically a RC time constant determined by the internal and the external
gate resistances Rg,in and Rgex, respectively, and the average gate-source capacitance Cigs, 4vg at
high voltages estimated from the datasheet of the auxiliary SiC MOSFET, Figure 6.11 [209] (a):

Trgcg.avg = (Reint + Rgext)Cissavg = (462 + 2.350) x 1090pF ~ 7.576ns Equation 6.1
The trgcg 4ve results in a RC settling time of approX. (treceave X 5) = 37.88 ns of the gate driving
path within the controllable range of the AVC gate drive. Hence, considering the moderate slew
rates of the Vgspiv s within the Vg sharing regulation period, the Ves pivis measured at the
MOSFET package pins can be considered as the chip Vgs for estimating the thermal losses of
the auxiliary SiC MOSFET during the Vg sharing regulation period.

Therefore, in the typical example shown in Figure 6.9 featuring strong Ve diverging fac-
tors, for the loss estimation it can be approximated that during the Vg sharing regulation period
the Vs reaches 5 V rapidly and then decreases near exponentially to 2.7 V. According to the
transfer characteristics of the auxiliary SiC MOSFET, Figure 6.11 [209] (b), at Vgs=2.7 V the
Ip.sar is near zero. Therefore, as Ip g4 ¢ (Vgs — Vry)?, the Ip of the auxiliary SiC MOSFET

during the Vg sharing regulation period iyr can be approximated as:

o Equation 6.2
iyr = iypo€ VR quation 6.
where iyro 1s the initial value of the iyg, frr is the relative time from the beginning of the Vce
sharing regulation period, 7y is the time constant in the exponential approximation of the de-

crease of the iyz in the Ve sharing regulation period. Considering the observed decrease of the

Figure of capacitance characteristics removed for Figure of transfer characteristics removed for copy-
copyright reasons. Copyright holder is Cree, Inc. right reasons. Copyright holder is Cree, Inc.

(@ (b)

Figure of power dissipation characteristics removed Figure of safe operating area removed for copyright

for copyright reasons. Copyright holder is Cree, Inc. reasons. Copyright holder is Cree, Inc.

(c) (d)
Figure 6.11: Typical characteristics of the auxiliary SiC MOSFET from the datasheet [209]: (a) capacitances vs.
Vs, (b) transfer characteristics, (¢) maximum dissipated power vs. case temperature, (d) safe operating area.
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Vs in the Vg sharing regulation period 7yr of 4.6 us, the 7yr can be estimated at 1 ps. Accord-
ing to Figure 6.11 [209] (b), assuming the maximum operating junction temperature 7;= 150 °C
where the Ip . is the highest at a given Vs, at the peak Vs pvs of 5 V considering its differ-
ence from the chip Vs due to the internal gate resistance, the peak Ip . is estimated at 2 A,
which is the iyro here.

The thermal losses of the auxiliary SiIC MOSFET in the Vg sharing regulation process here

can be approximated using Equation 6.2 as:

Tyr Tyr 1 tvr 1 Tyr  tyg .
= ] ~ ] TR = ] “tyr Equation 6.3
Eyg = Upslyr dtyg ~ >Vbcivroe VR dtyr = JVpciyro e WRdtyp Ed :
0 0 0

Tyr
1 . - 1 s
= EVDCI’VRO (TVR — Tygr€ TVR) =~ EVDCI'VROTVR = 400V X 24 X 1#5

=800/
Considering a high switching frequency fsw of 10 kHz for typical 1700 V Si IGBTs, the dissi-
pated power of the auxiliary SiC MOSFET related to the Vg sharing regulation process here is:

Pyr = Eyrfow = 800y X 10kHz = 8W Equation 6.4
Considering a high case temperature 7¢ of the auxiliary SiC MOSFET of 120 °C, the maximum
dissipated power of the SiC MOSFET at 7T¢c = 120 °C is approx. 45 W, Figure 6.11 [209] (¢).
Since the auxiliary SiC MOSFET here is only active in the Vg sharing regulation period, under
the high 7y and T¢c assumed here, at a fsw of 10 kHz a Pyr of 8 W is less than 20% of that 45 W
thermal allowance. The Vps-Ip trajectory of the auxiliary SiC MOSFET in this scenario assumed
is inside the Safe Operating Area (SOA) in the datasheet of the SiC MOSFET, Figure 6.11 [209]
(d). As the iyro is significantly lower than the rated /p, the peak instant power of the auxiliary
SiC MOSFET in the Vcr sharing regulation process is also considerably lower than that in a
typical inductive turn-off event of the SiC MOSFET.

Depending on the Vcr diverging factors and the power circuit conditions, the dissipated
power of the auxiliary SiC MOSFET in the V¢ sharing regulation process may increase. As
shown in Figure 6.11 [209] (c), at lower case temperatures the maximum dissipated power in-
creases to 80 W at 95 °C, 120 W at 70 °C, and 160 W at 45 °C. Improving the cooling conditions
for the auxiliary SiC MOSFET can reduce the case temperature and increase the maximum
dissipated power. This will assist the use of the external active Vg sharing regulation in severe
Vce diverging situations and in the entire IGBT turn-off and turn-on.

6.3 Summary of the External Active Vce Sharing Regulation

Here the external active Vce sharing regulation via auxiliary SiC MOSFETS in parallel to the
IGBTs is effective as demonstrated in the experiments. Due to the considerably smaller Cgs of
the auxiliary SiC MOSFET of a low current rating, with the same feedback loop configuration
of the AVC circuit, the response of the external active Vg sharing regulation is improved com-
pared with that of the direct active Vcg sharing regulation in Chapter 5. In the IGBT tail time,
as the differential Ve sharing regulation here regulates the Vce sharing as it tends to diverge,
the extent of the Ve divergence remains low in the Vg sharing regulation period, although not
eliminated due to the small safety margin in the Vg reference signal. The Ve sharing after the
Vce sharing regulation is quasi-static and with a self-stabilising trend.
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With a quick response of the auxiliary SiC MOSFET, the phase lag in the feedback loop of
the AVC circuit can be reduced without compromising the control stability, which improves the
control stability against mixed Vcg diverging features and enables the use of a simple and reli-
able controller. The external active Ve sharing regulation is designed to operate in conjunction
with the preconditioning stage of the direct active Vg sharing regulation in Chapter 5. This
preconditioning stage itself is essentially controlled discharging of the IGBT Cgr and has a
predictable influence on the reliability of the IGBT gate oxide which is comparable with that in
the equivalent stage of uncontrolled IGBT turn-off. The external active Vg sharing regulation
diverts the less predictable influence of the active Ve sharing regulation on the gate oxide reli-
ability from the critical load-carrying IGBTs to the auxiliary SiC MOSFETs. As the auxiliary
SiC MOSFET is only required to provide a small current for a short Vcr sharing regulation
period, the average dissipated power of the auxiliary SiC MOSFET in an IGBT switching cycle
is low, which enables the use of SIC MOSFETs of a low current rating, provided that the cooling
conditions are adequate and the SOA is not exceeded. Regarding the Vcr sharing regulation,
enhancing the redundancy for the auxiliary SiC MOSFETs of a low current rating is less costly
and more practical compared with that for the critical load-carrying IGBTs of a high current
rating.
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Chapter 7 Conclusions and Suggestions for Future Work

7.1 Conclusions

Electric energy conversion by power electronic systems is essential for today’s electric power
technologies. Modern FS IGBTs are popular in medium to high voltage power electronics, and
the use of IGBTs in series connection is attractive in high voltage power electronic systems.
However, evenly distributed Ve sharing in uncontrolled turn-off of IGBTSs in series is imprac-
tical to achieve. Hence, for the use of IGBTs in series, understanding, improving, and regulating
the turn-off voltage sharing of IGBTs in series at IGBT device level are important.

The key Vce diverging mechanisms are first discussed in the basic scenarios of the Ve
divergence in the fast Vcg-Ic transient and the tail time of hard-switched IGBT turn-off regard-
ing the turn-off voltage sharing of modern FS IGBTs in direct series connection under typical
inductive load conditions. These basic scenarios of the Vcr divergence are then used in different
combinations to describe the individual Vcg divergence caused by seven Ve diverging factors.
To gain further insight into the Ve divergence, an FEM trench-FS IGBT model is developed in
Silvaco ATLAS and is calibrated towards an actual IGBT in terms of turn-off characteristics.
Using this IGBT model, the simulations in Silvaco ATLAS MixedMode of two-in-series IGBT
turn-off under uncontrolled, hard-switched, and inductive-load conditions with those seven Vg
diverging factors introduced individually are found to agree with the respective analyses of the
seven Vg diverging factors.

Based on the discussions of the key Vcr diverging mechanisms, six passive mitigation
methods at IGBT device level are designed to improve the basis of the turn-off Vcg sharing via
adjustments to IGBT operating conditions and internal parameters. The six passive mitigation
methods are effective in the simulation tests. Appropriate application of some of these methods
in combination is attractive as the individual drawbacks of these methods can be compensated
for while maintaining or even improving the trade-off between the on-state losses and the turn-
off losses. Due to the nature of passive approaches, the passive mitigation methods cannot reg-
ulate the Vce sharing or considerably mitigate the Vce divergence without significantly
degrading the IGBT performance, where active voltage regulation methods are required. None-
theless, the passive mitigation methods provide insights into the optimisation of IGBT operating
conditions and internal parameters for improving the basis of the turn-off Vg sharing.

Similarly, based on the discussions of the key Vcr diverging mechanisms, two active Ve
sharing regulation methods at IGBT device level are designed to regulate the turn-off Vcg shar-
ing in the fast Vcg-Ic transient and the tail time in IGBT turn-off. The two active Vcg sharing
regulation methods include a direct method via IGBT gate control and an external method via
auxiliary SiC MOSFETs, both of which are based on the AVC scheme and the strategy of dif-
ferential Ve sharing regulation. The use of differential Vce sharing regulation here aims to
minimise the additional losses caused by the Vcr sharing regulation process and is based on
hard-switched IGBT turn-off with a small gate resistance to achieve a high dVcg/d¢ rate in the
fast Ve rising.
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The direct active V¢ sharing regulation is designed to reverse the mechanisms that cause
the Vcr divergence directly via IGBT gate control. The low-loss preconditioning stage is rede-
signed from the implementations in the previous relevant researches to reduce the additional
losses caused by the preconditioning stage. The differential Vcr sharing regulation aims to reg-
ulate the Vce sharing as it tends to diverge for maintaining a low extent of the Vcr divergence.
As the differences between the IGBTs related to the Vcr divergence are reduced in the Vg
sharing regulation process, the Vcr sharing regulation period is not required to cover the entire

IGBT tail time for achieving quasi-static Vcg sharing in the following IGBT off-state.

The direct active Vg sharing regulation is effective as demonstrated in the experiments.
The Vcr sharing regulation process is stable, and the extent of the Vg divergence remains low
in the Ve sharing regulation period. The short Ve sharing regulation period in the tail time is
adequate to achieve quasi-static Vcr sharing with a self-stabilising trend in the following IGBT
off-state. The redesigned preconditioning stage and the differential Vcr sharing regulation strat-
egy with hard-switched IGBT turn-off significantly reduce the additional losses and the EMI
caused by the V¢ sharing regulation process, which enhances the practicality of the direct active

Vce sharing regulation.

The external active Vg sharing regulation is designed to reverse the mechanisms that cause
the Ve divergence externally via auxiliary SiC MOSFETs, and is designed to operate in con-
junction with the preconditioning stage in the direct active Vcg sharing regulation. The external
active Vcr sharing regulation also aims to regulate the Vg sharing as it tends to diverge for
maintaining a low extent of the Vg divergence. Same as the direct active Vg sharing regulation,
here the Ve sharing regulation period is also not required to cover the entire IGBT tail time for
achieving quasi-static Vce sharing in the following IGBT off-state.

The external active Vcr sharing regulation is effective as demonstrated in the experiments.
The Vce sharing regulation process is stable, and the extent of the V¢ divergence remains low
in the Ve sharing regulation period. Same as the direct active Ve sharing regulation, here the
short Vce sharing regulation period in the IGBT tail time is also adequate to achieve quasi-static
Ve sharing with a self-stabilising trend in the following IGBT off-state. With the auxiliary SiC
MOSFET of a low current rating, the response of the Ve sharing regulation is improved while
maintaining a stable Vcg sharing regulation process, which enhances the practicality of the ex-
ternal active V¢r sharing regulation. Here the influence of the Vg sharing regulation on the gate
oxide reliability is diverted from the IGBTs to the auxiliary SiC MOSFETs. The average dissi-
pated power of the auxiliary SiC MOSFET in an IGBT switching cycle is low, which enables
the use of SiC MOSFETs of a low current rating under adequate cooling conditions. Regarding
the Vce sharing regulation, enhancing the redundancy for the auxiliary SiC MOSFETs of a low
current rating is less costly and more practical compared with that for the IGBTs of a high

current rating.

The passive mitigation methods and the active regulation methods here are practical and
are applicable to the actual use of IGBTs operated in series connection. The potential improve-
ments in the implementations of the two active Ve sharing regulation methods are intended for
the future work.
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7.2  Suggestions for Future Work
7.2.1 Modelling and Advanced Optimisation in Simulation

The 2D IGBT model used in the simulations in Chapter 3 and 4 is adequate to study the basic
principles of the V¢ divergence without consuming considerable computing resources. The
discussions of the IGBT modelling in Chapter 3 suggest that simulation of the Vcr divergence
of modern IGBTs can benefit from an IGBT model based on a 3D structure to reflect the modern
trend in IGBT design. An IGBT model designed using fabrication data and/or processing sim-
ulation results is preferable. In addition, an extension of the theoretical study and an IGBT
model including multiple IGBT cells with controlled parameter differences between them can
provide further insights into the Ve diverging mechanisms.

Here the IGBT model in the simulations uses a fixed mesh, which is robust but consumes
more computing resources than an adaptive mesh. As the IGBT internal conditions change in
turn-off, an adaptive mesh that tracks the steep gradients of the key internal variables and adjusts
the mesh density appropriately can improve the trade-off between simulation accuracy and com-

puting resource consumption, especially when using a 3D IGBT model with multiple cells.

The average operating conditions for the IGBTs in the simulations are in typical ranges.
Studies of the Ve divergence under abnormal IGBT operating conditions will be useful for the
protection aspect of operating IGBTs in series connection. Also, the inclusion of external factors
such as parasitic capacitances under high voltages in the CCL will contribute to a more com-
prehensive study of the Ve divergence. The study of the Ve sharing under other load conditions
will be attractive for innovative IGBT based converters.

The discussion of the passive mitigation methods in Chapter 4 provides some insights into
the optimisation of IGBT operating conditions and internal parameters for improving the basis
of the Vcr sharing. Since changes in IGBT operating conditions and internal parameters also
affect other IGBT performance aspects, advanced optimisation considering the basis of the Ve
sharing and the trade-off between switching and on-state performance aspects will be useful for
improving the overall performance of operating IGBTs in series connection under given load
conditions. An improved basis of the Vcr sharing reduces the requirements for the active Ve
sharing regulation. The simulation of the Vg divergence can be developed to estimate the re-
quirements for the active Vce sharing regulation.

In addition, theoretical and simulation studies of the Vg divergence in IGBT turn-on are
essential for operating IGBTs in series connection.

7.2.2 Advancing the Active Vcr Sharing Regulation Methods

The two active V¢ sharing regulation methods discussed in Chapter 5 and 6 are effective, but
their design concepts cannot be demonstrated to their full potential due to limits in the experi-
mental implementations. Synchronised clock sources or a clock signal distribution system for
the FPGAs on the AVC gate drives is useful to provide predictable timings of the Ve reference
signal. A high-performance FPGA and a high-performance DAC that can achieve Vg reference
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signal generation of high flexibility and high resolutions are essential for closely tracing the
predicted average Vcr trajectory in the Vg reference signal.

Automated Vg reference signal generation is essential for the application of the active Vg
sharing regulation methods. For this, prediction of the average Vcr trajectory requires a fast
IGBT model and fast load condition sensing. A communication system between the AVC gate
drives and the central controller can be useful for obtaining load conditions. A high-perfor-
mance FPGA is also required for fast prediction of the average Vcr trajectory.

Protection is critical for operating IGBTs in series connection. The protection will require
studies of failure scenarios and protection strategies with implementations. Reliability predic-
tion of the IGBTs and the auxiliary SiC MOSFETs will be required for the application of the
active Vcg sharing regulation methods.

In addition, studies of the use of the active Vg sharing regulation methods in IGBT turn-
on are essential for operating IGBTs in series connection.
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