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ABSTRACT

CHARACTERIZATION OF GAN TRANSISTORS AND DEVELOPMENT
OF BI-DIRECTIONAL DC/DC CONVERTER WITH HALF-BRIDGE

HAVING SHORT CIRCUIT PROTECTION FOR PARALLEL SWITCHES

Karakaya, Furkan

M.S., Department of Electrical and Electronics Engineering

Supervisor: Assist. Prof. Dr. Ozan Keysan

September 2020, 138 pages

Wide band-gap semiconductors are superior to Si-based semiconductors with their in-

creased electron mobility and breakdown strength which leads to small package sizes,

low parasitics, and increased switching frequency capability. Efficient and dense

power converter could be obtained with wide band-gap devices especially GaN tran-

sistors. This thesis investigates the GaN HEMTs in terms of their characterization and

application. The gate charge and output capacitance of GaN HEMTs are characterized

by designed experimental setups and they are compared with manufacturer-provided

data. The differences between outcomes and the datasheet are highlighted and ex-

plained. Based on the characterized elements of GaN HEMTs, their switching per-

formance is studied within a simulation platform and effects of package capacitances,

parasitic inductances, temperature, gate resistance are discussed. A half-bridge pro-

totype design is performed where layout optimization is done for a parallel-connected

GaN HEMTs. Moreover, a short circuit protection technique is implemented on the

same half-bridge board to save GaN HEMTs from overcurrent and increase the relia-

bility. The short circuit protection method is able to detect the fault in 40 ns and can
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control the short circuit current in 100 ns. Lastly, an example application is realized

with GaN HEMT based half-bridges to have a bi-directional DC/DC converter. The

bi-directional DC/DC converter has 5.4 kW power rating with 5.24 kW/l power den-

sity. This power density is achieved with 450 kHz of switching frequency where zero

voltage switching is applied with critical conduction mode switching. The efficiency

of the converter is 97.7% at maximum load.

Keywords: Gallium Nitride, GaN HEMT, Device Characterization, Layout Design,

Short Circuit Protection, Bi-directional DC/DC Converter
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ÖZ

GAN TRANSİSTÖRLERİN KARAKTERİZASYONU VE PARALEL
ANAHTARLAR İÇİN KISA DEVRE KORUMASINA SAHİP YARIM KÖPRÜ

İLE ÇİFT YÖNLÜ DA/DA ÇEVİRİCİ GELİŞTİRİLMESİ

Karakaya, Furkan

Yüksek Lisans, Elektrik ve Elektronik Mühendisliği Bölümü

Tez Yöneticisi: Dr. Öğr. Üyesi. Ozan Keysan

Eylül 2020 , 138 sayfa

Artırılmış elektron hareketlilikleri ve bozulma dayanımı seviyeleri ile geniş bant ara-

lıklı yarı iletkenler Si tabanlı yarı iletkenlere göre daha üstünlerdir. Bu üstünlük yarı

iletkenlerin küçük paketlerde üretilmesine, düşük parazitik oluşmasına ve anahtar-

lama frekansının artırılabilir olmasına olanak sağlar. Geniş bant aralıklı yarı iletkenler

ile özellikle de GaN HEMT cihazlar ile yüksek verimli ve düşük hacimli güç çevi-

ricileri tasarlanılabilir. Bu tezde, GaN HEMT anahtarlar, nitelendirme ve uygulma

çalışmaları ile incelenmiştir. Yarı iletken kapısının elektriksel yükü ve çıkış sığası,

tasarlanmış deneysel çalışmalarla nitelendirilmiş olup üreticinin paylaştığı veri ile kı-

yaslanmıştır. Üretici verisi ile deneysel sonuçlar arasındaki farklar vurgulanmış ve bu

farkların sebepleri irdelenmiştir. Nitelendirilen bu parametreler ile GaN HEMT cihaz-

ların anahtarlama performansları benzetim çalışmaları ile değerlendirilmiş ve paket

sığası, parazitik endüktans,sıcaklık, kapı direnci gibi parametrelerden nasıl etkilen-

diği tartışılmıştır. Daha sonra hat tasarım eniyileştirme çalışması yapılarak paralel

GaN HEMT kullanımı ile birlikte yarım köprü tasarımı gerçekleştirilmiştir. Bununla
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beraber, GaN HEMT’leri yüksek akımdan korumak ve güvenilirliği artırmak için bir

kısa devre koruma yöntemi aynı yarım köprü baskı devre kartı üzerine yerleştiril-

miştir. Bu kısa devre koruma yöntemi, hatayı 40 ns içerisinde algılamakta ve 100 ns

içerisinde kısa devre akımını kontrol altına alabilmektedir. Son olarak bir çift yönlü

DA/DA çevirici örnek uygulaması tasarlanan yarım köprü baskı devre kartları kul-

lanılarak gerçekleştirilmiş ve 5.24 kW/l güç yoğunluğuna 5.4 kW güç değeri altında

ulaşılmıştır. Bu güç yoğunluğu sıfır gerilim anahtarlama uygulanarak çıkılan 450 kHz

anahtarlama frekansı ile elde edilmiştir. Sıfır gerilim anahtarlamanın elde edim yön-

temi kritik mod anahtarlamadır. DA/DA çeviricinin verimliliği tam yük altında %97.7

olarak ölçülmüştür.

Anahtar Kelimeler: Galyum Nitrat, GaN HEMT, Cihaz Karakterizasyonu, Hat Tasa-

rımı, Kısa Devre Koruması, Çift Yönlü DA/DA Çevirici
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grateful to TÜBİTAK for funding me as a researcher student for two years in the

project, Development of 7.5 kW Integrated Modular Motor Drive with Permanent

Magnet, 117E252.

I am also very grateful to my friends who always gave me strength with their support

and friendship. When you live apart from your family, your friends become like your

family, and I feel very lucky to have such a family.

And lastly, there are no words of thanks or gratitude that can represent my indebted-

ness to my mom, Nurcan Karakaya, my dad, Eyüp Karakaya, and my brother, Gürkan

Karakaya and my family. I am deeply thankful for their unending support during my

whole life.

xi



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

ÖZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xv

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . xxiii

LIST OF VARIABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxvi

CHAPTERS

1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation and Problem Definition based on Literature Survey . . . . 1

1.2 Outline of Thesis and Contributions . . . . . . . . . . . . . . . . . . 14

2 GATE CHARGE AND OUTPUT CAPACITANCE CHARACTERIZATION 17

2.1 Gate Charge Characterization . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 Extracting Gate Loss . . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 Comparison and Discussion . . . . . . . . . . . . . . . . . . . 22

2.2 Output Capacitance Characterization . . . . . . . . . . . . . . . . . 24

xii



2.2.1 Theory of Output Capacitance Characterization . . . . . . . . 25

2.2.2 Experimental Results of Output Capacitance Characterization . 26

3 SWITCHING CHARACTERISTICS . . . . . . . . . . . . . . . . . . . . . 31

3.1 Modelling GaN HEMTs . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Switching Behavior of GaN HEMTs . . . . . . . . . . . . . . . . . . 35

3.2.1 Model 1: The simplest model with constant capacitances and
without parasitic inductances . . . . . . . . . . . . . . . . . . 37

3.2.2 Model 2: The model with variable capacitances but without
parasitic inductances . . . . . . . . . . . . . . . . . . . . . . 39

3.2.3 Model 3: The most comprehensive model with variable ca-
pacitances and with parasitic inductances . . . . . . . . . . . . 41

3.2.4 State Trajectories . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2.5 Effect of Gate Resistances . . . . . . . . . . . . . . . . . . . 46

4 SHORT-CIRCUIT PROTECTED HALF-BRIDGE DESIGN AND LAYOUT
OPTIMIZATION FOR GAN HEMT TRANSISTORS . . . . . . . . . . . . 49

4.1 Layout Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1 Power Loop Design . . . . . . . . . . . . . . . . . . . . . . . 50

4.1.2 Gate Loop Design . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1.3 Design Optimization for Parallel Connected Transistors . . . . 58

4.2 Short Circuit Protection . . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.1 Theory of Operation . . . . . . . . . . . . . . . . . . . . . . . 62

4.2.2 Sensing SC Fault . . . . . . . . . . . . . . . . . . . . . . . . 63

4.2.3 Evaluating and Removing SC Fault . . . . . . . . . . . . . . . 66

4.2.4 SC Protection Design Integrated to a Half-Bridge . . . . . . . 68

4.2.5 SC Protection Integrated Layout Design . . . . . . . . . . . . 68

xiii



4.2.6 Filter Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.7 Component Selection . . . . . . . . . . . . . . . . . . . . . . 73

4.2.8 Experimental Results . . . . . . . . . . . . . . . . . . . . . . 74

4.2.9 Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Thermal Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5 BI-DIRECTIONAL DC/DC CONVERTER DESIGN . . . . . . . . . . . . 89

5.1 Design Specifications for Bi-Directional DC/DC Converter . . . . . . 89

5.1.1 Achieving Soft-switching by Quasi-square Wave Zero Voltage
Switching . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.1.2 Interleaving . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.1.3 Inductor Design . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.1.4 Filter Capacitor Selection . . . . . . . . . . . . . . . . . . . . 99

5.2 Experiments and Results . . . . . . . . . . . . . . . . . . . . . . . . 102

5.2.1 Thermal Tests . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.2.2 Buck Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.2.3 Boost Mode . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.1 Outcomes and Discussions . . . . . . . . . . . . . . . . . . . . . . . 117

6.2 Areas for Improvement . . . . . . . . . . . . . . . . . . . . . . . . . 122

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

APPENDICES

A SUPPLEMENTARY DOCUMENTS . . . . . . . . . . . . . . . . . . . . . 137

xiv



LIST OF TABLES

TABLES

Table 2.1 Comparison of three different gate loss estimation method . . . . . . 24

Table 3.1 Simulation parameters for switching characteristics . . . . . . . . . 39

Table 4.1 Power loop inductance values for different designs . . . . . . . . . . 55

Table 4.2 Layout inductances for parallel connected transistors . . . . . . . . 60

Table 4.3 Delays and Related Factors During SC Fault . . . . . . . . . . . . . 78

Table 4.4 SC fault response time of different protection methods applied on

different device types and connections . . . . . . . . . . . . . . . . . . . 82

Table 5.1 Nominal operating conditions for buck and boost modes . . . . . . . 95

Table 5.2 Comparison of the effects of interleaved bridge number . . . . . . . 96

Table 5.3 Inductor specifications obtained by simulation results . . . . . . . . 96

Table 5.4 Effect of the fan for the operation with 3 A average and 28.3 A

ripple current over the inductor at 25 °C of ambient temperature . . . . . . 109

Table 6.1 Specs of the given converters on Fig. 6.1 . . . . . . . . . . . . . . . 121

xv



LIST OF FIGURES

FIGURES

Figure 1.1 Comparison of Si, SiC, and GaN for power semiconductor ap-

plications [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Figure 1.2 Simplified cross section of a GaN/AlGaN heterostructure show-

ing the formation of a 2DEG [2] . . . . . . . . . . . . . . . . . . . . . 3

Figure 1.3 Control of the conductivity by a depletion-mode gate structure [2] 4

Figure 1.4 An e-mode Si MOSFET is connected in series with a d-mode

GaN transistor [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Figure 1.5 Normally OFF structure with a pGaN gate [2] . . . . . . . . . . 5

Figure 1.6 Redistribution of electric field with extended source and gate

field plates [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Figure 1.7 Source of the parasitic capacitances [2] . . . . . . . . . . . . . . 6

Figure 1.8 Characterization circuit for Ciss vs Vgs [12] . . . . . . . . . . . . 7

Figure 1.9 CSI causes oscillation on gate under high dI/dt [2] . . . . . . . 9

Figure 2.1 Push-pull type gate driver connected to GaN HEMT . . . . . . . 18

Figure 2.2 Input capacitance of GS66508T over gate-source voltage . . . . 19

Figure 2.3 Gate loss characterization PCB . . . . . . . . . . . . . . . . . . 20

Figure 2.4 Thermal Network on the gate loss characterization PCB . . . . . 20

xvi



Figure 2.5 InfraScope 2D MWIR-512 thermal camera and gate loss char-

acterization PCB connection . . . . . . . . . . . . . . . . . . . . . . . 21

Figure 2.6 Heat distribution over PCB when individual losses are applied

on GaN HEMT and gate driver . . . . . . . . . . . . . . . . . . . . . . 22

Figure 2.7 Gate-source voltage waveform at 5 MHz switching frequency . . 23

Figure 2.8 Power losses and resulting temperatures of the transistor and

gate driver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Figure 2.9 Output capacitance characterization circuit and illustrative wave-

form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

Figure 2.10 PCB designed for output capacitance characterization of GS66508T

GaN HEMT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Figure 2.11 Experimental results of output capacitance characterization tests 27

Figure 2.12 Output capacitances . . . . . . . . . . . . . . . . . . . . . . . . 28

Figure 2.13 Stored energy on the output capacitance . . . . . . . . . . . . . 29

Figure 3.1 GaN Package Model [8] . . . . . . . . . . . . . . . . . . . . . . 32

Figure 3.2 Forward conduction characteristics for different Vgs voltages at

25◦C of junction temperature [8] . . . . . . . . . . . . . . . . . . . . . 34

Figure 3.3 Reverse conduction characteristics for different Vgs voltages at

25◦C of junction temperature [8] . . . . . . . . . . . . . . . . . . . . . 34

Figure 3.4 Forward conduction characteristics for different junction tem-

peratures at 6V of Vgs voltage [8] . . . . . . . . . . . . . . . . . . . . . 35

Figure 3.5 Package capacitances over VDS voltage [8] . . . . . . . . . . . . 36

Figure 3.6 Input capacitance over Vgs voltage [8] . . . . . . . . . . . . . . 36

Figure 3.7 Double Pulse Test (DPT) circuit [8] . . . . . . . . . . . . . . . . 37

xvii



Figure 3.8 Switching transients obtained using Model 1 [8] . . . . . . . . . 38

Figure 3.9 Switching transients obtained using Model 2 [8] . . . . . . . . . 40

Figure 3.10 Switching transients obtained using Model 3 [8] . . . . . . . . . 41

Figure 3.11 State-trajectories obtained for different models [8] . . . . . . . . 42

Figure 3.12 State-trajectories obtained for different junction temperatures

using Model 3 [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Figure 3.13 State-trajectories obtained for different load currents using Model

3 [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Figure 3.14 Effect of gate resistances on transient behavior . . . . . . . . . . 47

Figure 4.1 Circuit schematic of proposed half-bridge design . . . . . . . . . 50

Figure 4.2 Three dimensional view of the half-bridge board . . . . . . . . . 51

Figure 4.3 Definition of the power loop . . . . . . . . . . . . . . . . . . . . 52

Figure 4.4 Options for high-frequency bypass capacitor placement and power

loop current paths for each design in exaggerated view . . . . . . . . . 54

Figure 4.5 Definition of gate loops . . . . . . . . . . . . . . . . . . . . . . 55

Figure 4.6 Printed circuit board design of gate loop and current paths for

positive (pink) and negative (green) gate loops . . . . . . . . . . . . . . 57

Figure 4.7 Parasitic inductances for parallel connected transistors operation

[23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

Figure 4.8 Effects of and design rules for parasitic inductances [23] . . . . . 58

Figure 4.9 Gate resistor placement for parallel transistor operation . . . . . 60

Figure 4.10 Turn-on and turn-off waveforms of parallel connected switches . 61

Figure 4.11 Circuit schematic of half-bridge . . . . . . . . . . . . . . . . . . 63

xviii



Figure 4.12 Dynamics of SC fault sense circuit . . . . . . . . . . . . . . . . 64

Figure 4.13 Short circuit protection mechanism . . . . . . . . . . . . . . . . 67

Figure 4.14 Gate driver circuit schematic of parallel connected transistors

(red components exist only for low side transistors for soft turn-off (STO)) 67

Figure 4.15 A symbolic view of PCB layout for power loop and sense loop . 70

Figure 4.16 A simplified model of PCB layout for power loop and sense loop 70

Figure 4.17 Layout view for power loop and sense loop where layer orders

are given from top layer (Layer 1) to bottom layer (Layer 4) . . . . . . . 70

Figure 4.18 Magnetic field density vectors passing through sense loop cre-

ated by 100 A power loop current . . . . . . . . . . . . . . . . . . . . . 71

Figure 4.19 Comparison of power loop currents (ILP
) and induced voltages

(Vsense) for short circuit fault and normal switching . . . . . . . . . . . 72

Figure 4.20 FFT plots of induced voltage (Vsense) for short circuit fault and

normal switching operation (A zoomed version of the circled region is

presented on the same figure at the bottom) . . . . . . . . . . . . . . . 73

Figure 4.21 Magnitude plot of three different low-pass R-C filters . . . . . . 73

Figure 4.22 Experimental setup for SC protection test including a DSP board,

a control board, a mother board and the half-bridge board . . . . . . . . 74

Figure 4.23 Unexpected turn-on of a GaN HEMT starts SC fault: Timing

waveform of SC protection mechanism under 400 V bus voltage where

Vgs and Vds are the gate-source and drain-source voltage of bottom

switch, Vsense is the induced voltage on PCB layout, Vfilter is the low-

pass filtered form of Vsense, Vref is the threshold level of SC signal and

Vcomp is the scaled output of comparator IC. . . . . . . . . . . . . . . . 76

Figure 4.24 Bottom side transistor drain-source voltages for hard and soft

turn-off situations under 50 V DC bus voltage SC test . . . . . . . . . . 77

xix



Figure 4.25 Induced voltage (Vsense) and filtered waveforms (Vfilter) for SC

fault under varying DC bias levels . . . . . . . . . . . . . . . . . . . . 77

Figure 4.26 Double Pulse Test (DPT) waveforms: applied pulses to the gate-

source terminals of control & synchronous switches, the load current & volt-

age waveforms and induced voltage (Vsense) and its filtered form (Vfilter) 79

Figure 4.27 Filtered waveforms of induced voltage (Vfilter) for DPT under

varying DC bias levels and loading conditions . . . . . . . . . . . . . . 80

Figure 4.28 Comparison of FFT plots of induced voltage (Vsense) and its

filtered form (Vfilter) under SC fault and for normal switching conditions 80

Figure 4.29 Different sense techniques to detect SC fault . . . . . . . . . . . 83

Figure 4.30 Single device thermal network . . . . . . . . . . . . . . . . . . 84

Figure 4.31 Connection of heat-sink and fan on PCB . . . . . . . . . . . . . 86

Figure 4.32 Applied losses in thermal tests . . . . . . . . . . . . . . . . . . 87

Figure 4.33 Measured heat-sink and estimated junction temperatures . . . . . 87

Figure 5.1 Logic diagram of the design of a bi-directional non-isolated

DC/DC converter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Figure 5.2 Bi-directional DC/DC converter scheme where A and B ports

can be configured as input or output . . . . . . . . . . . . . . . . . . . 91

Figure 5.3 Sample moments of quasi-square wave zero voltage switching

showing switching characteristic for buck mode operation . . . . . . . . 92

Figure 5.4 Steps of quasi-square wave zero voltage switching defined in

Fig. 5.3 for buck mode operation . . . . . . . . . . . . . . . . . . . . . 93

Figure 5.5 Achieving soft switching at turn-on with parallel connected devices 94

Figure 5.6 Simulation results showing zero voltage switching for high side

switch at turn-on . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

xx



Figure 5.7 Definitions of E shaped magnetic core . . . . . . . . . . . . . . 97

Figure 5.8 Loss comparison of different magnetic cores . . . . . . . . . . . 99

Figure 5.9 Fill factor comparison of different magnetic cores . . . . . . . . 100

Figure 5.10 View of inductor . . . . . . . . . . . . . . . . . . . . . . . . . . 100

Figure 5.11 Interleaved inductor currents and output current . . . . . . . . . 101

Figure 5.12 Maximum current carrying capability of SMD film capacitor,

LDEPH3220KA5N00 . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Figure 5.13 Maximum current carrying capability of through hole film ca-

pacitor, BFC238320684 . . . . . . . . . . . . . . . . . . . . . . . . . . 103

Figure 5.14 Experimental setup of the bi-directional DC/DC converter . . . . 103

Figure 5.15 Bi-directional DC/DC Converter with 1.03 l volume . . . . . . . 104

Figure 5.16 Thermal measurement points over the inductors . . . . . . . . . 105

Figure 5.17 Applied currents on the inductors for thermal tests . . . . . . . . 106

Figure 5.18 Steady-state temperature results of inductors for varying switch-

ing frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Figure 5.19 The temperatures of different components under constant ripple

(20A, 450 kHz), varying average current over inductor . . . . . . . . . 107

Figure 5.20 The temperatures of different components under constant aver-

age (5.8A), varying ripple current magnitude (450 kHz) over inductor . 107

Figure 5.21 The view of the converter with the fan placed for cooling passive

components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

Figure 5.22 Inductor current for 15% load and full load of buck operation . . 110

Figure 5.23 Temperature change of GaN HEMTs and inductors for varying

loading conditions of buck mode operation . . . . . . . . . . . . . . . . 111

xxi



Figure 5.24 Output voltage ripple under rated load conditions . . . . . . . . 112

Figure 5.25 Efficiency curve of buck mode operation based on electrical

measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

Figure 5.26 Inductor current for 15% load and full load of boost operation . 113

Figure 5.27 Temperature change of GaN HEMTs and inductors for varying

input current of boost mode operation . . . . . . . . . . . . . . . . . . 114

Figure 5.28 Thermal camera view of the converter under full load for the

boost mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Figure 5.29 Output voltage ripple under rated load conditions . . . . . . . . 115

Figure 5.30 Efficiency curve of boost mode operation based on electrical

measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Figure 6.1 Comparison of DC/DC converters proposed in the literature . . . 120

Figure A.1 You can access the appendix documents via this QR code . . . . 138

xxii



LIST OF ABBREVIATIONS

ABBREVIATIONS

GaN Gallium nitride

Si Silicon

HEMT High electron mobility transistor

DC Direct current

AC Alternative current

WBG Wide band-gap

SiC Silicon carbide

AlGaN Aluminium gallium nitride

2DEG Two dimensional electron gas

MOSFET Metal oxide semiconductor field effect transistor

d-mode Depletion mode

e-mode Enhancemenet mode

IC Integrated circuit

SC Short circuit

SCP Short circuit protection

ZVS Zero voltage switching

QSW Quasi-square wave

ZVRT Zero-voltage resonant-transition

DUT Device under test

PCB Printed circuit board

CSI Common source inductance

EMI Electromagnetic interference

xxiii



GIT Gate injected transistors

STO Soft turn-off

HTO Hard turn-off

CrCM Critical conduction mode

PWM Pulse width modulation

G Gate

D Drain

S Source

SS Kelvin source

DPT Double pulse test

GND Ground

FEA Finite element analysis

PTC Positive temperature coefficient

HSF Hard switching fault

KVL Kirchhoff’s voltage law

µC Micro-controller

EN Enable

BJT Bipolar junction transistor

CMTI Common mode transition immunity

FFT Fast fourier transform

DSP Digital signal processor

TIM Thermal interface material

LFM Linear feet per minute

CFM Cubic feet per minute

QT High side transistor

QB Low side transistor

MLT Mean length turn

xxiv



SMD Surface mount design

TH Through hole

GWHz Gigawatt-Hertz

xxv



LIST OF VARIABLES

µ Electron mobility

Vds Drain-to-source voltage

Vgs Gate-to-source voltage

Vgd Gate-to-drain voltage

Cgs Gate-to-source capacitance

Cgd Gate-to-drain capacitance

Cds Drain-to-source capacitance

Ciss Input capacitance

Crss Transfer capacitance

Coss Output capacitance

Qgs Gate-to-source charge

Qg Gate charge

Ids Drain-to-source current

Rds−on On state resistance

Rg Gate resistance

Rext External resistance

Rint Internal resistance

Pg Gate loss

PR,ext Loss on external gate resistance

PTR Loss on internal gate resistance

TTR Transistor temperature

PGD Loss on gate driver

TGD Gate driver temperature

xxvi



VON On state gate voltage

VOFF Off state gate voltage

Vth Threshold voltage

fsw Switching frequency

Φ Flux linkage

Eoss Stored energy on output capacitance

Lg Gate loop inductance

Lsin Internal inductance of source pin

Ldin Internal inductance of drain pin

Lgin Internal inductance of gate pin

Ron Turn-on resistance

Roff Turn-off resistance

Rcom Common resistance

Tj Junction temperature

Tamb Ambient temperature

Lload Load inductance

Iload Load current

Vch Channel voltage

Ich Channel current

tdead Dead time

Cbypass Bypass capacitor

Cbus DC-link capacitor

Vbus DC-link voltage

fosc Oscillation frequency

Lcon Connection inductance

Vsense Induced sense voltage

Lsense Sense loop inductance

xxvii



Asense Sense loop area

gm Trans-conductance

M Mutual inductance

MPS Mutual inductance between power loop and sense loop

Vref Reference voltage

Rb Base resistance

~B Flux density

~Bac AC flux density

~Bdc DC flux density

~Bpeak Peak flux density

ISC Short circuit current

~J Current density

ε Induced voltage

Rf Filter resistance

Cf Filter capacitance

Vcomp Comparator output voltage

Vfilt Filter output voltage

RJ−C Junction to case thermal resistance

RTIM Thermal resistance of thermal interface material

RHS−A Heat sink to ambient thermal resistance

Rtotal Total thermal resistance

Atotal Total TIM area

αTIM Thermal resistance per inch square of TIM

VIN Input voltage

VOUT Output voltage

∆Icap The ripple current passing through output or input filter capac-

itor

xxviii
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CHAPTER 1

INTRODUCTION

The history of power electronics is merged into the history of power semiconduc-

tor technology when the first solid-state power semiconductor device is invented in

the early 1900s. The most critical parameters of a power electronics product such

as efficiency, size, and the range of the regulation capability are mostly limited with

the capabilities of power semiconductors. Over the last 60 years, Silicon (Si) based

power semiconductors dominated the field and led to a huge development in power

electronics. In recent years, designers highly achieved the limits of Si power semi-

conductors and new types of semiconductors have been required to further improve

power electronics technology. With their superior characteristics over Si, wide band-

gap (WBG) semiconductors revived the hopes for better power electronics outcome.

Silicon-carbide (SiC) and Gallium-Nitride (GaN) based power semiconductors are

now available and they are highly addressed by different types of power electronics

applications with tight requirements. This thesis focuses on particularly GaN power

devices in terms of their characterization and applications.

In this chapter, the motivation and problem definition is given by citing former studies

related to characterization and applications of GaN transistors. Then, the contribution

of each chapter is explained in detail in an outline format.

1.1 Motivation and Problem Definition based on Literature Survey

Wide band-gap (WBG) transistors introduce significant improvement possibilities

for power electronics applications. Either Silicon-Carbide (SiC) or Gallium-Nitride

(GaN) has a wider band-gap in comparison to Silicon (Si) devices which leads to
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Figure 1.1: Comparison of Si, SiC, and GaN for power semiconductor applications

[1]

smaller power semiconductors for the same voltage rating. The superior characteris-

tic of WBG transistors is not limited to the high electric break-down field. A com-

parison scheme is presented in Fig. 1.1 where five different specifications are given

for Si, SiC, and GaN material. High break-down strength of a device enables to make

the device more compact [1]. As a result of compactness, the on-state resistance de-

creases, the parasitic in-package inductance decreases, the parasitic capacitance also

decreases, so the switching speed of the device increases. Moreover, higher saturated

electron velocity leads to better switching performance [1]. However, it is required to

understand the characteristics of the GaN power device in more detail and required

to verify the performance characteristics under different operating conditions such as

different bias voltage levels and different junction temperatures.

The structure of the device is one of the most important parameters affecting the char-

acteristics. In contrast to Si transistors which gain conductivity via doping regions,

GaN transistors gain the conductivity via piezoelectricity. The crystal structure of

GaN brings piezoelectric characteristics which help to achieve very high conductivity

in comparison to other types of semiconductor materials [2]. A thin layer of AlGaN
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Figure 1.2: Simplified cross section of a GaN/AlGaN heterostructure showing the

formation of a 2DEG [2]

on top of GaN crystal creates a strain at the contact region and accumulates negative

charge which can move freely as given in Fig. 1.2. The accumulated negative charge

is called two-dimensional electron gas (2DEG) and it is the reason behind high con-

ductivity. Comparing the body diode of Si MOSFETs created by p-n junctions to the

2DEG of A GaN transistor, an electron can move in both directions in 2DEG. There-

fore, GaN transistors do not include a body diode and do not suffer from weak points

of body diodes like reverse recovery charge.

Since the GaN crystal is conductive through the interface with AlGaN, the 2DEG

channel stays normally ON. In order to control the conductivity, a depletion-mode

(d-mode) gate is placed on top of AlGaN material to deplete electrons accumulated

in GaN crystal as shown in Fig. 1.3. The channel is not conductive as long as a neg-

ative bias is applied to the gate. However, due to reliability concerns, normally OFF

transistors are preferred for power electronics applications. Normally OFF transistors

under zero gate bias are known as enhancement-mode (e-mode) transistors. In or-

der to have a normally OFF channel, a d-mode GaN transistor is connected in series

with an e-mode Si MOSFET as presented in Fig. 1.4. This type of device is named

Cascode GaN transistor and they are available on the market. It is advantageous to

use Cascode GaN transistors as long as the bias voltage is higher than 200 V because

the on-state resistance of Si MOSFET gets comparable with channel resistance of

d-mode GaN transistor if the voltage rating is lower than 200 V [2]. Cascode GaN

transistors are also advantageous with their inherent p-n junction at Si MOSFET. This

p-n junction can be used as a free-wheeling diode with a lower forward voltage drop.
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Figure 1.3: Control of the conductivity by a depletion-mode gate structure [2]

Figure 1.4: An e-mode Si MOSFET is connected in series with a d-mode GaN tran-

sistor [2]

Additionally, the gate threshold voltage for cascode transistors is the same with tra-

ditional levels, so it enables to use of regular gate-driver integrated circuits (ICs).

However, the main problem of this type of device is the packaging [3]. In addition

to power loop inductance, high package inductance is responsible for gate ringing

[3], high voltage induction, high switching loss [1], and electromagnetic interference

(EMI) problems.

Another way to get an e-mode gate structure is by having a pGaN gate. In this struc-

ture, a positively charged GaN layer is placed on top of the AlGaN layer as given

in Fig. 1.5. The positive built-in voltage of the pGaN layer, i.e. threshold voltage,

has to be overcome to get a fully conductive channel [2]. In this thesis, all of the

studies are conducted with e-mode pGaN gated GaN High Electron Mobility Transis-

tors (HEMTs). Transistors, GS66508T and GS66508B have 650 V, 30 A voltage and

current ratings [4, 5].
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Figure 1.5: Normally OFF structure with a pGaN gate [2]

An important measure of transistor quality is being able to operate with the same

characteristic though the varying operating conditions such as temperature and bias

voltage change. Junction temperature is a key factor affecting the performance of

GaN transistors. Even though the threshold voltage is relatively stable over temper-

ature for GaN devices [1, 2], the electron mobility (µ) of e-mode GaN HEMTs de-

creases significantly with temperature, so the on-state resistance is degraded [3]. An

increase in the on-state resistance could increase conduction losses and easily invali-

date the thermal cooling design. However, under a short-circuit (SC) fault condition,

an increase in on-state resistance can limit the peak of SC current which improves the

SC ruggedness of GaN HEMTs [3, 6]. Similar behavior is observed in the breakdown

mechanism as well. If the critical electric field is exceeded, the 2DEG is destroyed

which results in a great increase in on-state resistance [2], i.e., open circuit.

In a like manner to junction temperature, the bias voltage is another key factor affect-

ing device performance. The surface charge gets trapped near the drain edge of the

gate terminal when the device stays in the OFF state with an applied drain-to-source

bias voltage (Vds). The trapped charge near the gate behaves as a virtual gate and

weakens the 2DEG until they are released [1]. This phenomenon is called the cur-

rent collapse and the degradation in on-state resistance is proportional to the applied

voltage. It is reported that it takes too long time for charges to return to the initial

state [7]. This problem should have been solved by the manufacturer of the device.

For this purpose, the gate and source field plates are extended towards drain as shown

in Fig. 1.6 to reshape electric field distribution so that a lower amount of charge is

trapped near gate [1].
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Figure 1.6: Redistribution of electric field with extended source and gate field plates

[1]

Figure 1.7: Source of the parasitic capacitances [2]

Extending and placing the plates affect the parasitic capacitances as well. Fig. 1.7

shows the source of parasitic capacitances. Those capacitances directly affect the

switching characteristic and switching losses [8]. There would be no parasitic ca-

pacitance in an ideal case; however, the metal plates with the insulating material

between them acts as a capacitor. For the minimization of package capacitance, the

plates should be manufactured away from each other. The capacitors are shown in

Fig. 1.7 affect switching characteristics differently. The input capacitance (CISS =

CGS +CGD) changes the charging and discharging time constant of gate-source volt-

age, so the dead-time has to be selected accordingly. It also affects the gate loop de-

sign as will be discussed in Section 4.1. The output capacitance (COSS = CDS+CGD)

slows down the transition, so increases the switching loss. The miller capacitance

(CRSS = CGD) builds the feedback path from drain to the gate and unsuccessful

designs can easily fail with a false turn-on fault [9] because of the miller capacitance.

The switching losses are not limited to the overlap losses during charging and dis-

charging the output capacitance. As a matter of fact, the switching losses related
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Figure 1.8: Characterization circuit for Ciss vs Vgs [12]

to output capacitance do not exist for zero voltage switching (ZVS) topologies [10].

For the applications where the switching frequency goes beyond 100 MHz [11], even

though ZVS is applied, the loss caused by charging and discharging current of input

capacitance gets effective. Even though the gate-source charge (QGS) is reported in

datasheets, that charge is characterized for hard switching applications. A charac-

terization method for input capacitance and miller capacitance is proposed in [12].

Utilizing a DC bias and a high-frequency (> 1MHz) AC supply as shown in Fig. 1.8,

the impedance can be characterized by measuring the AC current. This technique

is complicated with the requirement of various supplies and measurement tools. A

simple method based on small-signal input capacitance measurement is proposed by

the author et al. in [13] as will be discussed in Chapter 2.

On the other hand, the characterization of output capacitance might be challenging

with conventional methods. Sawyer-tower is a common method to measure output

capacitance of devices [14, 15]. The device-under-test (DUT) is connected in se-

ries with a reference capacitor and a large sinusoidal voltage is applied. Basically,

the voltage ratio gives the capacitance of the device. However, it is hard to capture

nonlinear output capacitance of a device with only one reference capacitor [16]. A

method is proposed in [16] which utilizes the resonant charging of the output capac-

itor of the device with the help of an inductor. The same method is applied in this

thesis on GS66508T GaN HEMT to characterize output capacitance.

Having characterized the required parameters, it is also important to build a model
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to evaluate device performance. Simulation models are necessary to analyze switch-

ing performance and losses of the device before implementation. Investigation of the

switching behavior of GaN power FETs is important for several reasons. First, the

high switching speed of GaNs makes them more vulnerable to di/dt, dv/dt effects,

and parasitic components. Secondly, e-mode GaNs have reverse conduction capabil-

ity without an intrinsic or external diode [17]. They act as a resistor just like MOS-

FETs in forward conduction mode; however, their behavior in reverse conduction

mode is different from the forward conduction, varying with the applied gate-source

(Vgs) voltage. Therefore, turn-on and turn-off characteristics are dependent on applied

gate-source voltage. In half-bridge configurations, a negative gate voltage is usually

required to avoid false turn-on, which results in a much higher on-state voltage when

the device is not actively turned-on during dead-time [9]. Another reason for study-

ing the switching behavior of GaN is that their switching loss and reverse conduction

loss model are not the same as Si MOSFETs. Although the dead-time period and its

effects on power loss calculations are usually ignored in other applications, it may

affect the converter efficiency significantly in e-mode GaN applications [9].

Several studies have been published regarding e-mode GaN FET modeling. In [18],

the (Ids - Vds), (Ids - Vgs) characteristics and dynamic on-state resistance (Rds−on)

behavior of e-mode GaNs are obtained using curve fitting from experimental data.

An analytical model is applied for steady-state behavior with temperature depen-

dency and for the dynamic response with varying input and output capacitances in

[19]. A mode-by-mode analysis is investigated in [20] for estimating the switching

losses under various parasitic effects using small-signal models. The false turn-on

phenomenon and its relationship with the applied Vgs voltage are investigated in [9].

Several methods have been proposed for the minimization of the reverse conduction

losses such as using a Schottky diode in parallel with the synchronous GaN transistor

[9].

Characterization of the device is not sufficient to ensure device behavior because the

switching performance is also related to circuit dynamics. The layout parasitics on a

printed circuit board (PCB) can increase the switching losses [1] and even can cause

a short circuit fault [9]. The two most important loops on a layout are the power loop

and the gate loop. Slow transition and voltage overshoot across drain-source termi-
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Figure 1.9: CSI causes oscillation on gate under high dI/dt [2]

nals are two main disadvantages of power loop inductance [2]. Similarly, gate loop

inductance is responsible for gate voltage oscillation. An oscillation in Vgs voltage

causes an oscillation in the trans-conductance of the device. Therefore, the device

current oscillates and results in EMI problems. Also, high gate loop inductance is the

main reason for false turn-on fault [9]. Another important parasitic is the common

source inductance (CSI) which is the path shared by both the gate loop and the power

loop [2] as given in Fig. 1.9. The CSI makes both the power loop and the gate loop

worse. Additionally, it makes the gate loop sensitive towards a high dI/dt of drain

current. In order to overcome the problems caused by CSI, a secondary source pin as

known as Kelvin Source has been utilized in some transistors [1]. Separating source

terminals for the gate loop and power loop helps to achieve minimum CSI.

It is sometimes necessary to connect transistors in parallel to increase current capabil-

ity and also for better heat flux distribution on a heat-sink, where all paralleled devices

are mechanically assembled [21]. However, parasitic inductance gains much more

importance when device paralleling is applied. The undesired effects of parasitic in-

ductances ease for soft switching applications. The loss distribution among paralleled

devices occurs with respect to their on-state resistance [22] for soft switching cases.

On the contrary, parasitic inductances are extremely effective for loss distribution and
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operation safety of hard switching applications [23]. The minimization of parasitic

inductances is not enough for paralleling applications. Parasitic inductances also have

to be evenly distributed among parallel-connected switches [23, 24]. A 10 nH differ-

ence in power loop and gate loop inductances can cause 30% unbalance on current

[25]. Thanks to the positive temperature constant of GaN HEMTs [3], parallel GaN

transistors are able to self-regulate which needs to be assisted by careful design.

The proper design has to be reliable in terms of thermal loading and fault tolerance.

GaN HEMTs have superior performance in comparison to Si and SiC devices. How-

ever, the reliability of GaN HEMTs is weak in comparison to other transistors in terms

of their short-circuit (SC) ruggedness. The critical SC energy of p-GaN HEMTs is

2-3 times lower than cascade GaN transistors and 30 times lower than SiC MOSFETs

[3, 26]. In addition, GaN HEMTs are extremely susceptible to circuit noise due to

their low threshold levels [27]. This sensitivity requires a very careful layout design

in order to eliminate the risk of false turn-on, [9], which can trigger an SC fault.

In order to maintain safe operation, a fast and reliable SC detection method is neces-

sary. The protection technique should be capable of detecting the fault and clearing it

in less than 500 ns if the DC bus voltage is higher than 350V [28]. There are several

methods reported in the literature satisfying these requirements.

The most common method is adding a series resistor or a current sensor in series with

GaN HEMTs to follow SC current [29]. A series resistor should be small enough

to minimize power loss but in this case, the sensed voltage gets lower and can be

distorted easily [27]. The current sensors are not practical because they do not have

enough current range or enough bandwidth for SC detection [30]. Also, adding a

component in series increases the power loop inductance and reduces the switching

performance [6].

Another method commonly referred to is the desaturation technique which is used for

sensing drain-source terminal voltage of GaN HEMTs. This technique suffers from

its long settling time [6, 29, 31, 32]. Moreover, the diodes add capacitive loading

in parallel with the output capacitance of transistor and it increases the switching

losses [31]. Lastly, due to the high-temperature dependence of conductivity [3], it is

hard to set a reference level for the desaturation technique [30].
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Developed solutions are proposed in [6, 28, 31, 33]. The relation between gate cur-

rent and drain current of GaN Gate Injected Transistors (GITs) is used for detecting

SC fault in [31]. However, this is not applicable for GaN HEMTs because of their

voltage driven gate structure. In [28], a sharp decrease in by-pass capacitors voltage

is detected for identifying SC fault and the desaturation technique is applied to ver-

ify it. However, this method is incapable of detecting SC for variable DC voltages

and it includes the disadvantages of desaturation technique such as increased output

capacitance. In both [6] and [28], a soft turn-off (STO) mechanism is successfully

adapted to prevent GaN HEMTs from an over-voltage breakdown risk. In [6], the

drain-source voltage is sensed similar to the desaturation technique which has similar

disadvantages: increased output capacitance and relatively hard identifiable threshold

levels due to temperature dependency. In [33], a discrete protection circuit similar to

[6] is proposed for GaN HEMTs with specific dual-gate pads. The dual-gate pads are

utilized for the gate driver circuit and soft turn-off circuit separately for the relaxation

of space limitations on PCB design.

Another technique is sensing the voltage on the PCB layout inductance induced by

high dI/dt of the SC current. It is capable of detecting SC fault faster than the

desaturation method and as a result, the maximum fault current is reduced by almost

20% [34]. This method is applied in [35] by the authors on a simple prototype and it

is capable of detecting the fault in a couple of dozen nanoseconds. However, sensing

the voltage across an inductance arises the suspicion of increased layout parasitics

and sensing the voltage across a common source inductance like in [30] is criticized

for deteriorating the layout parasitics, [6].

Moreover, few publications are focusing on the SC faults for parallel connected de-

vices. In [36], the effect of parameters such as gate resistance and common source

inductance over current sharing of parallel-connected IGBTs are discussed for hard

switching fault (HSF) and fault under load (FUL). In [37], the gate oscillation of

parallel-connected Si and SiC MOSFETs during the turn-off under an SC fault is

investigated. It is pointed that the gate oscillation between parallel-connected tran-

sistors could reshape the unbalance of current sharing or even cause a false turn-on.

This might be a concern for parallel-connected GaN HEMTs unless a soft turn-off is

applied to remove SC fault.
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In this thesis, a similar method to [35], sensing the voltage across by layout inductance

is applied on a more developed half-bridge design where transistor paralleling is also

applied for high-power applications. The design is discussed in detail in Chapter 4.

Even though it is possible to construct many different topologies with the half-bridge

board, an example design of a bi-directional DC/DC converter application is per-

formed where the maximization of power density is aimed. The bi-directional DC/DC

converters are widely used as an interface for energy storage systems like batteries for

applications such as telecom, automotive, and space [38, 39]. Based on the require-

ment of the application, the bi-directional DC/DC converter can be selected as an

isolated or non-isolated topology. Unless the galvanic isolation is a must for the oper-

ation, the non-isolated topologies are more advantageous in terms of simplicity, cost,

and the number of components [38, 40].

Further, today’s trend with increasing demand is having compact, lightweight, small-

sized power converters that give no option but increasing the switching frequency

[41]. However, the increased switching frequency results in higher switching losses,

reduced efficiency [41], and more importantly increased cooling component size. In

order to overcome these problems, zero voltage switching (ZVS) turns into a must for

bi-directional DC/DC converters.

The most common non-isolated bi-directional DC/DC converter is the buck/boost

type converter with synchronous (synch.) switching. The high efficiency and simple

structure of this topology [42] draw the attention. However, the most limiting factor

of the synchronous buck/boost converter is the reverse recovery losses of the synch.

switch’s body diode especially for higher voltage applications. For example, synch.

switches are hardly found in applications with 200 V and higher voltage ratings since

the reverse recovery causes much more losses for higher voltage ratings [43]. The

problem of reverse recovery is the stepped-up switching current of the main switch

and also synch. switch and electromagnetic interference (EMI) caused by a sharp

increase of reverse recovery current [41, 43, 44].

In order to deal with the reverse recovery phenomenon, ZVS can be implemented as

it was required for high-frequency applications where compactness of the converter

is aimed. The ideal switching operation is: all switches’ body diodes conduct prior to
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turn-on of the switches’ channels, and all switches turn off with inductive load instead

of capacitive load [43]. Fortunately, GaN HEMTs are now available on the market

and they do not suffer from reverse recovery. However, the increase in switching

frequency is still advantageous for compactness, so ZVS is required even for GaN

HEMTs to reduce cooling component size.

There are three main methods for achieving ZVS on a bi-directional DC/DC con-

verter. Adding extra active components for having resonant tanks, utilizing quasi or

multi resonant converter at the cost of high peak voltage stress over switches, and

lastly, lowering the inductance so that the inductor current can flow in both direction

in a switching cycle and charges/discharges output capacitance of switches [38]. The

last method is also called the quasi-square wave (QSW) ZVS method. In this thesis,

the ZVS is achieved with the QSW ZVS method.

In the literature, achieving soft switching with low inductance is well discussed with

pros and cons. Firstly, having low inductance results in increased current ripple,

i.e. at least twice the average current, which causes much more conduction losses

[38, 39, 44, 45]. A more circumspect solution would be preferring critical conduc-

tion mode (CrCM) switching where the main switch is turned on when the inductor

current crosses the zero. The main disadvantage of the CrCM is the requirement of a

long resonant period which limits the increase in switching frequency. Nevertheless,

a coupled inductor design would help to increase resonant current so that the resonant

period shortens. A well-prepared design where coupled inductors are used for CrCM

switching with GaN HEMTs is presented in [39] for 1.2 kW application at 1 MHz

switching frequency. Moreover, it is still possible to apply quasi-square wave (QSW)

ZVS at the cost of high current ripple [43]. [45] utilizes QSW ZVS; in other words,

zero-voltage resonant-transition (ZVRT), for a GaN HEMT based 25 W converter ap-

plication at 3 MHz switching frequency. Additionally, even though it is a different

topology aiming DC to AC conversion, the finalist applications of the Google Lit-

tle Box challenge were using dual-buck H-bridge topology where ZVS is similarly

achieved by allowing negative valley current [46].

In this thesis, a 5.4 kW bi-directional DC/DC converter with QSW ZVS is designed

with GaN-based half-bridge prototypes. The converter utilizes two half-bridges to
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cancel out inductor current ripple so that output voltage ripple and capacitor ESR

losses [45] would be reduced.

1.2 Outline of Thesis and Contributions

Chapter 2 proposes a simple method to characterize the gate charge for soft switching

applications. The characterized gate charge is compared with the charge reported in

the datasheet and with the exact value derived by thermal experiments. It is shown

that the gate charge deviates from datasheet values under a soft-switching situation.

Furthermore, the output capacitance of a GaN HEMT is characterized and compared

with datasheet value. Five different samples have been measured by the proposed

method and the effect of output capacitance on switching losses is discussed.

In Chapter 3, a hybrid model has been proposed for the investigation of steady-state

behavior and the switching transients of e-mode GaN power FETs. The state trajec-

tories of the device during the turn-on and turn-off periods are obtained. The active

turn-on and passive turn-on characteristics of the device are investigated on a double

pulse test circuit. The effect of varying device capacitances and parasitic inductances

on these trajectories and their possible outcomes are studied. In addition, the effect

of the temperature and circuit parameters on the turn-on and turn-off characteristics

are investigated.

Chapter 4 points out the importance of careful layout design for the power loop and

the gate loop. Additionally, the layout design requirements for parallel-connected

transistors are discussed. A practical example is given where the optimization of

layout parasitics is performed using finite-element-analysis tools. Moreover, a novel

short-circuit (SC) protection method is proposed and experimentally verified. The

proposed ultra-fast SC protection technique is implemented on an industrial level

half-bridge design where transistor paralleling is applied. Lastly, thermal design is

performed to obtain maximum power density on the same half-bridge board. The

designed half-bridge boards can be adapted to a different type of applications easily.

In Chapter 5, a bi-directional, zero-voltage resonant-transition (ZVRT) based DC/DC

converter is implemented with designed half-bridge boards. The DC/DC converter
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pushes the limits of GaN HEMTs with 400 V input voltage level where the switching

frequency goes up to 450 kHz. The total power rating is around 5.4 kW and the

power density is measured as 5.24 kW/l. Moreover, high ripple current introduced by

the nature of quasi-square wave zero voltage switching is managed by interleaving.

Careful magnetic design has been performed to overcome losses on filter inductors

caused by high ripple and high frequency.

Finally, Chapter 6 explains the outcome of each chapter and gives the conclusion.
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CHAPTER 2

GATE CHARGE AND OUTPUT CAPACITANCE CHARACTERIZATION

Being a novel device, Gallium-Nitride (GaN) High Electron Mobility Transistors

(HEMTs) are subject to many types of tests to understand the nature of these devices

more clearly. Even though manufacturers are publishing characteristics of a device,

the data is valid only for certain conditions. Therefore, it might be necessary to char-

acterize the device for sophisticated designs where the data-sheets do not provide all

information.

In this chapter, the characterization of gate charge and output capacitance of GaN

HEMT are studied. The datasheet provided gate charge value is valid only for hard

switching cases and it might deviate from the actual one for soft or quasi-soft switch-

ing applications. Besides the gate charge, output capacitance is often characterized

by impedance matching. Implementation of an alternative solution is given where

output capacitance of a GaN HEMT is measured with a method based on nonlinear

resonance [16]. These two characterization techniques are applied on a GaN HEMT,

GS66508T (650V, 30A) device of GaN Systems.

2.1 Gate Charge Characterization

There are losses on a switching device caused by the conduction or the switching.

Most of the time switching losses are calculated for drain-source current and voltage

waveforms. In order to clear off these switching losses, soft switching topologies are

used. However, for GaN HEMTs, the frequency of switching can rise up to several

dozens of MHz range for a low power soft switching application and it can go beyond

100 MHz for Class type amplifier applications [11]. In this case, the losses on the
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Figure 2.1: Push-pull type gate driver connected to GaN HEMT

gate might also be effective because of the increased switching frequency. The gate

loss of a GaN HEMT can be estimated by using gate charge (Qg) if the gate loop is

modeled with a voltage supply, path resistance, and gate capacitance as given in Fig.

2.1. Instead of using the gate charge in the datasheet, the gate charge can be extracted

by the integration of small-signal capacitance over the gate voltage as shown in (2.2).

For this purpose, the small-signal capacitance is measured at 1 MHz by an impedance

analyzer E4990A as presented in Fig. 2.2. For a hard-gating (push-pull) type gate

driver operation, total gate loss (PG) is the sum of the power losses on gate driver

(PGD), on external gate resistance (PR,ext) and on internal gate resistance (PTR) as

given in (2.3). While the losses on the gate driver and external gate resistance heat up

the ambient, the power loss on internal gate resistance heats up the transistor directly.

In order to find internal gate power loss of the transistor, a thermal analysis has been

accomplished and the results of three methods are compared for the total loss.

PG = QG(VON − VOFF )fsw (2.1)

QG =

∫ VON

VOFF

CISS(v)dv (2.2)

PG = PGD + PR,ext + PTR (2.3)

18



0 1 2 3 4 5 6
0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

V G S  ( V )

C ISS
 (p

F) Q G

Figure 2.2: Input capacitance of GS66508T over gate-source voltage

2.1.1 Extracting Gate Loss

In order to find the gate loss of the transistor, it is switched on and off at high fre-

quency with 0Ω external gate resistance by using a gate-driver integrated circuit (IC),

LMG1020 [47], while keeping drain-source as short-circuited to have a soft-switching

situation. Since there is no external gate resistance, the gate loop is highly suscepti-

ble to parasitic inductance. Therefore, the gate driver IC and the transistor should be

placed as close as possible as shown in Fig. 2.3 where only two lossy components

exist in the middle region: the transistor and the gate driver IC. This region is sepa-

rated from the outer part of the PCB with tiny gaps to eliminate heat leakage towards

outside. It is necessary to identify the losses on each component to find actual gate

loss in the transistor. For this purpose, the two-port thermal network given in Fig. 2.4

should be identified.

In order to identify the two-port network, each power loss sources are activated one

by one and for each case, the temperatures of transistor and gate driver noted by a

high-resolution thermal camera, InfraScopeTM 2D MWIR-512 as presented in Fig.

2.5. The goal is to characterize the power losses of each component when their tem-

perature is recorded simultaneously. For this purpose, in the first step, the gate driver
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Figure 2.5: InfraScope 2D MWIR-512 thermal camera and gate loss characterization

PCB connection

output is kept in the low state and the transistor is reverse biased to create some losses

on the transistor. Then, the case temperature of the gate driver IC and the transistor is

recorded as in Fig. 2.6 (a). In the second step, the gate driver output; in other words,

gate-source terminals of the transistor are shorted. Then, the case temperature of the

gate driver IC and the transistor is recorded again, Fig. 2.6 (b). Based on the results,

thermal network matrix is characterized as given in (2.4) where R11 is 174 ◦C/W ,

R12 is 120 ◦C/W , R21 is 120 ◦C/W and R22 is 162 ◦C/W . With this characterized

two-port network it is possible to estimate power losses of each component using

(2.5) if the temperature is known for both the transistor and the gate driver.

Ttr − Tamb

Tgd − Tamb

 =

R11 R12

R21 R22

 ∗
Ptr

Pgd

 (2.4)

Ptr

Pgd

 =

G11 G12

G21 G22

 ∗
Ttr − Tamb

Tgd − Tamb

 (2.5)

Having characterized the two-port network of thermal resistances, the transistor is
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(a) Power loss on the transistor (b) Power loss on the gate driver

Figure 2.6: Heat distribution over PCB when individual losses are applied on GaN

HEMT and gate driver

switched between 0 and 5 V drive levels with a high-frequency PWM signal where

an example waveform is illustrated for 5 MHz in Fig. 2.7. As a result of switching,

the losses are created on the transistor and the gate driver IC. These losses are char-

acterized by measuring the temperatures and they are given in Fig. 2.8 with respect

to the switching frequency.

2.1.2 Comparison and Discussion

In this study, three different methods are proposed to estimate transistor gate loss.

First method is to use (2.1) with the measured gate charge given in Fig. 2.2. In the sec-

ond method, the gate loss is identified by a thermal calibration. The last method cal-

culates gate power loss using (2.1) with the datasheet provided gate charge value. The

results of these three methods for 5 MHz switching frequency with 0-6 V drive levels

and corresponding gate charges are presented in Table 2.1. Since the thermal calibra-

tion method is verified for different switching frequencies with different transistors,

it is considered as the most accurate method. Taking this method as the reference, the

first method deviates 4.9% which is almost three times lower than the deviation of

the third method. It is because the gate charge (QG) given in the datasheet is charac-

terized for hard switching cases where VDS is charged up to 400 V [4]. Clearly, the

equivalent gate charge for a soft-switching case is not identical to the hard switching.

Moreover, even though the second method, i.e. thermal calibration, is the most accu-

rate technique, considering the simplicity, the first method is the most preferable way
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Table 2.1: Comparison of three different gate loss estimation method

First method Second method Third method

Charge extraction Impedance analyzer Thermal test Datasheet

Gate charge (QG) 4.66 nC 4.9 nC 6.1 nC

Gate loss (PG) @ 5 MHz 140 mW 147 mW 183 mW

Percent deviation 4.9% 0% 24.5%

to estimate gate loss of a GaN HEMT under soft-switching condition. The results

also show that only one-third of total gate loss heats up directly the transistor while

the remaining part dissipates on the gate driver and heats up the gate driver IC and

ambient.

2.2 Output Capacitance Characterization

Output capacitance is a measure of transition speed or switching losses for a tran-

sistor. Even though it is not placed in the transistor intentionally, the metal contacts

of drain, source and gate terminals and the electric field between them create a par-

asitic capacitance which slows down the transition. Since this capacitance does not

stay constant with varying voltage, it is important to characterize output capacitance

(Coss) for estimating switching losses.

Manufacturers provide the required data and plots regarding Coss by implementing

the Sawyer-Tower electrical measurement method [14, 15]. A high amplitude sinu-

soidal voltage is applied to the device and a reference capacitor is connected in series

with the device. It is aimed to have a reference capacitor such that the device and

the capacitor have the same charges. Therefore, the selection of a suitable reference

capacitor is essential. However, nonlinear change of the Coss overvoltage cannot be

met by the reference capacitor since its capacitance also varies with the temperature

and voltage. In this section, a new Coss measurement technique is based on the res-

onance of a series-connected inductor with the output capacitance, which is applied

successfully in [16], is implemented for characterization of Coss of GS66508T GaN

HEMT.

24



+

L

VDC

IL

+

-

VCCoss

+

-

VL

(a) Circuit

IL

VC

ON OFF

t0 tP t

t

(b) Waveform
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2.2.1 Theory of Output Capacitance Characterization

Instead of using an external high voltage supply, the output capacitor (COSS) is

charged by resonating an inductor that is connected in series with the device as shown

in Fig. 2.9 (a). A small DC voltage (<1V) supply feeds the inductor current when the

device is turned on. Whenever the device is turned-off, inductor current charges the

output capacitance which can reach high voltage easily as illustrated in Fig. 2.9 (b).

By measuring the voltage on the device, the output capacitance can be characterized

by using circuit parameters.

Inductor current formula is given in (2.6) where Io is the peak current that inductor

reached when it was charged. This equation can be turned into (2.8) by using (2.7)

which is valid where VDC << VC .

IL(t) = Io +
1

L

∫ t

to

VL(t)dt (2.6)

VL(t) = VDC − VC(t) ∼= −VC(t) (2.7)

COSS(VC)
dVC(t)

dt
= Io +

1

L

∫ t

to

−VC(t)dt (2.8)
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By manipulating the Lenz’s Law (2.9) using (2.7), the flux on the inductor can be

linked with the output capacitor voltage. The differential form in (2.9) can be replaced

by an integration as given in (2.10) where total flux linkage (Ψ(to)) equals to LIo. As

a result, (2.8) turns into output capacitance equation (2.11) by using (2.10).

VC(t) =
dΨ

dt
(2.9)

LIo =

∫ tp

to

VC(t) (2.10)

COSS(VC) =

∫ tp
to
VC(t)−

∫ t

to
VC(t)dt

LdVC(t)
dt

(2.11)

2.2.2 Experimental Results of Output Capacitance Characterization

In order to verify the theory, a PCB is designed for output capacitance characterization

as presented in Fig. 2.10. An inductor, 74437529203151 [48], with 150 µH induc-

tance is connected in series with GS66508T GaN HEMT. The inductance is charged

for 195 µs under 530 mV DC bias. Turning-off the transistor, drain-to-source voltage

is charged by resonance up to 550 V as shown in Fig. 2.11.

The tests are conducted for 5 different samples and the characterized capacitances are

given in Fig. 2.12. The results match with the datasheet information, [4], where the

differences are observed sample to sample.

The output capacitance of the device is charged and discharged in each cycle. The

energy stored on the output capacitance creates power loss for hard switching applica-

tions. This energy can be calculated by (2.12). The stored energy (EOSS) is calculated

using COSS vs VDS plots for five samples and the datasheet as given in Fig. 2.13. In

addition, the reported EOSS as 8 µJ in the datasheet for 400 V is also marked on the

figure 2.13. The integrated energy of the datasheet waveform deviates from samples

as voltage gets higher. Moreover, the reported energy for 400 V in the datasheet does

not match with the integrated energy of the datasheet capacitance waveform. Con-

26



Inductor

GaN HEMT

Figure 2.10: PCB designed for output capacitance characterization of GS66508T

GaN HEMT

0 , 0 0 0 , 1 5 0 , 3 0 0 , 4 5 0 , 6 0 0 , 7 5 0 , 9 0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

T i m e  ( µs )

V ds
 (V

)

- 6

- 4

- 2

0

2

4

6
V gs

 (V
)

Figure 2.11: Experimental results of output capacitance characterization tests
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trary to the integration of datasheet waveform, extracted energies of the samples have

a good match with the reported value.

EOSS(V ) =

∫ VDS

0

V COSS(V )dV (2.12)

Experimental results show that this method is a fast and easy way to characterize the

output capacitance. Nonmandatory high voltage power supply and reference capac-

itance selection are advantages of this technique. Moreover, it is possible to detect

if the transistor experiences the same capacitance during charging and discharging.

Even though the charging and discharging curves are symmetrical for GS66508T,

some transistors have asymmetric voltage curves which cause another loss mecha-

nism as reported in [16]. That asymmetry cannot be revealed by the Sawyer-Tower

method.

In summary, this chapter focuses on the characterization of gate charge and output

capacitance. In the first part, gate loss is characterized by three different methods

and compared with each other. The results show that the datasheet provided gate

charge is only valid for the hard-switching case and deviates from the actual value

with 25% error. In the second part, the output capacitance and the stored energy
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Figure 2.13: Stored energy on the output capacitance

of the GaN HEMT transistor are characterized by using a method proposed in the

literature. Though the minor differences, the method gives a compatible result with

the datasheet. The characterized output capacitance will be used for determining the

dead-time period in Chapter 5.
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CHAPTER 3

SWITCHING CHARACTERISTICS

Investigation of switching behavior of Gallium Nitride (GaN) power Field Effect

Transistors (FETs) is important for several reasons. Initially, the sharp change in

di/dt and dv/dt of GaN HEMTs make them susceptible to parasitic components.

Secondly, e-mode GaNs are able to conduct in the reverse direction without an intrin-

sic body diode [17]. Though their resistive behavior in forward conduction mode like

MOSFETs, they act differently in reverse conduction mode since the source-drain

voltage depends on the gate-source bias level. As a result, both turn-on and turn-off

characteristics are dependent on applied gate-source voltage. In order to inhibit an

unintended turn-on during dead time, a negative gate bias is applied in half-bridges

[9] which causes much higher dead-time losses. Moreover, studying the switching

characteristics of GaN HEMTs is also important to understand the loss model sepa-

rately for forward and reverse conduction modes because they are not the same as in

Si MOSFETs. While estimating the switch losses, the dead-time period and power

dissipation in that period could be ignored for Si MOSFETs but this may have a sig-

nificant effect on the efficiency of e-mode GaN applications [9].

Switching characteristics of GaN HEMTs depend on several factors such as layout in-

ductance on the gate loop (Lg) and the power loop (Lp), operating DC voltage (VDC)

because it changes the output capacitance (Coss), junction temperature (Tj), in-package

inductances of transistor (Lsin, Ldin), applied gate voltage levels (VON , VOFF ) and

turn-on & turn-off resistances (Ron, Roff ).
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3.1 Modelling GaN HEMTs

In this study, a hybrid model is proposed as shown in Fig. 3.1. In this model, the

channel characteristic is modeled by a dependent current source, which varies with

gate-source voltage, drain-source voltage, and temperature. The blue branch in Fig.

3.1 indicates the device channel where its current and voltage equals to Ids and Vds in

steady-state, respectively. The analysis during the switching transients will be located

onto these steady-state characteristics to show the regions that device operates during

these transient periods as presented in Section 3.2. Moreover, the Kelvin source pin

(SS) is included in the model to analyze the switching behavior clearly. Since the

Ids current flows through the source pin and since GaN FETs are able to switch fast,

which results in a high di/dt ratio, the gate-source voltage is distorted because of the

source parasitic inductance, in other words, common source inductance [2]. Thus,

using the Kelvin source pin increases the stability reducing channel to gate feedback.

The equations used for steady-state models are shown in (3.1) and (3.2) for forward

conduction and reverse conduction modes, respectively. These equations correspond

to the Ids − Vds curves of the device and the dynamic Rds−on, derived from the man-

ufacturer’s models. The logarithmic multiplier of the equations represents the trans-
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conductance of the device where Vth is the threshold voltage. The fractional multiplier

represents the region in which the device is operating; i.e., active region or ohmic re-

gion. Using this model, both the steady-state and transient behavior of the channel is

obtained.

Ids = K1(T ) ln(1 + e
Vgs−Vth

K2 )
Vds

1 + max(K4 +K5(Vgs +K9), K7)Vds
(3.1)

Ids = −K1(T ) ln(1 + e
Vgd−Vth

K8 )
Vsd

1 + max(K4 +K5(Vgd +K9), K7)Vsd
(3.2)

To show the accuracy of the steady-state models, Ids vs Vds characteristics of the

selected device (GS66508T from GaN Systems) with varying Vgs voltage is obtained

in both forward and reverse conduction regions at 25◦C, and plotted side-by-side with

the actual characteristics given in the datasheet of the selected device [5] in Fig. 3.2

and in Fig. 3.3 [8]. As shown in the figures, the reverse conduction behavior is highly

dependent on the applied gate voltage and shows a different behavior at negative gate

voltage. In freewheeling modes, this should make no difference since the applied

gate voltage is positive. However, during dead-time periods, a negative gate voltage

increases the reverse conduction loss, which makes the optimization of the negative

gate voltage and dead-time duration very critical for high-frequency applications.

Secondly, the steady-state behavior of the GaN FETs is dependent greatly on the

temperature, so its performance is affected by the temperature significantly as given

in Fig. 3.4. The trans-conductance of the GaN transistor is nearly halved for every

75◦C increase in junction temperature. Therefore, thermal analysis is required to

investigate the switching behavior more precisely.
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(a) Analytical Model (b) Manufacturer Datasheet [5]

Figure 3.2: Forward conduction characteristics for different Vgs voltages at 25◦C of

junction temperature [8]

(a) Analytical Model (b) Manufacturer Datasheet [5]

Figure 3.3: Reverse conduction characteristics for different Vgs voltages at 25◦C of

junction temperature [8]
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(a) Analytical Model (b) Manufacturer Datasheet [5]

Figure 3.4: Forward conduction characteristics for different junction temperatures at

6V of Vgs voltage [8]

Thirdly, the voltage-dependent parasitic capacitances are modeled using curve fitting

obtained from datasheet [5] and [9]. The resultant curves are given in Fig. 3.5 and

Fig. 3.6. The manufacturer provides the curve for parasitic capacitances with respect

to the drain-source voltage and it is seen thatCISS is constant over VDS voltage. How-

ever, the CISS changes significantly with varying gate-source voltage, and the model

should be constructed by identifying the gate charge. Therefore, in order to model the

dynamic behavior accurately, CISS vs Vgs curve is obtained from the reference graph

given in [9].

3.2 Switching Behavior of GaN HEMTs

For a better understanding of the switching behavior of enhancement mode GaNs, the

turn-on and turn-off behavior of the selected device is investigated with a DPT circuit

as shown in Fig. 3.7 on MATLAB / Simulink platform. The switching behavior

of e-mode GaNs are studied step-by-step using three models: the simplest model

with constant capacitances and without parasitic inductances, the model with variable

capacitances but without parasitic inductances, the most comprehensive model with

variable capacitances and with parasitic inductances.
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(a) Analytical Model (b) Manufacturer Datasheet [5]

Figure 3.5: Package capacitances over VDS voltage [8]

Figure 3.6: Input capacitance over Vgs voltage [8]
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The further simulation results are given for the ratings shown in Table 3.1. These

ratings are selected so that comparable results with datasheet could be obtained.

3.2.1 Model 1: The simplest model with constant capacitances and without

parasitic inductances

For simplicity, the control switch is going to be labeled as “Bottom Switch” and the

synchronous switch is going to be labeled as “Top Switch” from now on, in the DPT

circuit. For Model 1 described above, turn-on and turn-off characteristics of the top

and bottom switches are obtained against time and can be seen in Fig. 3.8.

The drain-source current and the channel current is plotted together to clearly show

the device characteristics. Since the inductances are not included in this model, the

channel voltage is equal to the drain-source voltage in either steady-state or transient.

However, since the capacitors are charged or discharged in transient periods, the chan-

nel current is different from the drain-source current and drain-source current does

not reflect the channel characteristics completely. As shown in Model 1, Fig. 3.8(d),

when the bottom switch is being turned on, the drain-source current and channel

current make an overshoot with different amplitudes. Since the top switch stops con-

ducting, COSS(= Cgd + Cds) of the top switch requires to be charged which results

in a positive current flow through the top switch. When the drain-source voltage of

the top switch increases, the drain-source voltage of the bottom switch decreases, so
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(a) Top switch turn-on (b) Top switch turn-off

(c) Bottom switch turn-off (d) Bottom switch turn-on

Figure 3.8: Switching transients obtained using Model 1 [8]
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Table 3.1: Simulation parameters for switching characteristics

Operating voltage (VDC) 400 V

Internal gate resistance (Rgin) 1.5 Ω

Load current (ILoad) 20 A

Internal Drain Inductance (Ldin) 0.9 nH

Internal Source Inductance (Lsin) 0.9 nH

Gate loop inductance (Lgin) 3.0 nH

Power Loop Inductance (Lp) 7 nH

Turn-on gate resistance (Ron) 10 Ω

Turn-off gate resistance (Roff ) 1 Ω

On-state gate voltage (VON ) 6 V

Off-state gate voltage (VOFF ) -3 V

Junction temperature (Tj) 125◦C

Dead time (tdead) 20 ns

the COSS of the bottom switch discharges, which results in an extra overshoot in the

channel of the bottom switch. Thus, even though the channel of the bottom switch is

activated to discharge the COSS of the bottom switch, only the top switch effect on

the drain-source current is observed. One should note that the main characteristics

observed in Model 1 are important to understand GaN behavior because even though

these characteristics exist in complicated models, it might be hard to catch them with

the presence of oscillations due to parasitic inductances and varying capacitances.

3.2.2 Model 2: The model with variable capacitances but without parasitic in-

ductances

In this step, the capacitance values, which were kept constant previously, are treated

as variable capacitances using the capacitance models presented in the modeling sec-

tion. As shown in Figure 3.5 and 3.6, the capacitances change with respect to the

applied drain-source voltage and gate-source voltage. The turn-on and turn-off char-

acteristics of the top and the bottom switches are obtained against time and can be
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seen in Fig. 3.9.

In Model 2, again the drain-source voltage is directly equal to the channel voltage as

expected. However, in this case, it is observed that the peak of the overshoot in the

channel current and drain-source current of bottom switch increased because COSS

is greater for lower drain-source voltages, which results in higher current flow under

similar voltage change in time. Therefore, in order to estimate the overshoot ampli-

tude correctly, the parasitic capacitances should be modeled properly. Moreover, for

all transient periods given in Figure 3.9, it is observed that the voltage changes are

smoother, which makes the model more realistic.

(a) Top switch turn-on (b) Top switch turn-off

(c) Bottom switch turn-off (d) Bottom switch turn-on

Figure 3.9: Switching transients obtained using Model 2 [8]
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3.2.3 Model 3: The most comprehensive model with variable capacitances and

with parasitic inductances

Finally, to see the effect of the oscillations created by the LC resonance paths, the

parasitic inductances are added to the model, which are caused by packaging, bus

bar, conducting parts on the DC side and Capacitor ESLs. In Model 3, in which all

the parasitic effects are included, as shown in Fig. 3.10, the oscillations started to

emerge due to energy transfer between parasitic capacitances and inductors. In ad-

dition, a large dip is observed during the turn-on transient of the bottom switch due

to the voltage induced on the power loop inductance by the switching current. Even

though loop inductance is not related to the transistor type, due to the fast switching

capability of GaN FETs, the voltage drop increases relatively in comparison to other

types of semiconductors. Moreover, in Fig. 3.10, it is observed the oscillation damps

(a) Top switch turn-on (b) Top switch turn-off

(c) Bottom switch turn-off (d) Bottom switch turn-on

Figure 3.10: Switching transients obtained using Model 3 [8]
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Figure 3.11: State-trajectories obtained for different models [8]

in time. The damping duration of the oscillation is studied in [49] and it is shown

that the damping duration is dependent on the COSS , loop inductance, and drain/-

source parasitic inductances and trans-conductance. Since the increasing temperature

reduces the trans-conductance, the oscillation damps faster as junction temperature

gets higher as stated in [49].

3.2.4 State Trajectories

In order to show these transients better, the Ich, Vch paths, which the top and the

bottom switches follow during turn-on and turn-off periods, are also obtained as state

trajectories and given in Fig. 3.11, in Fig. 3.12, in Fig. 3.13. These trajectories are

plotted on the device steady state current-voltage characteristic as given in Fig. 3.2

and in Fig. 3.3.

When we look at the trajectory for the turn-on period of the Bottom Switch, Fig.

3.11(d), it is easy to see the Miller Plateau where the voltage drops and current stays
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constant ideally. The importance of using the Kelvin source pin can be deduced here.

When the current changes, a voltage is created on the source parasitic inductance

as described earlier. Therefore, if the Kelvin Source pin is not used, huge vertical

oscillations would be observed on the state-trajectories due to the oscillations on gate-

source voltage. However, now the channel seems very stable though the high di/dt

ratio of the channel. Moreover, it is observed that the main channel behavior is in two

directions; that is, in general, the channel state moves either horizontally or vertically.

The horizontal movement of the channel state for the first quadrant, i.e. forward

conduction, means the channel voltage changes while the gate-source voltage and

channel current stay constant. However, vertical movement of the channel state in

the first quadrant means the channel current and gate-source voltage varies while

channel voltage stays constant. On the other hand, for the third quadrant, i.e. reverse

conduction, when the channel state moves horizontally, the channel voltage and gate-

source voltage change while the channel current does not vary. Conversely, vertical

movement of the channel state means the channel current varies while the channel

voltage and gate-source voltage stay constant. The third quadrant behavior of the

GaN FETs is unique because the channel is able to conduct in the reverse direction

with any gate-source voltage.

Furthermore, focusing on the trajectories given in Fig. 3.11(a), the channel state

moves first vertically and then horizontally after conduction starts in channel. The

conduction starts because the Bottom Switch is being turned off and dead time be-

gins. Therefore, the channel is activated even though the gate-source The voltage of

the Top Switch is not changed yet. Then, changing the gate-source voltage from -3V

to 6V do not affect the channel current but it only decreases the reverse conduction

losses. In order to simplify the concept, the rise of the channel current can be called

as active turn-on and increasing the gate-source voltage can be called as passive

turn-on because it changes nothing for channel current but only decreases the losses.

Similarly, in Fig. 3.11(b), the channel state first moves in horizontal direction and

then it moves vertically before the current falls to zero. Due to the safety consid-

erations, before firing the bottom switch, the top switch gate-source voltage should

be decreased; however, the channel current of the top switch is not affected by the

change in gate-source voltage. The channel current falls to zero when the bottom
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switch is fired and it starts conducting. Therefore, reducing the gate-source voltage

can be called as passive turn-off and the fall in the current can be called as active

turn-off. Even though this unique behavior of the GaN FETs is discussed in the lit-

erature, having these definitions make the concept more understandable. In IGBTs

or MOSFETs, current flows through the anti-parallel diode or body diode, respec-

tively, during the reverse conduction. Therefore, the channel is not turned on or off.

However, in GaN HEMTs, since body diode or anti-parallel diode does not exist, the

reverse current flows through the device channel always.

In Fig. 3.12, the channel state trajectories are given for Model 3 at different junction

temperatures. It is observed in (a), (b) and (c), the channel voltage and gate-source

voltage are high in amplitude during transition at high junction temperatures due to

the low trans-conductance. In Fig. 3.12(d), it is seen that the temperature increases

the stability and reduces the current rise and voltage fall speed. A horizontal dip is

observed due to the voltage created on the loop inductance when the current rises
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Figure 3.12: State-trajectories obtained for different junction temperatures using

Model 3 [8]
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immediately. However, for the higher junction temperatures, the decrease in the volt-

age is small because of the reduced switching speed of the GaN FET. Similarly, for

the rest of the transition, the channel current makes the maximum overshoot for the

lowest junction temperature as expected for the same reason.

In Fig. 3.13, it is observed that the gate-source voltage is significantly affected by

the channel current during the transition. In (a), it is seen that the gate-source volt-

age decreases dramatically in transient period for high channel current because when

the load current commutes from the bottom switch to top switch the load current

discharges the gate-source capacitance instantaneously so as to reach the right con-

duction state before the gate-source voltage is set to high. In addition, as shown in

(d), the channel voltage drops equally for all current ratings as expected because the

load current does not change the GaN FETs transition speed.
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Figure 3.13: State-trajectories obtained for different load currents using Model 3 [8]
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3.2.5 Effect of Gate Resistances

Lastly, the effect of the turn-on and turn-off resistances are investigated as given in

Fig. 3.14. The turn-on and turn-off speed of the GaN FET is related to how fast

the gate-source capacitance is being charged or discharged. With low gate driver

resistances, the gate-source voltage changes rapidly. Therefore, as resistances get

higher, the switching speed decreases, so the transition takes longer. However, this is

only valid for active turn-on or active turn-off as presented in (b) and (d). Contrary

to these cases, gate resistances do not affect the transient speed for the passive turn-

on and the passive turn-off as shown in Fig. 3.14 (a) and (c). It only affects the

delay time for the gate-source voltage to reach the Miller Plateau level as shown in

(c). Additionally, due to the reduced switching speed, the voltage drop caused by the

loop inductance decreases for high gate driver resistances but the switching losses are

increased as well.

To sum up, switching behavior of GaN HEMTs depends both on device parame-

ters and circuit parameters. Junction temperature is an important parameter slowing

down the transient speed and increasing the on-state resistance. Moreover, in a proper

model of the transistor, variable parasitic capacitance has to be included for accuracy.

For maximizing accuracy and observing the effects of circuit parameters, inductance

models are also required to be added. Additionally, key terms regarding turn-on and

turn-off are defined in this chapter. An active turn-on and turn-off define the change in

gate state prior to switching transient of the device channel. Similarly, passive turn-on

and turn-off mean the transient on the channel happens before gate state change.
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(a) Top switch turn-on (b) Top switch turn-off[8]

(c) Bottom switch turn-off (d) Bottom switch turn-on[8]

Figure 3.14: Effect of gate resistances on transient behavior
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CHAPTER 4

SHORT-CIRCUIT PROTECTED HALF-BRIDGE DESIGN AND LAYOUT

OPTIMIZATION FOR GAN HEMT TRANSISTORS

A generic half-bridge consists of two transistors, their gate driver circuits, and by-

pass capacitors for filtering high-frequency oscillations. In this chapter, a half-bridge

board design that can be used for different applications is proposed. The proposed

half-bridge board consists of two paralleled half-bridges, their gate driver circuits in-

cluding a gate driver integrated circuit (IC), and an isolated converter IC, an ultra-fast

shoot-through type short circuit protection mechanism as presented in Fig. 4.1. A

three-dimensional view of this design can be seen in Fig. 4.2.

A half-bridge design includes several critical steps such as optimized layout design

for both the power loop & the gate loop and thermal design. On top of these points,

layout considerations for parallel-connected transistors and short circuit protection

are also investigated in this chapter.

4.1 Layout Design

Most of the common converters include at least one half-bridge for regulating output

voltage and current. Switch-mode power supplies and voltage source inverters are ex-

amples for those converters. The output ratings are regulated by switching transistors

with a PWM signal. Switching a transistor means changing the path of the current

either by starting flow or stopping it in a short amount of time. This sharp rise or fall

in current makes circuit sensitive for layout parasitics, especially for layout induc-

tances. Considering the faster switching capability of GaN HEMTs with respect to

other types of transistors, layout optimization is a must for safe operation.
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Figure 4.1: Circuit schematic of proposed half-bridge design

Layout inductances should be minimized for the power loop and the gate loop as will

be discussed in the following sections. For parallel-connected transistors, not only

inductance minimization is required but also distributing inductance as even among

parallel-connected transistors is required for guaranteeing simultaneous switching.

For analyzing layout parasitics, ANSYS Q3D Extractor and ANSYS Maxwell 3D

finite element analysis (FEA) tools are used.

4.1.1 Power Loop Design

The power loop is a critical current path in which both of the transistors play a role

during the switching. An illustration of the power loop is given in Fig. 4.3. As seen

on that figure, the inductive load is charged when Q2 is ON and, it free-wheels on

Q1 when Q2 is OFF. At the moment when Q2 is being turned-off, the load current

commutates from Q2 to Q1 reducing the amount of current on i.e. power loop induc-

tance (Lp). Lp is an equivalent value of all the inductances distributed on the power

loop. The decreasing current on Lp induces a negative voltage on the power loop

inductance and since Q1 is being turned-on, drain to source voltage on Q2 rises up to
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Figure 4.2: Three dimensional view of the half-bridge board

51



DC+

DC-

Cbypass

Lp

Current 
Commutation

ILp

- +VLp

Q2 Coss

Q1 CossLLoad

Charging

Free-wheeling

Power Loop
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a level higher than VDC as given in (4.1). Therefore, Q2 must withstand not only with

the DC link voltage but also additional induced voltage as well. Therefore, power

loop inductance plays a significant role in stresses over transistors. Especially for

GaN HEMTs, a non-optimized power loop design could lead to failure of operation

easily because of the current transition speed of GaN HEMTs extend up to 10 A/ns.

VDS(Q2) = VDC − Lp

dILp

dt
(4.1)

After an overshoot, drain-to-source voltage comes to a steady-state level, i.e. supply

voltage. However, before reaching the steady-state, oscillations emerge on VDS(Q2) at

the resonance frequency as described in (4.2). Considering the relatively low level of

output capacitance (~200-300 pF) and power loop inductance(~0.5-3 nH), oscillations

frequency is around 100 - 400 MHz. This high frequency of oscillation and sharp rise

or fall in power loop current should be counterbalanced with a high-frequency bypass

capacitor. As shown in Fig. 4.3, bypass capacitors are also a member of the power

loop and it should be placed close enough to manage oscillations. The Self-impedance

of the bypass capacitor is also critical. Ceramic capacitors are preferred due to low

impedance at the oscillation frequency range. Multiple numbers of bypass capacitors
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should be connected to obtain a low impedance.

fosc =
1

2π
√
LpCOSS

(4.2)

Since the placement of bypass capacitors affect the power loop inductance directly,

their placement should be optimized to obtain minimum power loop inductance. For

this purpose, a case study approach has been performed for a power loop inductance

minimization of a half-bridge including two GaN HEMTs and six high-frequency by-

pass capacitors. For GaN HEMTs, GS66508T transistors are used from GaN Systems

and C4532X7T2J224M200KC from TDK Corporation is used for bypass capacitors.

As presented in Fig. 4.4, there are three different designs in which the bypass ca-

pacitors are placed differently. Also in Fig. 4.4, current paths are illustrated for each

design on a four-layer printed circuit board (PCB) design. In Design 1, bypass ca-

pacitors are placed on the same layer with GaN HEMTs, so they can be connected

directly. The returning current path is placed just underneath the GaN HEMTs for

minimizing the loop area. Design 2 is suggested by the transistor manufacturer [50]

and the capacitors are placed on the bottom layer. It is aimed to separate the power

loop into two closed small loops so that inductance can be minimized. Lastly, in De-

sign 3, similar to Design 1 capacitors are kept on the same layer with GaN HEMTs

but two of them are moved next to the transistors.

All configurations are investigated with ANSYS Q3D Extractor tool and the power

loop inductance value is given for each design in Table 4.1. As expected Design 1

and Design 2 give close results around 5 nH. However, Design 3 has the lowest power

loop inductance as 3 nH. It is a result of the maximum utilization of bypass capaci-

tors. In the first two designs, the capacitors which are far away from the transistors

cannot be utilized well enough due to high path impedance between those capacitors

and transistors. In the last design, the farthest capacitors are placed close to half-

bridge and they also contribute actively. As a result, effective layout inductance gets

decreased.
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(a) Design 1

(b) Design 2

(c) Design 3

Figure 4.4: Options for high-frequency bypass capacitor placement and power loop

current paths for each design in exaggerated view
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Table 4.1: Power loop inductance values for different designs

Design 1 5.00 nH

Design 2 5.06 nH

Design 3 2.98 nH
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Figure 4.5: Definition of gate loops

4.1.2 Gate Loop Design

Similar to the power loop layout inductance, the gate loop layout inductance should

be minimized to obtain the best switching performance. Whenever the gate driver IC

changes its state, input capacitance of GaN HEMT (CISS = Cgs + Cgd) should be

charged or discharged. Non-optimized layout design for the charging or discharging

current path could increase the delay time for turn-on or turn-off. Moreover, high-

frequency oscillations on gate-source terminals result in high-amplitude oscillations

on channel current due to oscillating trans-conductance as discussed in detail in Chap-

ter 3. This high oscillation on channel current radiates around the room which can

couple with other digital or analog signals easily. Due to the high transition speed of

GaN HEMTs, the frequency of this EMI noise is higher which increases the risk of

system-level failure.
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Furthermore, an optimization of the gate loop inductance is not only critical for the

system but it is also critical for the safety of the transistor itself. As shown in Fig.

4.5, during a turn-off, output capacitance of transistor (COSS) is charged within a

couple of nanoseconds. It is reported in [50], the charging speed could be as high

as 60 V/ns or 60 kV/µs. This fast transition leads to current flow through package

capacitances of transistors. Here, the Miller Capacitance (Cgd) plays a significant role

by constructing a feedback path from the power loop to the gate loop. The current

coming through the Miller Capacitance can flow through either Cgs or negative gate

loop as illustrated in Fig. 4.5. Ideally, the whole current should follow the negative

gate loop path and it should not charge Cgs when Cgs is supposed to stay at a low

state. However, due to the impedance of the path, some amount of current flows

through Cgs and charges the capacitance. Since the other transistor on half-bridge

is ON state at that moment, if the voltage on Cgs exceeds the threshold level, the

channel gets activated which causes a short circuit failure. This failure is called a

false turn-on in literature [9]. From now on, it is the question of how much impedance

should a designer provide on the gate loop and the answer is as minimum as possible.

Therefore, the gate driver should be placed close to GaN HEMTs, and high-frequency

bypass capacitors should be connected to obtain a low impedance on the loop.

In the design of the gate loop layout, there are fewer actions to take in comparison to

the power loop design. Because of the space limitations, it is not possible to place the

multiple numbers of bypass capacitors or arrange their position for the best design.

The actions are limited by placing gate resistances and bypass capacitors close to the

transistor, using wide copper fields for carrying current and directing the loop current

to return back to the source from the underneath of the incoming current. The opti-

mum gate design can be obtained as long as these three rules-of-thumb are followed.

The transistor manufacturer also recommends these actions [50] and the PCB view of

this design can be seen in Fig. 4.6. For this design, the layout inductances are 0.88 nH

and 0.93 nH for positive and negative gate loops, respectively.
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Figure 4.6: Printed circuit board design of gate loop and current paths for positive

(pink) and negative (green) gate loops

Figure 4.7: Parasitic inductances for parallel connected transistors operation [23]
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Figure 4.8: Effects of and design rules for parasitic inductances [23]

4.1.3 Design Optimization for Parallel Connected Transistors

Transistor paralleling is challenging because its hard to get the same losses on the

parallel-connected transistor. However, it is possible if the semiconductor is suitable

for paralleling. The transistor channel resistance should have a positive thermal co-

efficient (PTC) to get a natural balance. In the case of the uneven loss distribution,

one of the transistors heats up much more resulting in increased channel resistance.

Therefore, the current will start flow through the transistor with lower channel re-

sistance and then it will heat up much more. Therefore, the transistors will get in a

thermal balance in the final situation. Fortunately, GaN HEMTs are PTC type tran-

sistors as shown in Fig. 3.4. Thus, GaN HEMTs are naturally suitable for parallel

operation with necessary layout design considerations.

Even though the same rules apply for the layout design of parallel-connected tran-

sistors, there are more restrictions such as distributing the layout inductance as even

among parallel transistors. It is important to have a simultaneous switching transi-

tion between parallel devices. It is always assumed that the current is shared equally
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among parallel-connected transistors but it would not be the case if there is a dif-

ference in design. A mismatch can lead to increased switching loss on one of the

transistors and it can lead to a thermal run away.

The design rules of parallel-connected transistors is well-studied in [23] and the in-

ductance map and effect of parasitics are given in 4.7 and in 4.8, respectively. As

shown in 4.8, commutation loop inductance; in other words, power loop inductance

has a high priority and it should be kept small. Similarly, the gate loop inductances

should also be kept small. However, it is not enough to keep the mutual coupling

and quasi-common source inductances small. They also need to be equal for parallel-

connected transistors. These two inductances show similar effect and they basically

oppose the gate driver during the switching and slow down the transition. As a re-

sult, these inductances need to be distributed equally. Fortunately, it is not the only

action a designer can take. Having separate gate resistors (RG1−3 ,RG2−4 ,RS1−3 ,RS2−4)

for each transistor is critical to slow down or speed up the transition of any desired

transistor. This also helps to compensate for in-package differences.

The designed half-bridge board is a result of the same design algorithm and its gate

circuit is presented in Fig. 4.9. In 4.9(a), the gate resistors are placed such that gate

and source terminals of transistors are directly connected. This configuration leads to

feedback from one transistor to another one during the transient. In order to eliminate

this feedback, the gate driver resistances can be distributed so that enough damping

components can be obtained on the feedback loop. Moreover, distributed gate resis-

tors enable to control the transition speed of each transistor separately. Actual values

of Ron and Rcom are 18 Ω and 1 Ω; therefore, turn-on resistance is 20 Ω and turn-off

resistance is 2 Ω.

In the light of these layout considerations, two transistors are paralleled to increase

current handling capability to 60 Ampẽres. Paralleling two GS66508T (650V/30A)

transistors is more advantageous than using a single GS66516T (650V/60A) transis-

tor because of the cost and thermal considerations. Having four different transistors

increases the contact area of heat sink resulting in a better cooling performance as

will be discussed in Section 4.3 in detail.

Layout analysis is performed on ANSYS Q3D for parallel-connected transistors in the
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Figure 4.9: Gate resistor placement for parallel transistor operation

Table 4.2: Layout inductances for parallel connected transistors

Left Transistor Right Transistor Difference

Power Loop Ind. 0.87 nH -

Positive Gate Loop Ind. 4.14 nH 4.23 nH 2.1%

Negative Gate Loop Ind. 3.88 nH 4.04 nH 4%

Mutual Ind. 0.114 nH 0.117 nH 2.5%

actual design and the results are given in Table 4.2. A very low power loop inductance

as 0.87 nH is obtained. More important than the decreased power loop inductance,

gate loop inductances and mutual inductances between the power loop and the gate

loops differ less than 5% for parallel-connected transistors. Note that gate loop in-

ductances are higher for the parallel connected case because, in this configuration,

the minimization is sacrificed for obtaining equal inductances. However, the parasitic

loop inductances which are given in Table 4.2 are not that harmful as shown in the

experimental results.

In Fig. 4.10, turn-on and turn-off waveforms are given for parallel-connected transis-

tors. The right and left switch turn-on and turn-off simultaneously, which is a clear

indicator of even distributed layout parasitics. Lastly, double pulse test (DPT) results

are presented in Fig. 4.26. Transistors are switched with 20 Ω and 2 Ω turn-on and

turn-off gate resistances, respectively. Whenever the control switch is turned on, the

gate-source voltage of the synchronous switch is charged via Miller capacitance as

presented in Fig. 4.5. As shown in Fig. 4.26, the gate-source voltage is charged up to
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Figure 4.10: Turn-on and turn-off waveforms of parallel connected switches
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-2.2 V which stays lower than the threshold level, 1.7 V. This is a result of optimized

and decoupled power loop and gate loop layouts.

4.2 Short Circuit Protection

GaN HEMTs are extremely susceptible to circuit noise due to their low threshold

levels [51]. This sensitivity requires a very careful layout design in order to eliminate

the risk of false turn-on, [9], which can trigger a short circuit (SC) fault. In order to

maintain safe operation, a fast and reliable SC detection method is necessary. The

protection technique should be capable of detecting the fault and ceasing it in less

than 500 ns if the DC bus voltage is higher than 350V [28].

In this design, the protection method, sensing the voltage across by layout induc-

tance, proposed in [35] for single GaN HEMT half-bridge configuration, is applied

on a more developed half-bridge design where transistor paralleling is also applied

for high-power applications. A hard switching fault (HSF) type SC fault can dam-

age the multiple numbers of GaN HEMTs for a parallel-connected structure which

increases the cost of failure. In order to implement this SC protection, the power loop

inductance and the SC current sensing coupling inductance are characterized using

a finite element analysis (FEA) tool. Also, a soft turn-off mechanism is employed

to eliminate any risk of over-voltage breakdown when SC current is ceased. Exper-

imental results show that this method does not deteriorate the layout inductance and

it is capable of detecting HSF type SC fault in less than 40 ns. GaN HEMTs are

completely turned off in less than 250 ns which ensures the safety of operation.

4.2.1 Theory of Operation

When a shoot-through type SC occurs, the bypass capacitors discharge through the

transistors on the half-bridge. The stored energy on those capacitors leads SC current

to reach harmful levels just in 100 ns to 200 ns. This energy transfer happens based on

the components and circuit characteristics such as bus capacitance and impedance of

the current path, i.e. the PCB layout. The inductance of this path is called the power

loop inductance. Even though a minimized power loop inductance results in a sharp
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increase in SC current, it should be minimized for the normal switching operation.

4.2.2 Sensing SC Fault

As shown in Fig. 4.11, the power loop is a closed current path which can be consid-

ered as tip to tip connected small layout portions. Note that, whenever an SC happens,

all current flows through those portions as well. Since the change in current induces

a voltage on an inductance, a portion of the PCB layout can be used as a trigger for a

short-circuit protection (SCP) mechanism as illustrated in Fig. 4.12 without increas-

ing the power loop inductance.

However, the circuit dynamics of an SC fault is more complex due to mutual cou-

plings and the second-order effects. Fig. 4.12 shows how a SC current induces the

sensing voltage, Vsense. The power loop bus capacitor (CBUS) and GaN HEMTs are

segregated from DC supply with large connection inductances (LCON ) which do not

allow a sharp rise on the current drawn from the voltage source. Therefore, SC cur-

rent is mainly supplied by the energy stored on the power loop bus capacitor. SC

fault occurs when a switch gets conductive while it is supposed to be OFF. An illus-

tration of this situation is given in Fig. 4.12 where the low side switch is turned-on

unintentionally. The rise of SC current depends on how fast the transistor gets fully
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conductive, the path inductances, and series resistances. When the input capacitance

(Ciss) of a transistor is charged, the trans-conductance (gm) of the channel increases

until it reaches the saturation. Simply ignoring the gate loop inductance, the charging

speed of input capacitance depends on turn-on resistor (Ron) and input capacitance

(Ciss) as given in (4.3). The gate voltage of the transistor is charged from OFF level

(Vlow) to the ON level (Vhigh). The OFF level is set below 0 V to eliminate a false

turn-on risk [9]. With the increasing voltage of input capacitance, the transistor oper-

ating point moves from cut-off to saturation region. The relation between gate-source

voltage, drain-source voltage and drain current (trans-conductance) is characterized

by the manufacturer [52] as in (4.4).

Vgs(t) = (Vhigh − Vlow)(1− e
−t

RonCiss ) + Vlow (4.3)

Ids = K1(T ) ln(1 + e
Vgs−Vth

K2 )
Vds

1 + max(K3 +K4(Vgs +K5), K6)Vds
(4.4)

When the gate-source voltage exceeds the threshold level of the transistor, the current

starts to rise and then circuit dynamics gain importance. One of the key components

of the current path is the power loop inductance (LP ), which is shown in two parts

as LP1 and LP2 in Fig. 4.12. LP2 represents the portion of the power loop where the
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SC fault sense loop is connected across and LP1 is the rest portion of the power loop.

However, power loop inductance is not equal to the sum of these two inductances due

to mutual coupling between them (MP ). The equivalent inductance of two series-

connected inductors, LP1 and LP2, can be expressed as in (4.5). The actual value of

LP can be found by finite-element-analysis (FEA) simulation.

LP = LP1 + LP2 − 2MP (4.5)

In order to identify the parameters affecting SC current, the circuit KVL equation has

to be solved. The voltage on the bottom side switch can be expressed as in (4.6).

It can be considered that the SC current splits into two parts inside the transistor

between the output capacitor Coss and transistor channel Ich as given in (4.7). The

voltage on the drain-source terminal can also be expressed as in (4.8). The equation

(4.6) can be expressed as in (4.9) by using (4.7) and (4.8). Since Coss is a capacitance

in the range of pFs, the terms with Coss can be simply ignored, which means the

current passing through output capacitance is much lower than the channel current.

Therefore, (4.9) can be simplified as (4.10). The second-order differential equation

of SC current can be formulated as in (4.11) by taking time derivative of (4.10). Even

though nonlinear trans-conductance and its time derivative makes that differential

equation hard to solve, it shows that SC current depends on the on-state resistance of

high side switch (Rds−on), the trans-conductance of low side switch (gm), power loop

inductance (Lp), bus capacitance (Cbus) and charging speed of gate-source voltage

(Vgs). In other words, SC current depends on gate charging resistance (Ron) and input

capacitance (Ciss) as derived in (4.12). Note that Lsense does not carry the SC current

because it is relatively high in comparison to the power loop inductance.

Vds(t) = VDC −
1

Cbus

∫ t

to

Isc(t)dt− Lpİsc(t)−Rds−onIsc (4.6)

Ich = Isc − CossV̇ds(t) (4.7)

Vds(t) = gmIch (4.8)
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1

Cbus

∫ t

to

Isc(t)dt+ Isc(gm + gm
Coss

Cbus

+Rds−on)+

İsc(t)(Lp + gmCossRds−on) + Ïsc(t)gmCossLp = VDC

(4.9)

1

Cbus

∫ t

to

Isc(t)dt+ Isc(gm(Vgs) +Rds−on) + İsc(t)Lp = VDC (4.10)

Ïsc(t)Lp + İsc(t)(gm(Vgs) +Rds−on) + Isc(t)(V̇gs(t)ġm(Vgs) +
1

Cbus

) = 0 (4.11)

V̇gs(t) =
Vhigh − Vlow
RonCiss

e
−t

RonCiss (4.12)

The SC current induces a voltage on the sense loop because it is coupled to the power

loop as shown in Fig. 4.12. MS1−2 are the coupling inductances between LP1−2 and

Lsense. Similar to equivalent power loop inductance the mutual inductance between

LP and Lsense can be expressed as MPS which equals to the difference of two mu-

tual couplings as given in (4.13). This mutual coupling can be characterized by FEA

software. Rather than self inductances, mutual coupling induces the voltage on sense

loop under an SC fault. Therefore, it is not necessary to have a large power loop

inductance to obtain detectable levels of the induced voltage. Low power loop induc-

tance can be utilized as long as the mutual coupling between the power loop and the

sense loop is enough.

MPS = MS2 −MS1 (4.13)

4.2.3 Evaluating and Removing SC Fault

The induced voltage on the sense loop due to SC current can be processed to detect SC

faults. For this purpose, firstly, the sensed voltage, Vsense, is filtered through a low-

pass filter and it is compared with a reference level, Vref , to detect SC fault as given

in Fig. 4.13. Whenever an SC fault is detected, a high-frequency micro-controller
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Figure 4.14: Gate driver circuit schematic of parallel connected transistors (red com-

ponents exist only for low side transistors for soft turn-off (STO))

(µC) is triggered to protect the circuit. The µC activates the soft turn-off mechanism

(STO) in order to diminish gate-source voltages of transistors. STO signal is applied

to the base of a Bipolar Junction Transistor (BJT) which is connected between gate

and source terminals of parallel-connected transistors as shown in Fig. 4.14. Base

resistor, Rb, allows controlling discharge time of stored gate charge. Therefore, the

turn-off speed of GaN HEMTs can be controlled. After the soft turn-off process is

completed, the gate driver integrated circuit (IC) is disabled which results in complete

turn-off.

A direct hard turn-off poses a great risk of over-voltage breakdown. Although hard

turn-off (HTO) stops SC current immediately, it causes a voltage induction on power

loop inductance as happened in the regular switching operation. Since the SC current
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reaches extremely high levels, applying HTO causes high voltage induction which can

go beyond the voltage rating of transistor easily. Therefore, a soft turn-off mechanism

must be used and a BJT is used for this purpose in this design. As given in Fig. 4.14,

a Schottky diode is connected in series with BJT since the negative drive level of

gate-source terminals could bias the NPN type BJT in the reverse direction.

As shown in Fig. 4.14, a single BJT is used to ensure that parallel-connected transis-

tors will be turned off simultaneously. Otherwise, SC current might have to be carried

by only one of them. Note that, SCP mechanism components and soft turn-off BJT are

placed on the low side of half-bridge because switching node has a varying voltage

level. The rapid voltage transitions on the switching node could risk the common-

mode transition immunity (CMTI) ratings of isolated components and therefore, the

digital signals might change their states unpredictably.

4.2.4 SC Protection Design Integrated to a Half-Bridge

A prototype of the parallel switch half-bridge board with short circuit protection is

presented in Fig. 4.2. In this design, GS66508T GaN HEMTs (650 V, 30 A) are

used as the device under test (DUT). The PCB is designed in a similar manner to

the manufacturer’s evaluation board [53]. Even though this half-bridge is designed

for a 4 kW bidirectional DC/DC converter operation, it can be used for different

purposes. The multiple numbers of this half-bridge can be used to have different

types of DC/DC converter or an inverter. The dimensions of the half-bridge board are

90 mm (L), 40 mm (H), and 30 mm (W) with heat-sink and fan.

4.2.5 SC Protection Integrated Layout Design

A proper power loop layout design is critical for safe operation, especially for GaN

HEMTs considering their rapid switching transition. Additionally, it is important to

estimate the induced voltage on the loop portions under SC fault for accurate detec-

tion. For this purpose, the Finite Element Analysis (FEA) tool is required to solve

and analyze the complex geometry of the PCB layout. In this design, the ANSYS

Maxwell 3D tool is used for identifying PCB characteristics.
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First of all, a basic representation of the PCB layout is shown in Fig. 4.15. The

current return path is placed underneath of top copper layer so that the power loop

inductance could be minimized. Also, the induced voltage on a portion of the return

path is sensed, which is defined as the sense loop. Moreover, a simplified geometry

of these two loops can be modeled as given in Fig. 4.16. The current, which flows

through the power loop, induces a voltage on the sense loop with a coupling factor

of MPS , as presented in (4.14). In order to identify the coupling factor, the change

rate of power loop current is used as a control variable. According to Ampére’s law

(4.16) in quasi-static form, the current density, (4.15), creates a magnetic field ( ~B)

which passes through the sense loop. The total flux linkage can be calculated based

on Gauss’s Law of Magnetism as in (4.17). The time derivative of total flux linkage

within the loop area induces a voltage which is a result of Lenz’s Law of Induction,

(4.18).

ε = MPS
∂iSC
∂t

(4.14)

iSC(t) =

∫
S

~J.d~S (4.15)

µ0

∮
l

~B.d~l =

∫
S

~J.d~S (4.16)

Ψ =

∫
~B.d ~A (4.17)

ε = −∂Ψ

∂t
(4.18)

Similar to the simplified model, the sensed voltage on the PCB can be calculated by

estimating the total flux linkage in the sense loop as shown in Fig. 4.17. For this

purpose, the magnetic field density vectors ( ~B) passing through the sense loop and

created by power loop current for 100 A are solved with an FEA software and shown

in Fig. 4.18. According to FEA results, the power loop current induces voltage with

a mutual coupling factor, MPS , of 0.18 nH. Also, the self-inductance of the power

loop layout is 0.85 nH. The FEA results show that the power loop inductance is not

necessarily increased to obtain an evaluable sense voltage level.
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Figure 4.18: Magnetic field density vectors passing through sense loop created by

100 A power loop current

4.2.6 Filter Design

The induced voltage waveform has to be filtered to eliminate any mis-trig signal

caused by regular switching. The main difference of induced voltages for regular

switching and SC fault is the oscillation frequency. According to simulation results,

the transistor current continues to increase for a while under an SC fault whereas

for normal operation, the current reaches the peak and then decreases as shown in

Fig. 4.19. Moreover, the shaded areas under induced voltages show the integration

fields. On the one hand, the integration adds up steadily for the SC fault case. On

the other hand, the induced voltage oscillates between positive and negative sides for

normal switching, so it does not add up invariably. Therefore, a low pass filter that

accumulates the induced voltage would satisfy the required filtering characteristics.

For this purpose, an R-C filter is used as presented in Fig. 4.13. The KVL equation

for an R-C filter (4.19) can be transformed and the voltage on the capacitor, Vfilter,

can be expressed as in (4.20) where the integration of induced voltage is obtained.

vsense(t) = vfilter(t) + Cf
∂vfilter(t)

∂t
Rf (4.19)

vfilter(t) =
1

RfCf

∫ t

0

(vsense(t)− vfilter(t))dt (4.20)
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Figure 4.19: Comparison of power loop currents (ILP
) and induced voltages (Vsense)

for short circuit fault and normal switching

The FFT results of induced voltage (Vsense) for short-circuit fault and normal switch-

ing are given in Fig. 4.20 based on simulation results. The normal switching domi-

nates on the FFT plot as frequency increases due to high-frequency oscillations. How-

ever, for the low-frequency range (< 25 MHz), the amplitude is much higher for SC

fault, so it is the frequency range to be passed by the filter. Three different filter op-

tions are compared in Fig. 4.21. It is possible to change the location of the cutoff

frequency by changing either Rf or Cf . As given in Fig. 4.21, all R-C filter options

are strongly attenuate for frequencies higher than 25 MHz. 10Ω - 1nF combination

could be the best option for having a comparable voltage level but in comparison to

simulation, the actual waveform should have more oscillations in real experiments

due to the parasitic effect which cannot be perfectly modeled in a simulation environ-

ment. Therefore, 10Ω - 1nF might not be enough to attenuate all those oscillations.

Also, 30Ω - 1nF would be a very tight filter to have a voltage at a comparable level,

so noise in the system can easily cause a mis-trig. Therefore, it is a good choice to

have a filter around 20Ω - 1nF, and the following experiments are conducted with a

filter with 18Ω - 1nF component ratings.
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Figure 4.21: Magnitude plot of three different low-pass R-C filters

4.2.7 Component Selection

As shown in Fig 4.13, a comparator is required to have a digital trig. For this pur-

pose, a fast comparator TLV3501 with 4.5 ns delay is used. Also, a digital isolator
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Figure 4.22: Experimental setup for SC protection test including a DSP board, a

control board, a mother board and the half-bridge board

is required to transfer the signal from the power side to the signal side or vice versa.

The digital isolator should also be able to stand with high common-mode interference.

Therefore, ISO7721 with 11 ns propagation delay and 85 kV/µs common-mode tran-

sient immunity is selected.

Moreover, to safely turn-off GaN HEMTs, a Bipolar Junction Transistor (BJT) is

implemented to clamp gate-source voltage. ZXTN19020DFF with a static forward

current transfer ratio of 450 is utilized and a 1 kΩ base resistor is used to adjust

clamping duration.

4.2.8 Experimental Results

The half-bridge board is tested in a configuration as given in Fig. 4.22. A digital signal

processor, TMS320F28379D, with 200 MHz clock speed is used for generating PWM

signals and for applying short-circuit protection. Experiments are organized to show

the capability of the SC protection mechanism and the regular switching performance

of the half-bridge board.

As shown in Fig. 4.23, SC fault is detected just in 40 ns and the transistors are com-
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pletely turned off in less than 250 ns with soft turn-off in an SC fault case described in

Fig. 4.12. The time intervals are measured experimentally with a LeCroy Waverunner

44-Xi (400 MHz, 5 GSa/s) oscilloscope. The induced voltage (Vsense) under SC fault

increased up to 1.2 V. Therefore, SC current increased with a slope of 6.7 A/ns as

maximum. The measurement of SC current requires a high-bandwidth current mea-

surement technique. In [54], different options for measurement of switching current

of GaN transistors are compared. The most suitable technique is to utilize a shunt

resistor with ultra-high bandwidth (2 GHz). However, even this method adds several

nH parasitic inductances into the power loop inductance [54]. Considering the power

loop inductance of proposed design, 0.85 nH, a high-bandwidth shunt resistor could

increase power loop inductance more than 100%. Therefore, the SC current is not

shown experimentally in Fig. 4.23 because it cannot be measured without changing

the layout inductance. A worse power loop design would harm or completely change

or invalidate the performance of the SC protection mechanism.

In Fig. 4.23, time steps of an SC fault are shown in detail. When an SC fault starts with

an unexpected turn-on of a transistor, drain-to-source voltage (Vds) waveform shows

a voltage drop because of the drawn high current from the power loop bus capacitors.

The high rise of the SC current induces a voltage (Vsense). Filtered form of the in-

duced voltage (Vfilter) exceeds the reference level (Vref ) and as a result, comparator

output (Vcomp) changes its state to low, which is the moment of SC fault detection

(t1 + t2). Then, this signal is transferred to DSP with the digital isolator. DSP first

sets soft-turn off command, so gate-to-source voltage (Vgs) starts discharging. After

250 ns from SC fault start, (Vgs) is totally clamped to a level below threshold voltage

which means SC fault is removed. Then, DSP waits for a programmable awaiting

duration and disables gate drivers, so gate driving level goes to low state. The delay

intervals in SC timing waveform are affected by several factors positively or nega-

tively as given in Table 4.3. In order to minimize short-circuit, protection duration, a

fast comparator IC and a fast digital isolator IC are required. Even though the total SC

protection duration is dominated by the soft turn-off period, the SC current decreases

gradually with time and soft turn-off is a must for safe operation. A comparison re-

sult is shown in Fig. 4.24. For a hard turn-off situation, the voltage on GaN HEMTs

increases up to 105 V under 50 VDC input which clearly indicates the risk for a higher
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Figure 4.23: Unexpected turn-on of a GaN HEMT starts SC fault: Timing waveform

of SC protection mechanism under 400 V bus voltage where Vgs and Vds are the gate-

source and drain-source voltage of bottom switch, Vsense is the induced voltage on

PCB layout, Vfilter is the low-pass filtered form of Vsense, Vref is the threshold level

of SC signal and Vcomp is the scaled output of comparator IC.

level of input voltages. On the contrary, when a soft turn-off is applied, the voltage on

GaN HEMTs does not increase more than the bus voltage and it ensures a transition

in safe-operating-area limits.

Furthermore, the waveforms of induced voltage (Vsense) and its filtered form (Vfilter)

during an SC fault are measured under different bus voltage levels and given in Fig.

4.25. All bus voltage levels result in the same amount of voltage induction because the

transistor current gets in saturation for all voltage levels which means the same trans-

conductance for all voltage levels. These results also highlight the SC fault detection

range. The SC fault can be detected as long as the bus voltage is high enough to bring

transistors in saturation.

Besides SC fault results, double pulse test (DPT) results are presented in Fig. 4.26,
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Figure 4.25: Induced voltage (Vsense) and filtered waveforms (Vfilter) for SC fault

under varying DC bias levels
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Table 4.3: Delays and Related Factors During SC Fault

Time Interval (ns) Prolonging Factors Expediting Factors

t1 35 Loop Inductance

Filter Components Bus Capacitance

t2 5 Comparator Delay -

Detection 40 - -

t3 11 Isolator Delay -

t4 37 Interrupt Latency DSP Clock Speed

t5 11 Isolator Delay -

Turn-off Start 99 - -

t6 151 Base Resistor BJT Gain

Total 250 - -

t7 390 Programmable awaiting duration

for 400 V and 40 A to show normal switching performance and clarify the differences

between SC fault and normal switching. Transistors are switched with 20 Ω and 2 Ω

turn-on and turn-off gate resistances causing 22.8 kV/µs and 40.7 kV/µs average

transition speed, respectively. Whenever the control switch is turned on, the gate-

source voltage of the synchronous switch is charged via Miller capacitance. As shown

in Fig. 4.26, the gate-source voltage is charged up to -1.8 V which stays lower than the

threshold level, 1.7 V. This is a result of optimized and decoupled power loop and gate

loop layouts. It also shows that the protection method does not deteriorate the layout

design. For the same switching moments, the induced voltage (Vsense) and filtered

waveform (Vfilter) are also shown in Fig. 4.26. As expected, Vsense is much noisier in

comparison to the simulation result. Nevertheless, the filter is able to attenuate those

high-frequency oscillations and Vfilter never exceeds the reference level and does not

cause a false trigger. In addition, the Vfilter waveforms are presented in Fig. 4.27 for

different DC bias levels and loading conditions. In all situations, the Vfilter does not
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reach and exceed the reference level.

In order to see the noise immunity better, the FFT results are given in Fig. 4.28 where

FFT results of induced voltage (Vsense) and its filtered form (Vfilter) are compared for

normal switching and under SC fault. As explained in Section 4.2.6, normal switch-

ing carries more high-frequency components but SC fault dominates for frequencies

lower than 25 MHz in experimental results as well. These results also validate filter

design.
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and induced voltage (Vsense) and its filtered form (Vfilter)
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4.2.9 Discussions

SC protection methods in literature and their performance are compared in Table 4.4.

Those different sense techniques are shown in Fig. 4.29 as if they are applied on

a parallel connection configuration. The small layout parasitic inductances are also

placed on the figure. The SC fault is sensed with different methods such as drain-to-

source voltage (VDS) sense, bus voltage (VBUS) sense, induced voltage sense across

the common source inductance (CSI) or layout inductance. The STO activation, i.e.

gate clamping, the delay is taken as a common measure of different studies. STO

activation period is an important measure since it determines the duration of uncon-

trolled SC current rise. Even though the device type differs, all listed solutions in

Table 4.4 are applicable to other types of devices except [30] as sensing the induced

voltage across CSI requires a Kelvin source pin.

All of the reported studies are able to get SC current under control in less than 500 ns

which is the critical limit for GaN HEMTs with 350 V or more DC bus voltage [28].

First six solutions in Table 4.4 are able to activate STO in less than 100 ns with

30 ns deviation as maximum. The proposed SC protection mechanism in this paper is

designed and verified for parallel-connected GaN HEMTs and it starts STO in 99 ns

and fault is removed completely in 250 ns in total.

The sensing methods other than the method proposed in this paper (3 in Fig. 4.29)

might not be easily adapted to parallel configuration for several reasons. Firstly, the

layout design considerations of parallel-connected transistors are different from sin-

gle bridge design. Even though both designs aim to minimize gate loop and power

loop inductances, it is required to distribute the layout inductances equally among

parallel-connected transistors [23]. This requirement is critical to turn-on and turn-off

the parallel-connected transistors at the same time. Therefore, the protection meth-

ods, which can follow only either one device or one bridge like options 1, 2, and 5 in

Fig. 4.29, are inconvenient as they can cause asymmetry between parallel-connected

transistors, which can make the switching speeds of parallel transistors dissimilar.

These solutions can be adapted to the parallel configuration by increasing the num-

ber of sense points; however, this will increase the application cost and make the

implementation difficult.
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Table 4.4: SC fault response time of different protection methods applied on different

device types and connections

Study STO activ. Sense Device Conn.

Hou et al. [33] 70 ns VDS (1) GaN HEMT Single

Sun et al. [30] 80 ns CSI (2) SiC Single

Alemdar et al. [35] 80 ns Layout (3) GaN HEMT Single

Hou et al. [6] 85 ns VDS (1) GaN HEMT Single

Awwad et al. [34] 90 ns Layout (3) SiC Single

This work 99 ns Layout (3) GaN HEMT Parallel

Lyu et al. [28] 200 ns* VBUS** (4) GaN HEMT Single

Wang et al. [32] 224 ns VBUS*** (5) GaN GIT Single

(*) STO activation period is measured by author using the waveforms presented in

the paper

(**) Bus voltage is measured from positive terminal to negative terminal of power

loop bus capacitor

(***) Bus voltage is measured from the drain of the high side switch to the source of

the low side switch on a half-bridge

Secondly, the space limitations on the PCB lead designers to utilize different solu-

tions even for single bridge configuration. An example is utilizing dual-gate pads

separately for gate driving and soft turn-off as discussed in Chapter 1. Thus, the par-

allel connection of transistors complicates space limitations especially considering

the strict layout design rules of parallel configuration.

Thirdly, it is not possible to obtain gate loop inductances as low as in single half-

bridge design for parallel configuration. It is possible to place the gate driver IC just

next to the transistor in a single configuration. However, due to symmetry consid-

erations the gate driver IC cannot be placed next to a transistor. As a result, high

gate loop inductance leads to higher oscillations on gate-source voltage, so on trans-
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conductance and transistor current as well. These oscillations require a tighter filter

and long settling time.

Considering all these constraints, only bus voltage measurement technique across the

bus capacitors other than the layout method can be adapted to the parallel configura-

tion but it might not be easy to adjust reference levels for a different level of input

voltages and according to Table 4.4, sensing bus voltage is the slowest technique. As

a result, the layout based detection techniques are the most suitable methods to sense

SC fault for parallel configurations.

4.3 Thermal Design

A proper power electronics design must include a thermal design for long period op-

erations. The small size of the device package of GaN HEMTs makes it vulnerable

to thermal loading. As the size gets smaller, it is hard to remove the heat. Therefore,

thermal components should be selected with the device accordingly. Thermal com-
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ponents include heat-sink, fan, thermal interface material which fills the gap between

heat-sink and device. The Cauer thermal network is illustrated in Fig. 4.30 for a

single device where RJ−C stands for the junction to case thermal resistance, RTIM is

the thermal resistance of thermal interface material and RHS−A stands for heat-sink

to ambient thermal resistance.

As mentioned in Section 4.1.3, use of parallel-connected two GaN HEMTs is advan-

tageous than using a single device with a double current rating because of the wider

contact area with the heat-sink. In the case of a single device, the heat is concen-

trated on a specific region of heat-sink but for parallel devices, the heat sources are

separated.

The junction-to-case thermal resistance of the device is given as 0.5 °C/W in [4]. The

total power loss of the transistors is calculated as 18 W using simulation results. The

ambient temperature is assumed as 40 °C with some margin and the aimed junction

temperature is 140 °C. Based on these starting points, the required total thermal resis-

tance is found in (4.21) as 5.5 °C/W. Therefore, the total thermal resistance of RTIM

andRHS−A should not exceed 5.5 °C/W to operate at 140 °C of junction temperature.

Rtotal =
Tj − Tamb

Ploss

(4.21)

A thermal interface material (TIM), A10092-01 [55], with 0.25 in2◦C/W thermal re-

sistance per inch square (αTIM ) is selected for this operation. The equivalent contact

area should be taken into account to find the actual thermal resistance of TIM. In this
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case, it is the total cooling surface area of the transistors. The edges for this area is

given as 0.257 inches and 0.122 inches in [4], so the cooling area is 0.125 in2 in total.

However, since the thermal conductivity of TIM is much greater in X and Y direc-

tions than Z direction, the effective contact area is larger and each edge is multiplied

with 1.5 in calculations. As a result, TIM has a thermal resistance of 3.5 °C/W based

on (4.22). Thus, a heat-sink with 2 °C/W is required. Considering the size of the

PCB (90 mm (L), 40 mm (H)), it is not possible to have a heat-sink with the desired

resistance for natural cooling. Therefore, a heat-sink and a suitable fan should be

selected.

RTIM = αTIM
1

Atotal ∗ 1.52
(4.22)

A low-profile forged heat-sink, APF40-40-10CB [56], is selected with 2.5 °C/W ther-

mal resistance at 200 LFM airflow where it causes 0.043 inch-water pressure drop.

Therefore a fan should be picked which creates 200 LFM airflow under 0.043 inch-

water pressure drop. OD3510-05MB [57] fan is selected and it is able to create 4.9

CFM or 285 LFM airflow under 0.04 inch-water pressure drop. Therefore, since the

airflow is increased 42%, the thermal resistance of heat-sink will be lower. The heat-

sink APF40-40-13CB [56] with 2.0 °C/W at 200 LFM can be a second option for

certain limitations.

The heat-sink and fan are connected to PCB by screws as presented in Fig. 4.31.

For this purpose, heat-sink is drilled in each corner aligned with the fan and they are

tightly mounted on the PCB to have good contact between transistors and heat-sink.

A loose contact might result in increased contact resistance and might cause a thermal

run-away up.

In order to verify the thermal design, a controlled loss is applied to transistors and

temperature variation on the heat-sink is followed by a thermal camera, FLIR E5 [58].

During these tests, all four transistors on the half-bridge are turned-on and continuous

DC current flows through the transistors. The voltage on the transistors is measured

to estimate power loss accurately. The voltage and power losses are shown in Fig.

4.32. During the tests, the current is increased up to 16 A and 16.6 W power loss is

applied as the maximum which is equal to the estimated maximum loss in the actual
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Figure 4.31: Connection of heat-sink and fan on PCB

circuit.

In order to match the power loss with the junction temperature, the temperature on

the heat-sink is measured to calculate actual thermal resistance of it. Knowing the

thermal resistances of all components (heat-sink, TIM, and junction-to-case), it is

possible to estimate junction temperature under applied power losses. The estimated

junction temperature is shown in Fig. 4.33 and it reaches to 133 ◦C maximum. Note

that during the tests, the mounted heat-sink is APF40-40-06CB [56], which has 28%

higher thermal resistance than the one that will be used. Additionally, the connected

fan, OD3510-05LLB [57], is less powerful than the one that will be used. In short,

thermal performance is verified with even less effectual heat-sink and fan. With those

thermal results, the size of the half-bridge PCB is finalized as 90 mm length, 40 mm

height, and 30 mm width.

As a conclusion, a prototype half-bridge design with GaN HEMTs is discussed in

this chapter. The design of a half-bridge includes layout design, short-circuit protec-

tion integration, and thermal design. In the first place, the layout optimization for the
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power loop and the gate loop is discussed. Different design options are compared by

FEA software. Then, the layout considerations for parallel-connected devices are de-

scribed. A minimization of layout inductances is not enough for parallel devices, even

distribution of parasitic inductances is also required. Experimental results show that

a minimized and symmetric layout design is obtained on the proposed half-bridge.

Afterward, the implementation of short-circuit protection is given. The short-circuit

protection has to be fast enough to inhibit a fault before device breakdown. The

proposed method utilizes sensing the induced voltage on the layout. This method is

able to detect SC fault in 40 ns and current is taken under control in less than 100 ns.

Moreover, a unique piece of the SC method is that it is the first time an SC protection

method is applied to parallel-connected GaN HEMTs. The proposed solutions in the

literature are compared for parallel switch operation and the advantages of the layout

method are presented.

Lastly, the thermal design of the half-bridge board is given with all details and ex-

perimental results. The selection of thermal interface material, heat sink, and the fan

is discussed. The experimental results highlight that the half-bridge board is able to

stand with at least 16 W of losses on GaN HEMTs.
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CHAPTER 5

BI-DIRECTIONAL DC/DC CONVERTER DESIGN

The bi-directional DC/DC converters are used to construct an interface to energy

storage systems. Especially, the increase in the usage of renewable energy sources

requires energy storage systems like batteries where bi-directional power flow is re-

quired [40]. The buck/boost type bi-directional DC/DC converters are also used for

onboard chargers and between the battery and the inverter bus of electric vehicles

[39, 59], electric scooters or electric wheelchairs, and telecom energy systems [60].

In this chapter, a design example of a bi-directional DC/DC converter with the pro-

posed half-bridges in Chapter 4 is performed and discussed.

5.1 Design Specifications for Bi-Directional DC/DC Converter

Bi-directional DC/DC converters are used for interconnecting two DC terminals where

power flow capability is required in both ways. These converters are preferred to be in

low volume for high power density applications such as the regulator which connects

the battery and motor driver input in an electric vehicle. Fig. 5.1 shows the mind

map of a design protocol where "High Power Density" is taken as design input. The

converter size is mostly dominated by passive components [61] which can be reduced

by increasing switching frequency. However, the high switching frequency results in

high switching losses on switching components, especially for high power applica-

tions. Soft switching is a method to eliminate switching losses and can be applied to a

Buck / Boost type DC/DC converter easily by quasi-square wave zero voltage switch-

ing (QSW ZVS). Even though QSW ZVS is an easy way to achieve soft switching,

it suffers from high current ripple on inductors which mainly increases the stress on
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Figure 5.1: Logic diagram of the design of a bi-directional non-isolated DC/DC con-

verter

output filter capacitor and on transistors by causing high conduction losses. Thanks

to device paralleling, conduction losses can be shared among parallel-connected tran-

sistors and it reduces the conduction loss per switch. Moreover, soft-switching makes

device paralleling easy by smoothing switching transitions. The stress on the out-

put filter capacitors can be handled by interleaving half-bridges which significantly

shrinks the ripple current flowing through filter capacitors. As a result, the passive

components in small size can be used to filter output voltage.

In the lights of these design steps, a bi-directional DC/DC converter scheme is pre-

sented in Fig. 5.2 where two ports are denoted as A and B. The power flow from A to

B gives the buck operation whereas B to A gives the boost operation.

5.1.1 Achieving Soft-switching by Quasi-square Wave Zero Voltage Switching

Quasi-square wave zero voltage switching (QSW ZVS) is an easy way to achieve

zero voltage soft switching (ZVS) in buck/boost type DC/DC converters since it does

not require any extra component. The ZVS is accomplished by inductive switching

instead of capacitive switching. In capacitive switching, the transistor which is sup-
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posed to be turned on in the next cycle stays as charged to the DC link voltage level

while it is OFF. Therefore, whenever it gets in conduction, the voltage on the output

capacitance of the transistor has to be discharged which causes the switching energy

dissipation and overshoot on transistor current. However, in inductive switching, the

voltage on the output capacitor of the transistor is discharged in dead-time by the load

current and the transistor gets in conduction with zero voltage on itself. As a result,

the energy is not dissipated during the switching transition.

An example is illustrated in Fig. 5.3 on a buck converter where the inductor current

ripple is more than twice of output current; therefore, it goes below zero. Four mo-

ments are marked on inductor current in Fig. 5.4 where (1) is the charging moment,

(2) is the moment when QT turns off and QB turns on, (3) is the discharging moment

and lastly (4) is the moment when QB turns off and QT turns on.

As shown in Fig 5.4(a), the inductor is charged with the current flowing through the

channel of the high side switch. At the moment (2), high side transistor (QT ) turns-

off and QB turns on after a certain dead-time where both of the switches are OFF.

During this dead time, the inductor current splits up into two where one part of the

inductor current charges the output capacitance (COSS) of high side switch and other

pats discharges the (COSS) of the low side switch. Then, low side switch is turned-on

and inductor current starts freewheeling through the channel of the low side switch
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as given in Fig 5.4(c). In comparison to continuous conduction mode, the inductor

current goes below zero in quasi-square wave zero voltage switching. Therefore,

when the low side switch is turned-off as presented in Fig 5.4(d), the inductor current

charges the (COSS) of low side switch and discharges the (COSS) of high side switch

in the dead-time. Even though soft-switching can be achieved easily by QSW ZVS,

the inductor current ripple needs to be at least twice of average output current which

requires a careful inductor design for high-frequency high-power applications.

Since the inductor current charges and discharges the output capacitance of GaN

HEMTs, the required dead time and negative current can be calculated. Since a paral-

lel switching operation is applied in this design, the resonant current has to charge or

discharge the output capacitances of both transistor in parallel-connection. Therefore,

the total output capacitance needs to be considered as double of the output capacitance

of a single transistor for high side and low side. The actual value of the output ca-

pacitance is characterized in Chapter 2. According to the experimental results, the

equivalent output capacitance of the device at 0 to 400 V or vice versa transition can

be calculated by using the energy as described in (5.1). The output capacitance is

found as 108 pF which is given as 100 pF in the datasheet [4].

Eoss =
1

2
CossV

2
dc (5.1)

The inductor current which flows in a negative direction at that moment charges two

GaN HEMTs and discharges two GaN HEMTs as presented in Fig. 5.5. According

to the principle of conservation of charge, the required current or duration can be cal-
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Figure 5.4: Steps of quasi-square wave zero voltage switching defined in Fig. 5.3 for

buck mode operation

culated as shown in (5.2). For a configuration that operates under 400V DC bias and

where 4 A of negative current flows, a dead time of 43 ns is required as a minimum to

achieve zero voltage switching. Considering the gate charge and discharge duration,

100 ns of dead time would be suitable and safe for this design.

tdeadÎL,neg = 4CossVdc (5.2)

The parallel-connected bridge structure is tested on a simulation platform with 100 ns

of a dead-time period. The results show that, high side switch, i.e. the control switch

for buck mode, turns-on with zero voltage switching as shown in Fig. 5.6.
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5.1.2 Interleaving

As discussed before, quasi-square wave zero voltage switching suffers from high cur-

rent ripple. Behind the thermal stresses caused by the current ripple, it causes output

voltage swing as well unless the filter capacitors are capable of filtering. Instead of

applying all current ripple to the output filter capacitors, interleaving the multiple

numbers of bridges could decrease or eliminate the ripple. Moreover, the thermal

stress per bridge decreases as well for the same operating point.

The nominal operating conditions are given in Table 5.1. Based on these operating

conditions, the number of the interleaved bridge is selected with theoretical and prac-

tical reasons. Theoretically, the number of interleaved bridges is evaluated and com-

pared as shown in Table 5.2. Since buck and boost modes operate with almost com-

plementary duty cycles, minimum ripple is obtained for the same number of bridges.

Interleaving three bridges is the most suitable option for buck and boost modes in

terms of ripple cancellation. Moreover, the transferred power per bridge decreases

with an increasing number of bridges. That ratio could have been kept constant by tak-

ing the chance of increased output power. However, the available electrical loads and

power supply limitations are the practical reasons for keeping output power constant.

By keeping the output power constant, the increased number of bridges decreases the

utilization of filter inductors and switches. As a result, interleaving two bridge seems
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Figure 5.6: Simulation results showing zero voltage switching for high side switch at

turn-on

Table 5.1: Nominal operating conditions for buck and boost modes

Buck Mode Boost Mode

Input Voltage 400 V 270 V

Output Voltage 270 V 400 V

Duty Cycle 0.675 0.323

Output Current 20 A 13.5 A

Output Power 5.4 kW
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Table 5.2: Comparison of the effects of interleaved bridge number

Buck Mode Boost Mode

Number of bridges ∆Icap
∆IL

kW/bridge ∆IL
ĪL

Color Code

1 1 1 5.4 2.4 Best

2 0.515 0.521 2.7 2.8 Better

3 0.037 0.045 1.8 3.2 Not Bad

4 0.235 0.228 1.35 3.6 Bad

5 0.21 0.209 1.08 4 Worse

Table 5.3: Inductor specifications obtained by simulation results

Inductance 6.8 µH

Frequency 450 kHz

Average Current 10 A

Ripple Current 28 App

to be the most advantageous case for handling the ripple while maximizing the power

density.

5.1.3 Inductor Design

The inductor design is one of the most critical steps for the QSW ZVS converter

because the increased current ripple can saturate the magnetic core or cause lots of

heat dissipation on the inductor. The total inductor loss can be estimated by summing

winding losses and core losses as shown in (5.3). Nevertheless, the winding losses

can be split into two parts as the DC losses and AC losses. For an inductor with the

multiple numbers of layers and thick wires, AC loss dominates due to the eddy effects.
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Figure 5.7: Definitions of E shaped magnetic core

Therefore, the thickness of the wire should be selected by taking the skin depth into

account. In this design, aimed switching frequency is 450 kHz and inductor should

carry 10 Amps on average with 28 Amps peak-to-peak ripple as given in Table 5.3.

The skin depth for 450 kHz is 97.2 µm, so a Litz wire needs to be used to handle the

ripple. A Litz wire with 400 strands of 80 µm of thickness is chosen.

Pind = Pw + Pc (5.3)

Off the shelf magnetic gapped E cores on the shelf are not suitable for this application.

Therefore, a gapless E core is used and the air gap is adjusted with a few piece of

isolation papers as shown in Fig. 5.7. Basically ignoring the reluctance of E core,

the total reluctance of the flux path can be formulated as given in (5.4). The turn

number can be written down with the calculated reluctance and desired inductance

as presented in (5.5). With the turn number and reluctance, the flux density can be

calculated as given in (5.6) and (5.7) to check if the magnetic core saturates (5.8).

Moreover, the AC flux density (Bac) is required to estimate core loss as well.

< =
2Lgap

µoAe

(5.4)

N '
√
L ∗ < (5.5)
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Bdc =
NIavgµo

2Lgap

(5.6)

Bac =
N∆Iµo

4Lgap

(5.7)

Bpeak = Bdc +Bac (5.8)

Another important measure for the inductor is the power loss caused by the current.

For this purpose, DC resistance of the winding and AC resistance should be calcu-

lated. The total copper area of Litz wire is 2 mm2. Therefore, the resistance of the

wire can be found as given in (5.9) where MLT stands for mean length of a turn.

More importantly, the AC resistance should be determined with respect to DC resis-

tance using Dowell curves. The winding layer has to be kept as small as possible.

Therefore, for the first core selection step, AC resistance is taken as 1.5 times of DC

resistance.

Rdc =
ρN(MLT )

Awire

(5.9)

Pdc = I2
avgRdc (5.10)

Pac = I2
rmsRac (5.11)

Pcore = Psp(Bac, f)Ve (5.12)

As a result, power losses of a magnetic core can be calculated as shown in (5.10),

(5.11) and (5.12). Core loss is calculated with the given specific power loss in the

magnetic core datasheet. The specific power constant changes with respect to AC

magnetic flux density and frequency. The total power loss is compared for dif-

ferent magnetic cores and presented in Fig. 5.8. Even though, the magnetic core
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Figure 5.8: Loss comparison of different magnetic cores

E32/6/20/R-3F4 [62] seems advantageous in terms of power losses, its fill factor is

higher than others as shown in Fig. 5.9. The magnetic core E38/8/25-3F36 [63] has

less than 20% fill factor and suitable for paralleling two Litz wires so that the wind-

ing loss could be halved. The final loss of E38/8/25-3F36 can be reduced down to

8.5 W. Also, its dimensions are slightly higher than E32/6/20/R-3F which gives a

larger cooling surface area.

The wounded magnetic core is shown in Fig. 5.10(a) where two E cores will be placed

on top of each other and wires will be paralleled. The final view of the inductor is

presented in Fig. 5.10(b).

5.1.4 Filter Capacitor Selection

On the one hand, interleaving half-bridges reduce the current ripple for the output

capacitor. On the other hand, the frequency of filter capacitor current increases as

much as switching frequency times the number of interleaved bridges. Therefore, for

two interleaved bridges, the filter capacitor carries the current with double switching

frequency. The simulation result presented in Fig. 5.11 shows the inductor currents
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Figure 5.9: Fill factor comparison of different magnetic cores

(a) Inductor winding (b) Inductor

Figure 5.10: View of inductor
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Figure 5.11: Interleaved inductor currents and output current

and the output current for rated buck mode operation. According to the simulation

results, the amplitude of the ripple current is almost halved and the frequency is the

double of switching frequency, 900 kHz. For 1% output voltage ripple, the filter ca-

pacitor should be higher than 690 nF according to (5.13). This calculation is valid

only for an ideal capacitor and ideal connections which is not the case for a practi-

cal application. Ideally, the output voltage does not swing more than calculated as

long as the ripple on the output current passes through the filter capacitor. However,

capacitors are not ideal and have parasitic inductances and resistances. Therefore,

the frequency response of the filter capacitor gets important since it should carry a

considerably high amplitude of ripple current at 900 kHz. Moreover, the dissipation

factor has to be low enough to keep capacitors thermally safe.

C =
∆I

8∆V (2fsw)
(5.13)

The RMS of the current to be carried by the capacitors is 7.8 A at 900 kHz. In order

to filter out this current, two surface mount design (SMD) film capacitors, LDEPH32

20KA5N00 [64], and one through-hole (TH) film capacitor, BFC238320684 [65], are

used. Fig. 5.12 and Fig. 5.13 shows the current-carrying capability of SMD and TH

film capacitors, respectively. The total capacitance is 1120 nF and the current range

goes up to 23 A which is higher than the required values. Both capacitors are rated as
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630 V as maximum.

5Amax

Figure 5.12: Maximum current carrying capability of SMD film capacitor,

LDEPH3220KA5N00

5.2 Experiments and Results

The bi-directional DC/DC converter is physically implemented and tested under full

load for both buck and boost modes with the presented experimental setup in Fig.

5.14. During the experiments, all waveforms are recorded by a digital oscilloscope,

LeCroy Waverunner 44xi, and the current waveforms are measured by a current

probe, TCP305A. Resistive banks are connected in parallel as load. Input and output

powers are measured by watt-meters.

The converter is able to operate at full load and it does not require any extra cooling to

overcome thermal loading as will be discussed in Section 5.2.1. Converter dimensions

are 7.5 cm, 11 cm, 12.5 cm as shown in Fig. 5.15 which results in 5.24 kW/l power

density at full load.

The experiments are organized as the following. Section 5.2.1 gives the thermal tests

where a different level of thermal stresses are applied to inductors and heat sinks of

GaN HEMTs. In Section 5.2.2 and Section 5.2.3, the operation tests are performed

for buck mode and boost mode under different loading conditions.
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Figure 5.14: Experimental setup of the bi-directional DC/DC converter
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Figure 5.15: Bi-directional DC/DC Converter with 1.03 l volume

5.2.1 Thermal Tests

The thermal resistance of the magnetic core of the inductors is not presented clearly

in the datasheet. Therefore, the thermal design has to be verified before applying full

load. The thermal stresses of the inductors are dominated by the AC winding losses

and the core losses which both are got affected by the switching frequency. In order

to see the effect of switching frequency, the rated ripple amplitude of the current is

applied to the inductors to see the cooling performance.

Thermal measurement points are shown in Fig. 5.16. In each rectangle, the hottest

point is recorded for each switching frequency. The input voltage and duty cycle are

adjusted so that always the same current flows through the inductors with different

frequencies. The operating frequency is changed from 150 kHz to 450 kHz with

50 kHz steps and the current waveform recorded by the oscilloscope is shown in

Fig. 5.17 for the minimum and the maximum frequencies. The resulting temperatures

are shown in Fig. 5.18 where the maximum temperature increases up to 122 °C at

windings and the ambient temperature is 25 °C. Note that, in this study, all thermal
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Figure 5.16: Thermal measurement points over the inductors

results are measured after 30 minutes of operation.

Moreover, it is important to see the effects of the current ripple and average sepa-

rately to figure out the main reason behind the heating of passive components or GaN

HEMTs. For this purpose, two test sets are performed. On the one hand, the av-

erage current of the inductor current is changed while the ripple magnitude of the

current stays as the same and on the other hand, the average of the inductor current is

kept constant while the ripple changes. The results of these two experiment sets are

shown below in Fig. 5.19 and Fig. 5.20. The temperature is recorded for five different

components, the inductor winding and the core, heat sink of GaN HEMTs and in-

put capacitors. These components are the ones subject to heating in the experiments.

Fig. 5.19 shows that the effect of the change in the average current is limited and

does not affect the temperatures of the components much more. However, the current

ripple is decisive over the heating as given in Fig. 5.20.

In order to guarantee safe operation for passive components under full load, a fan is

placed, without reducing the power density, to overcome any harmful heating. This

configuration is presented in Fig. 5.21. Table 5.4 gives how the fan affects the tem-

peratures of the components. As expected, it significantly reduces the temperature of
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Figure 5.17: Applied currents on the inductors for thermal tests
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Figure 5.21: The view of the converter with the fan placed for cooling passive com-

ponents

the inductor and SMD input capacitors which are on the same side of the PCB. Its

effect on the film input capacitor and GaN HEMT heat sink is limited since they are

on different sides of the PCB.

Lastly, another important point is to estimate the junction temperature of GaN HEMTs

for different operating points of the bi-directional converter. The important thing is

to scale losses with respect to the inductor current. Note that, as a result of ZVS

switching the voltage level does not affect the losses. As discussed before, the ripple

current is more dominant on the losses rather than the average. However, the actual

loss source is the total effective value of the current on the inductor. Based on the

experimental results, it is deduced that the power losses of the GaN HEMTs on a

half-bridge are proportional to the square sum of average current and ripple current

as given in (5.14).

Pbridge ∝ I2
L−DC + (

IL−PP√
3

)2 (5.14)

Now, it is possible to scale the temperature rise on the heat sink based on a reference

measurement. The heat sink temperature is recorded as 43 °C under 5.8 A average

and 20 App ripple current. The final formula is given in (5.15) where the temperature
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Table 5.4: Effect of the fan for the operation with 3 A average and 28.3 A ripple

current over the inductor at 25 °C of ambient temperature

Without fan With fan

Winding 131 °C 86 °C

Magnetic core 119 °C 79 °C

SMD input capacitor 112 °C 60 °C

Film input capacitor 49.5 °C 44 °C

GaN HEMT heat sink 59 °C 57.5 °C

of the heat sink is found for an operating point using a reference measurement.

THS−op = (THS−ref − Tamb)
I2
L−DC−op + (

IL−PP−op√
3

)2

I2
L−DC−ref + (

IL−PP−ref√
3

)2
+ Tamb (5.15)

Lastly, the junction temperature can be estimated with the same method. For this pur-

pose, the losses extracted from the simulation results are taken as the reference. Based

on the simulation results, the losses of the GaN HEMTs over a half-bridge are 18.7 W

where the average and ripple current of the inductors are 20 A and 27.5 App, respec-

tively. The thermal design of the half-bridge boards was discussed in Section 4.3 in

detail. The resulting equation is presented in (5.16). The estimated temperatures will

be compared with the actual measurements in the following steps.

Tj−op = Pref

I2
L−DC−op + (

IL−PP−op√
3

)2

I2
L−DC−ref + (

IL−PP−ref√
3

)2
Rj−hs + THS−op (5.16)

5.2.2 Buck Mode

In buck mode tests, the input voltage is set to 400 V, and the applied duty cycle is

kept constant to have the same output voltage. Note that, since this converter applies
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Figure 5.22: Inductor current for 15% load and full load of buck operation

synchronous switching, there is no discontinuous conduction mode operation for any

load, so the volt-second balance equation is always the same as presented in (5.17).

Therefore, the input to output gain is always the same as well as given in (5.18).

(Vin − Vout)D + (−Vout)(1−D) = 0 (5.17)

Vout
Vin

= D (5.18)

During the tests, the load is increased by 15% in each step. Measured inductor cur-

rent waveform is presented in Fig. 5.22 for the minimum and maximum loading con-

ditions. In each step, the critical temperature points are recorded so that the thermal

performance could be verified under rated operating conditions. The change in the

temperature is shown in Fig. 5.23 for a varying load current range. The estimated

heat sink and junction temperature are also plotted. As shown, there is a good match

between the estimated and actual heat sink temperatures. Moreover, it is estimated

that the junction temperature rises up to 131 °C under full load.

The output voltage ripple is measured and shown in Fig. 5.24 for full load condition.

Nevertheless, the output voltage ripple gets affected by the duty cycle, frequency, and
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Figure 5.23: Temperature change of GaN HEMTs and inductors for varying loading

conditions of buck mode operation

input voltage. Since these three parameters are the same for all load range, the output

voltage ripple is constant over the load current. According to the experimental results,

the output voltage ripple swings as 2.3 V which is less than 1% of the output voltage.

Finally, the efficiency curve is obtained for the buck mode operation and presented

in Fig. 5.25. The results show that 97.7% efficiency is reached for the full load and

97.9% efficiency is obtained as the peak. Note that, the efficiency curve is obtained

based on the electrical measurements and subject to an error margin of measurement

tools. A better efficiency curve would be obtained with a calorimeter [66].

5.2.3 Boost Mode

In the boost mode tests, the output voltage is set to 400 V, and the input voltage is

kept constant at 270 V. Again due to synchronous switching, the converter does not

operate in discontinuous conduction mode. Therefore, the volt-second equation of

the converter turns into (5.19), so the gain is as in (5.20).

VinD + (Vin − Vout)(1−D) = 0 (5.19)
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Figure 5.24: Output voltage ripple under rated load conditions
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Figure 5.26: Inductor current for 15% load and full load of boost operation

Vout
Vin

=
1

1−D
(5.20)

Figure 5.26 gives the inductor currents for full load and 15% load. During the tests,

the load is increased by 15% steps. Under full load condition, the estimated junction

temperature goes up to 137 °C as shown in Fig. 5.27. Considering the maximum

junction temperature of GaN HEMTs is 150 °C, the temperature limit of the GaN

HEMT is almost achieved. In order to estimate junction temperature, equations (5.15)

and (5.16) are used with calibrating according to the simulation results of boost mode.

Simulation results give 19.1 W total loss for GaN HEMTs on a half-bridge under full

load condition, 400 V, 5.4 kW output in boost configuration.

Moreover, in Fig. 5.28, the thermal view of the converter under full load is presented

for boost mode. Image A shows the temperature increase on the PCB trace which is

connected to the drain of the high side switch. The heat sink temperatures are shown

on image B where one of the half-bridge heats up much more than others due to hot

airflow caused by cool half-bridge. Lastly, thermal views of the inductors are shown

in image C.

In the boost mode, experimental results show that the output voltage swings with 3.9

peak to peak amplitude under full load. Therefore, the output ripple is less than 1%
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Figure 5.27: Temperature change of GaN HEMTs and inductors for varying input

current of boost mode operation
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Figure 5.28: Thermal camera view of the converter under full load for the boost mode
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Figure 5.29: Output voltage ripple under rated load conditions
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Figure 5.30: Efficiency curve of boost mode operation based on electrical measure-

ments

as shown in Fig. 5.29. The voltage ripple is not affected by the load current since the

duty cycle is kept constant for the whole load range.

Lastly, the efficiency of the converter is measured as 98.7% at full load in the boost

mode. The efficiency curve of the converter is given in Fig. 5.30.
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In conclusion, this chapter gives an example design with the proposed half-bridge

boards. A bi-directional DC/DC converter application is selected where the power

rating goes up to 5.4 kW and switching frequency is 450 kHz. The converter utilizes

a quasi-square wave zero voltage switching to eliminate switching losses. As a re-

quirement of QSW ZVS, the filter inductance is kept low so that the inductor current

can flow in both directions in a switching cycle. Therefore, an inductor design is per-

formed where the ripple current is set as 28 A in magnitude with 450 kHz frequency.

Moreover, interleaving is applied to cancel ripple current and reduce the stress over

output capacitors. The converter is tested in buck and boost configurations under

rated power. Thermal results are presented and an efficiency curve is obtained for a

wide range of output power. The converter is able to operate at 97.7% and 98.7% effi-

ciencies under full load in buck and boost modes, respectively. As a result, 5.24 kW/l

or 85.9 W/in3 of power density is achieved.
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CHAPTER 6

CONCLUSIONS

In this thesis, the GaN HEMTs are studied in a perspective from component to system

level. The device parameters are characterized and their effects are investigated on the

switching performance. Then, using the characterized device, a half-bridge prototype

is designed where device paralleling is applied which requires layout optimization.

Additionally, shoot-through type short circuit protection is implemented on the same

half-bridge board to increase reliability. Lastly, the designed half-bridges are used in

a bi-directional DC/DC converter application to maximize power density.

6.1 Outcomes and Discussions

Firstly, gate charge of a GaN HEMT is characterized by the soft-switching transition.

The gate charge might cause unexpected amount of losses for very high-frequency

applications like class amplifiers. For this purpose, the gate loss needs to be character-

ized. This study utilizes three different gate charge values for the loss estimation: the

datasheet provided gate charge (6.1 nC), the measured gate charge by the impedance

analyzer (4.7 nC), and the gate charge extracted from thermal tests (4.9 nC). Accord-

ing to the experimental results, the gate charge given by the manufacturer deviates

more than 25% from the actual gate charge for a soft switching application. A more

accurate and easy way is to use an impedance analyzer to reduce the error margin

below 5% whereas the actual charge can be figured out by thermal tests. The main

reason for the error in manufacturer record is that the gate charge is measured under

a hard-switching case.

Another important parameter of GaN HEMTs is the output capacitance, which plays a
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significant role over switching losses and switching transitions. A non-linear resonance-

based characterization method is utilized and experimentally verified. For this pur-

pose, a printed circuit board is designed where GS66508T GaN HEMT is connected

in series with a 150 µH inductance. The drain-source voltage of the transistor is

charged up to 550 V and the waveform is recorded by the oscilloscope. The extracted

capacitance curve complies with the datasheet curve and the stored energy is in a good

match with manufacturer value. This method, without requiring any specific source

or tool, is a simple way to characterize the output capacitance of a device that varies

with respect to the bias voltage.

Having characterized device parameters, it is important to see how they affect the

switching performance of the device. Understanding the effect of the parasitics on

turn-on and turn-off characteristics of GaN are important to understand GaN behav-

ior and safe operation. For this purpose, a GaN device, GS66508B, is modeled and

the model is verified by comparing simulation results with the datasheet parameters.

Then, the channel current and channel voltage, which represent device characteristics

better, are investigated on a double pulse test circuit using an accurately modeled GaN

device. The simulation results belonging to channel current and voltage waveforms

are presented as state-trajectories on the steady-state Ids – Vds graph to discuss char-

acteristics better. Moreover, in order to emphasize and express the unique conduction

characteristics of GaN better, important definitions, active/passive turn-on/off, are ex-

plained.

Furthermore, the effects of the temperature on the channel trans-conductance and os-

cillations are studied on state-trajectory plots. It is shown that increasing operation

temperature reduces trans-conductance significantly, so the overshoots and damping

time of oscillation are decreased for high junction temperature of the device. Ad-

ditionally, the state-trajectories are shared for different load ratings and it is shown

that the transient gate-source voltage is affected by the current whereas the switching

speed is not changed as expected. Lastly, the channel voltage and channel current

transitions are given on the time axis for different turn-on and turn-off resistances.

High gate-driver resistances make the switching period longer, so since the current

changes slowly, the overshoots in current and voltage drops decrease.
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Even though GaN HEMTs are very attractive devices with their characteristics, the

maximum utilization can only be reached with optimized layout design. Non-optimized

layout design can easily deteriorate or even block the operation. Therefore, the im-

portant points for optimization of the power loop and the gate loop design are in-

vestigated and verified by finite-element-analysis results. Three different power loop

designs are compared where one of them is the design proposed by the manufac-

turer. According to FEA results, maximum utilization of bypass capacitors is very

important and the power loop inductance can be reduced by 40%. Moreover, the uti-

lization of parallel devices requires much more attention to the layout design. An

example design is performed and it is experimentally shown that parallel-connected

GaN HEMTs turn-on and turn-off simultaneously based on Vgs and Vds waveform

records. However, though the layout is optimized, GaN HEMTs can get affected by

noise sources and can be turned on unintentionally. The short-circuit current reaches

harmful levels within hundreds of nanoseconds. Therefore, a short-circuit protection

method based on sensing voltage across the layout inductance is applied on a parallel

switch half-bridge. The implementation of a short-circuit protection technique on a

parallel configuration is different from a single bridge configuration due to symmet-

ric layout design constraints. Reported SC protection methods in the literature are

evaluated and compared for parallel configuration. The proposed layout based SC

protection method is advantageous for parallel configuration because the sense cir-

cuit does not have to be placed close to a transistor or a half-bridge which relaxes the

space limitations and increases the flexibility for symmetric layout design.

Experimental results show that the short circuit protection mechanism is able to detect

the fault in 40 ns. After detecting the fault, a soft turn-off process is initiated within

100 ns to keep transistors in the safe-operating-area. Short circuit fault is completely

removed in 250 ns as a final step. Moreover, experimental results also show that the

proposed method does not deteriorate the power loop or the gate loop layouts. As

a result of optimized layout design, the gate voltage is not distorted by the miller

capacitance which could have initiated a short-circuit fault easily.

The proposed board can be adapted to many applications with increased current ca-

pability by paralleling and with its short-circuit protection ability. In this thesis, de-

signed half-bridge boards are used in a bi-directional DC/DC converter application
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where 5.24 kW/l or 85.9 W/in3 of power density is achieved under full load. In order

to reduce the size of passive components, the switching frequency is increased up to

450 kHz. The switching losses are eliminated by zero voltage switching obtained by

quasi-square wave zero voltage switching. The high ripple of the inductor is canceled

by interleaving two half-bridges. As a result, a very dense converter design is reached

where the 20 A at 270 V is available as output in the buck mode. Similarly, the con-

verter is able to supply up to 5.4 kW with 400 V output voltage in the boost mode.

The design is verified with thermal tests. The estimated junction temperature of GaN

HEMT rises up to 137 ◦C where the temperature over passive components does not

exceed 100 ◦C. Lastly, 97.7% efficiency and 98.7% efficiency are obtained under full

load conditions for the buck mode and the boost mode, respectively.

Moreover, the proposed converter and the non-isolated DC/DC converters in the lit-

erature are compared in Fig. 6.1. The presented converters include bi-directional

converters with and uni-directional buck or boost converters with soft-switching. The

detailed specs of the converters are presented in Table 6.1. Si based MOSFET is

the most common semiconductor used in these converters; however, SiC and GaN

switches have an increasing trend in the last years. On the one hand, it is clearly seen
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Figure 6.1: Comparison of DC/DC converters proposed in the literature
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Table 6.1: Specs of the given converters on Fig. 6.1

Study Po fsw Topology Device

A Pavlovsky et al. [42] 14 kW 66 kHz MBB* Si MOSFET

B Rodriguez et al. [67] 10 kW 20 kHz Boost SiCFET

C Stevanovic et al. [68] 3.05 kW 64 kHz Boost SiCFET

D Konjedic et al. [41] 1 kW 100 kHz Buck & Boost Si MOSFET

E Sinha et al. [69] 600 W 20 kHz Buck Si MOSFET

F Yang et al. [40] 200 W 50 kHz MBB Si MOSFET

G Das et al. [38] 200 W 66 kHz MBB Si MOSFET

H Ahmadi et al. [70] 200 W 100 kHz MBB Si IGBT

I Chen et al. [44] 115 W 100 kHz MBB Si MOSFET

J Veerachary [71] 75 W 100 kHz Modified Buck Si MOSFET

K Mao et al. [43] 96 W 300 kHz MBB Si MOSFET

L Pajnìc et al. [72] 60 W 750 kHz MBB GaN

M Huang et al. [39] 1.2 kW 1 MHz MBB GaN

N Lee et al. [73] 20 W 3 MHz Buck GaN

Z This study 5.4 kW 450 kHz Buck & Boost GaN

(*) Modified Buck & Boost topology

that MOSFET or IGBT based converters do not go beyond a certain level of switching

frequency. On the other hand, GaN switches are preferred for lower power applica-

tions in general. It is seen that SiCFETs take the place of Si MOSFETs in recent

years, leading improvement in power density. Furthermore, in Fig. 6.1, color con-

tours are plotted where the color gets darker for increasing output power and switch-

ing frequency multiplication. Converters evidently position closer to an axis which is

either output power axis or switching frequency axis. This fact is due to implementa-

tion hardness of increasing output power and switching frequency at the same time.

These two parameters are hardly increased together for a couple of reasons. Firstly,

the device has certain limitations in terms of switching speed and conduction losses.

The figure-of-merit of the device (Qg ∗ Rds−on) is the limiting factor and apparently,

this limit can only be exceeded by using a different device. Secondly, many off the
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shelf passive components are not satisfactory for high power, high-frequency applica-

tions. For example, the inductors are not available for that region because increasing

current requires longer air-gap or larger core volume. This results in higher winding

or core losses on the inductor. Similarly, off-the-shelf capacitors cannot respond to

the demands of increasing power and switching frequency at the same time. This

is because of their internal resistance and frequency responses. Related to the sec-

ond reason, another limit is cooling. The natural cooling or air cooling would not be

enough to cool down both transistors and passive components for a high frequency,

high power application. Liquid cooling is an option to exceed the limits but this is not

a reasonable option unless a liquid reservoir is already available in the system. The

proposed converter design utilizes the advantage of low on-state resistance of GaN

HEMTs rather than increasing the switching frequency. Therefore, the proposed con-

verter is closer to the power axis in Fig. 6.1.

6.2 Areas for Improvement

Due to GaN HEMTs being new in the industry, the following years will bring signif-

icant improvements in power electronics technology changing our daily life. It can

be expected to have smaller and lighter charge units, electric vehicles with improved

ranges, smaller photovoltaic inverters for home usage, and many different types of

power converters. Therefore, it can be expected for GaN HEMTs to stay as a hot

topic in academia for the following years as well. This study is a part of this journey

by covering both characterization and application sides of GaN HEMTs. Neverthe-

less, there is a wide research space regarding this thesis’ topic and GaN HEMTs in

general:

1. Characterization of device parameters: The main intention behind GaN

HEMTs’ usage is to increase efficiency and power density. Therefore, the

maximization of switching frequency should be aimed. However, increased

switching frequency makes soft-switching compulsory. As a result, the fol-

lowing parameters should be evaluated with respect to the frequency and the

switching method:
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• Input charge and capacitance of the device are key elements defining

device figure-of-merit. Low input capacitance is a must for high switch-

ing frequencies (>10 MHz). Even though the input capacitance is assumed

to be irrelevant to switching frequency, the relation between input charge

and frequency has to be investigated further. More importantly, the re-

sults highlight the differences in the gate charge between hard-switching

(6.1 nC) and soft-switching (5.0 nC). Therefore, the effect of switching

speed on the gate charge could be analyzed. The tight dead-time adjust-

ment also requires accurate estimation of input capacitance.

• Output capacitance is the main reason for switching losses. Even though

soft-switching topologies eliminate these losses, hard switching topolo-

gies are mainly preferred for the sake of easiness. The mechanism behind

the output losses is now being studied by researchers and there is still

more space for investigation of the relation between the output losses and

frequency, voltage bias, switching topology, device paralleling, switching

speed, etc..

• Threshold level which is very low for GaN HEMTs makes the GaN

HEMTs susceptible to circuit noises. It is worth investigating how the

threshold level is affected by junction temperature, the gate bias level,

frequency, or the switching topology.

• On-state resistance of the GaN HEMTs is low in comparison to other de-

vices. However, it increases with increasing temperature and the amount

of the increase varies from device to device. Since the conduction losses

and final operating temperature are directly related to on-state resistance,

it has to be analyzed further. The dependence on temperature, voltage

bias, and gate bias are among the important factors.

2. Switching performance: The understanding of switching behavior and perfor-

mance of GaN HEMTs is critical since either it can maximize the performance

or it can cause circuit failure. The fault mechanisms experienced during the

switching period has to be studied and understood. The false turn-on mecha-

nism and preventive solutions are very important to satisfy reliability require-

ments. The effects of temperature, voltage bias, frequency, gate resistances, and
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feedback mechanisms can be studied. The problems regarding these parameters

can be solved by different gate driver topologies. Moreover, the layout param-

eters, parasitic inductances, and capacitances, the packaging technologies can

be studied to see their effects more clearly.

3. Layout design: The small package size of GaN HEMTs leads to a great shrink

in converter sizes. Therefore, the space on the printed circuit board (PCB)

has to be used wisely. Reducing the number of components is possible with

the optimization of layout designs. For example, less number of power loop

bypass capacitors can be used if the power loop inductance decreases. An in-

teresting study topic would be the investigation of the effect of different PCB

manufacturing techniques on the power loop and the gate loop. Further, gate

driver topologies that do not require an isolated power supply can be an ef-

fective solution to have compact designs. Moreover, device paralleling is a

challenging point especially for a large number of parallel transistors. The

simultaneous switching of parallel-connected transistors is a must and it gets

harder with the increasing number of transistors. Therefore, the gate loop de-

sign needs to be improved for an increased number of parallel-connected tran-

sistors. Lastly, monolithic GaN power transistors reduce the stress of layout

design significantly, so high switching speeds could be achieved with this type

of GaN switches.

4. Reliability: Since the manufacturing technologies of GaN HEMTs are not ma-

ture yet, a significant variation on the device parameters can be observed. The

variation of the device parameters with respect to temperature, time, voltage

bias or ambient conditions, etc. can be a comprehensive research topic in terms

of device reliability.

• Thermal effects can influence the operation vitally. Device losses, switch-

ing speed, etc. are related to the device temperature. Each device gets af-

fected differently from temperature. The variation of the parameters with

temperature has to be minimized by the manufacturer. Also, the designer

should be aware of varying parameters with respect to temperature. There-

fore, a characterization and reliability study can illuminate the nature of

the device.
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• Voltage bias changes the on-state resistance of the GaN HEMTs which

is known as the current collapse phenomenon. An understanding of how

much device resistance deviates under voltage can be tested. Moreover, it

is worth studying the effect of the current collapse on stability. On top of

increased conduction losses, the device’s switching performance can be

investigated by taking the current collapse into account.

• Short circuit (SC) ruggedness of GaN HEMTs is lower than other types

of transistors. The mechanisms causing short circuit have to be identified

clearly to inhibit the risk of SC. Moreover, fast and reliable protection

methods are required. The protection method, proposed in this thesis, is

effective against shoot-through type SC faults. Moreover, it is required to

investigate the performances of different protection methods for parallel-

connected devices. Also, it is worth to study how the protection methods

give the result for multiple numbers of parallel-connected transistors. Fur-

ther, the SC protection mechanism can be improved so that fault-under-

load could also be detected. An important improvement would be reduc-

ing the required space for SC protection. Instead of turning-off transistors

with a digital signal processor (DSP), an analog implementation might

reduce the cost by removing the requirement of a DSP with high clock

speed.

5. Topologies: Various power converter topologies have been proposed and tested

already in the literature. It is potentially a valuable research area to investi-

gate how the classical topologies act with GaN HEMTs. It is important to

see their efficiency performance, volume minimization, and cost considerations

with GaN HEMTs. However, a more valuable study would be to reintroduce

the previous topologies evaluated as less feasible with former semiconductor

devices. Unfeasible converter topologies would be advantageous with GaN

HEMT semiconductors.

• Passive components are the limiting factors of today’s power convert-

ers. The potential frequency and power range of GaN HEMTs are hardly

assisted by the inductors and capacitors on the shelf. Design and manufac-

turing of magnetic cores, winding topologies, and wires get challenging if
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the frequency and the power increase together. Different winding topolo-

gies with coupled or non coupled magnetic cores can be proposed. The

quasi-square wave zero voltage switching Buck/Boost topology also can

be improved significantly with a coupled inductor design. Moreover, the

capacitors are limited as well for the high voltage range if the switching

frequency is also high. Evaluation of the capacitors on the market is im-

portant before assigning operating conditions of any topology.

• Multilevel topologies draw huge attention for GaN-based applications.

Since the maximum voltage is limited for GaN HEMTs, multilevel topolo-

gies might be a solution to reach higher voltage levels. Moreover, the

rapid dV/dt change of GaN HEMTs is a concern for motor drive applica-

tions due to the isolation safety of motor winding. A multi-level inverter

solution would be helpful to reduce dV/dt stress.

• Cooling components also plays a significant role in the power density

of the converter. GaN HEMTs’ small cooling surface area requires good

contact with heat sinks. There are different types of thermal interface ma-

terials and heat sinks. Whichever thermal interface material is used, the

heat sink has to be connected to the printed circuit board closely which

reduces the space utilization on the PCB. A custom design heat sink so-

lution would help to improve the compactness of the converters. Natural

cooling is also a trend for increasing the long term reliability of convert-

ers. Therefore, topology selection and proper thermal design are critically

important for power density and reliability.

In summary, there are many potential research fields regarding GaN HEMTs from

the characterization of the device to end-product converters. Therefore, GaN HEMTs

will be occupying power electronics in academia and industry for long years.
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APPENDIX A

SUPPLEMENTARY DOCUMENTS

All documents supposed to be placed in this chapter are shared on the following link:

https://github.com/furkankarakaya/GaN-Studies/tree/master/Thesis/Appendix

The following documents can be found on that webpage:

• Personal background

• Academic papers

• Simulation files for Chapter 3

• Simulation files of Buck and Boost converters

• PCB view and documents for:

1. Gate charge characterization board

2. Output capacitance characterization board

3. Control board

4. Converter board

5. Half-bridge board
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Figure A.1: You can access the appendix documents via this QR code
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