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Abstract

In the present time, electrical power conversion is performed more and more widely
using fully-controllable semiconductor devices such as IGBTs, MOSFETs, and Silicon-Carbide
(SiC) MOSFETs, in conjunction with diodes made of the same materials. DC to AC conversion
and vice-versa is required in brushless motor/generator drives powered by DC sources, such as

batteries in electric and hybrid electric vehicles.

This thesis reviews modern gate drivers and performance testing methods for gate
drivers. Based on hardware testing results, it introduces a new method of switching loss
reduction for IGBT converters, implemented through a series of innovations on the gate driver
operation principle and schematics. The switching loss reduction is achieved by varying the
IGBT gate current across different switching transitions, depending on the load current and
other factors. In particular, it has been shown that increasing the gate current (and switching
transition speed) near load current zero-crossings results in more complete utilization density
of the IGBT safe operating area, allowing a tradeoff to reduce switching losses, and to increase
converter efficiency. The proposed method leaves motor harmonic losses completely

unchanged and does not modify the pulse width modulation scheme.
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Résumé

Dans le temps présent, la conversion de puissance électrique se fait de plus en plus en
utilisant des appareils semi-conducteurs contrélables, comme IGBT, MOSFET, et MOSFET a
carbide de silicium (SiC), ensemble avec des diodes fabriqués des mémes matériaux. La
conversion CC a CA et vice-versa est nécessaire pour alimenter des moteurs et des génératrices

sans balais par des sources CC, comme les batteries dans les véhicules électriques et hybrides.

Cette thése examine les "gate drivers" modernes et méthodes de vérification de leur
performance. Basé sur les résultats des tests de matériel, elle introduit une nouvelle méthode
de réduction des pertes de commutation pour les convertisseurs a IGBT, réalisée par une série
d'innovations sur le principe d'opération du "gate driver" et ses schémas. La réduction des
pertes de commutation se fait en changeant le courant de gachette parmi les différentes
transitions de commutation, dépendamment du courant passant par la charge, et d'autres
facteurs. En particulier, il a été montré qu'en augmentant le courant de gachette (et la vitesse
de transition de commutation) proche des moments quand le courant de charge passe par zéro,
a comme résultat l'utilisation plus compléte de l'aire d'opération sécuritaire du IGBT, ce qui
permet de réduire les pertes de commutation et d'augmenter I'efficacité du convertisseur. La
méthode proposée laisse les pertes harmoniques du moteur sans changements, et ne modifie

pas le schéma de modulation de largeur d'impulsions.

ii|]Page



Acknowledgements

In the first place, | would like to thank two people without who my research would be
impossible. Most importantly, thanks to Professor Géza Jods, who supervised the research and
provided support with advice worth much more, based on his own previous research. Secondly,
| greatly appreciate all the input of the project manager, Diego Mascarella, who greatly
contributed to the research by providing exact directions, all resources needed, technical

support, feedback, and team spirit.

Next, | would like to thank my professors Dr. Boon-Teck Ooi, Dr. Anthony J. Rodolakis,
and Dr. Luiz Lopes. They have greatly contributed to my interest in power electronics, and
influenced my decision of proceeding to explore this area. They have also allowed me to gain

much related knowledge in short periods of time.

Special thanks is attributed to the research sponsors, namely Natural Sciences and
Engineering Research Council of Canada (NSERC), Automotive Partnership Canada (APC), TM4

Electrodynamic Systems, and McGill University, for their financial and organizational support.

| appreciate the help of the former McGill APC team member, post-doctoral fellow
Quanrui Hao, for providing output data from his simulations, for the purpose of importing this

data into my simulations for further processing.

Finally, | dedicate the scientific value of this work to my parents, Alexey and Zhanna,
who worked hard to support me all the way through my education, including the two years

spent on this research.

iii|]Page



Table of Contents

FY o1 - [ot T USSP PPTOUSRUPPROPIINt i
RESUIME ...ttt ettt et e bt e s bt s bt e e et e et e e bt e bt e sheesabeeab e e ab e e bt e beesbeesaeeeateenbeebeenbeesnnenas ii
Yol o 1TY] 1= Pl <Y o Y=Y o (PSPPI iii
I ol T = (U LS vii
LIST OF TABIES ettt ettt ettt st s bt e s bt e e sab e e s bt e e abeesabeeesabeesabeesbbeesbeeenareea viii
LiSt Of ADDIEVIAtioNS ....coeiiiiiie ettt e st e sab e e s b ee e s b e e sabe e e sabe e s beeesabeeeanes ix
I o 7AYol o] 0 1Y o TSRS X
(O o F=T o) =T ol R 11 4 o To (¥ ot { [ o SRRt 12
IO - 1ol 4= o YU T Vo USSP 12
1.2 IMIOTIVATION i e e e e s eree e e s snee 12
1.3. Issues With electric traction AriVES.......c.cooiiiiiie et 13
1.4, Problem Stat@mMENt .....couii ittt st st e s bt e e abe e st e e s bt e e sabeeeaees 14
T 0] o1 T=T o o V7SSO 15
ST 114 oY Fo] oY LY RSSOt 16
1.7. Claims OF OFIZINAIITY..ccciiiee et e e e et e e e e e bt e e e e ebte e e e ebteeeeeaseeeeseseeeenannes 16
1.8, TNESIS SEIUCTUIE....cenviiiiiiiieete ettt st sttt et e s b st esan e st e bt e bt e reesneesmeesmeeennees 17
Chapter 2: Review of Conventional Technologies of Gate DriVers.........ccccoeciieeieciiie e 19
2.1. Gate driver ClassifiCation........coo it e 19
2.1.1. Classification DY @rChit@CTUI......ccviiie ettt e e e ebre e e e e re e e e e ereeeeeeanes 19
2.1.2. Classification DY OULPUL STAZE ...cccccuiieeiciiiee et ettt et e e e e et e e e ebte e e e ebteeesebeeeeeesaeeeesnnes 21

2.2. Converter loss measurement StaNdardsS........coceeiieriieieniieeereete et st 22
0 R VY11 o o 11 = o 11U PPPRRR 22
2.2.2. CONAUCLION 0SS ..ceuiiiiiiiietieciee sttt sttt et s ettt s bt e e bt e b e sbeesateeateebeesneesanenas 22

2.3. Widely used IGBT and MOSFET MOUEIS......ccccuiiiiiiiiieeeiiiie e eiitee e eciree e esitvee s ssvre e e ssaeaeeessnsaeesenaneeeens 23
2.4. The history of IGBT gate driver develoOpmMENT........c..ueiieiiie ettt et e e et aaeee e 24
2.4.1. Increasing driving capability and SPeed.........c..uvviiiiiiiieceee e 24
2.4.2. Implementing feedback CONTIOL..........ccuiiiiiieeeeee et e 28

iv|Page



200 T o o T ol 1ol U o o] e =Tt [0 o NP 30

Chapter 3: PSpice Inverter Model Design and Switching Process Simulations .........cccccceeeeeciieeiicieeeecnns 31
I T O =T o= TP PP PP PPPROPI 31

R IV 1 \V/=Ta LT e ToTe I=] [T T=dr=T o o] f o - o] o [PPSR 31
I TR (G I T O g T Yo [ PRSPPI 33
3.4. DiOde DC MOTE ittt ettt ettt sttt e s e e st e e st esbee e sabee s bt e e abeee s beeeanbeesareesabeeesareenane 35
3.5, IGBT AC MOUET ettt ettt s be e st sab e et b e b e s bt e saeeeaeeebeenbeesbeesneenas 36
3.5.1. Theory and CalCUIQTIONS .....cccviiii ettt et e e e bte e e e e bte e e e eabaeeeeentaeeeennes 36
3.5.2. IMPIEMENTALION ...ttt e e e et e e s e bte e e e ebteeeeebteeeeebteeeeereneeeannes 39

3.6. D008 AC MOAEI ..cnniiiiiiieeiee ettt ettt et e s e st e e st esbee e s bbeesbeeesabeesabeesabeeesabeenans 41
3.7. Switching process simulation FESUILS .......c.uuiiiiiiiiiice e e 42
Chapter 4. Hardware Testing of Gate Driver Output Stages in Open-LoOP......ccoccvveeeircieeeercieeeeecieeee s 45
4.1. Double-pulse experimental SETUP......cuuii i it et e e etee e et e e e e eabe e e s enbaeeeennreeas 45
4.2, SWItChed-resSiStOr OULPUL STAEE .. .uiiiiiciiieicciiee ettt e et e e eetee e e e tee e e eeabae e e eeateeeeeeabaeeeenseeeeennsenas 47
4.3. Dual-stage switched-resistor OULPUL STAZE.......cc.uiiiiiiiie e e e e 49
4.3.1. Dual-stage sWitChing PrinCiPle ....ciiicuiiii i e s e e e seaeeeeas 49
4.3.2. Logic equation derivation for GAL Chip........coccuiiiiiciiie e e e 50
e e T €7 Y ol Y o I o T o T={ = 11101 411 V- SRPUP 51
A3 RESUILS ..ttt ettt ettt e b e s bt e s bt e sae e s at e e a bt et e e bt e b e e she e ehe e eat e et e e beenbeenheesanena 52

4.4. Multi-stage resonant (inductive) OUTPUL STAZE......ccccciieiieiiie e ettt e 53
4.4.1. Resonant gate driver PrinCiPle ... ettt et e e e ae e e e eaaeeeean 53
BLA.2. RESUITS ..ttt ettt sttt et e b e b e st e st s bt e bt e bt b s be e sae e e ae e et e e r e e b e e nreesane e 55

4.5. Output stage with continuously variable current control ........ccccceeveciei e, 56
o RV 1101 0 -1 Nt 58
Chapter 5: PropoSed Gate DIIVE.......cccciieeiiiiiie ettt eectte e e e e ctte e e e etae e e e ebteeeeebteeaesstseeeessneaesassanaesnnes 60
5.1. Switching [0Ss redUCtion CONCEPT ......uviieiiiiieecciiee ettt et e e e e e e e e e e e e e abe e e s esbaeesenreeas 60
5.2, FEEADACK CONTIOL....coiiiiiiieee ettt s st b e sreesane e 61
5.2.1. Adaptive control based on statistical approach .......ccccueevieciiii i 61
5.2.2. Adaptive CONTIOI thEOIY ...cooceiieee e e et e e e st e e e s s rtaeeeeaees 63
5.2.3. AlGOTItNM LIMING ceeeeeiieeee e e e e e e et e e e e e e e e n b e e e e e e e e e e nrarraeeaeas 64
5.2.4. Algorithm improvement no. 1: avoiding matrix singularities..........ccccceee i, 66

v|Page



5.2.5. Algorithm improvement no. 2: adjusting for overshoot function nonlinearities .................... 68

5.2.6. Algorithm startup after power-on reset and flowcharts..........cccocvveeieiiiiiccee e 69
Chapter 6: Algorithm Validation and RESUIES...........ceiieiiiiiiciiic et e 73
6.1. Simulation procedures and test CONAItIONS ....ccuvviiiiiiiiiicece e 73
6.2. Algorithm performance and stability SIMUIations ........cooccviiiiiiiiii e 74
B.2.1. OVEIVIBW .eiiieiiieiiiitee ettt ettt ettt e sttt e s st e e e s eab et e e s ear e e e e s s abe e e e s abeeeessaseeeesaaneneessareeeesananeesannee 74
(30 I WV o oY W'e Y=l o] o o ¥ [ PP RSN 74
6.2.3. TUrN-Off PEIfOIrMANCE ....oviiieeeee e et e e et e e e e bte e e e ebte e e e sntaeaesanes 76
6.2.4. Performance and stability analySis .......cuviiiiciiieiiiciie e e 77

6.3. Switching and conduction [0ss €StiMation...........cuiviiiiiiiiii e 78
6.4. Effects 0N EMI @MISSIONS ....coiiiiiiiiiiieeite ettt ettt ettt et e st e e st e st e s sabeesbeeesabeesabeesnbeesabeeenns 81
Chapter 7:  Conclusion and FULUIE WOIK ........uiiiiiiee ettt e et e e et e e s svee e e s svaeeeesanes 83
7L SUMIMIAIY e e e e e e e e e e e e e e s e e e e e e e e e e e e e e e e e e e e e e e eeeeeeaaaeaaaaaeaaaesaaaaaaaaeaaaeaeeeaeaeseeeaeeseeseanaeeeaeenens 83
7.2, CONCIUSTON ..ttt ettt b e s bt s ettt e bt e bt e s bt e sheesateeab e e b e e beesbeesaeeeateeabeenbeesbeesanenas 83
7.3 FULUIE WOTK. .ttt sttt ettt e b e she e sae e st e et e e b e e b e e sbeesaeesateenbeenbeesbeesaeenas 84
Yo7 o T=] o T [ USRS 85
Appendix A: PSpice component parameters and sChematiC......cccoeecveeiiicier e 85
Appendix B: Hardware setup for double-pulse teStiNg .......ceevciiiiiiiiiie i 87
Appendix C: List Of PUBDIICATIONS .....cccuiiie ettt tee e et ee e e e et e e e e e eabee e e enbeeeeeenreeas 88
REFEIEINCES ...ttt ettt ettt s bt e s he e s at e s bt e bt e bt e abe e eae e eabeeabeeabeeebeesaeesabeebeenbeens 89
AFCIIVEA FEFEIENCES ...ttt ettt e s bt e s bt e sate st e et e e be e bt e sneesaeesaeean 89
Other releVant refErENCES. ... .ot ittt r e e sneesnee e 91

vi|]Page



List of Figures

Figure 2-1: Non-isolated gate drivers: direct (left), with capacitive coupling (right) ......cccceevvveevieeeceennnen. 20
Figure 2-2: Gate drivers with isolation on: power and signal (left), output stage (right)........cccccovveernnneen. 20
Figure 2-3: Gate driver output stages: push-pull (a)-(b), resonant (€)-(d)....cceeeerveeerieercieeereeecee e 21
Figure 2-4: Gate driver add-on allowing energy transfer from snubber to gate.......cccccevvvieeeivcceen e, 21
Figure 2-5: Switching and conduction loss definition waveforms and timings ........ccccccceeeeiiieeccciiee e, 23
Figure 2-6: Equivalent circuits: IGBT (left), MOSFET (Fight) ......ccccceeviriiiieeee e 23
Figure 2-7: Gate charge / discharge process: to GND (left), to negative supply (right) .....ccccoeeerveireennnnnee. 25
Figure 2-8: Resonant gate driver from [8]: schematic (left), waveforms (right) ........cccccereiiiiriin e, 26
Figure 2-9: 2-D PWIM SIZNAI ...iiiiiiiiii ittt ettt ettt e e vee e e st e e e st e e e e s sbe e e s snbaeeesanbeeessnrenas 29
Figure 2-10: Zener diode feedback method (left), Zener diode clamp method (right) ........ccceevvveennennnee. 30
Figure 3-1: FSBOOR07A2E3 IGBT module schematic diagrami.........ceeeciuiieeeciiiee et e 31
Figure 3-2: IGBT DC models: basic (left), simplified (Fight) .......cccoeveiiriiiieecee e 33
Figure 3-3: IGBT transfer characteristic (lc vs. Vge) comparison: datasheet (left), PSpice (right)............... 34
Figure 3-4: IGBT output characteristic (Ic vs. Vcg) comparison: datasheet (left), PSpice (right)................. 35
Figure 3-5: Diode forward characteristic (I vs. Vi) comparison: datasheet (left), PSpice (right)............... 36
=W N R N (€= Y @ 5 Vo T = PSP 36
Figure 3-7: IGBT parameter scaling by rated CUITENT ......ccccuiiie e e e 38
Figure 3-8: Approximate system of IGBT CApaCitanCes ......ccueveeeuiiieiiiiiee et e e e svee e e 38
Figure 3-9: Diode reverse reCovery MOAEI ........cccuii i et et e et e e e et e e e e nreeas 41
Figure 3-10: Test circuit for the diode reverse recovery Model .........ccceeeeeciiecciiiie e e e 42
Figure 3-11: Diode reverse reCOVEIY CUMTENT . ...ccuuiiiieiieeeeiiteeeesiteeeesteeeestaeeeesebeeeessbeesesnnbeeessnseeessnnsenas 42
Figure 3-12: Output voltage (green) and current (red) waveforms with nominal gate resistors............... 43
Figure 3-13: IGBT loss and overshoot: turn-on (left), turn-off (right)........ccooveiiiieicii e, 43
Figure 3-14: Simulated switching waveforms of 800A inverter for load currents of 150A...600A............. 44
Figure 4-1: Implemented double pulse teSt CIrCUIT.........coieciiiieeiiiie e e e e 45
Figure 4-2: Multiple switching speed Sate AriVEN ......ccuuiiieciiiee et e e 47
Figure 4-3: Turn-on currents for 7 possible turn-0n sSpeeds........ccveiviiiiiiiiiiee i 48
Figure 4-4: Turn-off voltages for 7 possible turn-off Speeds ..........ceeeeciieiecciiie e 48
Figure 4-5: Dual-stage turn-on and turn-off state diagram........cccceeeeiiiieeciiie e e 49
Figure 4-6: Generation of 4 switching states Per CYCle......uuiiii i 49
Figure 4-7: Circuit for variable delay generation from control signal, including GAL chip connection...... 50
Figure 4-8: Turn-on waveforms: at speed 7 (left), with speed change from 7 to 1 (right)........ccccco.......... 52
Figure 4-9: Turn-off waveforms: at speed 7 (left), with speed change from 7 to 1 (right) .......cccoccuvee... 53
Figure 4-10: Resonant gate driVer CIFCUIt........cuiiiieiee et e e e e e e e et e e e e e e e esnnnraeeeeeas 54
Figure 4-11: Resonant gate driver state diagram ........ocueiiiiiiei i e 55
Figure 4-12: Turn-on waveforms: CGD (left), resonant gate driver (right).......c.ccccoeevieeviieeeiiie e, 56

vii|Page



Figure 4-13: IGBT gate driver output stage circuit with continuously variable gate current...................... 57

Figure 4-14: Energy loss for switched-resistor output stage: turn-on (left), turn-off (right)...................... 58
Figure 4-15: Overshoots for switched-resistor output stage: turn-on (left), turn-off (right) ..................... 59
Figure 4-16: Overshoots for output stage with current control: turn-on (left), turn-off (right) ................ 59
Figure 5-1: 2-level inverter leg used as example for waveforms in Figures 5-2 and 5-3.........cccccoveeeennnenn. 60
Figure 5-2: Current waveforms for inverter with: CGD (left), PGD (right).....cccccevveeeviiencieecee e 61
Figure 5-3: Turn-on losses for inverter with CGD (left), comparison to PGD (right) ......cccceevvveeecieeeennneen. 61
Figure 5-4: Example of circular buffer dump with previous switching data........cccccceeevieiiiiiieecccciee e, 62
Figure 5-5: Graphical representation of feedback control Core ......ccocvvviiiiieiiiiii e, 63
Figure 5-6: Gate driver CPU timing chart with widely-spaced PWM pulSes........ccccceeecrvreiiiiieececciiee e, 65
Figure 5-7: Gate driver CPU timing chart with narrow PWM PUISES ........ccccuiiiiiiiiie et 65
Figure 5-8: Gate driver CPU timing chart with PWM pulses narrower than interrupt execution time...... 66
Figure 5-9: Example of circular buffer dump one switching transition before singularity..........cc............. 67
Figure 5-10: Operational flowcharts of stage 0 after powWer-on reset........ccoceeeeeieeeeeciieeeecieee e e 70
Figure 5-11: Operational flowchart of stage 1 after power-on reset .....cccccvveveecieee e e, 71
Figure 5-12: Operational flowchart of stage 2 interrupt after power-on reset.........cccoceeeeecvieeeeccveeeeeennen. 72
Figure 6-1: Points of gate driver algorithm performance and stability verification ...........cccceeeeieernnnen. 73
Figure 6-2: Performance turn-on test for SVPWM @ 150 Nm from rest to 5000 rpm .......ccccceeecvveeennnenn. 74
Figure 6-3: Performance turn-on test for DPWM2 @ 150 Nm from rest to 5000 rpm .......ccccceeecveeeeennnenn. 75
Figure 6-4: Performance turn-on test for SVPWM with overmod. @ 40 Nm from rest to 10000 rpm...... 75
Figure 6-5: Performance turn-off test for SVPWM @ 150 Nm from rest to 5000 rpm .......cccceceevcveeeennnen. 76
Figure 6-6: Performance turn-off test for DPWM2 @ 150 Nm from rest to 5000 rpm.......ccccceeecveeeeennnenn. 76
Figure 6-7: Performance turn-off test for SVPWM with overmod. @ 40 Nm from rest to 10000 rpm ..... 77
Figure 6-8: Graphical representation of loss comparison between CGD and PGD .........ccccccvvvevcieeeennnen. 79
Figure 6-9: Turn-on loss comparison between CGD and PGD .........oooociiiieeiiieecccieee ettt e 80
Figure 6-10: Turn-off loss comparison between CGD and PGD........ccccovviiiiiiiee it 80
Figure 6-11: High-side IGBT current for half-cycle of load current.........cccoocveeiiiiiiie i, 81
Figure 6-12: Generated EMI spectrum in high-side IGBT .........cccciiiiiiiiiee e 82

List of Tables

Table 2-1: Allowed gate driver architectures for use with inverter transistors .........ccccceevveeeeeciieeeeenneen. 20
Table 4-1: Truth table for each binary line for GAL Chip.....ccuveie it 50
Table 4-2: Truth table for MOSFET states of the resonant gate driver ..........ccccceeeeeciieecccciee e, 55
Table 4-3: Performance summary of tested gate driver output Stages .......cccceeecveeeecciiee e, 58
Table 6-1: Turn-on and turn-off loss comparison between CGD and PGD.........ccccceeeeciieeieciieececiiee e, 78
Table 6-2: Switching and conduction loss comparison between CGD and PGD..........ccccocvvveeeeeeevcccvnveenennn. 79

viii|Page



List of Abbreviations

AC

ADC
B]T

C-E

CGD
CcPU

CT

CTL, CTRL
DAC

DC
DPWM2
DSP
EMI
GAL

G-C

G-E
GND
/0
IEEE
IGBT
INT
JEDEC
LC
MATLAB
MOSFET
PCB
PGD

PN
PSIM
PSpice
PV
PWM
RC

RLC

SiC

SOA
STDEV
SVPWM
TVS

ix|Page

Alternating Current

Analog-to-Digital Converter

Bipolar Junction Transistor

Collector-Emitter

Conventional Gate Driver

Central Processing Unit

Current Transformer

Control Signal

Digital-to-Analog Converter

Direct Current

Discontinuous Pulse-Width Modulation Type 2
Digital Signal Processor/Processing
Electro-Magnetic Interference

Gate-Array Logic

Gate-Collector

Gate-Emitter

Ground Node

Input/Output

Institute of Electrical and Electronics Engineers
Isolated-Gate Bipolar Transistor

Interrupt

Joint Electron Device Engineering Council
Inductor-Capacitor

MATrix LABoratory (software)
Metal-Oxide-Semiconductor Field Effect Transistor
Printed Circuit Board

Proposed Gate Driver

Positive and Negative semiconductor layers
Power SIMulator (software)

Personal Simulation Program with Integrated Circuit Emphasis
Photo-Voltaic

Pulse-Width Modulation

Resistor-Capacitor
Resistor-Inductor-Capacitor

Silicon Carbide

Safe Operating Area

STandard DEViation

Space-Vector Pulse-Width Modulation
Transient Voltage Suppressor



List of Acronyms

Cce
Cps
Cec
Cep
Cee
Ces
Ciss
Co
Cmiller
COSS
Crss
D

Ec
Eon
Eorr
gm
Ic

Ip

Ir

Ic

IL
Imax
I oS, 1 rr
Is
Kr
Kp
Lg
L

Vce
Vb, V)

Xx|Page

DC current transfer ratio
Collector-emitter capacitance
Drain-source capacitance
Gate-collector capacitance
Gate-Drain capacitance
Gate-emitter capacitance
Gate-source capacitance

Input capacitance

Zero-bias capacitance

Miller capacitance, common notation for Cec and Cep
Output capacitance

Reverse transfer capacitance

Duty cycle

Conduction loss

Turn-on loss

Turn-off loss

Forward transconductance
Collector current

Drain current

Forward current

Gate current

Load current

Maximum current

Overshoot or reverse-recovery current
Saturation current

Triode region factor
Transconductance coefficient
Emitter inductance

Gate inductance

Source inductance, stray inductance
PN grading coefficient

Emission coefficient (in PSpice), buffer size (in DSP)
Reverse-recovery charge

Gate resistance

Series resistance

Time

Control input

Collector-emitter voltage

Diode junction potential



Vpc DC link voltage

Vbs Drain-source voltage

Ve Gate-emitter voltage

Ves Gate-source voltage

Vr Forward voltage

Ve Gate-emitter voltage

Vmax Maximum voltage

Vov Overdrive voltage

Vos Overshoot voltage

Vr Threshold voltage (for transistor), thermal voltage (for diode)

xi|Page



Chapter 1: Introduction

Chapter 1:
Introduction

1.1. Background

In power electronic DC/AC converters the preferred switching devices in use nowadays
are IGBTs and diodes, often assembled in modules, and operating typically with DC link voltages
of several hundred Volts. Each phase of the AC side is usually connected to a so-called "inverter
leg", which is a set of switching devices used to select which voltage level on the DC side will
source or sink the current to the AC side. Depending on the AC side (load) current direction and
the DC voltage level selected by the system controller, the current can flow through a

transistor, a diode, or many sets of them in case of a multilevel converter.

A gate driver is a circuit providing electrical interface between the low-voltage system
controller and high-voltage semiconductor devices. Its second most important function is to
bring the conduction and switching losses of power switches as low as possible, while
respecting maximum ratings of devices. The gate driver is usually omitted from system-oriented
simulation software, e.g. MATLAB, PSIM. Therefore, other methods and software are required
to perform research on gate drivers. These include more electronically-oriented tools like

PSpice, and hardware testing.

1.2. Motivation

Ideally one would like to expect a zero propagation delay from the system controller to
the power converter, have IGBTs and diodes switch in zero time with minimum switching loss
and have zero on-state voltage drop with minimum conduction loss. The IGBTs have physical
limitations, and the purpose of the gate driver is to make the IGBTs switch with optimal

performance (i.e. minimize switching and conduction losses) given their limitations.

Semiconductor devices themselves went through many changes in their physical layer

structure to achieve theoretically ideal switching. BJTs have good output characteristics, but
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Chapter 1: Introduction

require a lot of control (base-emitter) current to flow during the entire conduction period of
time. MOSFETs are fast and do not require constant gate current to conduct, but have large
input capacitance and cannot support as much voltage in the off-state as BJTs can. Thyristors
can support high voltage and do not require constant gate current, but cannot be turned off
from the gate. Gate turn-off thyristors have the turn-off capability from the gate, but at the
expense of large increase of switching and conduction losses, which limits the frequency of
operation. IGBTs have the best features of BJTs and MOSFETs combined: they have BJT output
characteristics, and MOSFET isolated gates, with gate capacitance of typically 1/10 of that of a
MOSFET. All these features make the IGBTs approach the ideal characteristics closer than other
devices in overall. The future of device development does not stop at IGBTs. A newly emerging
technology of silicon-carbide (SiC) material to replace commonly used silicon will find
applications in diodes, MOSFETs and IGBTs. Silicon-carbide MOSFETs might even outperform

currently existing silicon IGBTs by some parameters.

For a specific switching application, device type selection is mostly based on voltage and
frequency. To minimize losses, it is important to choose the device scale appropriately in the
first place. If the device current rating is higher than required, switching losses increase because
of higher junction capacitance. On the other hand, decreasing device current rating leads to

increase of conduction losses.

Most datasheets and loss calculation tools are based on measurements taken while the
device is driven by a conventional gate driver with a fixed gate resistance, provided in the
datasheet as "optimal". The purpose of this research is to develop a new gate driving scheme
that should result in lower average switching losses than what is provided in datasheets for a

conventional gate driver.

1.3. Issues with electric traction drives

Complete motor drive systems currently have numerous issues subject to research and
improvement. Traction applications require special attention and demand more requirements
comparing to industrial drives, because of their wider range of rotor speeds in steady state. The

motor drive system has two major stages of energy conversion: DC to AC, and AC to
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mechanical. The first conversion is associated with converter losses, and the second one is
associated with motor losses. Besides the tradeoffs that exist between converter and motor
losses, other factors have to be taken into consideration when designing or improving a motor
drive system: motor ripple current, DC link capacitor ripple current and voltage, capacitor size
and weight, stray inductance of the loop joining the capacitor and the converter, maximum
converter temperature, cooling requirements, allowed amount of EMI emissions, and others.

The issues relevant to improvement of the gate driver are described below.

Because the switching losses become important at high switching frequencies, which are

required to minimize motor losses, a method of reducing switching losses is required.

Stray inductance between the DC link capacitor and the converter has to be minimized
because it has impact on the maximum turn-off speed of the IGBT, directly setting the lower
limit on turn-off losses. Reduction of stray inductance can be achieved by proper mechanical
design of the connection between the capacitor and the converter, and/or by arranging the
connections inside the converter in groups by switching cells rather than by IGBT/diode pairs

[1].

EMI emission spectrum depends on the converter and on the mechanical structure or
casing (including shielding) where the drive system is installed (coupling path). The latter is not
covered by the scope of the gate driver research, but can have an impact on the EMI
requirements of the converter. On the other hand, better design of the coupling path can relax

converter EMI restrictions.

1.4. Problem statement

The conversion losses dissipated by devices in form of heat consist of three sources:
conduction losses, leakage current losses, and switching losses. The first two sources usually
cannot be varied as long as appropriate extreme levels of gate-emitter voltage are applied to
the IGBT. These losses are specific to the device selected, its die size, and generation of IGBT
technology. The switching losses, on the contrary, can be widely varied by using different

modulation schemes, switching frequencies, and gate drivers. Fast switching has been recently
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discovered to cause current and voltage transients, and care should be taken not to exceed

device maximum ratings.

The overall engineering task looks like a constrained optimization problem with objective
function to minimize converter losses (and in case of a motor drive, motor losses as well), by
selecting the right converter device and modulation scheme. This is the first level of
optimization that usually takes place before gate driver design. The second level of optimization
is to find a way to further decrease switching losses (the only variable), by varying gate control
signals. The constraints are the maximum ratings of converter's IGBTs and diodes, and the

device choice links back to the first optimization problem.

1.5. Objectives

Several tasks need to be performed in order to design a gate driver offering switching

loss reduction:

Understand switching mechanics and origin of switching losses.

Determine factors influencing switching losses.

Determine the best gate waveform generation methods using real hardware.

Propose a closed-loop control system using a certain strategy of real-time

switching loss constrained minimization, based on previous observations.

o Develop an algorithm representing the control system, with hardware features
and constraints in mind.

o Verify the algorithm performance with simulations.

o Implement the new gate driver control system in hardware and compare

switching losses to a conventional gate driver (not covered in thesis).

O O O O

The ultimate goal of this research is to show the switching loss reduction using the
proposed method. Switching loss reduction can bring the following benefits if used in an

electric or hybrid vehicle application:

Lower temperature of IGBT converter can improve switching device reliability.
Smaller heatsink can reduce cost and weight of the converter.

Saved energy slightly increases the electric vehicle range.

Since the method works for both traction and regeneration, the turn-around
energy loss for acceleration and deceleration is reduced.

o O O O
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1.6. Methodology

For analyzing switching losses, a PSpice model of an IGBT converter was created and
tested with different gate resistors and load currents. Internal IGBT parameters were varied to

observe effects on switching performance.

For experiments on switching loss reduction, a double-pulse test circuit has been

implemented in hardware, and tested with six different types of gate drive techniques.

For control system development, MATLAB code was used to replicate code-like
behaviour of a microcontroller, keeping in mind limited CPU resources, such as clock speed and

memory.

For switching loss reduction estimation with the closed-loop control system, PSpice

model equations derived earlier were reused, in conjunction with device datasheet parameters.

1.7. Claims of originality

This research work is based on many sources about switching device models, switching
transient parameters, and gate driver circuit developments for IGBTs and MOSFETSs. Like in any
innovation-oriented research, a few contributions can be considered novel as of present time,

to the best of the author's knowledge:

1. Design of gate driver output stage with continuously variable gate current, a new
method of IGBT switching process control. It differs from existing methods of
applying preset voltage waveforms on gate resistor, or using multi-stage drivers with

timing control.

2. Proposal of a new method of switching loss reduction in IGBT converters, along with

adaptive feedback control algorithm required for it.

a. Filling IGBT SOA envelope with current and voltage overshoots for tradeoff

with switching losses.
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b. Formulation of the variable-speed gate driver control problem of not knowing
the overshoot before a switching transient occurs, and the solution to it by

estimating switching parameters from previous PWM pulses.

c. Development of procedures to ensure stable algorithm startup and
performance: selective measurement filtering and slow switching speed pulse

injection at regular intervals.

1.8. Thesis structure

The body of the thesis is organized as follows:

Chapter 2 presents a literature review on gate drivers, their classification by various
criteria, and application. It also includes their development during recent history, evolution of
topology of their output stages, based on objectives researchers were trying to achieve. Since
any gate driver nowadays is being optimized for the switching device it controls, there is a
review of most important MOSFET and IGBT parameters and their equivalent circuit models.

Finally, an extra topic is dedicated to feedback control in modern gate drivers.

Chapter 3 focuses on development of IGBT inverter PSpice model, which has an objective
of better modeling the switching processes (turn-on and turn-off) than built-in PSpice IGBT and
diode models, and which are computationally faster and more robust than physical device
models provided by some manufacturers. The new model has an objective of serving for
switching loss estimation when used with PSpice models of gate drivers, and to determine gate

driver factors influencing switching losses.

Chapter 4 describes how PSpice simulation results have been confirmed by running
hardware tests of the switching process run on reduced-scale experimental setup, which is a
double-pulse circuit with one semi-controlled 2-level inverter leg. After confirming the main
"rule of thumb" of relationship between switching losses and switching speed, the double-pulse
setup served as a test bench for more advanced types of gate driver output stages, in order to

find gate signal waveforms that could reduce switching losses even further.
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Chapter 5 is aimed to find ways from the control point of view how to exploit the major
principle of switching loss reduction established in Chapter 4 using two types of tested gate
driver output stages. The reduction is achieved by using a variable-speed gate driver on varying
sinusoidal load current in each leg of the DC/AC converter. Multiple PWM pulses are therefore
considered. The control strategy is explained backwards: first the ideal output waveforms are
presented, then the mathematical relationships are derived, and finally the control algorithm is

given along with flowcharts and timing charts.

Chapter 6 contains simulation results of the developed gate driver feedback control
algorithm on a full-scale inverter and motor models. The simulation results demonstrate the
stability of the algorithm for different PWM schemes at different motor torque and speed
values, and that it closely follows the ideal waveforms in order to maximize the loss reduction
effect. Switching losses are compared between a conventional and the proposed gate drivers,

and conduction losses are also estimated for reference.

Finally, Chapter 7 discusses the overall advantages and disadvantages of the proposed
switching loss reduction method in gate drivers, summarizes the results achieved, and lists

possible paths of further research and development in the direction of current research.
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Chapter 2:
Review of Conventional
Technologies of Gate Drivers

2.1. Gate driver classification

2.1.1. Classification by architecture

One of the primary requirements of a gate driver is to provide an interface between a

low-voltage system controller and a high-voltage power converter. In some cases the interface

circuits can be made without using isolation devices, but in most other cases galvanic isolation

is required. Depending on having isolation or not and a few other differences, one can

distinguish between four main architectural classes of gate drivers:

o

Non-isolated direct driver.
This is the most basic driver by architecture, because it offers no level-shifting
features.

Non-isolated high-side driver with capacitive coupling.
It is usually implemented in an integrated circuit for driving both high and low
side transistors of 2-level converters.

Isolated driver with power supply and input signal isolation.

Both power and input signal isolation can be implemented using magnetic
(transformer) or optical coupling. An example of optical power transmission to
the gate driver would be a laser beam over fiber-optic cable to a small PV cell [2].

Isolated driver with isolation in the output stage.

This driver can take advantage of isolating transformer turn ratio to match the
output characteristics of the driving transistors to the input characteristics of the
power switch gate.

Simplified architecture diagrams are shown in Fig. 2-1 and 2-2. Table 2-1 summarizes

which architectures can and cannot be used with transistors of common types of inverters.
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Figure 2-1: Non-isolated gate drivers: direct (left), with capacitive coupling (right)
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Figure 2-2: Gate drivers with isolation on: power and signal (left), output stage (right)

Table 2-1: Allowed gate driver architectures for use with inverter transistors

GATE DRIVER
NON-ISOLATED ISOLATED
CONVERTER | TRANSISTOR DIRECT CAPACITIVE POWER SUPPLY | OUTPUT
TR COUPLING & SIGNAL STAGE
(LEVEL SHIFT) ISOLATION ISOLATION

MULTI-LEVEL ANY [ [x |
HIGH-SIDE B |
2-LEVEL = =
LOW-SIDE M M (with high side)

For further classification it can be assumed that the non-isolated direct driver can make

part of the isolated driver with power supply and input signal isolation. This research focuses on

more detailed structure of the direct driver part, excluding the power supply and input signal

isolation.
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2.1.2. Classification by output stage

Depending on design scale, power switch type, and operating frequency, gate drivers
can be classified by the type of output stage. Standard push-pull output stages can use either
MOSFETs as switches, or BJTs as an amplifier to reproduce a pre-programmed voltage
waveform (Fig. 2-3 a-b). More advanced resonant output stages use inductors to recover the
switching control energy, especially for recharging power MOSFET gates with large input
capacitance at high frequency. Examples of half-bridge and full-bridge inductor connection are

shown in Fig. 2-3 c-d.
4
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Figure 2-3: Gate driver output stages: push-pull (a)-(b), resonant (c)-(d)

Output stages can have other add-ons for increasing driving capabilities. Reference [3]
describes a transformer-based add-on which assists the gate driver output stage by sending
energy from the snubber to the gate in a positive feedback loop, thus increasing the gate
current (Fig. 2-4). Other References [4-6] describe energy transfer between gates of power

switches in applications where they always operate in a complementary mode.

— Y Y M

S

Figure 2-4: Gate driver add-on allowing energy transfer from snubber to gate
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2.2. Converter loss measurement standards

Since gate driver performance is observed through the output of the switching circuit,
there are no specific test conditions for all gate drivers. Each type of gate driver has to be
appropriate for the ratings and speed grade requirements of IGBTs controlled. For a given
IGBT/diode module or switching leg, different gate drivers could be compared in terms of
power loss and efficiency of the converter. Most test results are obtained using a single value
for voltage and current at which switching tests are performed. Those values are chosen

arbitrarily and are usually around the half of device absolute maximum ratings.

2.2.1. Switching loss
Whatever the scales and types of switching devices are, and for any measurement

conditions, the main switching loss expressions are defined according to the equations:

t1

Eon = [Veelcdt (2.1)
t2
t3

Eorr = [Veelcdt (2.2)
t4

where the events t; ... t4 are defined according to [27]:

o Leading edges (t; and t3) are defined as where the rising parameter (voltage or
current) reaches 10% of the final value.

o Trailing edges (t, and t4) are defined as where the falling parameter (voltage or
current) reaches 2% of the final value.

The typical waveforms are clearly demonstrated in Fig. 2-5.

2.2.2. Conduction loss

The conduction loss is defined as:

t2
Ec =Veele(ty—t,)~ [Veelcdt (2.3)
t3

The integral is usually not evaluated in this case, since the current is considered constant

between PWM transitions, and the rising and falling edges do not introduce significant errors.
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Figure 2-5: Switching and conduction loss definition waveforms and timings

2.3. Widely used IGBT and MOSFET models

In order to understand the advantages and disadvantages offered by various gate driver
output stages listed above, this section presents the IGBT and MOSFET models with relevant
key parameters which are necessary to consider for gate driver design. The models of IGBT and
MOSFET in Fig. 2-6 include important parasitic effects, such as Miller capacitance, gate-emitter

resistance and gate-emitter inductance [28].

CmiIIer

Rc

Coee

CGS

Ls=Lc/gm

Figure 2-6: Equivalent circuits: IGBT (left), MOSFET (right)
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It was mentioned earlier that recovery of driving energy is more important for MOSFET
drivers than for IGBT drivers. This is because a MOSFET has an input gate capacitance about an
order of magnitude larger than an IGBT having the same voltage and current ratings as the
MOSFET. Nevertheless, even for IGBTs the primary input parameter is the gate-emitter

capacitance.

In addition to the models represented with passive components, real devices also have

maximum ratings:

Maximum gate-emitter voltage

Maximum collector-emitter voltage

Maximum average current

Maximum peak current

Maximum switching time for given collector-emitter voltage and current

O O O O O

2.4. The history of IGBT gate driver development

2.4.1. Increasing driving capability and speed

The most basic and the first developed gate drivers work using push-pull techniques.
The principle of operation assumes that the gate-emitter circuit is either a pure capacitor, or a
series RC circuit. The switches are modeled as resistors, therefore making a first order low pass
filter. That way, the gate is charged or discharged with a constant voltage. It follows from the
power device transconductance curves that higher gate-emitter voltage leads to lower
conduction losses. There is also a limit on the gate-emitter voltage magnitude. Exceeding it

would cause the insulation breakdown, similar to a capacitor.

It is important to note that the gate-emitter voltage is allowed to be negative as much
as positive, i.e. the gate capacitance behaves like a non-polarized capacitor. Another fact that
follows from the transconductance curves is that the opening threshold voltage is around 2...3V
for devices having +20V gate voltage limit. If the gate was driven by a single-supply circuit
having common ground with the emitter of the switching device, then dv/dt of the gate at the
point of threshold would be much lower during discharge than during charge (Fig. 2-7). This
observation is especially important when switching inductive loads because the turn-off usually

involves higher currents than turn-on. It is preferable to have the device switched with the
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highest possible speed in both directions (on and off). Therefore, using the fact that the
threshold voltage is close to the middle of the operating range of the gate (in both directions),
the gate should be pulled down to the most negative allowed voltage during turn-off, rather

than simply discharging it to zero.

VGE VGE

dv/dt:

Figure 2-7: Gate charge / discharge process: to GND (left), to negative supply (right)

The next stage in development took necessary steps to reduce the time constant of the
equivalent RC circuit of the gate by reducing the value of R, but there was a problem. The RC
model did not account for the parasitic inductance present in the gate-emitter-driver loop. A
part of this inductance is inside the power transistor, and the other part is due to the physical
placement of the connecting tracks on the PCB or the connecting wires from the driver circuit
to the power transistor. Now the model becomes a series RLC circuit, prone to oscillations if
underdamped. This effect is called "gate ringing", and causes multiple gate recharge cycles after
a single step change in the input voltage. This causes the power transistor to switch multiple
times in the worst case, and remain in intermediate states between fully open or fully closed
for a much longer period of time than expected with an RC circuit. The first solution to this
problem was to experimentally estimate the optimal value of the external gate resistor, and

even adjust it in place after the board has been built.

An important breakthrough came from the IEEE paper [7], which proposed to apply pre-
calculated analog waveforms at the input of the equivalent RLC gate circuit, instead of step
inputs. Since a step input introduces harmonics, the main goal was to reduce the harmonics
while keeping the value of the gate resistor low, effectively avoiding the gate ringing effect. The

problem with that design was that the external gate resistor still could not be completely
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eliminated. It could only be reduced by a factor of a few times. And computing the best voltage
waveform became an additional challenge to the industry, because the waveform had to be
optimized for every single model of power transistor. In order to get the waveforms in practical
implementations, a waveform generator was used, followed by a complementary pair of BJTs

configured as a voltage follower.

The next important change in the topology of gate drivers was described in the IEEE
paper [8], with the idea of completely eliminating the external gate resistor and exploiting the
parasitic gate inductance as a main parameter (Fig. 2-8 left). Since the internal gate resistance
and inductance are small, the idea was to introduce a series inductor in the gate path to create
an LC resonant circuit with a small resistance and a high quality factor. The gate voltage during
a switching transient took a shape of a half-cycle sinusoid between the minimum and the
maximum values (Fig. 2-8 right). The advantage of this circuit as discussed in [8] is a significant
reduction of losses due to gate recharging of MOSFETs, because they switch at higher
frequencies than IGBTs and have much larger gate capacitances. IGBTs, however, can still
benefit from this circuit because it reduces the gate recharge time, lowering the switching

losses of the IGBT.
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Figure 2-8: Resonant gate driver from [8]: schematic (left), waveforms (right)

The basic circuit has been improved and presented in the IEEE paper [9]. The objective

was to regulate the energy compensation for the losses caused by gate recharging, in order to
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make each recharge cycle reach the same final gate voltage. The solution has introduced
control loops into the gate drivers, and the most typical arrangement of controlled switches is
shown in Fig. 2-3 (d). It uses an H-bridge to charge the inductor with a controlled pulse duration
and then to discharge it into the gate capacitance. Discharging the gate is performed by
charging it with the opposite polarity in the same way. There exists a unipolar version of it,
where the charging procedure is identical, but the discharge is done to ground (emitter)
through a MOSFET only, without passing through the inductor. The disadvantage of these
methods is that charge and discharge currents pass through two switching elements, which
requires more pre-driving circuitry and imposes a lower limit on the maximum value of gate
current. Also, the design of control loops is extremely challenging because of small time

constants, especially if the power IGBT is to be driven at a high frequency.

The 2012 IEEE paper [10] proposes how to eliminate the control problem and to reduce
the number of switches while providing bipolar control voltage to the gate. The topology uses a
combination of a resonant driver and an active driver. The first is used to quickly charge or
discharge most of the gate charge in the beginning of the pulse, and the latter is used to bring
the final gate voltage to a defined value, thus compensating for the energy loss in the resonant
charge transfer. The feedback control is not required anymore because the compensation is
performed directly using a fixed value of voltage instead of time delay control, and happens at
the end of the charge transfer rather than before it. The number of switches is reduced for each
current path because it is possible to use the push-pull topology instead of an H-bridge.
However, the practical implementation of the circuit in [10] uses very low-current BJTs to
conduct both the compensation current and the resonant current. For driving high-power

IGBTs, much higher currents are required. Other disadvantages of this circuit include:

o Each BJT has a diode in series with its collector to block the opposite current
direction.

o The timing control is defined by RC delay chains, which causes slow commutation
of BJTs.

o The inductor in the collector path of BJTs could be subject to forced
commutation of BJTs, which could destroy the BJTs by inductive kickback effect.
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This circuit needs more development to meet the requirements of driving high-power

IGBTs and MOSFETSs, and to practically outperform the previously developed topologies.

2.4.2. Implementing feedback control

In the last decade, important side effects of fast IGBT switching have been identified:

o IGBT current overshoot at turn-on due to reverse recovery of the
complementary diode

o IGBT voltage overshoot at turn-off due to stray inductance of the loop through
the module and the DC link capacitor

These two effects bring the IGBT close to its maximum ratings for short periods of time.

The known nature of overshoots has allowed determining their approximate equations:

I ~JQ,di/dt (2.4)

Vo ~—Lgdi/dt (2.5)

These equations demonstrate that the overshoots depend primarily on the rate of
change of current in the main circuit, regardless of the gate driver type used. Therefore, many
recent research papers [11-14] are based on overshoot limiting techniques using feedback

control from di/dt through the IGBT.

The research objective of Ref. [11, 12] is to control di/dt and dv/dt during switching
transients to obtain the desired overshoot. The proposed method of obtaining the variable gate
drive signal consists of using a high-speed analog amplifier. The feedback loop also contains
analog operational amplifiers, configured to implement the control transfer function developed
in theory. One disadvantage of this approach is the gain-bandwidth limit of operational

amplifiers, which might be too low to guarantee precise analog signals.

As described in [13, 14], shorter response time of digital circuits than settling time of
analog circuits can improve timing performance. The gate driver output stage uses multiple
gate resistor values, turned on and off by digital logic. The analog degree of freedom becomes
the timing when each gate resistor is turned on or off. Lots of analog operational amplifiers are
not required in this type of feedback. Instead, analog comparators or ADC (analog-to-digital

converters) are used to feed the current and voltage signals to the digital controller.
28| Page



Chapter 2: Review of Conventional Technologies of Gate Drivers

Ref. [12] also provides an idea of switching speed control by the system controller by
means of using a 2D PWM signal (Fig. 2-9), where the vertical amplitude of pulses sent from the
controller to the gate driver determines the switching speed of every turn-on and turn-off
transition. This transfers the complexity of gate driver design to the controller algorithm, but
has other negative side effects of feedback loop length increase and loss of precision of analog

signal magnitude when sent from the controller module to gate driver modules over long wires.

Turn-on speed

A

Y

A

DI '
D 1-D Turn-off speed

Figure 2-9: 2-D PWM signal

All feedback concepts described above require sensing of IGBT voltage and current.

Measurements can be performed by the following methods, as described in [15]:

Shunt resistor

Current-sense IGBT with Kelvin emitter
Rogowski coil

Giant Magnetoresistive Sensor (GMR)
Compensated voltage divider

O O O O O

Other feedback methods not requiring direct measurements of IGBT voltage and current
can be applied for turn-off process only. The first method is a feedback Zener diode, directly
mounted between IGBT's collector and gate. If IGBT voltage peak exceeds Zener voltage,
current starts to flow from collector to gate, slowing down IGBT turn-off speed (Fig. 2-10 left).
The second method is a Zener or TVS diode mounted directly between the emitter and the
collector of the IGBT in order to limit the maximum voltage (Fig. 2-10 right). The problem with
both methods is the requirement of physical location of the Zener diode close to the IGBT in
order to reduce the inductance path in series with the Zener diode. These methods could only
be effective if the Zener diodes were integrated into the inverter casing, which is not done in

practice.
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Figure 2-10: Zener diode feedback method (left), Zener diode clamp method (right)

2.4.3. Short-circuit protection

According to [18], a short circuit occurs when both low- and high-side IGBTs conduct
current, typically when one of them is stuck ON, while the other one is driven ON by the gate
control signal. As soon as the short-circuit condition occurs, the current through IGBTs and the
DC supply linearly increases with no bound defined by system design. The rate of increase is
defined by the IGBT module stray inductance, which prevents the current from becoming the
short-circuit value instantaneously. One can differentiate between two possible ways of

obtaining a short-circuit condition:

o Turning ON a functional IGBT, while the opposite is stuck ON
o An IGBT fails from the OFF state and becomes stuck ON, while the opposite is
already ON

If the feedback control system has a current sensor, theoretically a short circuit could be
detected by reading the current value. However, in most cases, the current is measured by
applying integration on dv/dt across stray inductance, and thus can only be measured during
the turn-on PWM transition, as in the situation when a working IGBT turns on into an existing
short circuit. In the other case, when a short circuit happens in series with a working IGBT that's
already on, the alternate method to detect it is to measure V¢g, which in the ON state is linked
to Ic by the DC output characteristic curve of the IGBT device. As Vs measurement is normally
rated for the full voltage range across the IGBT, a more precise measurement of V¢ in the ON

state can be obtained by using a desaturation diode in a separate circuit.
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Chapter 3:
PSpice Inverter Model Design and
Switching Process Simulations

3.1. Overview

The most popular and the most basic converter configuration for electric vehicle
applications is the six-pack configuration, containing 6 IGBTs (2 per phase) and 6 anti-parallel
diodes. This section focuses on creating a PSpice model of the 650V 800A converter module
[29]. PSpice is a circuit simulator which supports both ideal components and complex nonlinear
device models according to their governing equations. Using PSpice should reveal most

electrical aspects of switching mechanics during turn-on and turn-off.

No model can be ever made to behave exactly as the physical device. In fact, even
physical devices are slightly different from each other. The goal of this part of research is to
create a model that replicates DC, AC, and switching characteristics provided in the device
datasheet. The model should be more precise than generally accepted literature models, yet

not computationally complex enough to create simulation problems.

3.2. Inverter modeling approach
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Figure 3-1: FS800R07A2E3 IGBT module schematic diagram
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The converter module schematic is given in Fig. 3-1. Since the module contains three
identical switching pairs, it is sufficient to create a model of one pair to investigate switching

transients.
PSpice supports three kinds of models:

o Physical models: based on semiconductor sizes, position, and doping [17].

o Electrical models: based on built-in equations with configurable parameters.

o Behavioral models: based on user-defined equations between voltages and
currents [18].

Physical models are usually the most precise models, but require knowing parameters of
semiconductors set during the manufacturing process. Those parameters are never given in
datasheets, which makes it impossible to use physical models. Even if some manufacturers do
provide physical device models, those models represent a very high computational complexity

for the simulator.

Electrical models are the most common models used for fast implementation in PSpice.
They closely model the relationships between voltages and currents on device terminals. The
simulator contains libraries of device parameters, and new libraries can be imported for new
devices. However, PSpice does not contain the model for the inverter device [29], nor the

manufacturer provides one.

Behavioral models are special circuit components in PSpice where the user can define
custom relationships (equations) between voltages and currents of device terminals. This could
extend the flexibility of electrical models, where the equations are hard-coded and cannot be

changed.

The inverter datasheet, as most other datasheets, does not directly provide the values
required by the device equations. It only provides graphs of dependence of one external
variable on other one (or two) variables. The approach is therefore to create separate IGBT and
diode models, first using electrical models, and then using behavioral models where the built-in
equations are not flexible enough to closely replicate the performance graphs provided in the

datasheet.
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Device models can be broken up into the DC part and the AC (transient) part [19]. The
DC model is nonlinear and is easily extracted by the device manufacturer, since most graphs
provided in the datasheet cover the DC parameters. The AC models, however, model such
parameters as capacitances between device terminals. Therefore, most of them are modeled

linear first, and later could be changed to nonlinear if needed to enhance a certain parameter.

3.3. IGBT DC model

Earlier PSpice versions contained built-in electrical models for diodes, BJTs and MOSFETs
only. The current PSpice version supports the new built-in IGBT device model, containing "five
DC current components and six charge (capacitive) components" [30]. Unfortunately, the model
schematic diagram contains too many parameters that need to be mapped on the datasheet
parameters or on the physical device parameters. Methods that extract those parameters make
use of special software and require various electrical tests to be performed on the physical
device. Since the physical device is not available at the time, the only source of data is the
datasheet. Therefore, an easier model is required, which follows directly from the most basic

principle of operation of an IGBT (Fig. 3-2 left):

C C o
AVAR S
G
- =
E E o

Figure 3-2: IGBT DC models: basic (left), simplified (right)

It follows from the basic model that the internal BJT can never go into saturation mode,
even though the internal MOSFET can go into triode mode, because the MOSFET Vps is always
positive. Further assuming that the BJT DC current gain B is constant, the model can be
simplified into the one in Fig. 3-2 right, because the BJT is always in active mode and acts as a
current amplifier by B times. Being always in active mode is the reason why IGBTs turn off much

faster than BJTs without desaturation diodes.
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Let us recall the MOSFET equations:

0,if V,, <0
Iy ={Kp (Vo Vos —0.5VE ) if Vi <Vo, (3.1)
0.5K V2, if Vog > Vo,

where Voy = Vgs — V1, also called the gate overdrive voltage. The datasheet provides the transfer
characteristic (Ic vs. Vg @ Ve = 20V) and the output characteristic (Ic vs. Vg @ several Vgs)
curves. It follows that Kp and V1 parameters can be found from the transfer characteristic only.
For Kp = 130 and V1 = 6.0V the transfer characteristic obtained (Fig. 3-3) closely matches the
datasheet at 150°C (most data is provided for that temperature).
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1500 1o s 7

1400 |f----o- T, = 150°C 1. 4KA

1300

1200 1.2KA

1100

1000 1.0KA

900
< 800 / 0.8KA V/
©

700 7

600 v 0.6KA

500 ,,;f'/

400 4 0.4Ka

300 /

200 ',./-?/’ 7 0.2KA A

100 i

0 cart’” 0a

5 6 7 s5v 6v 8v 10v 12v

8 9
Vee [V] 0 T(G1:0UT+)

Figure 3-3: IGBT transfer characteristic (Ic vs. Ve @ Vc; = 20V) comparison: datasheet (left), PSpice (right)

The series diode in the simplified IGBT model could be modeled using ideal diode
equations with parameters Is and N, but they turned out to be insufficient. The diode series
resistance Rs needs to be added, which is represented by the connecting wire bonds in the
physical device. But even the three parameters above are insufficient to replicate the output
characteristic of the IGBT. The PSpice reference guide [30] reveals the missing parameter K
(triode region factor), and provides IGBT transconductance equations. They look similar to
MOSFET equations, but Kr modifies the curvature in the triode region, without affecting the
maximum value of the current in the saturation region. Since the IGBT PSpice model could not
be used due to lack of other parameters, the MOSFET was replaced with a behavioral model

with these modified equations:
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0,if V,, <0
Iy = 1K Kp Vo Vos —05KVE ) if Vo <Vgy /K, (3.2)
0.5K, V2, ,if Vg >Vo, /K,

The four new parameters Kr = 1.7, Is = 3A, N = 7, and Rs = 0.3 mQ generate an output

characteristic that closely matches the datasheet (Fig. 3-4):
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Figure 3-4: IGBT output characteristic (Ic vs. V) comparison: datasheet (left), PSpice (right)

3.4. Diode DC model

Similarly to the model of the IGBT internal "diode", the reverse diodes have three main

parameters: Is, N, Rs. They relate to the diode forward voltage and current with the equation:
V =Rl +NV, In(1/1y) (3.3)

where V7 is the thermal voltage =25mV. It is different from 25mV at the modeling temperature
of 150°C, but this degree of freedom is covered by the N parameter anyway. Since we have
three unknowns, we need three points from the forward characteristic from the datasheet. The
diode equation can be represented in the form of a 3 x 3 linear system, which simplifies the

process of finding the parameters. One of the three linear equations (for one graph point) is:
V =R +(NV,)InT +(NV; In(1/1)) (3.4)

The values found are Is = 0.43A, N = 5.5, Rs = 0.48 mQ, and produce the result in Fig. 3-5.
The voltage scale of the PSpice graph is negative because the test circuit also contained the

IGBT, so the diode's anode was connected to GND.
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Figure 3-5: Diode forward characteristic (I vs. V) comparison: datasheet (left), PSpice (right)

3.5.1GBT AC model

3.5.1. Theory and calculations

The datasheet [29] provides "as is" three AC parameters of the IGBT: Gate capacitance
Cee = 52.0 nF, reverse transfer capacitance Cgc = 1.50 nF, and internal gate resistance Rg = 0.5Q.
It does not, however, provide two other important parameters: gate inductance Lg and
collector-emitter capacitance Cce. The gate inductance is important when using resonant gate
drivers to calculate the quality factor of the RLC gate-emitter equivalent circuit. The collector-
emitter capacitance is important to model switching transients, since it adds up to the reverse

capacitance of the anti-parallel diode. The equivalent circuit of the IGBT AC model is shown in

Fig. 3-6 below.
C
Coc | Rs
Le Rc
GO_KYV\_‘:'_"_, Cce

E
Cee _i

Figure 3-6: IGBT AC model

Experiments have shown that using linear models for the three capacitances (Fig. 3-6) is
insufficient to accurately model switching transients. The datasheet [29] does not provide
functions of capacitance vs. voltage. It only provides the three capacitance values at Vg = OV
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and V¢ = 25V. The module uses IGBTs of type 3 (trench/fieldstop). The manufacturer provides
capacitance curves for discrete IGBTs of type 3, as well as specific values for Vge = OV and V¢ =
25V. Discrete IGBTs are rated for a much lower current than modules, so the discrete device
with the highest current has been selected for reference, rated for 600V 50A [31]. Furthermore,
the manufacturer provides physical PSpice models for their discrete IGBTs. Even though they
failed to converge in my implementation, examining the source code of the models revealed a
lot of similarities between them. They are all based on the same sub-circuit, with the only

difference in crystal area and gate resistor (3 examples) [32]:

KRR A A AR A A A AR A A AR A KA A AR KAAA A KR KA A AR A A AR A I A A A AR I AA AR A A A AR IR AR A A A kK

.SUBCKT IGP50N60H3_L2 ano gate kat PARAMS: TJ = 27

LANO ano anol b5n

RLAN ano anol 100

LKAT katl kat 7n

RLK katl kat 100

XL75xxC anol gate katl L75XXC_L2h3a PARAMS: TJ = {TJ} Atotal = 0.2759 A = 0.19989 Rg =1
.ENDS

Ak hkhkhkhkkhhhhhkhkhh Ak rhkhkhhhkhkhkhkhhkhkhkhhhkhkhhhhrhkhkhkhhkhkhkhkhkhkhkhkhkhkrhkhkhkh ok, khkhhhxxkkx*x

.SUBCKT IGP30N60H3 L2 ano gate kat PARAMS: TJ = 27

LANO ano anol 5n

RLAN ano anol 100

LKAT katl kat 7n

RLK katl kat 100

XL75xxC anol gate katl L75XXC_L2h3a PARAMS: TJ = {TJ} Atotal = 0.1521 A = 0.1073 Rg = 1.5
.ENDS

khkkhkhkhkhkkhkhhkhkhkhkhkhkhkhkkhkhkhhhkhhkhkhkhkkhhhhkhkhkhhkhhbkhhhhhkhhkhkhkhkkhkhkhkhkhkhkhkhkrrkhkhkhrkhrhkkkhk

. SUBCKT IGP20N60H3_L2 ano gate kat PARAMS: TJ = 27

LANO ano anol b5n

RLAN ano anol 100

LKAT katl kat 7n

RLK katl kat 100

XL75xxC anol gate katl L75XXC_L2h3a PARAMS: TJ = {TJ} Atotal = 0.1024 A = 0.0713 Rg = 2
.ENDS

R R e I I I I e I I I I S e I I I S I e I e I b I e I I I I I IR e I b b b b e b b I 2 b b b

Plotting the area vs. rated current gives nearly proportional relationships (Fig. 3-7):
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Figure 3-7: IGBT parameter scaling by rated current
This allows assuming that all capacitance curves could be scaled proportionally to the

rated current, since the device area is also proportional to the current. Alternatively, they could

be scaled by the ratio between reverse transfer capacitances of 800A module and 50A device.

It is important to note that the values provided in datasheets are not the internal
capacitances, but rather the capacitances observed between each pair of device terminals (Fig.

3-8). For example, the measured capacitance between gate and emitter is not only Cg, but also

1
T ..

Figure 3-8: Approximate system of IGBT capacitances

the series capacitance of Cgc and Cce.

®

That being said, a system of three equations can be set up:

Ciss = CGE + [1/CGC +1/CCE ]_1
Coi =Cor +[1/Cee +1/Cee | (3.5)
Crss = CGC + [1/ CCE +1/CGE ]71
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where Ci;, Coss and C.s are externally measured capacitances between G-E, C-E and G-C
respectively. They are also called "input capacitance", "output capacitance" and "reverse

transfer capacitance".

Cce and Cgc originate from the PN junctions inside the IGBT and behave like diode
reverse capacitance according to the equation [33]. The gate-emitter capacitance has a physical
configuration similar to a capacitor, and is therefore almost linear. It is usually much larger than
the other two capacitances, which allows simplifying the system of equations. If the curves for
Coss and C, are close to each other (which is the case for the 50A device), another simplification

could be made: Cce(Vce) = Coe(Vee), and the system becomes symmetric:

Cis ®Cqe +Cre /2= Cp +C /12~ Cqy (3.6)
Coss ®Crss ®Crp +Coc # 2C; » 2C ’
C.+C C C
CGC zCCE ~ 0SS rss o _J0ss . 7rss (37)

4 2 2

Having the approximate equations for Cgc and C¢g, the nonlinear parameters K, Vp and
M can be derived by either solving a system of three nonlinear equations using three points of
the capacitance curves Cos and C., either using more graph points with a curve-fitting
algorithm. The values for the 50A IGBT obtained using a system of three equations are: K =210
pF, Vp =0.35Vand M =0.43.

To verify that the scaling principle still applies, there is one capacitance value given for
the 800A module: Css = 1500 pF @ Vge = 0V and Ve = 25V. For the discrete 50A device the same
parameter is C.ss = 96 pF @ Ve = 0V and Ve = 25V. The ratio is equal to 15.625, which is close to
the ratio of their rated currents: 800A / 50A = 16. Therefore, the parameters for the module
are: K=210 pF * 15.625 = 3281 pF, Vp =0.35V and M = 0.43.

3.5.2. Implementation
PSpice does not have a variable capacitor for which it is possible to set the capacitance
as a function of voltage directly. In theory it would be possible to exploit the reverse

capacitance function of the diode model, using its parameters Cyo, V; and M [30]. However, the
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problem in using a diode is that voltages of both polarities could be present across internal IGBT
capacitances during switching transients. A diode would conduct in one direction, while the
variable capacitances actually stay at the highest capacitance value in that direction and do not
conduct DC current. Therefore, behavioral models are required, where custom equations

relating voltage and current can be programmed.

We know the capacitance as a function of voltage, and we need to transform it into

current as a function of voltage. The derivation follows below:

w~m d v . d d /v
C=K(v+V,) =d—3 q=| Cav |=d—‘:=a(joc:dvj (3.8) - (3.10)
M K 1M |V K -M -M
0= [) KO+Vo) ™ av = vV ) = (v Y~ (o ) (3.11)
-_E K RV M )| _ K E 1M
= S S vy o)) - G S o)) 3.12)

The function of the behavioral block should include two cases for each voltage polarity.
This is easily programmed using an IF operator, but computationally there should be absolutely
no step change in the current during zero-crossing, so the calculated constants have to be
programmed with all significant figures available. The capacitance used as the linear value in
the reverse direction is the capacitance at V = 0 using the nonlinear equation. The final

expression for Cce and Cgc behavioral blocks is:

IF(V(%$IN+, $IN-) < 0, 5.152962374n * DDT(V(%$IN+, %IN-)), 5.756140351n * DDT((V(%IN+, $IN-)
+ 0.35) ** 0.57))

A few other adjustments were made in the simulation circuit. These include:

o Stray inductances were brought to values specified in the datasheet.
o Astep change in Cge was introduced at 8.5V to model the Miller plateau [34, 35]:

IF(V(%IN+, %IN-) < 8.5, 52n * DDT(V(%IN+, %IN-)), 150n * DDT(V($IN+, %IN-)))

o External gate resistors were increased.
The resulting simulation circuit is provided in the Appendix A, including expressions of

behavioral blocks and PSpice model descriptions used.
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3.6. Diode AC model

A diode's most important transient behavior is the reverse recovery. It could be
modeled by a reverse capacitance dependent on reverse voltage [33]. During transient tests
almost all of the reverse recovery energy was released back into the circuit during turn-on of

the diode, which is usually not the case for real devices.

A better reverse-recovery model is proposed in [20]. It replaces the reverse capacitance
and requires a voltage-controlled current source, which is again modeled as a behavioral block.
More importantly, the paper describing this model provides equations to obtain the model

parameters from those given in most datasheets. The schematic diagram of the model is shown

o—e o
K +
\Y
K*V
<— DC model
A
O L

Figure 3-9: Diode reverse recovery model

below in Fig. 3-9.

The equations relating the datasheet parameters to the model parameters are:

L Ve _ _Qu KoL | Qo (3.13) - (3.15)
dl. /dt R In10 di; /dt L\dl;/dt

The first inequality is needed to set L to a value small enough to affect the voltage

across the DC model of the diode during the maximum rate of change of current, which is
provided in the datasheet. Reference [20] explains the use of L as a timing coil, also used to

sense the rate of change of current.

In order to validate this model, a test circuit has been set up, containing the IGBT AC
model with unknown parameters Lg and Cce set to zero, in series with the diode AC model
above. The test involved applying a DC current through the diode, and then turning the IGBT

on, while the specified voltage is applied across the diode and the IGBT (Fig. 3-10).
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Figure 3-10: Test circuit for the diode reverse recovery model

With the calculated values of K, L and R, the reverse recovery energy did not match the
datasheet value, although the reverse recovery charge did. Adjusting R in this model affects the
energy and time, but has almost no effect on the charge. After tweaking the value of R to 50 uQ
and leaving the calculated values of L = 10 pH and K = 9000, the reverse recovery charge and
energy match the datasheet values. The reason why the values of L and R are so small is, again,
because they are used as sensing elements. The reverse recovery current waveform is shown in

Fig. 3-11. The peak value of 231A is off by =15% from the datasheet value of 200A.

800A

400A \K‘

, \

-400A

Os 100ns 200ns 300ns 400ns 500ns 600ns 700ns 800ns
o I(V1)

Time

Figure 3-11: Diode reverse recovery current

3.7. Switching process simulation results

After making all adjustments, switching tests have been performed at a single value of
DC link voltage (300V) for different values of load current and for different values of gate
resistors. Switching waveforms for a single value of load current and gate resistor are shown in
Fig. 3-12.
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Figure 3-12: Output voltage (green) and current (red) waveforms with nominal gate resistors found in simulation
The waveform clearly shows the diode reverse-recovery current during turn-on and
voltage overshoot during turn-off. The next graphs in Fig. 3-13 show how losses and overshoots

depend on the gate resistor value.
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Figure 3-13: IGBT loss and overshoot: turn-on (left), turn-off (right)

The graphs confirm the literature results where the main idea is that driving the IGBT
through a resistor in a way to reduce losses leads to increase of overshoots, which in turn
decreases reliability due to approaching to device maximum ratings. But a typical inverter
driving a motor does not always operate with the same value of current in the load. Considering

the slow sinusoidal waveform of the load current (slow comparing to gate driver timings), we
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can state that for at least 50% of the time the inverter does not operate at values of current
close to maximum. This creates more room for overshoot closer to zero-crossings, and
therefore switching can be performed faster with lower losses. The next Fig. 3-14 shows

switching waveforms for four levels of load current.

\

0.8us 1.2us 1.6us 2.0us 2.4us 2.8us 3.2us 3.6us
¢ -I(L3) v V(R5:2)

=
N

Time

Figure 3-14: Simulated switching waveforms of 800A inverter for load currents of 150A, 300A, 450A and 600A
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Chapter 4:

4.1. Double-pulse experimental setup

Hardware Testing of Gate Driver
Output Stages in Open-Loop

For the purposes of better understanding switching mechanics, and to develop a gate

driver output stage that could reduce switching losses, taking into account the effects of small

time scale on circuit design, a double pulse test circuit [21] with 300V 20A ratings has been

implemented. Effects of many output stages on switching losses are compared in this chapter.

=

High Voltage

| |
| |
10 uF : : <— Capacitor
>—”—| || LT3485 | Charger Board
| |
|
1N4148 | 0.1 uF ! | IGBTSs:
o —
_|<)_<._”_| ! >< ! IKW20NGOH3
2V i I
J_ 7805 | 1 1.3 mH
% T l | Microcontroller _, H
10 uF “Test”
_|10p l ATMEGA328P 630K
J— ® 06 o
DSP1N5D15 2553\5
___________________ ' 33yF | Gate Driver =
N | U
T Output Stage
! pr— m
i : T —1:30 T’ i
< I
Osc. [—H K- —l_ CPO15
; I 33 uF
Driver : 10 Current
| I Probe
|
---------------------- ! Vge GND CT Vce
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Figure 4-1: Implemented double pulse test circuit
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After applying multiple modifications to the initial design, various types of gate driver
output stages have been tested in place shown in Fig. 4-1. One of such modifications is marked
with "X" in the high voltage capacitor charger board, which consists of cutting a PCB track in
order to avoid a ground loop. The individual sub-circuits of output stages and their test results

are presented in the next sections.

The double-pulse circuit consists of one IGBT switching leg made of two discrete IGBTs
with built-in reverse diodes, rated for 600V 20A [36], storage capacitor of 15 uF, load inductor
of 1.3 mH implemented on a 100 ft roll of wire with air core, high voltage capacitor charger
board, symmetric +15V gate driver power converter DSPIN5D15 [37], and microcontroller
ATMEGA328P [38]. The IGBTs have been chosen to meet the test circuit ratings, and are made
by the same manufacturer as the full-scale module. The collector-emitter voltage (V¢g) of the
low side IGBT, its collector current (Ic) and gate-emitter voltage (Vee) are monitored with a
digital storage oscilloscope using the "single" acquisition mode initiated from a level trigger on
the second falling edge of V¢e. The double pulse test pattern is generated by the microcontroller
with microsecond precision upon closing the contacts of a switch connected to it, after charging
the high voltage capacitor. The voltages Ve and Vge are monitored with 10x probes, while the
current Ic is monitored with the current probe CP015. The second method of peak current
measurement has also been implemented on a 30:1 current transformer. One feature not
shown in Fig. 4-1 is the TTL-level serial connection to a computer, used to set the first pulse

width and therefore the load current at which to perform the switching test.
A double-pulse sequence consists of the following steps, timed by the microcontroller:

o ATMEGA328P sends LT3485 [39] a signal to charge the 15 uF capacitor with
pulses through the transformer on the charger board.

o When charged to 300...330V, LT3485 sends a "charge complete" signal back to
ATMEGA328P. Then low-side IGBT is turned on, linearly increasing load current.

o After a preset delay, the current reaches a target value, and IGBT is turned off.
This is where the turn-off waveforms are captured.

o Current then flows through the opposite diode, decaying very slowly. Shortly
after, the IGBT is turned on again and the turn-on waveforms are captured.

o Shortly after, the IGBT is turned off for the last time to allow the inductor current
slowly decay to zero through the opposite diode.
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4.2. Switched-resistor output stage

The first output stage that has been tested is the switched-resistor push-pull circuit. It
has been implemented to verify the effect of changing gate resistor value on switching loss and

overshoot. The circuit is shown in Fig. 4-2.
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< ] |
5.6k IRF610 | IRF510 |STU6NF10| 33pF
)i I

Figure 4-2: Multiple switching speed gate driver

Different speeds are obtained by 7 possible combinations of pull-up and pull-down
MOSFETs being either ON or OFF. For example to obtain turn-on speed 3, all pull-down
MOSFETs are turned off, as well as pull-up MOSFET in series with the 10Q resistor, while the
MOSFETs in series with resistors 22Q and 43Q are ON. The resistor ratios are approximately
1:2:4 in both pull-up and pull-down branches, which results in parallel addition of conductivity
in proportion of 4:2:1, allowing almost linear distribution of switching speeds, as seen from
Figures 4-3 and 4-4. The MOSFETs are driven by push-pull MOSFET drivers of a smaller size
(TC1413N) and with lower supply voltage (15V instead of 30V). The low side drivers require
level shift of voltage, which is performed by 18V Zener diodes with capacitive compensation for

response time improvement.
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Figure 4-3: Turn-on currents for 7 possible turn-on speeds
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Figure 4-4: Turn-off voltages for 7 possible turn-off speeds
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4.3. Dual-stage switched-resistor output stage

4.3.1. Dual-stage switching principle

As Ref. [14] mentions, the purpose of dual-stage switching is to split the IGBT gate
control in two time stages, where the first stage uses a lower equivalent gate resistance than
the second stage. The first stage has duration on the order of tens or hundreds of nanoseconds.
This suggests a total of 4 states for every switching cycle (Fig. 4-5):

|
|
i . T
SW|tch!ng : ON OFF
control signal |
—_— |
| | | |
| | | |
State : 1 : 2 : 3 : 4
| | | |
| | | c | c
| | | |
1 25.1% S 231% 3
12 =10 = 19T 100
3323 '$35133
o o

Figure 4-5: Dual-stage turn-on and turn-off state diagram

The duration of states 1 and 3 needs to be timed with high precision in order to choose
the optimal point in time to change the equivalent gate resistance. States 2 and 4 are "steady
states" and last until the next switching command from the system controller (Fig. 4-6).
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SWltch!ng 1 : 3 :
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N aE
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control signal I '
P E— !
|
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Figure 4-6: Generation of 4 switching states per cycle
A gate array logic (GAL) chip was introduced into the circuit in order to transform input
signals into MOSFET control signals much faster than a microcontroller can do. The circuit for
delaying the control signal is shown in Fig. 4-7. RC delay chain and a comparator are used to

generate delays according to the equation: t =RC In 2.
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Figure 4-7: Circuit for variable delay generation from control signal, including GAL chip connection

4.3.2. Logic equation derivation for GAL chip

The dual-stage switching principle implies a step increase in gate resistance between the

two stages. The first stage can be fixed to the lowest resistance (highest switching speed), and

the second stage resistance can be programmed using 3 logic inputs to the GAL chip to set one

of 7 possible speeds. Since both input speed setting and output MOSFET control signals are

binary coded, the logic of the GAL chip can be split into 3 equivalent subcircuits for each of the

3 binary lines, having common input switching control signal and its delayed copy. The truth

table is shown in Table 4-1, keeping in mind that pull-up MOSFETs need inverted control

signals.

Table 4-1: Truth table for each binary line for GAL chip

SPEED_SET CTL DELAYED_CTL PULLUP PULLDN PULLUP_OUT | PULLDN_OUT
0 1 0 ON OFF 0 0
0 1 1 OFF OFF 1 0
0 0 1 OFF ON 1 1
0 0 0 OFF OFF 1 0
1 1 0 ON OFF 0 0
1 1 1 ON OFF 0 0
1 0 1 OFF ON 1 1
1 0 0 OFF ON 1 1
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Note that the sequence of signals "CTL" and "DELAYED_CTL" is listed according to the
sequence of switching states 1 — 4 for easier representation. Using Karnaugh maps, the

following equations can be derived for pull-up and pull-down MOSFET control outputs:
PULLUP_OUT = /CTL + /SPEED_SET * DELAYED_CTL (4.1)

PULLDN_OUT = /(CTL + /SPEED_SET * /DELAYED_CTL) (4.2)

4.3.3. GAL chip programming

The chip from the parts list, ATF22V10C-7 [40] from Atmel, could not be programmed
with Stager Electric G540 Programmer-Tester [41] even though the chip is in the supported
device list, most likely due to a hardware or software bug. The chip was replaced by another
one, GAL20V8B-10 [42] from the original manufacturer Lattice Semiconductor, which has no
problems with programming by G540. This chip has a lower amount of I/O lines and 10 ns

maximum propagation delay comparing to Atmel's 7 ns.

According to an online guide on GAL chip programming [43], logic equations are
associated with device pins in a .EQN file and then converted to a JEDEC (.JED) file by OPALjr
PLD Development Package [44]. The .EQN file for gate driver implementation incorporates 3

sets of derived logic equations, 2 for each bit:

; 4-STATE 3-BIT DUAL SPEED SWITCHING

CHIP mux G20V8
nc=1 nc=2 nc=3 nc=4 nc=5 nc=6 del=7 ctl=8 swl=9 sw2=10 sw3=11] gnd=12
nc=13 nc=14 pd3=15 pu3=16 pd2=17 pu2=18 pdl=19 pul=20 nc=21 nc=22 nc=23 vcc=24

EQUATIONS

pul = /ctl + del * /swl
pu2 = /ctl + del * /sw2
pu3d = /ctl + del * /sw3
pdl = ctl + /del * /swl
pd2 = ctl + /del * /sw2
pd3 = ctl + /del * /sw3

The GAL20V8B-10 datasheet [42] specifies that the outputs can be inverted, but this
function is not supported by the compiler, so the JEDEC file with fuses had to be edited
manually after compiling. Also, the generated JEDEC file was not properly read by the

programmer software because the missing fuse information was interpreted by the
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programmer as zeros, meaning "programmed", "connected", even though unprogrammed
areas were selected to be filled with ones. In order to override this bug, a template JEDEC file
has been created for GAL20V8B-10 with all fuses set to defaults, and comments were added on
what certain lines of bits meant. To create the necessary JEDEC file, the lines in the template
file were replaced with lines from the compiled JEDEC file. The resulting file was fed to the

programmer.

4.3.4. Results

The dual-stage switching was mainly tested with the first stage speed hard-coded to 7,
and the second stage speed was varied from 1 to 6. For second stage speeds between 2 and 6
the effect is less observable than for second stage speed 1. The first stage duration was

adjusted manually to observe the effects.

For turn-on, the method suppresses the current overshoot as expected, but at the
expense of raising the voltage for a longer duration, which results in a more energy loss
compared to switching at the appropriately selected single speed. Fig. 4-8 right shows the

voltage increase, comparing to switching at single maximum speed (Fig. 4-8 left).
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Figure 4-8: Turn-on waveforms: at speed 7 (left), with speed change from 7 to 1 (right)

For turn-off, the method suppresses the voltage overshoot as expected, and results in a
decrease of energy loss, however the switching waveforms do not show the moment of speed

change. By adjusting the duration of the first stage, the overshoot can be gradually adjusted,
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unlike using discrete gate resistances. The turn-off performance of dual-stage switching is

shown in Fig. 4-9 right, comparing to single-stage at maximum speed (Fig. 4-9 left).
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Figure 4-9: Turn-off waveforms: at speed 7 (left), with speed change from 7 to 1 (right)

During turn-on, if the first stage duration is increased, the switching process is the same

as at single speed 7. If it is decreased, the switching process is the same as at single speed 1.

During turn-off, if the first stage duration is increased, the switching process gradually
increases up to the equivalent of single speed 7. If it is decreased, the switching process
gradually decreases down to the equivalent of single speed 1. This might create an additional

degree of freedom for feedback control of turn-off voltage overshoot.

The dual-stage switching is only beneficial for turn-off because it cannot influence the
reverse-recovery of the diode across the opposite IGBT. For turn-off, this method creates a
possibility of using feedback control to choose the point in time when the switching speed can

be decreased in order to obtain the desired value of voltage overshoot across the IGBT.

4.4. Multi-stage resonant (inductive) output stage

4.4.1. Resonant gate driver principle

The previous multi-speed gate driver circuit has been modified to convert a pair of
resistive branches into a pair of inductive branches, which form a resonant circuit with the gate-
emitter capacitance of the IGBT (Fig. 4-10). This method can be seen as capacitor voltage

reversal around a reference voltage, which is typically zero, but can be slightly adjusted for the
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turn-on branch. During capacitor voltage reversal process, some energy is lost in resistive
elements, so the voltage after reversal is not fully restored. To compensate for this, weak
resistive branches are engaged after the resonant ones, and keep pulling the gate up or down in
steady state. Inductor values were calculated from the gate capacitance and from the required
peak gate current, taken as several times the nominal gate current for the datasheet gate

resistor value.
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Figure 4-10: Resonant gate driver circuit

Since the resonant branches are controlled by MOSFETs in this implementation (for
simplicity), series Schottky diodes (IN5819) are required to prevent the current from reversing
direction after the voltage reversal. Unlike thyristors, MOSFETs have to be kept in the ON state
for the whole resonant period of time, which ends after engaging a resistive branch (states 2, 3,
5, 6 in Fig. 4-11). ON states of resonant branches must not overlap, so a fixed dead time was
introduced into the state diagram (states 1, 4 in Fig. 4-11). A total of 6 states is required, as well

as introduction of another comparator TL714 into the circuit (Fig. 4-10).
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Figure 4-11: Resonant gate driver state diagram

Similarly to the multi-speed gate driver, logic equations have been derived for the
resonant gate driver and have been programmed into the GAL chip. Table 4-2 summarizes the

truth table of states of the resonant gate driver.

Table 4-2: Truth table for MOSFET states of the resonant gate driver

COMP. 1 COMP. 2
STATE INPUT ouT ouT M1 M2 M3 M4
1 1 0 0 OFF OFF OFF OFF
2 1 1 0 OFF ON OFF OFF
3 1 1 1 ON ON OFF OFF
4 0 1 1 OFF OFF OFF OFF
5 0 0 1 OFF OFF OFF ON
6 0 0 0 OFF OFF ON ON

4.4.2. Results

By adjusting the time delay between the start of resonant stage and the resistive stage,
and by adjusting the reference point of capacitor voltage reversal, it was possible to obtain as
result that for the same turn-on current overshoot as for the conventional gate driver, the
resonant gate driver's switching loss could be brought down to almost exactly the same value
as the conventional gate driver's switching loss. Fig. 4-12 shows that even though the switching
waveforms are much different, the calculated switching losses of CGD and resonant gate driver

match within 1% while the current overshoot and steady-state values also match within 1%.
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Figure 4-12: Turn-on waveforms: CGD (left), resonant gate driver (right)

Resonant gate driver cannot offer a decrease in turn-on losses, but its obvious 2-stage
current waveform in Fig. 4-12 right (that could not be obtained using 2-stage resistive
switching) could be used for continuous overshoot and speed control as opposed to several

steps in gate resistance.

The turn-off resonant switching performance is almost the same as of a conventional
gate driver, set to the maximum switching speed. This is because the gate-emitter voltage level
corresponding to Miller plateau is passed near the peak of the sinusoidal gate current

waveform.

4.5. Output stage with continuously variable current control
Switched resistors can only have discrete values, and the more precision is required in
setting a desired gate resistance, the more resistors and MOSFETs are required. An alternative
method [45] has been chosen to be tested for performance, which consists of varying the
maximum IGBT gate current by BJTs in active mode (Fig. 4-13). Small resistances are used to
sense the gate current for push and pull, and two differential amplifiers control BJTs in modified
Darlington configuration. Both amplifiers share the same analog reference input, which allows
using a microcontroller with only one DAC (digital-to-analog converter) to control the gate
driver output stage. Fast and stable response is ensured by lead-lag compensation [46]
performed by 10 pF capacitors parallel to resistors in feedback voltage divider branches.
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Figure 4-13: IGBT gate driver output stage circuit with continuously variable gate current

Either pull-up or pull-down function is selected by pulling /PU or /PD inputs to ground

by a standard logic output. All three inputs are compatible with 5V or 3.3V logic.

During the design process, special attention was drawn to the choice of operating points
of BJTs immediately following operational amplifiers. If their emitter voltages set by resistor
dividers are too close to the power supply rails, the limited output swing of operational
amplifiers will not be able to turn off these BJTs completely, which will in turn cause leakage
current through the output stage. On the other hand, if their emitter voltages are too far from
the power supply rails, the output swing of operational amplifiers will exceed the maximum
allowed base-emitter reverse voltage of typically 5...6V when the corresponding push or pull

branch needs to be disabled.

This output stage has been observed to have the same losses for the same overshoots
as the switched-resistor output stage, because the gate current does not undergo rapid

changes, as with dual-stage and resonant output stages.
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4.6. Summary

The performance results of the four tested output stages can be summarized in the

following Table 4-3 by circuit complexity, overshoot controllability, and how well this

controllability can be used to reduce switching losses for a spread of load currents.

Table 4-3: Performance summary of tested gate driver output stages

LOSS REDUCTION FOR OVERSHOOT
CIRCUIT SPREAD OF LOAD
OUTPUT STAGE COMPLEXITY CURRENTS CONTROLLABILITY
TURN ON TURN OFF TURN ON TURN OFF

Switched-resistor Low Good Good Good Fair
Dual-stage resistive Medium Bad Good Bad Bad
Multi-stage inductive High Good Good Bad Bad
Gate current control High Very Good Very Good Fair Good

These results are supported by measurements obtained from testing the two best
output stages: switched-resistor and with gate current control. The inverse relationship of
switching losses and overshoots is observed in hardware, and matches the simulated behaviour
in PSpice (Fig. 3-13). The switched-resistor loss functions are only shown, as the gate current

control loss functions are very similar (Fig. 4-14).
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Figure 4-14: Energy loss for switched-resistor output stage: turn-on (left), turn-off (right)
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The controllability is verified by checking the linearity of overshoot as function of the
input variable (resistor index or DAC control voltage) for different load currents. The transfer

functions are shown in Figures 4-15 and 4-16.
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Figure 4-15: Overshoots for switched-resistor output stage: turn-on (left), turn-off (right)
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Figure 4-16: Overshoots for output stage with continuous current control: turn-on (left), turn-off (right)

It can be concluded that the best results for turn-on are obtained with switched-resistor
output stage, while for turn-off the best results are obtained by continuous gate current control
output stage. For all gate driver types, the following is true: varying switching speed during

switching process usually leads to increase of switching losses.
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Chapter 5:
Proposed Gate Driver

5.1. Switching loss reduction concept

In DC/AC converters, the sinusoidal waveform on the AC side generated by PWM is of a
much higher frequency than the AC fundamental. A typical 2-level inverter leg in Fig. 5-1 will
serve as an example to demonstrate the switching loss reduction concept. Consider a quarter-
cycle of the AC fundamental, during which the load current increases from zero to the
amplitude value. Because the current direction is away from the inverter leg, PWM pulses

alternate through T1 and D2, while T2 and D1 are OFF.

) Xk o
—

T2

J

Figure 5-1: 2-level inverter leg used as example for waveforms in Figures 5-2 and 5-3

In this case, Fig. 3 left shows the current waveforms through the IGBT T1 and through the

load for a conventional gate driver. The two inequalities limiting the overshoots are:

Vie Vs <V (5.1)

I+ 1, < Dy (5.2)

rr —

The fixed turn-on speed in a conventional gate driver is set by the gate resistor, which is
chosen based on the difference between the maximum load current and the maximum IGBT
current allowed by its SOA. In some other implementations a fixed overshoot is achieved by
controlling di/dt and dv/dt [11, 12, 14]. Thus, the limiting factor for current overshoot only
occurs at maximum values of load current, and the SOA envelope is not fully utilized. Due to the
fixed switching speed, the switching losses shown in Fig. 5-3 left for the conventional gate

driver closely follow the sinusoidal pattern of the load current.
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Figure 5-2: Current waveforms for inverter with: CGD (left), PGD (right)
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Figure 5-3: Turn-on losses for inverter with CGD (left), comparison to PGD (right)

The purpose of the proposed variable-speed gate driver is to track the SOA as shown in
Fig. 5-2 right. Because all overshoots, except near the maximum load current, are increased by
faster switching speeds, the corresponding switching losses are decreased, as shown in Fig. 5-3
right. The switching losses no longer follow the sinusoidal pattern but rather go below it, only

with the maximum value being the same as for the conventional gate driver.

Typically in a real situation there will be more than 5 PWM cycles per quarter-cycle of the
fundamental. In Fig. 5-2 right and in a real situation not all overshoots will reach the maximum
value due to the limited range of switching speed increase comparing to the default speed. For
turn-off the principle is the same, except it only turns out to be useful if the DC link voltage is
not constant, typically in battery-powered applications. If the voltage is constant, a variable-

speed turn-on circuit can be combined with a fixed-speed turn-off circuit for cost reduction.

5.2. Feedback control

5.2.1. Adaptive control based on statistical approach
Two types of gate driver stages (switched-resistor and with IGBT gate current control)

have demonstrated the following overshoot functions:
los = Aoy *Uoy +Boy - 1L +Coy (5.3)

Vos ® Aore “Uorr + Bore -1 +Copr (5.4)
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where u is the input speed control signal in terms of control voltage for IGBT current control
driver stage, or in terms of switched resistor combination index. Once the forward transfer

function is known in terms of plane parameters A, B, C, the switching speed u can be found

from:

Uon :(IMAX_IL_BON'IL_CON)/AON (5.5)
Uorr = (VMAX —Voc = Borr - 1L —Core )/ Aorr (5.6)

Because the inequalities (5.1) and (5.2) can be equalities or inequalities, the control
inputs need to be limited between a tested range of switching speeds, i.e. the DSP needs to
make sure the output will be within valid boundaries after computing values for u. But the
overshoot is not known before the switching process has taken place, so the plane parameters
A, B, C need to be estimated. Given a set of previous overshoot measurements (z), for which
the control signal (x) and the load current (y) have also been saved, it is possible to run a linear
regression calculation to determine the plane closest to all points (x, y, z). An example of an

acquired set of points in circular buffer is shown in Fig. 5-4.
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Figure 5-4: Example of circular buffer dump with previous switching data
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In order to reconstruct the characteristic plane, a 2-D linear regression operation needs

to be performed according to (5.7):

dxE Y xy D x[A] [ D x
dxy Dy Dy|Bl=[Dyz (5.7)
>Yx >y N |C >z

where N is the number of acquired points and must be at least 3. The actual matrix inversion
computations require first finding the determinant (5.8), before computing A, B, C (5.9). These
coefficients need to be constantly updated, because they drift with temperature. Hence the

attribution of this algorithm to the class of adaptive feedback control algorithms.

det =23 XY y>y + N[ Ty - (Enf - Ty -y T (s8)
A NZVZ—(ZV)Z DXY-NIY Yy x>y [ x
Bl=| Y x> y-N>xy NZXZ—(ZX)Z DoxyD x=D>y> x? | > yz|/det (5.9)
Cl [ ZXy-203y ToXx-2yyx Ty y -(Xuf | X

5.2.2. Adaptive control theory

The proposed control technique can be graphically represented as shown in Fig. 5-5.
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Figure 5-5: Graphical representation of feedback control core
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The parameters A, B, C act as input weighting functions for both real and estimated
systems [22]. The estimator in our case is the plane regression function, which can internally
calculate and store errors between the real and estimated overshoot values. However, since
the feedback is performed by reversing the estimated linear relationship to obtain the control

signal u, the core of the control principle follows the inverse adaptive control techniques [23].

Stability of such systems depends on bound conditions of the real system itself, and on
bounds imposed on certain variables used in feedback [24]. In our case, the bounds are only
imposed on the control input u, and the real system is known to provide bounded output for all
ranges of input signals and external factors such as temperature and variance of device
manufacturing parameters. During performance testing of manufactured systems, additional

bounds on plane parameters A, B, C can be introduced in software.

5.2.3. Algorithm timing

One of the requirements of the gate driver is to provide a quick response to input PWM
signals. Comparing to the system controller, the gate driver is considered a "slave" device, and
must be ready to accept PWM input signals at any time. The best way to achieve this on a
microcontroller is to assign one interrupt to be triggered on positive PWM transitions, and
another interrupt on negative ones. Also, quick response means that the latency between the
PWM transition and the gate output signal must be small. Mathematically, a few operations are
required to immediately compute u, as can be seen from (5.5) and (5.6). On most processors
only division takes considerably more CPU cycles than other operations, which becomes the
limiting factor for latency. In reality these calculations require Vpc and I, to be known with good
precision immediately before the gate pulse is fired. Measuring these analog signals requires
ADC conversions, which may or may not be fast enough depending on the CPU. Because both
Voc and I are slowly-changing parameters compared to PWM timing, the ADC conversion may
or may not be incorporated into the interrupt before the mathematical computation takes
place. In case the ADC conversions are placed outside of interrupt, they have to be periodic
with lower interrupt priority than PWM interrupts. In the next timing charts ADC conversions
will be incorporated in the PWM interrupts for simplicity. The chart in Fig. 5-6 shows the default
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behaviour of gate driver CPU, where "INTx" indicates times when the CPU is busy with
switching speed calculations, and during "PROCESSING x" the CPU is busy computing linear
coefficients A, B, C involving matrix inversion, storing and retrieving data points from a circular
buffer, which amounts to significantly more calculations than finding the switching speed
during a PWM interrupt. It is important to note that the overshoot value must be measured

immediately after the PWM transition because of peak detector limitations.

PWM INPUT: |
INTERRUPT INT2
cPuTIVE e |
|
| L

MAIN 2> PROCESSING 2

an

|

GATE OUTPUT.: / :
|

|

|
[ | | | |
1: Load current measured  2: Switching speed computed  3: Overshoot measured  4: Linear coefficients computed

Figure 5-6: Gate driver CPU timing chart with widely-spaced PWM pulses
If the time between PWM pulses is large, the time spent on overshoot measurement

does not affect the latency of the gate driver CPU. However, the following happens as PWM

pulses become narrower (Fig. 5-7):

PWM INPUT:

INTERRUPT = INT1 INT2 INT1
MAIN 2> PAUSE PROCESSING 2

CPU TIME:

GATE OUTPUT:

Figure 5-7: Gate driver CPU timing chart with narrow PWM pulses

Note that even though the CPU did not complete the processing for turn-on before the
turn-off pulse has occurred, both turn-on and turn-off processing periods should complete
before the next turn-on pulse, because the maximum PWM frequency sets the minimum time
delay between signal transitions in the same direction. Therefore, the algorithm complexity and

the CPU speed have to be estimated based on the maximum PWM frequency. The latency in
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Fig. 5-7 is unaffected comparing to Fig. 5-6. Finally, if the PWM pulse width becomes less than

the interrupt execution time, the timing chart becomes as shown in Fig. 5-8:

PWM INPUT:
INTERRUPT =
CPU TIME: A
MAIN 2> PROCESSING 2

GATE OUTPUT.:

Figure 5-8: Gate driver CPU timing chart with PWM pulses narrower than interrupt execution time

The minimum pulse width the developed gate driver can generate is therefore equal to
the CPU interrupt execution time, which at the bare minimum must contain the switching
speed calculation and the overshoot sampling (beginning of ADC conversion). For CPUs
operating around 40 MHz and above, this could be less than 1 ps. A CPU with hardware division

capability is strongly recommended.

Equations (5.7) through (5.9) contain sums of functions of last points stored in the
circular buffer. To avoid recomputing all terms in the equation "as is", the sums are stored
separately from the buffer data. Before overwriting old data with new data, the old data is
subtracted from the sums, and the new values are added to the sums. That way, the buffer size

does not affect the computational complexity, i.e. the complexity is always O(1).

5.2.4. Algorithm improvement no. 1: avoiding matrix singularities

The buffer size on chip is usually very limited, and stores only the most recent points by
default. In certain cases, the very effect of optimizing switching speed for given load current
leads to linear correlation between all three parameters: input speed control signal, load
current, and overshoot. In this situation, correlation is desirable in terms of performance, but
creates a problem for further estimation of plane parameters A, B, C. An example of such data
in the circular buffer is shown in Fig. 5-9, one switching transition before entering an almost

singular condition.
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Figure 5-9: Example of circular buffer dump one switching transition before singularity

A singularity in this case means that if the data point circled in red is overwritten with
data correlating with other points, the plane orientation becomes uncertain around the axis of
correlation direction, effectively making it impossible to accurately estimate its three

parameters A, B, C, leading to algorithm divergence and failure.

A workaround has been introduced into the algorithm to avoid circular buffer content
leading to singular conditions. Before overwriting a data point, the algorithm checks if a new
point in its place would cause a singular condition. If so, the same test is performed on the next
point in the buffer, effectively trying to replace an old point in strong correlation with others,
and leaving the critical point in the buffer (circled in red) by skipping it. The selection procedure
is repeated until an old point is found, which can be successfully replaced by new data. There is
also a limit on the maximum number of points to try to replace, after which the new data is
simply discarded. This limit is based on microcontroller performance, because all computations
for each of the turn-on and turn-off processes have to complete in half of PWM period in worst

case scenario.
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This workaround creates an undesirable side effect of failure of one or several data
points to update fast enough to follow the converter temperature variations, leading to
incorrect estimates of overshoots. In other words, one or a few data points could get stuck in
place for a long time, without being updated. In order to keep them updated, single PWM
pulses can be occasionally forced to the slowest switching speed, far from the optimal path in
the buffer. The overall increase of switching losses will be insignificant, because such "probing"

pulses need to be performed only once per at least 1000 pulses.

As for the criterion for determining if the buffer data represents a singular condition or
not, the current algorithm implementation compares the matrix determinant (5.8) against a
constant. It can be shown that the determinant is related to the average spread of data points
in the 2-D plane of the two input variables: control input and load current. Also, the buffer size
has effect on the uncertainty between the maximum and minimum possible spread areas. Large
buffer size has a large uncertainty on the choice of determinant threshold constant for

singularity checking. The current algorithm keeps 32 points in the buffer.

5.2.5. Algorithm improvement no. 2: adjusting for overshoot function nonlinearities
In practice, the actual relationship between overshoots, input signals, and load currents
is not perfectly linear. For that reason, the statistical regression approach is also used to
compute the standard deviation between measured overshoots and their computed values that
lie on the regression plane set by parameters A, B, C. Upon switching speed calculation, a
certain multiple of standard deviation is subtracted from the maximum programmed value of
voltage or current, which provides a very flexible method of preventing overshoots from

exceeding programmed maximum values at all times:

Uon = (IMAX — 1. = Boy - I —Coy —K*STDEV,, )/ Aon (5.10)
Uorr = (VMAX —Vie = Boge - 1L —Copr —K*STDEVe )/ Aorr (5.11)

where K is the nonlinearity-related safety factor (2 in simulation), and STDEV for both turn-on

and turn-off is found from:
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STDEV =

Z(Z ~ Zrer )2
N

(5.12)

The computation of the difference between z-coordinates requires the set of operations (5.13)

for each data point:
Zeer, =A-X+B-y+C (5.13)

If they are performed as written by the mathematical equation, the complexity is O(N) due to
buffer traversal. However, separate storage of buffer data sums allows reducing the complexity

down to O(1) by expanding the STDEV expression:

(5.14)

\/Z(z - Ax-By-Cf _ \/Z(zz + A2x? +B2y? +C2 + 2(A(Bxy —xz )+ B(Cy — yz)+ C(Ax - 2)))
N N

The last implementation problem discussed here is the presence of the square root operation.
Microcontrollers do not have hardware acceleration to perform them. Alternative ways need to
be considered for their estimation, such as linear interpolation of lookup tables, resolution

limiting, or iteration number limiting.

5.2.6. Algorithm startup after power-on reset and flowcharts

In order to have the circular buffer full of useful data, PWM pulses need to be performed
at different switching speeds. But the buffer is empty after power-on reset, so the optimal
switching speed cannot be calculated. Some initial spread of switching speeds is required to
start filling the buffer with data that will not lead to a singular condition for regression plane

calculation.

The proposed method uses a fixed "second" switching speed, which is typically higher
than the default (slowest) speed by 15...30%. According to the example in Fig. 5-2 right, three
first pulses can be safely performed at any switching speed within the driving capability of the
output stage, because the load current is low enough. For each specific hardware realization,
two important measurements have to be programmed into the microcontroller, one for turn-

on and one for turn-off, both of which determine the highest load current for which the
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overshoot will not exceed the SOA if switched at the second speed, for the entire range of DC
link voltages and temperatures. Knowing these load currents, the actual value of the second
speed can be adjusted. The matrix determinant (5.8) threshold also depends on the ratio
between the default speed and the second speed, because a certain minimum spread is
required to exit the singular condition in the circular buffer. If the microcontroller is abnormally
reset in the middle of motor operation, the startup sequence can still handle the initial non-

zero load current.

Having made all adjustments to the principle idea of the algorithm, the flowcharts of the
three stages of operation can be presented. The stages are numbered from 0 to 2, where stages
0 and 1 are executed after power-on reset, and stage 2 is run in steady state. The flowcharts for
all three stages are illustrated as completely independent for easier understanding, even
though they have many repeating blocks. The actual code is organized to include repeating
blocks only once, with conditions of execution depending on stage of operation, in order to

reduce the code size.

MAIN

Enough free buffer space to fit minimum number of points at faster speed?

INTERRUPT Namely, pointer < buf_size — min_fast_num + fast_count ?
N Y

N Y

allow_fast ? v

= N
“ fast_count >= max_fas_num 7
Min. speed I_L safely low ? allow_fast=1 allow_fast=0
Y
v | Add new point to sums (no need to clear buffer to initialize) |
Faster speed v !

allow_fast =1

| Store point in buffer, pointer++ |

Reset pointer
[

| Calculate determinant |

RETURN

A

Figure 5-10: Operational flowcharts of stage 0 after power-on reset

The goal of stage 0 (Fig. 5-10) is to fill the buffer with data obtained using two fixed
switching speeds close to the slow end of the range with the following restrictions: since faster

pulses cannot be (yet) safely performed for any value of load current, they must be performed
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when the current is lower than a programmed value, and the number of faster pulses must be
at least sufficient to obtain enough initial spread in the next stage. The maximum number of
faster pulses should be limited to N/3, because further increasing their number leads to

decrease of spread because the number of slow pulses decreases.

The next stage 1 is necessary to perform all pulses at the slowest speed to obtain enough
spread on the load current axis. Because the buffer is already full, the buffer and the cumulative
sums are updated like in steady-state stage 2, but the matrix determinant is gradually brought
to the required minimum by replacing points in the buffer. The interrupt routine is the same as

in stage 0, and the main processing routine is shown in Fig. 5-11.

MAIN

| point_update_retries =0 |

v

| base_sums = input_vars + sums |

vy

N Y
point_update_retries < max_retries ? l
RETURN | tmp_sums = base_sums — buffer[pointer] |

| Calculate temporary determinant (tmp_det) |

N Y
tmp_det > min_det ?

i

Y
tmp_det > last_det ? l

| point_update_retries++ | | Update sums | | Calc. A,B,C |
v v

| pointer++ (auto-wrap) | | Overwrite point | | Calc. STDEV |
v v

—| pointer++ (auto-wrap) | | Overwrite point |
v v
| RETURN |<—| Stage =2 |<—| pointer++ (auto-wrap) |

Figure 5-11: Operational flowchart of stage 1 after power-on reset (interrupt is the same as in Stage 0)

Finally, the steady-state stage 2 is the only stage where the switching speed is
dynamically calculated, therefore it uses a different interrupt routine (Fig. 5-12). The main

routine is very similar to stage 1, with the small exception of not performing the comparison
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between the temporary determinant (tmp_det) and the determinant computed in the last cycle

(last_det), and always assuming the result of that comparison is false (Fig. 5-11).

INTERRUPT

N — - Y
l slow_inj_count > interval ? l

| slow_inj_count++ | |s|ow_inj_count:0|

| Calc. speed from A,B,C | | Min. speed |

| Apply bounds |—>| RETURN |

Figure 5-12: Operational flowchart of stage 2 interrupt after power-on reset

In the interrupt routine of stage 2 we can also find a condition that injects pulses at the
slowest speed once per predefined repetition interval. They make sure the correlation between
the two input variables will not lead to matrix singularity, and make sure all points in the buffer

are kept updated.
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Chapter 6:
Algorithm Validation and Results

6.1. Simulation procedures and test conditions

The algorithm has been implemented on MATLAB in form of code. All variable types are
floating-point, so a few fixes were introduced to avoid bugs with integer comparison. The
algorithm was tested using existing waveform data from full-scale simulations of the 54 kW
motor [47] driven by the 650V 800A inverter [29]. Fig. 6-1 shows four points on the motor
torque-speed envelope at which the simulations were conducted using SVPWM and DPWM?2
[25] modulations. Additionally, SVPWM with overmodulation was tested for 40 Nm torque at
10000 rpm speed.

PERFORMANCE CURVE
180 Nm / 2k

Figure 6-1: Points of gate driver algorithm performance and stability verification

For each modulation scheme mentioned above, two types of simulations were
conducted. First, algorithm performance and stability were verified using switching waveform
data for motor acceleration from rest to specified speeds. Second, switching and conduction

losses were estimated for periods of steady-state motor operation only.
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6.2. Algorithm performance and stability simulations

6.2.1. Overview

For both turn-on and turn-off processes, one set of performance graphs is shown for
each modulation type (Fig. 6-2 through 6-7). Since gate drivers are "slave" devices, their
algorithms operate on pulse by pulse basis, instead of equally spaced discrete time steps used
in system controller simulations. The horizontal axis on simulation result graphs is in terms of
PWM cycle number, so each step represents a time delay between two adjacent turn-on or
turn-off commands received from the system controller. The vertical axis measurements are

therefore sampled (strobed) at PWM signal transitions with uneven time distribution.

Figures 6-2 through 6-7 contain a section of time where the motor accelerates from rest

to specified speed, and a section of steady-state operation at constant speed.

6.2.2. Turn-on performance
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Figure 6-2: Performance turn-on test for SVPWM @ 150 Nm from rest to 5000 rpm
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Figure 6-3: Performance turn-on test for DPWM2 @ 150 Nm from rest to 5000 rpm
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Figure 6-4: Performance turn-on test for SVPWM with overmodulation @ 40 Nm from rest to 10000 rpm
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6.2.3. Turn-off performance
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Figure 6-5: Performance turn-off test for SVPWM @ 150 Nm from rest to 5000 rpm
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Figure 6-6: Performance turn-off test for DPWM2 @ 150 Nm from rest to 5000 rpm
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Figure 6-7: Performance turn-off test for SVPWM with overmodulation @ 40 Nm from rest to 10000 rpm

6.2.4. Performance and stability analysis

The top graph in each case shows the decrease of maximum load current at the
beginning of steady-state operation. The middle graphs show how the optimal computed
switching speed varies depending on the load current shown in the top graphs. During
acceleration, where the maximum load current is high, the switching speed is brought down to
default speed, as expected. In steady state the switching speed varies less and stays closer to
maximum, because the load current is lower. Slow-speed probing pulses can also be observed
at regular intervals in terms of PWM cycle count. For the purpose of demonstration, their
repetition interval was reduced to 200 pulses. They are observed to repeat approximately every
400 pulses because the algorithm does not run when the load current is negative (flows
through the freewheeling diode instead of IGBT), which happens for approximately half of the
time. The switching speed does not have effect with negative load current, so it is kept at
maximum in order to keep the control voltage continuous. The bottom graphs show the
variation of estimated regression plane parameters A, B, C. Their variations provide a metric on

algorithm stability. The least favorable PWM scheme for A, B, C parameter estimation is
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SVPWM with overmodulation, because the system controller produces only one turn-on and
one turn-off signal per load current fundamental cycle, causing a small spread of load currents

stored in the circular buffer.

The programmed SOA current limit was chosen to be equal to the IGBT peak current for
a conventional gate driver at maximum load current in the same motor drive application and at
the junction temperature of 150°C. In that way, the variable-speed gate driver performance
improvement is estimated with the condition of having the same maximum IGBT peak currents

for both gate driver types.

6.3. Switching and conduction loss estimation

The loss estimation has been performed for steady-state part of simulation, spanning an
integer number of several fundamental cycles. For turn-on, diode reverse-recovery losses were
considered in addition to IGBT switching losses. The load current sensitivity functions for both
IGBT and diode have been fitted to the datasheet curves using quadratic approximation. Since
the datasheet provides IGBT and diode losses for effect of variable speed switching as functions
of gate resistor only, the analog input voltage for gate current control has been mapped to

equivalent resistor values, additionally considering the internal gate resistance.

Table 6-1: Turn-on and turn-off loss comparison between CGD and PGD

TEST PARAMETERS TURN-ON LOSS (W) TURN-OFF LOSS (W)

MOD TORQUE RPM PCGD PPGD % DIFF PCGD PPGD % DIFF

DPWM2 150 Nm 5k | 21.13 | 14.35 | 32.1 | 6.78 | 20.76 | 19.80 | 4.6 | 0.96

DPWM2 180 Nm 2k | 24.28 | 16.86 | 30.6 | 7.42 | 23.19 | 22.22 | 4.2 | 0.97

DPWM2 20 Nm 5k | 11.74 | 7.52 | 36.0 | 4.23 9.07 856 | 5.6 | 0.51

DPWM2 40 Nm | 10k | 37.32 | 25.03 | 33.0 ( 12.30 | 26.22 | 24.88 | 5.1 | 1.34

SVPWM 150 Nm 5k | 37.63 | 26.18 | 30.4 | 11.45 | 35.99 | 34.50 | 4.1 | 1.49

SVPWM 180 Nm 2k | 42.85 | 32.54 | 24.1 | 10.31 | 40.97 | 39.49| 3.6 | 1.48

SVPWM 20 Nm 5k | 15.98 | 10.24 | 35.9 | 5.74 | 11.56| 10.89 | 5.8 | 0.67

SVPWM 40 Nm | 10k | 45.19 | 30.22 | 33.1 | 14.97 | 31.81| 30.18 | 5.1 | 1.64

SVM+OVM 40 Nm | 10k | 13.31 | 8.91 ( 33.1 | 4.40 6.61 6.26 | 5.2 0.35
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Tables 6-1 and 6-2 summarize the improvements introduced by the proposed gate
driver in terms of turn-on, turn-off, total switching loss, and total converter loss (switching and
conduction). The data provided is for one IGBT-diode pair, and needs to be multiplied by 6 to
obtain total module losses. The columns "%" and "DIFF" quantitatively state the loss reduction

in % and Watts, respectively. Figure 6-8 is equivalent to Table 6-2.

Table 6-2: Switching and conduction loss comparison between CGD and PGD

TEST PARAMETERS SWITCHING LOSS (W) | COND. SW. + COND. LOSS (W)
MOD | TORQUE | RPM | Pcep | Prep % LOSS (W) | Peeo Prso | % | DIFF
DPWM2 | 150Nm | 5k |[41.90 [ 34.16 | 18.5 74.26 | 116.15 | 108.42 | 6.7 | 7.74
DPWM2 | 180Nm | 2k [47.47 |39.08| 17.7 95.94 | 143.41 | 135.02 | 5.9 8.39
DPWM2 20Nm | 5k|20.81[16.07| 22.8 489 | 2570 20.96|18.4| 4.74
DPWM2 40Nm | 10k | 63.54 [ 49.91 | 215 27.12 | 90.67 | 77.03 | 15.0( 13.63
SVPWM | 150Nm | 5k [73.62|60.68| 17.6 74.37 | 147.98 | 135.05 | 8.7 [ 12.94
SVPWM | 180Nm | 2k |[83.82[72.03| 141 95.74 | 179.56 | 167.77 | 6.6 | 11.79
SVPWM 20Nm | 5k |27.54|21.13| 233 477 3231 25.90|19.8| 6.41
SVPWM 40 Nm | 10k | 77.00 | 60.40 | 21.6 28.02 | 105.02 | 88.42 | 15.8 | 16.61

SVM+OVM | 40Nm | 10k | 19.92 | 15.17 | 23.8 23.97 | 43.89| 39.14(10.8| 4.75

Conduction and Switching Loss Comparison
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Figure 6-8: Graphical representation of loss comparison between CGD and PGD
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Turn-on and turn-off loss comparisons between the conventional and the proposed gate
drivers are demonstrated in Fig. 6-9 and 6-10.

Turn-On Loss Comparison
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Figure 6-9: Turn-on loss comparison between CGD and PGD

Turn-Off Loss Comparison
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Figure 6-10: Turn-off loss comparison between CGD and PGD
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6.4. Effects on EMI emissions

In order to see the impact of using the newly developed variable-speed gate driver on
EMI, its generated EMI spectrum needs to be compared to a conventional fixed speed driver's
EMI spectrum. EMI emissions in MHz range are closely related to di/dt and dv/dt across IGBTs
[26]. Simulation results of the new gate driver's operation in closed loop reveal that di/dt is
being varied much greater than dv/dt during one cycle of output AC load current fundamental
frequency. Therefore, the spectrum of IGBT current waveforms will be compared. Time-domain
IGBT current waveforms are presented for comparison in Fig. 6-11. The PWM sequence and the
load current have been obtained from a simulation of the 54 kW motor [47] at 6000 rpm using
DPWM2 modulation. The IGBT current overshoots were added later on top of the waveform,
based on separate gate driver simulation results, after enhancing the resolution of time scale

using spline interpolation.
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Figure 6-11: High-side IGBT current for half-cycle of load current

Since other half-cycles are similar, this is the minimum time frame required to perform
FFT for spectrum analysis. Fig. 6-12 is the direct FFT of waveforms in Fig. 6-11, showing the

difference between the two emitted spectra. It can be observed that the variable-speed IGBT
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gate driver produces more EMI noise above approximately 5 MHz, but there is almost no

change in spectrum below 5 MHz.
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Figure 6-12: Generated EMI spectrum in high-side IGBT
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Chapter 7:
Conclusion and Future Work

7.1. Summary

This thesis describes how multiple IGBT gate driving techniques proposed by literature
have been tested and compared. Based on observations during testing, a new gate driver
output stage circuit has been introduced, allowing continuous (analog) control over switching
losses and overshoots of voltage and current. Following that, a new method of IGBT driving
strategy has been introduced. This method maximizes the IGBT SOA utilization in order to
reduce switching losses by using variable-speed gate driver output stages. An adaptive
feedback control algorithm has been developed to set the switching speed of each PWM
transition. The algorithm performance and stability have been verified through simulation on a
2-level 3-phase motor drive converter. Finally, loss reduction has been estimated, relative to

conventional fixed-speed gate driver output stages.

7.2. Conclusion

Comparing switching losses of the proposed gate driver to the conventional one, the
switching loss reduction is around 25% for most combinations of tested motor torque, speeds,
and modulation schemes. As presented in the switching loss reduction concept, most of the
effect is achieved for turn-on (20% reduction) with the rest 5% reduced for turn-off. Taking into
account conduction losses, the overall converter loss reduction can vary approximately
between 5% and 20%. An additional conclusion can be drawn regarding modulation scheme
usage: because DPWM?2 already takes care of preventing IGBTs from switching at high load
currents, the proposed method has greater effect for SVPWM, where motor losses are

generally lower.

This method only has effect in DC/AC conversion (in both ways), and can possibly be

used in AC/AC matrix converters. In DC/DC conversion this method will not have much effect
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with steady load, because it relies on load current or source voltage variation. Multilevel
converters can also benefit from this method, in case the converter supports current

measurement for every IGBT.

7.3. Future work

This research needs future work for real implementation. Gate driver output stages
need to be scaled up or down depending on ratings of the IGBT device used in application.
Voltage and current sensors also have to be designed for the scale of application. Even though
the algorithm is written in a way close to real application, it still needs to be converted to a
processor-compatible language (e.g. C), and the target processor needs to be selected to
support the maximum PWM frequency. The algorithm might need to be optimized for speed of
execution at the expense of calculation precision and/or program memory space required on
the CPU. Protection schemes need to be integrated into the system, either into the algorithm,
as a separate CPU interrupt, or as extra hardware logic after the CPU. The final verification of
the concept is always a full-scale hardware test of the complete system, which can only be

accomplished after all additional tasks above have been completed.
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Appendix A: PSpice component parameters and schematic

D1, D2 .MODEL DOUT D IS=3 N=7 RS=0 CJO=0

D3, D4 .MODEL DREV D IS=0.43 N=5.5 RS=0 CJO=0

Gl, G2 IF(V(%IN+, $IN-) < 6, 0, IF(V(%0UT+, %0OUT-) < (V(%IN+, %IN-) - 6) /
1.7, 1.7 * 130 * ((V(%IN+, %IN-) - 6) * V(%0UT+, S0OUT-) - 1.7 *
VvV (%0UT+, %O0UT-) * V(%0UT+, %OUT-) * 0.5), 130 * (V(%IN+, $SIN-) - 6)
* (V(%IN+, SIN-) - 6) * 0.5))

G3, G4 V(%IN+, $IN-)*9k

G5, G6 IF(V(%IN+, $IN-) < 0, 5.152962374n * DDT(V(%IN+, S$IN-)),
5.756140351n * DDT ((V(%IN+, $IN-) + 0.35) ** 0.57))

G7, G8 IF(V(%IN+, $IN-) < 0, 5.152962374n * DDT(V(%$IN+, S%$IN-)),
5.756140351n * DDT ((V(%IN+, $IN-) + 0.35) ** 0.57))

G9, G10 IF(V(%IN+, $IN-) < 8.5, 52n * DDT(V(%IN+, $IN-)), 150n *
DDT (V (%IN+, %IN-)))

E1 IF(V(%IN+, %IN-) > 0, -V(%IN+, %IN-) * 2 * 3.3, -V (%IN+, $IN-) * 2
* )
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Appendix

Appendix B: Hardware setup for double-pulse testing
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Appendix C: List of publications

0 A. Sokolov, D. Mascarella, and G. Joos, "Variable-Speed IGBT Gate Driver with Loss/Overshoot
Balancing for Switching Loss Reduction," in Energy Conversion Congress and Exposition, 2014
IEEE, in press.

0 A. Sokolov, D. Mascarella, and G. Joos, "Variable-Speed IGBT Gate Driver Control and Effects on
Automotive Systems," in Applied Power Electronics Conference and Exposition, 2015 IEEE,
pending.
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