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Abstract
Design and Improved Switching Transient Modeling for A GaNbased
Three Phase Inverter
Yang Luo MASc.

Concordia University, 2021

In recent yearsvide-bandgapdevices(WBG) such as silicon carbide (SiC) and gallium
nitride (GaN) transistors have dravwaigrificant research attentiom power conversion
applications where higher efficiency, higher power density and lower cost are required, for
example, in electric vehicle (EV) applicat®rOwing to its better figures of merit on-on
resistance, switching sp@nd junction temperature, enhancermmantie GaNhigh electron
mobility transistos (HEMTS) are able to beperated withswitching frequency up teéhe
megahertz range, through which the size of passive compadnehis power convertersan
besi gni ficantly reduced. Consequentl vy, the p
density can be incased.

In GaN-based power converters, the switching energy loss increases naturally along with
the switching frequency, which is the dominant losspoment. Consequently, it is always one
of the top priority performances to be considered in research and development activities. For
device manufacturers, with access to intematerials and dimensionphrameters, physics
based device modelare usually used. Although these models can reveal detailed
characteristics of the devices, they are not accessilieetpublic andcan bevery time
consuming to develop. Analytical mhelbeidurs , t ha
and predict the switchg energy loss without consuming too much computing resowes,
always an essential tool to help provide guidelines to engineers for ailesign and
performance optimizatio purposes. This thesis devedapcomputationallyinexpensive and
straightfoward switching transient modehich proves to be more accurate than conventional
model through simulation and experiments.

Currently, in the commercial market, there are only a few mature designs of GaN three

phase inverter products, and most of themcasgly. This unavoidable phenomenon is led by



the fact that the gate drivand power loomlesign for GaN is demanding. Some companies
such as EPC, Navitas and Power Integrations are committed to moniolitgated gate
drivers, but they are complex aedpensive. Thus, this thesis also aims to design aliaald
threephase inverter with low cost and l@emplexity inthe gatedrive circuit.In addition, to
achieve high performance Gd¥sed inverter, parasitic components in the power loop have to
be mnhimized. In this thesis study, parasitic parameters of the poweateegtracted through
Ansys Q3D simulation and then validated through experimental test results. With accurate

parasitic parameters, the layout of B@Bsis improved to achieve better inverter performance.
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CHAPTER 1 INTRODUCTION

1.1 Introduction of GaN HEMTs

After six decades of development, the performance of sililemices has reached its limit
and is difficult to meet the requirememegjuiredby the new generation of power conversion
systemsAs early as 2004, gallium nitridéGaN) high electron mobility transiste(HEMTS)
made by Eudyna Corporation in Japan appe@t¢dHowever, acceptance outside of its
application has been limited by the device cost as well as the inconvenient feature of depletion
mode operation, which means, if a negative voltage is not applied between the gat and th
source electrode at the startup of a power converter, aatarit will occur. When the
enhancemenmnode (eemodg GaN HEMTs designed by Efficient Power Conversion
Corporation (EPC) was introduced in June20BaN devices started b@ manufactured at a
relatively low cost and then enterdélde public [1]. Since then, manyther international
semiconductorcompaniessuch as CanaBas GaN Syst ems, Ger manyos
Panasoni c, and A mannounced rnthieis intehtioa to snpamutactune GaN
transistors for the power conversion markbbsesampleproducts are shown as in Figure.1.1

By now, the highest breakdown voleathat commercially available GaN devices can reach is

(a) GS66516T from GaN Systems  (b) IGO60R070D1 from Infineon

(c) PGA26EQ07BA from Panasonic  (d) TP65H035WSQA from Transphorm

Figure 1.1 Products from different manufacturers
1



1200V.

In recent yearsGaN transistors have been drawing more and more attention for high
power density and high efficiency power conversion applications due to its superior
characteristics such dmsgher band gap, higher critical field and higher electron mobility as
shown in Table 1.11], which can lead texcellent electrical properties:

1) Lower intrinsic leakge currents and higher operating temperatdres band gap of
GaN material is around three times of tbbSilicon (Si) which means the strength of
the chemical bonds between the atoms in the lattice is stronger and thus an electron
jumping from one sé to another is more difficult.

2) Higher breakdown voltag&he critical breakdown electric field of GaNten times
Si material which is up to 3.3 MV/cm. Consequently, GaN devices have a higher
blockingvoltage.

3) Faster switching frequencysaN devices carbe developed to operate at a switching
frequencyin the MHz level due to itssmall junction capacitancéligher switching
frequeng is a dominant catalyst to enhance the performance of power conversion
systens and reduce the system voluf2g.

4) Lower onresistance: GaN devices have a high electron saturatiowhat is2.8
times than Sicon, leading to asmall orresistanceThis mainly contribtesto lower

conduction lossesherefore, higher overall efficiency can be attained.

Table 1.1 Comparison between Silicon and GaN

Parameter Silicon GaN
Band gap E(eV) 1.12 3.39
Critical Field Ezrit (MV/cm) 0.23 3.3
Electron Mobilityen (cn?/Vs) 1400 1500
Permittivity () 11.8 9
Thermal Conductivityg-(W/cmK) 1.5 1.3
Saturated electron velocity (dn/s) 1.0 2.8




Researchers and industries have been devoting a lot of energiynantd develop the
potential of GaN devices in recent yeaks.an effective way to reduce the size of the system
and increase the overall efficiency, GaMnsistors havébeen used widely in different
applications such as electrical vehicles, high spaddays, industrial motos, aerospace,
smart grié, renewable energy generaticetc. [3]-[5], andit is proven that GaN HEMTs

outperforms Si devices as a ngeneration solutiof6]-[8].

1.2 Literature review

In this section, a detailed review of the application and research status diaSadll
power conversioespeciallymotor dive systensis provided.

In the high frequency, high efficiency DC/AC power conversi@aaGaN HEMTs have
also broughinnovations to solve the demanding requirements from industry. For example,
drives for servo motors and other higheed motors may demand a fundamental excitation
frequency of 1 kHz or more, with comparable sample and feedback rates for feedback and
control. This requires the carrier frequency to be increasttk proportiorto themotor speed.
In conventional motor drive desigrsilicon based IGBTs were used as the switching devices
in the bridge leg of the inverter. Systems such as thesalways costrained to a choice
between coarse control, with barely ten steps per control cycle at 12 kHz of switching frequency,
and high switching loss incurred by switching IGBTSs at higher frequencies of tens-békito
GaN HEMTs which can switch at over sealehundred kilehertz with relative low switching
loss, can eliminate this constraint. Besides, the incrieage PWM frequency also brings
other advantages in motor drive applications such as reduced motor current ripple, lower motor
losses and reducdilter size and cost. Figure 1.2 shows an example setup with ab@sdd
motor drive.

As for the researcprogresson the thregohase inverter for motor drigg[9] compared
the power conversion efficiency & GaN inverter fordifferent output powes with a
conventional IGBTbased inverterThe GaNbasedconverterachievedover 98% efficiency

from 100 W to 900W as a result othe operation of themomally-off GaN transistors
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Figure 1.2 Schematic of test setup for GaN based d{8farabeet al 2012)

eliminatingthe fast recovery dides which are needed to be connected in parallel with IGBTs
in conventional inverterslt presented a successful operatan900 W with the carier
frequency of &Hz and DC bus voltage of 2Q0and t was verified by the experiment that the
efficiencycould reach as high as 99.3¢hich is the highest ever achieved iAlGBT inverters

The bidirectional conducting feature of GaN devices with lowremistance significantly
contributed to the improvement of efficiency.

[10] simulateda 1 kW Si-based and a Gabased inverter for comparison of efficiency.
Different load conditions and power factor angles using a synchronous motor load were set in
the simulation torepresentvarious operting conditions. The simulatioresults showed that
the power losses in the-Based inverter was about 8 times higher than thae BaN-based
inverter. Thepower conversioefficiency reachethehighest point atdll load condition with
unity power factor wherthe corresponding efficien@f theGaN invertemas99.41%, which
is 4.89% absolute higher than the Si counter(@ar52%) Moreover, even though thkermal
conductivity of GaN devices is poorer than tb&Si devices significaty, it was found that
the cooling requirements of Gabhsed inverter was less demanding due to its lower losses.

In [11], the switching behavior and switching loss were analyzed to evaluate the
performance of GaN HEMT3his paper proposed a thrphase inverter consisting of six 650
V, 30 A GaN HEMTs free fronfreeewheeling diodes and a shoaitput filter. It was tested at
different operating points by changing the motor frequency and the load in steps from no load
to full load. The highestefficiency of the system was 97& an output power of 1.KW.

Moreover,theline currents waveforms and the liteeline voltagewaveformswereobserved
4



to becomeure sinusoidadfter thefilter which furtherreducel the motor losses

In [12] and[13], the operating characteristics of a normallyGaN HEMT device with a
normally-off low voltage Sibased MOSFET imascadeverediscussed, and the test results
showed that it hathe advantage of low switchingpnduction losses, and operation without
any external freewheeling diode. Further, the switching and conduction loss HntiieGaN
HEMT device operating at 100 kHz is seen to be much lowertkieeBi-based IGBT inverter
operating at 15 kHz. The sizétbe output sine wave filter is very small and the loss in the sine
wave filter is much lower than the extra losses in the motor without filter.

In [14], a threephase motor drive system was proposed based on lateral enhancement
mode GaN devices with vertical power loop structure and common mode noise current
propagation control. It was verified through experiments that the system could run stably at a
switching frequency of 10@Hz for a long timeHowever, on each PCB, there is only one
power bridge with corresponding gate circuits. Three separate bridges are needed to form a
threephase inverter. Consequently, the whole system is not compact enough.

[15] designed 40 kW inverter whose overall boxed volume is only 0.57 Liters including
the air space without any passive AC filters, which meaashiieved a high power density of
17.5 kWI/L. With forced air cooling and low parasitic inductance layout design in power loop,
the invertemperformedwell both in thermdy and electricaly. However, in the design, gate
loop and power loop are placed togetlon a PCBThus, the electromagnetic interdace
(EMI) noise may propagatiirough the parasitic parameters to the power stage and control
circuits and bring electromagnetic compatibility (EMC) issues to the system.

As for the gate driver desigf,6] and[17] address integration of gate driver circuits with
half-bridge power stages in a depletimode GaNon-SiC process, which reduces the gate
driver aredy around 80%ompared to the bootstrgpe structurebut it has high complexity
and costMeanwhile,the drain turroff rising edge is not adjustabland it limits the design
flexibility which is not optimal.

A solution using High Voltage BCD (Bipolar CMOS DMOS) technology is developed in
[18], which is compact by integratintge whole driving circuitsinto a single dielt is suitable
for high voltage GaN HEMTs with great peak current capability and fgesitito output

propagationHowever, theralue of the turron gate resistor is limited to 130 Ohms. The turn
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on speed and the gai® source voltage spike during the tton event cannot be controlled by
varying the gate resistor. Thus, the dynamics perémice of the device is limited.

[19] shows an interleaved stejown buck converter operating at switching frequency of
1 MHz using GaN power stage integrated cireuMG5200, which is manufactured by Texas
Instruments. Te inclusion of an integrated driver circugan significantly facilitateits
implementation and redacparasitic impedancedt has been proved that the physical
dimension of the converter is reduced consideraigt the parasitic parameters are.low
However, the power stage not suitable for high power applications.

In summary different literatures have proven that GhBsel converter exhibits
significantly higher overall efficiency than-8ased converterdlowever,a comprehensive
understanding of thgate drive circuitlesignis alsoneeded to develop the potential of GaN

HEMTsto save energy and increase power densipoimer switching systems in the future.

1.3 Research djectivesand publications

The main objective of this thesis is to design a tptesse inverter using the new
generation GaN transistors. During the design process, new switching transiel# tihatdae
more accurate foéaN HEMTs are promed and validatedo successfully build an inverter
requires an overall understanding of not only the switching characteristics of power switches,
but that of the gate circuit considerations, component selectioociatesl electrical and
physical specifications, PCB routing requirements, and so on. The work presented in the thesis
goes through circuit design, device selection, PCB manufacture concerns and related design
issues. The objectives of this thesis aredistelow:

1. Development of improved models for tuon and turroff transient happening in GaN
devices.The proposedswitchingon andswitchingoff lossmodelsarevalidatedto be
moreaccurateghanthetraditionalonesbasedn the experimentatestresults.

2. Analysis of the third quadnt operation of GaN devices. Theposed reverse twn
on model is analyzedndapplied to the GaN transistors in the Halidge converter
topology, which also helps to define a proper digae.

3. Statement of gate drive desigonsiderationsind design of a GaNased threphase
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inverter using standard components and the fewest circuit blocks to maintain the
simplicity of the circuit, and to provide knowledge for future development of this
solution.

4. Investigation and extractiasf the parasitic parameters in the PCB traxfdkepower
loops to provide proof for further improvement on the layout of inverter and gate drive
design.

Contiibutions in form of publicationsontain
Y. Luo, S. N. Afrasiabi, C. Lai and P. Pillay, "Amproved Method to Estimate Turn
on Switching Loss of 650V GaN HEMTs in Haswitching Topology,"2020 23rd
International Conference on Electrical Machines and Systems (ICEHi#®&)amatsu,
Japan, 2020.

J.Tian, C.Lai, Y. Luo, S.Turco, S.Gangavarapu, Kortan, L.V. lyer, N.C. Kar, "A
Comprehensive Analytical Switching Transients and Loss Modeling with Accurate
Parasitic Parameters for Enhancermmode Gallium Nitride Transistofsto be

submitted t&SAE International Journal of Electrified Vehicles

1.4 Thesisoutline

The rest of this thesis divided intofour chapters as described below:

In chapter 2, the operating principles and characterizations of GaN HEMTs are
demonstrated. Witldifferent internal structurethe switching mechanisishouldalso be of
difference but it is neglectedin the traditional model Using the conventionalmodel for
switching events where the current bumpand load condition are not considerezhd
corresponding parasitic parameters are directly taken from the datashgfiaast deviation
can befound which indicates that i not suitable for GaNbased switches. Consequently, an
improved method is proposed througmare accurate switchirtgansient model and parasitic
parameteralues The plateatshifting is also cosidered to improve the accuracy of taff
time estimation. The operation and performance of the double pulse test are demonstrated with
the simulation results using LTspice software, and experimental ré&wdtproposed model is
proved to be more acate than the traditional model.
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In chapter 3the target is to designthreephaseinverter with a compact structure and
low complexity and cost The design of the whole system mainly contanthreephase
inverter design, gate drive circuit design, apower supply bard design. The major
componenselection is demaitrated based on thigeraturesurvey, and the considerations for
the design othe GaN inverterare examined. The process includeschematic picture and
layout realization, which requirdmth circuit analysis and the understandindpagicdesign
principles of PCB technology. The PCBs Vebeen manufactured and assembled, with a
heatsink attached to meet the cooling requirements.

In chapterd4, thetroubleshootingorocess and sonmasictestssuch as double pulse test
and thregphase RL load tests the inverter designed in chapter 3 are conducted anesthies
are presented. The problems found in the original design are demonstrated and also analyzed.
The parasitipparametersare veried through Ansys Q3Boftwareand experimentso help
improve the second version where a more compact and effdetsignis expected. Both the
gate drive circuit and the power loop are improved by using distributed capacitors and
improvementon the laput settings. Moreover, more functions are added to the new design
such as adjustable gate voltages, testing interfaces. Due to the timeline issue, the new version
has been put into production s not been assembled yet. But through the 3D simulation
results in the software Ansys Q3D, the parasitic comporaeateducedby 60% on the loop
parasiticinductance

The last chapter is th@nclusionsand future outlook.



CHAPTER 2 CHARACTERIZATION AND SWITCHING
TRANSIENT ANALYSIS OF GAN HEMT

2.1 Introduction

2.1.1 Operating principle of GaN transistors

There are generally two types of GaN HEMTs categorized by operating modes: the
depletion mode (Bnode or normallyon mode) and the enhanced moder(&de or normally
off mode) as shown iRigure2.1. Generally, the basstructure of GaN HEMT is very close
to a power fied effect transistor (FET) with thrextectrodes: gate, source, and drain which can
be categorized as one type of voltagatrolled power switches.

For the Dmode GaN transistor shown in Figuté (a),the source and drain electrodes
pierce through the top AlGaN layer to form an ohmic contact with the underlying two
dimensional eletron gas (2DEG). This creatashortcircuit between the source and the drain
until the 2DEG fpoeadlam the demnsulating GaNergstal candloct e p | e t
the flow of current. In order to deplete the 2DEG, a gate electrode is placed on top of the AIGaN
layer. In most of the early GaN transistors, this gate electrode was formed as a Schottky contact
to the topsurface. By applying negative voltage to this contact, the Schottky barrier becomes
reverse biased and the electrons underneath are depleted. Therefore, in order to turn this device
OFF, a negative voltage relative to both drain and source electrodesdesdngs shown in
Figure 2.1(b). Therefore, this depletion mode GaN transistom@le GaN) is also called
normally-on mode GaN, dnigh electron mobility transisSt§HEMT).

The depletion operation mode GaN is commonly used in RF applications but has limited
applications in the area of power conversion, as during theugtast a power converter, a
negative bias must first be applied otherwise a stiostit will occur. An eahanced mode (or
so-called normallyoff) device would not suffer from this limitation and thus is suitable for use

in power electronics converters. Thertbde GaN transistors behave in a similar way to silicon



power metabxide-semiconductor fieleffect ransistors (MOSFET). As shown in Figure
2.1(c), a positive gatsource voltage difference is applied on the gate electrode and attracts
electrons into the channel to form a bidirectional channel between the source and drain. As the
electrons are pooled the 2DEG, the overall resistance of the conducting channel is very low.
However, if the voltage is removed from the gate as in the case of Rig(§ the electrons
underneath it disperses, removing the conductive channel and turning the deviceooitidst

to most silicon power MOSFETSs, which employ a vertical, thredighchannel structure, the
E-mode structure provides the transistor with a low gate charge, which contributes further to
an improved figure of merit (FoM) and vemgh-performance suching, well into the

megahertz range.

D-Mode
Gate
D-Mode
Gate .
Source Drain

00

(a) D-mode on state (b) D-mode off state

E-Mode
Gate
E-Mode
Gate
Source

OO OO0 OO OO OO0 OO OC)

(c) E-mode on state (d) E-mode off state

Figure 2.1 Basic depletion mode and enhanced mode GaN transistor striiddture

2.1.2 Hard-switching lossanalysis

When the enhancementode GaN transistor designed by Efficient Power Conversion
Corporation (EPC) was introduced in June 2009, GaN devices started to enter the market of
power conversiofil]. Compared with the statd-the-art Silicon devices, GaN HEMTs can
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operate under higher switching frequemdyile havinga higher efficiency due to lower losses.
It can be seen from Rige 2.2, the Silicon IGBT bears approximately 10 times highien-on
and turnoff losses than the counterpart wisaN materia[20].
In hardswitching topologies, GaN HEMTs are turned on and off at an extremely high

speed, thus during theansition period significant losses will occur while the voltage and

Eon=492ul

VGE .

L)

G-aN Systems - GS66508T Eoff=12u) Infineon IGBT - IKW30N60H3 Eoff=96ul

Figure 2.2 Switching losses comparisonteen GaN HEMT and IGBT

current are in an overlapping regi@1]. Since GaN HEMT is usually operated at much higher
switching frequency, the switching losses especially in-Basitching topology contribute to

the major part of total power loss which becomes a limitation of its application and lower the
upper bound ofts capability[22]. Thus, in order to help develop thdl potential of GaN
HEMT, it is valuable to gain am-depth insight into the switching trsient process and
dynamic losses. As for the switching loss estimation of GaN, theoturloss ofa GaN
transistor is around 5 times higher than taffloss as can be observed from the resulf20h
Generally, the method to calculate the switching loss in GaN HEMTs is similar to that for the

switching loss calculation in Silicon devidd$. However, the difference between them should
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be not be ignored to achieve a more precise estimation result. Take toa fonocess as an
example, the rise time of drain-source current ¢k) and falttime of drainto-source voltage
(Vps) are calculated first according to the approximate value of parasitic capacitance given in
the datasheet. Secondly, the approximate losses can be d¢2®pdHowever, the
corresponding values provided in the datasheet are only obtained under a specific circumstance
and they may be inaccurate in some other cases. Moreover, the traditional method considers
the currentising trend to be smooth, which means the current spike is usually neglected in the
traditional estimation method, because it is negligible for Silicon dejadg¢d25]. However,
ignoring the losses induced by the current overshoot will lead to a significant deviation when
calculating the switching loss for GaN HEMTSs.

Moreover, the symmetry of the conductiobgannel between the source and the drain
electrode enables the GaN HEMT to condudhethird quadrant modeherea freewheeling
diode usually existin Si-based convertefsutnot needed to be paralleledthe GaN converter
Considering a halbridge kg in a voltage source converter (VSC), two devices aredam
and off complementarily controlled by a Pulse Width Modulated (PWM) signal. Considering
the nonideal behavior of the devices, an interval of deag should be introduced before the
subsegent turron to ensure safe operation. Even though the device manufacgucér as
GaN Systems provide some application notes to guide the users to set thiend§26]-[27],
the recommended values can be inadequate in some specific appkcatamios Through
looking into the haHbridge stucture,amore comprehensive moder theturn-off transientis
also of value to help the designers choose appropriatetieesiand to develop the full
potential of GaN devices.

[28] discussethevoltagefall/rise time scaling. They reved#he relationship between the
transition time and operating voltage, reverse transfer capacitance, but the load condition is not
consicered. To evaluate the tuoff performance of GaN switches more precisdly,

considerable deviation will occurtiie load conditions nottaken intoconsideration

2.2 Switching event analysis

This section presents the traditional models for GaN HEMTs estithes the limitations.

12



2.2.1 Traditional turn-on model

V_bus
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Figure 2.3 Traditional turron transient  Figure 2.4 Equivalent circuit of GaN HEMT

In hardswitching converters, lowynamic losses are the key to maintain high efficiency
if they are driven at a high switching frequency. The dominant composition of the losses
happens when, such as in a tomswitching event, the current flows through the drain channel
before the drakto-source voltage commutates to zero. The traditional estimation method is
assumed based orettransient process shown in Figure[2]3 The initial state of GaN HEMT
is the off state. The voltage across the transistbei®C bus voltage and no current is flowing
through the channel (ignoring the legjecurrent). By adding a drive voltage %) between
the gate electrode and the saumlectrode, the device starts to turn on. During thedarn
event, the transistor channel starts to conduct when theéagsteirce voltage (¥s) reaches
the threshold voltage ¢y. Then \&scontinues rising tthemiller plateau voltage (M) during
which period the drain currentyd) rises from O to load current I This period is considered
to be the transitiotime of current @r). After the completion ofhe current transition, another
obvious feature duringhe Vps decrease¢hat Ves keeps consint at b during the voltage
transitiortime (t/F) can also be observed.

In the traditional method to calculate the tam switching loss of GaN devices, a flat
miller plateau is assumed, which considers the plateau voltageqWe a constant valul
the voltage transitioftime, the drairto-source voltage (M) decreases fronthe DC bus
voltage down to zero. Under the assumptiontiinagjate voltages constant during the voltage
transition period, the current that charges the internattgateain capacitor (€p), which is

also the reverse transfer capacitoisdCcan be considered to be equal to the current flowing
13



through the gate electrode. Thugs§tarsto charge to remove the blocking voltage. After this
process, the gate current gdeck tothe source electrode again and continues to charge the
gateto-source capacitor (£3).

Based on the demonstrated presupposiiiofil], an ideal assumption identical tioe
above mechanism is applied to calculate the switching losses of GaN devices during-the hard
switching turron event. According to the equivalent circuitttéGaN HEMT shown in Figre
2.4, the charging current can lbétained through the gate drive voltage and the gate resistor

(Rg) in the turron gate drive loop. Then, the current figee (icr) can be derived a23).

0 0 o (2-1)

0 — (2-2)

o 0 _— (2-3)

with 0 0 — (2-4)

where }is the current flowing through the gate electrode (either goingdorCss); Qcs
and Gspyis charge required to increasesffrom 0 to i and from Vi, to Vpirespectively

The voltage faltime (i/F) can be derived with2(5)-(2-7):

0 "0 0o (2-5)
0 — (2-6)
o 0 —_ (2-7)

where the @p is the charge required to change the gatérain voltage down from
blocking state to near zero.
Based on above analysis, the traditional method to calculate thertuoss can be

summarized as equatio2-8):
O — 0 0 (2-8)
In hardswitching converters especially in high switching frequency operation, the

dynamic losses are the key to determine the efficiency and the key consideration of thermal

design.
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2.2.2 Traditional turn -off model

Figure 2.5 Traditional turroff transient

In the traditional mthod of estimating the twwoff loss of an enhancementode GaN
HEMT, it is commonly accepted that the switching loss is caused during the overlapping region
of device voltagand currenas shown irFigure 2.5 [1]. The initial state othe GaN HEMT is
in on state with the load current flowingagh the channel. The voltage across the transistor
can be considered near zero. By applying ancofitrol signal (usually OV or2 V/-3 V)
between the gate electrode and the source electrode, the device starts to turn off. During the
turn-off event, thedrainto-source voltage (ds) starts to increase when the gaiesource
voltage (\&s) falls down tothe miller plateau voltage (M). After the voltage transition period
(tvr), the Ves continues decreasing. When it reachiesthreshold voltage (M), the drain
current (bs) starts reduag from load current (l) to zero. This period is considered to be the
transitiontime of current @f). The overlapping region includes bothand tr, and the shaded
area is considered to be the taffiloss of the GaN transistor.

The equivalent circuit of GaN HEMT is also as Figure 2.4, but the gate current should
be reversedTo calculate the turoff switching loss of GaN devices, a flat miller plateau is
assumed, whicbonsiders the plateau voltage,()Mo be a constant value.\oltage transition
time, the current that charges timernal gateo-drain capacitor (6c) to DC bus voltage,
which is also the reverse transfer capacitess&an be considered to be equal to the current
flowing through the gate electrode. Consequently, the voltageimse(t/,r) can be derived

with (2-9) - (2-11):
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O O o (2-9)

0 — (2-10)
o 0 @ — (2-11)

where R represents the resistance in the gate loop fordfirandthe Qsp is the charge
required to change the draio-gate voltage from near zero to blocking state.
After this process, the gate current continues to discharge théogaiarce capacitor

(Ccs). The current faltime (icF) can be derived as:

0 0 o (2-12)

0o — (2-13)

o 0 — (2-14)

with 0 o — (2-15)

where @sand s is the charge required to increasgs¥fom 0 to i and from \h to
Vpirespectively.
Above all, the traditional methoa tcalculate the turoff loss can be summarized as

equation (216):

o — 0 0 (2-16)

2.3 Improved transient model

This section proposes an improved model which is computationally inexpensive and
straightforwardor turn-on and turroff switching transiersof GaN HEMTSs in haréwitching
topologies. The analytical results are compared with the simulation results from LTspice and

the experimental results.
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2.3.1 Proposed turn-on model

In the traditional method, it is obvious that the loss induced by the current overshoot is
neglected, which in fact is a facttitat should not be ignored when calculating the-turn
switching loss of GaN HEMTSs. It is clear frofR0] that the drain current in Silicon devices
does not show an apparent overshoot when the device turns on, thus the process shown in Fig.1
can be used. However, since a superior characteristic that GaN HEMTs have over Silicon
device is the much shorter risme and fall time, the current needs to reach load current in a
much smaller time interval. For example, the IGBT IKW30N60H3 manufactured by Infineon
has a rise time of 38s and fall time of 22s[29]; while GaN HEMT GS66508 from GaN
Systems has only a few nanosecoradbth rise and fall timg80]. Consequently, a current
spike that cannot be ignored brought by displacement current happening during the transition
period in GaN HEMT is much more severe than thatsiiicon IGBT setup. This can also be
observed in the double pulse test (DAmMwation waveforms from LTspice as showrHigure
2.6. When the load current is set to beA3@t the turron commutation, the drain current goes
uprapidly and reaches approximatelyAéen falls back to 30 A. When the current overshoot
happens, the voltage across the device is still at a high level, thus, a significant estimation error
will occur if the power dissipation due to the spike is nolticed.

V(vsw) Ix(U4:D)

T

Current spike

\/\/\/V\/\/W\/VV\AAN\/\M'V\'

Figure 2.6 Tun-on waveforms of DPT. V(vsw) is the draio-source voltage and

Ix(U4:D) is the drain current.
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The proposed transient analysis considers the current overshoot occutheguatent
transitiontime as shown ifrigure 2.7 In fact, the current spike is led by the displacement
current flowing in the bridge. Assuming the rise trend of current to be linear, the rising current
in drainto-source channel is composed of three parts: theageeload current, and two
displacement currents. In a hdalfidge circuit, when the device under test (DUT) turns on, a
discharging current flows through the output capacitor of DUT to bring the voltage cross the
capacitor down from bus voltage to zero.aviehile, another displacement current also flows
through the other device in the same bridge to charge thetdraource capacitdrom zero
to the blocking statd31]. To make it clearpne displacement current flows from DC bus to
charge the out put -oddma dGatNo rd eosfi cteh e wihti U ren iamgp t
out put capaci-tno Ga&NtHeviitcernThegn they merge
drain channel leading to the current spike as shoviaigare 2.8 The timeindependent extra

losses due to the discharge of DUT and the charge eDkdhare given byZ-9) and -10)

respectivey:
I k y =
pea
Vius ‘ I
. |J_ Load
I Ips @% TC Inductor
Driver
VGS |
V Lloop

7+
Vth I‘. Gate ‘: - Coss
/ \ VDS Driver \'
ter |tVF} \—‘(\--__E‘

Figure 2.7 Proposed turon transient Figure 2.8 Current componesiat turnon
QoY r? "85 vy G vy 0 QO (2-9)
Qv ¢ £07YY pr? "B vy U QU (2-10)

While the current bump iRigure 2.7 is caused by the losses #19) and 2-10) together,
but usually when calculating the tuoff loss of noRDUT, the energy inZ-10) will be included.
To avoid overrating the total loss, iiauld not be added into the tuon switching loss.

Thus, the total turon energy can be described as:
18



0O . 0 Qo 0 (2-11)
One displacement current flows fraime DC bus to charge the output capacitor of the
At urmfifng GaN device, while another one disch
ono GaN device. Then they merge with the 1o
current spike. Th@eakvalue of displacement current can be estimatadugh the average

current during intervalt:

0o -z 0 ‘O (2-12
It is obvious from equatior2¢11) that the accuracy dfon is notdly determined by the
accuracy of transition time estimatiamd the energy caused by the output parasitics of the

DUT.

2.3.2 Proposed turn-off model

In traditional topologies using Si IGBTs or MOSFETSs, the freewheeling diodes take the
responsibility of letting the current conductirereverse direction, and the turniog process
of the antiparallel diodes makes slight difference to the total I@tisnation. But for GaN
based converters, the characteristic eflibectional conduction makes the switchioif event
related to reverse twon event which happens in the meantiitnea half bridge, an obvious
feature led by the topology itself is th#te voltages drops on the upysde switch and the
lower-side switch are always complementary. This means, if the 1gpeedevice is suppode
to turn-off, during this interval, two events are happening at the same time: The output capacitor
of the uppeiside switch is being charged while the corresponding capacitor of thedaleer
device is being discharged. The sum of the blocking voltages ot&pacitanceshould
always equal to the DC bus voltage. From previous aigipn section A, it is givemy the
traditional model that the twoff speed is affected by the gate circuit deslgawever, it is
usuallyneglectedhatthe charging/discharging rate is also determined by the load condition.
In practical situatiog the time that the device needssommute from on state to off is decided
by the two factors mentioned according to different testaemariosFor example, if the GaN

transistors are turning offith a high DC bus voltage but low current, though the device can
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commute in a few nanosews due to a low gateff resistance design, the longer time needed
by the other device in the same bridge to transfer from forward blocking mode to reverse
conducting mode will drag the commutation speed down. Consequently, more transition time
is neededo complete the full commutation. On the contrary, at low voltage but high load
current, the output capacitance can be charged/discharged very quickly, then the gate loop
would be the dominant factor which limits the commutation speed. In the traditiettzban
the transition time estimation are more adaptable for the low voltage, high current situations.
However it leads to a considerable deviation in high voltage, low cuagplications In this
section, theobjectiveis to provide a more precise methto quantify the total switchirgff
time.

For conveniencethe transition period happenimgthin the freewheeling GaN transistor
will be considered in this section. The mechanism is similar when applied to the turning on
device but in the freewheeling device it can be seen more clearly as showiriguites2.9.
With the symmetry of the lateral structure in GaN transig&#], when the gat¢o-drain
voltage reachebethreshold voltage, the channel of the device turns on for reverse conduction.
The displacement currents g§dffset the load current at theginninghus the current flowing
through the internal channel of the device is zero. The channel current increases with the
dropping of the voltages on draio-source capacitance (output capacitance). When the
channel current reaches load current (in reversetiin), the W and \bsreach near zero.
This is when the device achieves full conducting in reverse conduction.

Based on thenechanisnassumed above, the model tbereverse turfon transient can

IL‘ *+_ips
+
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Figure 2.9 Current path while Figure 2.10 Transient model for reverse conductin

reverse conducting of the noaDUT
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be built as irFigure 2.10. The kevrefers to the time needed to discharge thefil©®m blocking
state to zero and it should be considered asvihmentioned in the section A when the load
causes a longer transition time. The transition time is determined by the time needed to fully

discharge th€ps(Cos9 and external capacitor
0 _— (2-13)
Hypothetically,the current is supposed to increase linearly. It can be obtained as:
0o — (2-14)

In summary, the real# in equation (215) should be defined segmentally, which can be

given by,
g o ho o
0 o ho o (2-15)
This is to claim that, the actual switchio§ time should be influenced by both theaa
circuit and the load condition. In other words, when a light load is carried, the Igager t
induces a longer switchingff time. Conversely, at heavy load, the fixed by the gate loop

defines the upper limit of the switching speed.

2.4 Accurate equivalent circuit parameters for loss calculation

From the calculation otk and tr using (21) ~ (24) and (25) ~ (27) respectively, it
can be observed that the accuracy of the internal parameters of the device, sgghQs Q
and ), are of sigriicance to obtain an accuratenETherefore, the characteristics of the

parameters will be explained in the following sections to obtain them precisely.

2.4.1 Reverse transfer capacitor and output capacitor

characteristics

The accuracy of capacitance influenties transition time estimation considerably. For
the switching losses of MOSFETS, the traditional method has been demonstfa&davimch
selectgwo values of Gsat Vbs=Vousand OV respectively and then the average value is used

to estimate Qp. This assumption requiressgto be highly linear. However, for GaN HEMTS,
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Crssvalues varies nonlinearly whemychanges from & to 500V as shown irFigure2.8 (a).
Thus, the variation of g&smust be taken into account for the accuracy &f @rs9. [25] has
also put forward a method to calculate the switching time by means of calculating a group of
small time intervals using a group of{£then the combination of the time intervals is rdgdr
as the transition timeHowever this method brings bulky calculati®since no standard
formula can be clarified. To make the calculation more convenienthhsteraims to find
the linear relation betweendand \bs. Thus, thischapterproposesan improved method for
calculating Qp.

Take GS66508T as an example, whose cagramitharateristicsare shown in the Figure

2.9(a), the proposed method extracted numerous sampling points from the datasheet, and the
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Figure 2.11 Characteristics of GaN HEMTSs. (a) Output capacitor. (b) Qrss.
sampling points are selected as closely as possible to make the scatter plot approximately
identical to the original curve. Different distuting Gssvalues are extracted to represent the
reverse transfer capacitor at different voltage points. By integratenQep needed for
different drainto-source voltage levetan then be obtained. It is obvious that when the voltage
level is above 10V, the charge thahe reverse transfer capacitor needs can be regarded as
linear. Since 65¢ GaN HEMTs are seldom utilized under Mdinear fitting the segment of
voltage higher than 100V is sufficient for GaN HEMT switching loss estimation asiatieq
(2-16).

0 Qw U (2-16)
22



where K can be easily obtained by calculating the fitting slopese¥@s curve inFigure
2.11(b). By selecting the @point from above function, the irregularity of capacitance can be
eliminated, thushe subsequent calculation is facilitated.

Similar to Qss Qps at different voltage levslcan also be calculated through the

integration method. Constant values of parasitic capacitors are also provided by the datasheet,

s+ NS S S T T T e
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:Capacnance PF)

(a) (b)
Figure 2.12 Characteristics of GS66508T. (a) Capacitance. (b) Gate charge

but they are not representative enough since they are only for a specific test condition. The
accuracy by means of integ@ti and curve fitting is improved compared with traditional
method and it contributes to the overall accuracy improvement irotuloss estimation.

As for the gate charge d@ even though the datasheet also presents a gate charge
characteristic curve ahown inFigure 2.12 (b), it can be seen that a constant miller plateau
is required to conform the curve. In fact, miller plateau shifting is anatleesrfconcerned in

the proposed method, and it will be demonstrated in the next subsection.

2.4.2 Miller plateau voltage characteristics

Other than reverse transfer capacitor and output capacitor, the miller plateau voltage is
also influenced by dratto-sourcevoltage and the load current. This phenomenon has also
been mentioned if83]. However, this varying factor is not included in the traditional loss
estimation. Basically, M increases with the increase afdand L. The datashe¢B0] does not

mention the miller plateau voltage shifting with changesgs &hd L in detail, but it can be
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Figure 2.13 Miller plateau shifting at ¥s=400V

observed in the simulation software as recorded in Tatldt can be seethat the difference
among plateau voltage can reach about 0.6 volt when the operating conlérmyes from
Vps=200V, IL.=10Ato Vps=500V, I.=30A. Figure 2.13also shows the miller plateau shifting
with varying load current at 34=400 V. As a result, the turoen characterization of GaN
HMETSs varies. Based or2{1) and(2-2), ascanbe see thata higher plateau voltage causes
longer voltage transitictime because the twon gate curreniglgets reduced. Furthermore,
higher plateau voltage also causes longer current transiimenbecause the charge required
to reachthe miller plateau @s(also increases.

These two factors will be combined to calculate a more pregis@@l thus the accuracy
of the estimation of transitietime will be improved. Consequently, switching loss can be

assessed witlowererror with the proposed method.

Table 2.1 Miller plateau voltage

Vps(V)
200 250 300 350 400 450 500
[L(A)
10 2.8721 29277 29416 2.9630 2.9626 2.9121 3.9832
20 3.1514 3.1742 3.2149 3.1737 3.1911 3.2098 3.2331
30 3.3931 3.4230 3.4334 3.4592 3.4340 3.4525 3.4760
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2.5 Calculation and simulation results

The parameters for analytical calculations and DPT simulations through LTspice are listed

in Table2.2 The junction temperature of GaN HEMT is considered to be the saanebéent

temperature, which is 2% . Different voltage and current levels are selected, and

corresponding miller plateau voltage values obtained from Babée used in the calculation.

Qrssis selected fronfrigure 2.11 based on the operating conditions angi® also calculated

in a similar way. Since & varies slightly under different circumstance when the bus voltage

is above 200/, Qasfor charging the gate voltage from zero t¥ & considered constant and

selected from the datasheet to berfiC7/ Thetyr+tcr are calculatedCorresponding valuesre

measured from the simulation direcligd are compared

Table 2.2 Simulation parameters

Junction temperature 253
Veus(V) 300/350/400/450/500
IL(A) 10/20/30
Vor(V) +6/0
Vin(V) +1.7
Rg(ohm) 10
Qcs(nC) 1.7

Table 2.3 Calculation by traditional method without capacitance fitting

10A

tvr+ ter(NS)

20A

tvr+ ter(NS)

30A

tvr+ ter(NS)

300
350
400
450
500

28.57130309
33.34862755
38.15925419
42.82719403
47.47907193

28.57130309
33.34862755
38.15925419
42.82719403
47.47907193

28.57130309
33.34862755
38.15925419
42.82719403
47.47907193
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Table 2.4 Calculation by traditional method with capacitance fitting without miller plateau

shifting

10A

tvet ter(NS)

20A

tvet ter(nS)

30A

tvrt ter(nS)

300
350
400
450
500

5.815799087
6.049465753
6.340465753
6.669799087
7.000799087

5.815799087
6.049465753
6.340465753
6.669799087
7.000799087

5.815799087
6.049465753
6.340465753
6.669799087
7.000799087

Table 2.5 Calculation byproposednethod considering miller plateau shifting

10A

tvr+ tcr(NS)

20A

tvr+ tcr(NS)

30A

tvr+ tcr(NS)

300 6.277524194 6.929992578 7.565997389
350 6.648172046 7.456797475 8.085763711
400 7.033769633 7.87092845 8.812810083
450 7.437613387 8.306769878 8.992118771
500 7.82536583 8.710865325 9.529679691
Table 2.6 DPT simulation result

10A 20A 30A

tvr+ tcr(NS) tvr+ tcr(NS) tvr+ tcr(NS)
300 6.219317 7.242873 8.807158
350 6.471781 7.329043 9.017354
400 6.396774 7.57279 9.292411
450 6.569867 7.81487 9.651914
500 6.901262 8.2561 9.735659
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Figure 2.14 Comparison among calculation and simulation results

Compaimng Table 2.3 with Table 2.6, it is clear that the total transition time calculated by
traditional method for Silicon MOSFETSs is not suitable for switching loss calculation of GaN
HEMTSs due to the low accuracy. This is because, as has been mentioned hiapéet, ¢the
capacitance selection has great influence on the calculation accuracy. From Table 2.3 and Table
2.4, it should be noticed that for the same bus voltage, the transitiomstthree same. This
phenomenon can be explained by equations (22)7): when \br, Vin, Ryand @sare fixed,
then Qspnand | are fixed at the same bus voltage level taasamains constant. On the other
hand, becausedg depends on Msonly, leading to a constanitwhich does not conform the
practical situation. Qusequently, the proposed method considers the impagtofble miller
plateau voltage as shown in Table 2.5 and smaller difference is1shlogn compared with
simulation results presented in Table 2.6.

At the condition of 1®\ load current and busoltage from 400~50V, the transition time
calculation bythetraditional method shows closer agreement with the circuit simulation results.
However, the final switching energy calculated and compared in abl@he traditional
method mentioned in th@able and in the following section considers capacitance fitting but

without miller plateau shifting), is still not accurate because of ignoring the current overshoot.
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Table 2.7 Turn-on loss estimation comparison witimsilations

10A  Traditional Method‘( ) Proposed Method ()» Simulation Result'( )

400V 12.681 40.618 64.358
450V 15.007 48.622 67.439
500V 17.502 54.997 71.091

Summarized results at different load currents and bus voltage levels are stoguren
2. 15, which indicatethat the proposed method gives more eateuestimation of turon

switching loss for GaN HEMTSs.

Eon (LU)

300 350 400 450 500
DC Bus voltage (V)
——Simulation M load current:30A
----- Proposed method W load current:20A

—a—Traditional method M load current;10A

Figure 2.15 Comparison between simulation and estimation

The results forthe proposed turroff model are presented as kgure 2.16. The
calculation processalso takes the capacitance curve fitting and plateau shifting into
consideration. The red curve stands for the-tffriime obtained from the simulation at the
testing condition of Wus=100V and L ranging from 1(A to 60A. It can be seen thate tr
calculated from equation {21) only canforms the simulation results when the load current is
greater than around 2§ while at lower current, thegv from equation (213) provides a better
accuracy. This is because, at a given DC bus voltagen wte load current is at a low level,
though the turroff gate resistance is one of the limit which decides thedifrime, the time

needed for the output capacitance to switch from one state to another makes the transition
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Figure 2.16 Comparison between simulation and estimation of-@ffmodel

process longer. But at high current, how the gate loop is designed becomes the toh#tein

switching speed. Fige 2.16has validated that, the actual transition time at switebfhgvent

should be determined by both gate loop and power loop, as concluded in equaddn (2

2.6 Experimental results

2.6.1 Double pulse test experiment

The double pulse test is performed for capturing the switching transition waveforms of the

voltage and current. Thrgghase GaN inverter HGCBB-401120 manufactured by

Headspring Inc. is used to conduct the test. The test circuit and experimental sshgware
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controller

Drive J ! : board
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Figure 2.17 DPT experiment. (a) e circuit. (b) Hardware setup.
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in Figure 2.17. The inverter is built with GS66508B GaN-HEMT by GaN Systems.
GS66508B has similar features as GS66508T, and the differenceebetivem is that
GS66508B is bottom cooled. Since only one Hhaifige is needed fahe double pulse test,
one of the three bridges in the inverter is selected to build the circuit. The gating signals are
generated by dSpace simulator and insulated fremtain circuit. The heat sink and cooling
fan are already installed properly in the inverter, and consequently the impact of temperature
on switching losses can be neglected within a short period of time during the test.

In the double pulse test, the switchiog transient process during the second-gatpulse
is focused since the first gave pulse givenatheDUT is used to charge the inductor current
to 5A. Thus, the switchingn loss measured during the first gatmginterval does not include
the energy contributed by the load current. When theafagggnal is given on the DUT, which
is the lowside switch, the wside switch will be turned on after the dead time which is set to
be 30ns in the experiment. In this interval, the energy stored in the indutha&rgrevious
stage is releasing and the current is circulating through tsgdepswitchand the load. The
current inthelow-side switch reduces to zero at this stage. Then the secorangai#se will
be generated to turn on the DUT again at the switching conditionssf2@0V/400V while
Ips keeps at A since the reduction in the inductor current is small and can be igriorids
period, the waveforms of voltage and current are recorded to show the transient process.

The experimental waveforms based onlale pulse test are shownkigure 2.18. It can
be noticed that there is an obvious ringing on current existing at the beginning stage of turning

on due to the parasitic stray inductance of the DC bus and théfddfe module, which leads

(@) (b)

Figure 2.18 Turn-on transient waveforms of current and voltage. (a) #2200V, Ips=5A.

(b) At Vpc=400V, Ips=5 A
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Figure 2.19 Turn-off voltage transient waveforms of both switches. (a) At.00V, Ips=2

A. (b) At Vpc=100V, Ips=5A

to higher losses thaheideal situation. But the first spike of rising current contributes the most

and it includes the extra loss induced by the displacement current as has been disthussed in

previous section. After the first overshoot of current, even though the ringing on the current is

still happening, the voltage cross the GaN device has decreased to nearly zero thus the

subsequent losses caused by the rest of the current ringing onlg lravial impact on the

switchingon loss estimation. It can be seen that the tendency of the waveforms are consistent

with the proposed turon transient model.

The turroff transient is shown iRigure 2.19. It can be concluded that the load condition

does have an influence on the switching speed of GaN devicesuAatMOV and L=5A,

the turnoff switching time is around 32ns. When the load cune@tA and the same DC bus

voltage, the turroff transient takes longer time which is around 80ns. Compared with the

calculation results based on the proposed-tfirrmodel, which are 2hs and 72.5ns

respectively, the error is within a small rang&eTerror can be introduced by the parasitic

components among the PCB traces and the parasitic capacitance induced by external load,
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which can also make the charging and discharging process longer. This is because, when
external capacitance are introducetbithe circuit, it can be regarded that the output parasitic
capacitance of the GaN device increases. Thus, in real situations, to# tune can be even

longer due to the degradation of the load.

2.6.2 Results and discussion

Based on the same texindition of the double pulse test experiment, the calculation
according to the traditional method and proposed method is performed and the comparative
results are shown in Table Z2a8dTable 29. It is obvious that the proposed method can provide
amore accurate switchirtgansienimodelthan the tradition method. Since the stray inductance
in the hardware is not taken into consideration,réseltsobtained from the experiment are

greater than the calculated ones.

Table 2.8 Turn-on loss estimationanpaedwith experiments

5A Traditional Method‘( ) Proposed Method () Experimental Result ()

200V 2.713 14.019 19.921
400V 6.340 37.491 44.037

Table 2.9 Turn-off time estimation compared witlxjgeriments

100V Proposed Modelk( ) Experimental Resulg()
5A 29 32
2A 72.5 80

Another implication is that, during the intervalrefverseturon channel 6s bui |
to the parasitic elements existing in the circuit, such as parasitic capactaheeexternal
load,alonger time is needed for the switches to achtaedully-off state. In this chapter, the
parasitic capacitances existing in the PCB is not included because they can be neglected
compared to the capacitance introduced by the load. But in some other situations, where the

capacitance effect is considerabteshould also be included. This also means that the designers
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should be careful when design the layout of the power loop, since a capacitance effect needs to
be kept as small as possible to help the GaN HEMT develop its potential of high switching

speed.

2.7 Summary

This chapter puts forward an improv&aditching transientnodel for GaN HEMTs in hard
switching topology.The proposedurn-on modelconsiders current spikeand theturn-off
modelconsiders not onlgate loop design, but also the load conditlarcomparison with the
traditional estimation method for Silicon transistors, the proposed switchingnmais$
improves the switching time estimatimmore reliable and accurate for GaN devices. In order
to verify the results obtained from the proposeddel, a double pulse test circuit is
implemented with LTspice and hardware. It is validated in both simulation and experiment that
the proposed method can provide closer switctimg estimation than theaditional method
by considering different feates of GaN semiconductors, including the reverse transfer
capacitance, output capacitance, and miller plateau voltage shifting. Therefore, the estimation
accuracy of turron switching loss in GaN HEMTs is improved by the proposed method. In
addition, the poposed estimation method can be applied for total switching loss calculations
in different GaN HEMTSs power converter applicatiokreover,the turroff model can also

contribute to the minimum deditine settingo help reduce the deditne loss
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CHAPTER 3 DESIGN OF A GAN-BASED THREE PHASE
INVERTER

3.1 Introduction

After a few decades of development, GaN transistors have been accepted in the market
and recognized to be promising which can stimulate the progress of industries and researches.
Modern GaN transters now compete with Si and SiC semiconductors and have been proved
to perform well as a neweneration of power electronic devicE3-[6]. As a promising
semiconductor material, the wide bagap(WBG) material GaN has a wider band gap (more
than 3.4eV), higher critical breakdown electric fieldigher antiradiation ability and higher
electronic saturatiorvelocity [34]-[38]. In motor drive applications, low losses and high
switching frequency is of significance when it comes to increasing the power density and the
compactness of the systdi®39]. The improved pulswidth modulation(PWM) switching
frequency can enabla reduction not onlyn motor current ripple, noise and lossesAi@
motors but also on the volume of passive components such as an LC filter which helps to
provide ideal sinusoidal output waveforms. All the above advantages put together improves the
overall efficiency of the systefd0]-[41].

A reliable gate drive circuit design for the high power GaN based ewertst be
achieved due to its demanding requirements on the gate voltage dielsiggpsof threephase
inverters have applied complicated gate drive circuits which are costly and equipped with
excessive components which may also increase the gate logitipanaluctance due to the
equivalentseriesinductance (ESLgxisting in the elements. Bhalf-bridge structure, which
is a fundamental topology employed in different power conwgrgerch as an inverter, a
bootstrapping circuits a simple and low &b solution has been widely used to supply the
voltage required by the higgide transistof42]-[43]. Some compangesuch as EPC, Navitas,
and Power Integrations are committed to monolithic integration of GaN HEMTSs, drivers, and
logic circuits, but this kind of solution has high cost and dewify, also Imited design

flexibility.

34



3.2 Review of GaN power transistors and packagg technologes

Nowadays, there are many GaN transistors which are suitable for power conversion
application commercially available from several vendors with blockinggelup to 1,200 V
(VisIC Technologie018)and current handling capability up to 12Q@aN Systems 2018)n
order to pick the best GaN power transistors for this 10 kW high power density inverter design,
a comprehensive survey on existing GaN power transistors performance and their
correspondingpackage techslogies is conducted in order to compare the electrical capabilities.
Table 3.1 shows the datasheet parameters comparison of dominant GaN devices from different
manufacturers the blocking voltage above 600 V and current satioge than 25 A. GaN
Systemsprovide two product series of 650 V and 100 V blocking volsagehe latest 650
V/120 A GaN transistor is available for online order in 2018are die package dhe GaN
Systemsd of fii@65120/11-Dwe B .STHheBSMT package transistors from GaN
Systems (650 V/60 A) are available with both top and bottom side cooling. VisIC recently
released its 1200 V level hdifidge module with gate driver and sensors in a compact size of
73mm*43mm*20mm which is the only half bridge module in this voltage range
(AVM4O0OHB/E20aD 2 0. Pld adilitio2 © WiBa) hae been listed, no one would
neglect the Efficient Power Conversion (EPC) in the GaN HEMT area who is the first mature
producer of Emode @N transistors and has a full series of products commercially available
with current range from 0.5 A to 90 A and a blocking voltage up to 200 V. Among all the GaN
devices introduced in this chapter, most of them utilize surface mount technology (SMX) exce
Transphorm which provides through hole TO pack#ig Tr ansphorm GaN Po
Portfol.ioo 2018)
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Table 3.1 Datasheet comparison of GaN devices commercially available from different

manufacturers
Blocking |Continuous| Rise time | Fall time and Gate Reverse
Part Operation Mounting Ron
Company voltage | current at [and turn ON| turn OFF _ |Charge| recovery
number mode Style (mY)
at 25C | 25C (A) delay (ns) delay (ns) (nC) | charge (nC)
GS665(Q Surface
Normally OFF 650 30 3.7+4.1 5.2+8 50 | 5.8 0
8B/P/T Mounting
GaN
GS6651 Surface
Systems Normally OFF 650 60 4.6+12.4 14.9+22 25| 121 0
6B/T Mounting
GS065
Normally OFF | Bare Die 650 120 NA NA 12 25 0
120-1-D
V18G65 Surface
Normally ON 650 53 7.542 4.5+36 18 15 0
VisIC A Mounting
V22N65| Surface
Normally OFF 650 80 6.5+9 10.8+15.5 | 22 41 0
A Mounting
TPH321 Normally OFF| Through
650 27 7.5+24 5+55.5 72 | 14.6 90
2PS (cascode) Hole
TPH320 Normally OFF| Through
Trans 650 35 7.6+36 8.6+40 49 28 136
5WSBQ (cascode) Hole
phorm
TP65H0 Normally OFF| Through
650 36 11+51 11+86 50 16 125
50WsS (cascode) Hole
TP65HQ Normally OFF| Through
650 46.5 69+13.5 98.5+11.5 | 35 24 178
35WS (cascode) Hole
PGA26 Surface
Panasonic Normally OFF 600 26 5.6+3.7 2.4+55 56 5 0
EO7BA Mounting
IGO60R0
Surface
Infineon |70D1/IG | Normally OFF 600 31 9+15 13+15 55 | 5.8 0
Mounting
OT60R07

The survey shows that the GaN System device (GS66516 series) is the most suitable
discrete device among all other devices for a high power high density inverter. According to
GaN Systems, their die fabrication technology makes the GaN HEMT die areadualallple.

This makes GaN Systems the first company to provide a 650 V discrete GaN device with 60 A
current rating. In addition, the laminated SMD package used by GaN System offelswiltra
package inductance and top side cooling at the same time. Wit@lieling multiple GaN

devices, GS66516 series can achieve high current rating directly. Thus, the power density and
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reliability of the inverter can be improved.

3.3 Major components selection

A threephase inverter system can be roughly divided into tipe#s: Thregphase

inverter, gate drive circuit and power supplies.

3.3.1 Three-phase inverter

The power transistors and the Hi@k capacitor are the two major components of the
inverter part. According to the survey demonstrated in last section, the GaN BEBE516

series manufactured by GaN Systems is specifically selected in the design.

a) Power transistors

In general, the commercially available GaN HEMTs in the market can be classified into
three types in accordance with heat dissipation-sidp cooling,bottomside cooling and
doublesided cooling44]-[45]. The thermal pad of tegide cooling GaN transistors is located
on the top side and connected together with the source electrode which is on the bottom side.
This enables the thermal pad of the device to be attached to the ektatsahkdirectly. It
should be noticed that a layer of interface material with High Voltage (HV) insulation should
be placed between the thermal pad and the heatsink to improve the heat transfer performance
and to avoid short circt In comparison, the bottoside cooled transistor has its substrate
located at the bottom side which requires the heat dissipation path to go through the FR4 PCB
board using thermal vias beneath the device. However, the PCB area beneath the device is
usually used as the current comatign loop as well. This causes a confbetween the heat
dissipationand the current flowing path and limits the performance of electrical circuit
dramatically. This conflict can be reflected in the example layout preseni#gl iwhere it is
difficult to satisfyboth the thermal performance and the electrical performance at the same
time with numerous thermal vias placed under the device. Thdedsidied coolingpackage

GaN has around 30%-~358%mnaller thermal resistance compared to the sisigledcooling
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packagdg45],[47]. However, it is challenging to balance the raised requirements of cooling
design and theomplexityof the systenf48]. Thus, based on the survey above and considering
the heatdissipationdesign, GS66516T is selected as the active switch used in the inverter
design. According to GaN Systems, their GaNPX® packadgeupnology enables low
inductance (less than 1nH) and low junction to case thermal resistanC€/¥Rin a small
package size. This makes GS66516T the first 650 V discrete GaN device with a high current
rating of 60A. Avoiding the difficulty of paralleng multiple devices to achieve high current

[49]-[50], GS66516T allows at least B0acoperation.

b)  DC-link capacitor

For three phase inverters, the Ik capacitor is a critical passive component that
requires relatively larger space with sgéent requirements on the AC current rating and dc
voltage ripple. In Figure.1, a typical circuit diagram of a voltage source fed tplesse
inverter (VSI) connected ta dcbus voltage V is shown The inverter drives an AC motor
with three sinusoidabutput currents. Six GaN swites ae controlled to turn on and dffy a
Pulse Width Modulation (PWM) strategy to generate sinusoidal output voltage waveforms. The
current ofthethree phases varies with the phase voltages based on load wdndcisnobr

in this situation.

]z'n Id‘"
: — —a
Drive
Y [cap
];/;n a T /1 I
—l b A Vi
T 1T I
Cdc ¢
, — —
Drive

Figure 3.1 Circuit diagram of a VSI system
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In a VSI, the main functions of the DIk capacitor is td51]-[52]:

(1) Providealow impedance path for high frequency currents: With frequercrgasing,
the existing inductivparasitiampedance in the power supply and cable also increases. On the
contrary, the DC link capacitor impedance goes down so the high frequency components of AC
current (ripple current) can ladsorbed

(2) Stiffen theDC bus: Remove the effects of stray inductance from the DC voltage source
to the main power bridges so as to have a stable DC bus. Voltage fluctuation on the DC bus
brings ripple to the output current which should be avoided.

As for the type of the capdor, film capacitors have high ripple current rating and low
ESR and ESL compared with electrolytiapacitors Though electrolytic capacitors have
higher capacitance/volume ratio than film ones, the ESR and ESL of electcalysicitorsare
higher thanhose of film capacitors so multiple electrolytics need to be connected in parallel
to reduce the parasitic parameters, and that may increase the size of the inverter and reduce the
power density which weaken the advantage of ®abkd system The volumetic efficiency
typically ends up being much higher if film capacitors are used. On the other hand, the working
lifetime rating of film capacitaris around 10 times of electrolyti§s3]. Consequently, a film
capacitor will be selected@hus, when selecting the Diibk capacitor, the ripple current is an
important factof53]-[54].

The rms value of the inverter input current candbgded into two parts (dc and ac
component) and calculated as:

O o O (3-1)

The ac component will be absorbed by the-lik capacitor thus the rms value of the

capacitor current can be derived:
O O O (3-2)
Referencd55] and[56] have presented a concrete gseand derivation to determine

the inverter rms and average value current:

o @ —= L. - A1 © (3-3)
O -00AT+0 (3-4)

Substituing (3-3) and 8-4) into 3-2):
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9 o c-L Aiéer _p (3-5)
Where M is the modulation index; is the peak value of the phase currentj cigsthe
power factor andj the angle between the current and voltage vectorss is the rms value
of phase current. Figur8.2 plots the normalized capacitor current to phase current vs.
modulation index for several different power factors
Most Permanent Magnet (PM) motors have power factors between 0.70 and 0.95. It is

obvious that maximum capacitor current occurs when the bétiween 0.€.75 where the

capacitor current will be 0.58.65 times of the phase current.

Thus, the Ddink capacitor can be sized as:
o i
0 S A— (3-6)

Where @V is the (57]dmpthiseesignm d M08 166 Fa | d aopveeadi t o r

selected.

Normalized Capacitor Current vs. Modulation Index

0.7 r

0o~

Icap.R.‘dS [phase.m-m
£

0.2

0.1 |

0 |I | | | |
L] 0.2 0.4 LX) 0.8

Modulation Index

Figure 3.2 Capacitor current normalized to phase current vs modulation index for p

factors from G- 1.0
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3.3.2 Gate drive circuit

a) Bootstrap topology

In a half-bridge structure, which is a fundamental topology engadoy different power
convertersuch as an inverter, a bootstrap circuit is widely used to supply the voltage required
by the highside transistof58]-[59]. In the design, a bootstrap circuit as shown in the Figure
3.3 is used to form the gate drive circuit to increase the simplicity and compactness of the
circuit because it generates isolateevposupplies for higiside and lowside GaN switches,
which can help to reduce cost and avoid additional parasitic capacitance between the switching
output and ground. The raedarked part in the Figure3indicates how the DC power supply

is directly conected to low side gate driver and supplies to high side gate driver through the

—VvDD1 VDD2 | Gate | |
L s VOUTE resistor ﬁ]‘j

— VI- CLAMP -

—GND1  GND2[- -
Gate driver IC _|_‘r Rboot Dboot
Cboot B e

—VvDD1 VDD2 |-

L] et Vi+ VOUT[-

—1__ | Gate
— VI- CLAMP - | resistor
p
—4GND1  GND2[— i
+

DC

Bootstrapping charging loop

Figure 3.3 Gate drive wrcuit for a single phase

bootstrap capacitor. It can be seen that, when the high side GaN HEMfhéofhstate and
the low side switch is on, the external DC supply charges the bootstrap caiaestothrough
a diode (Dooy, a bootstrap resistor (Ry) and the conducting lowide switch. When the high
side GaN HEMT turns on and the leside switch turns off, Botbecomes reverse biaseuis
the bootstrap capacitor can supply VDD2 of the high side gate driver IC.
For the gate driver IC, the ADUM4121 manufactured by Analog Devices is used, which
provides 5 kV rms isolation in the widmdy, 8lead SOIC packagend offers the advantage
of true, galvanic isolation between the input and the outpith &tang from 2.5V to 6.5V
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supply at the input side, it can generate a 6 V supply at the output side to fit toae gate
drive voltage requirement of GaN HEMTShe ADUMA4121 gate driver also includes an
internal Miller clamp which activates at 2 V on the falling edge of the output, supplying the
gate with a low impedance path to reduce the risk of false turn on induced by millejeéffect
To select the bootstrap capacit@ilicon LabsCompanyhas provided aonvenient
website to do the calculatigfl].
The maximum total charge needed by the sgle gate (@) should be calculated first
to ensure after maximum voltage drop the gate voltage can still keep th&deghvitchin on
state:
0 0 o 0o (3-7)
Where @ is the total gate charge needed by the GaN HEMT and (see GaN HEMT
datasheet); ¢ max represents the maximum time during each cyclethiedow side switch is
off; lpp2_g is the maximum quiescent input current for the high side driver (see driver IC
datasheet).
The maximum voltage drop (Vboot) depends on the threshold gate drive voltage (Vth):
6 6 6 6 (3-8)
Where b is the forwardvoltage drop of the diode.

The value of Gootis driven by the maximum allowable ripple ofowt

8 - (3-9)

The purpose of Rot is to limit the current in the first cycle at startup and to enthee
bootstrap capacitor can be properly refreshed during the worst case durisigéoswitch on
time. The time constant of the RC circuit isséx Cooot AS a starting point, it is suggested that
resistor Bootbe selected such that minimum time that lade switch is on (bn_min) is at least
three times of the time constant.

Y _— (3-10)

For the bootstrap diode, fast recovery lond©de is selectef62]-[63].

b)  Turning -on spike
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Due to the sensitity of the gate operation margin, ita$ significarceto ensure that the
gatesource voltage of the GaN HEMT is always in the safe range. An overshoot on the gate
candamage the GaN HEMTs easily. Thus, when selecting the gate resistors, it is critical to
ensure fast switching time and safergiion at the same time. For safety issues, there are two
aspectshatneed to be taken into consideration: turn on transienthemdiller effect. The gate
voltage rising transient can be described by the seoatet system step resporiéd]-[65].

As recommended by the datashg#], the gateon drive voltage is set to be\Vband it
shouldnot exceed ¥ due to the gate voltaginitation. Thus, the turfon gate resistance ¢k
needs to be calculated to keep the -gat@rce voltage oscillations low, and without
deteriorating the switching speed in the meanwbifé. From Figure3.4, throughKi r c hh o f f 6 s

voltage law, we can know that

b 6 ™ Y 0 — 0 0o (3-11)
L
!, Reon 8
O 1 Y Y ¥ O
vm VGS
o, O

Figure 3.4 Analysis of the dynamics of the gadeurce voltage

By applying the Laplace trsform and inserting
W 0 _— (3-12)

The equation 3-13) which illustrates the dynamics from the gate driver to the gate

voltage of the GaN device can be obtained:

(3-13)

Compared with the standard form of a seconder system, the state variable transfer

function can be derivelé8]:

o] I— (3-14)
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where — represents the damping ratio andis the resonant frequency:

g — T (3-15)

Where Gsis the gatesource capacitance of GS66516T.

The seconabrder system step response under different damping coefficients are shown in

Figure3.5 [68].

Figure 3.5 The seconarder system step response

Togetarapidrst i me t hus to fully develop the pot e
speed, the resonant frequency should be great enoudb5]. Therefore, the gate loop
inductance kshould be minimized becausedIs an inherent characteristic of the GaN device.

To preventthe gate voltage from exceeding the maximum rating, the damping coefficient

cannot be too small. Eventuallyy B.can be derived fronB¢15) and expressed b$-17):

Y s — (3-17)

c) Miller effect

For a halfbridge topologythemiller effect is another problem that shoulddoasidered
During the highside GaN HEMT turfon transient, the high slew rate of drain to source voltage

(Vps) on the highside GaN HEMT may cause a false tam on the lowside offstateGaN
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.‘S“ '
A4
Figure 3.6 Themodel of Miller effect

HEMT. This false turron sometimegsal s o c al | ean &i. Moh@rdrieson damube n
explained by Figur8.6. The — is coupled to the lovgide gate electrode by the gate to drain

capacitor, which is also callede Miller capacitor Gp and can be expressed(3-18) and 8-
19),
Q 0 — (3-18)
0 0 0 (3-19)

The gate to source capacitor is charged when the cuseefbws through the gate loop

which contains Rand Gss
Y Q0 (3-20)

Once s exceeds the gate threshold voltage Which is 1.1V - 2.6V as given by the
datashedi66], the lowside offstate GaN HEMT will be unintentionally turned on and a short
circuit may hapen in the power loop. Then the power loss will become severe especially in
the high switching frequency application and even worse, it may cause devastating
consequence. Thus, the resistance of the dave circuit should meet theonstrain as in
equaton (3-21):

Y — (3-21)

It can be seen that to avditke miller effect, the gate resistor for turniodf should be as
small as possible. This conflicts with the design consideration for tuomnthus it is be#r
to separatelyesign the turdon loop and the turoff loop as shown in Figurg.7.
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Low ¥V Schottky Diode

Figure 3.7 Separate B on/Rg_off gate drive circuit

d) Gate resistors

FromFigure35, it can be seen tdamabe setectatl loOmpintang r at
fast rise time, yet limited oscillation ofgy Considering the & and assuming that the gate
inductance is dominated by the ferrite bead, an external gate resistor of $@s@hwsen for
turning-on after considering the imeal parasitic gate resistani&].

According to the gate drive design application note released by GaN Syg&jimhe
gateoff resistor should be-20 times lower than the gate resistor to prevent Miller effect.

Thus, considering the inherent parasitic resistance existing in the gateddexdtGaN HEMT,

a gateoff resistor of 1 Ohm is selected for turning off. This may lead to a small negative
overshoot during turning off, but as the limitation of the negative gate to source voltage is rated
at-10 V[66], a slight spike during turning off transient will not pose a threat.

On the gate driver board, the current sensing circuits are also integrated for detection and

safetypurposes.

3.3.3 Power supply board

In addition to the inverter board and the gate drive board, there are other circuit blocks
needed, such as DOC converters and gate signal process circuit. They are integrated together
and placed on the third board calke 6 Power supply boaB8 dhisas sho
boad is responsible for providing supplementary or additional help and supparhich there
are 24V to ° 15V DC-DC converters supplying to the measurement circuits, andtdsb vV
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Figure 3.8 Power supply board

converter supplying to the gate driver ICs, etc. In this way, only\a&@4ernal power supply
is neededrom whichother levels of voltages can be obtained. Both DSP socket and dSpace

connector are placed on this board to support two different control programs.

3.4 Board layout

Due to the sensitive characteristics of the gate voltage, the minimization on the parasitic
parameters of gate loop is necessary. Another reason is that, the ground of the input of the gate
driver should beseparatedrom the ground ofthe main power loop to reduce the noise. Thus,
the gate drive circuits are placed on a separate board (B§ui@) while the inverter board
only contains power bridges (Figus® (b)). To make the gate loop as short as possible, the
gate driver board will be connected to the inverter board vertically, which means, the gate driver
board is placed directly aboveet inverter board and they are connected through male/female
gate pins as shown in FiguBel0. Multiple pins argoaralleledtogether to strengthen the gate
and the sourcdt can be nted that, three rectangular areas are cut on the gate drivertboard
make space fothe output connectors on the inverter bodmdsummary, the se of the gate

driver board is 17.ém* 155c m, and t he powenw 1U8onar dbés si ze
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(@) (b)

Figure 3.10 Layout of gate drive circuit and thrgdhase inverter

The top-cooling typeGaN switches are placed on the bottom side of the R@&8the
three output connectorre on the opposite side. Consequemtiyltiple throughholes are
created to connect the top and bottom pkame to let the current flow between the two sides
The heatsink is attached to the GaN switches on the bottom witte the thermal pad in
between There are also three current sensors integrated for control and safety purposes, then
the output current dhethree phasesanbe stretched out from the througbleand go through
the sensorsAdditionally, since the exgsed metal backside of the GaN HEMT is internally
connected to source potential, corresponding holes are also etched underneath each gate and

source pin for safety consideration, to avoid shorting of the pins to the heatsink.
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3.5 Circuit f unction check

In thissection the testing on the inverter designed is first described, and thepeved
version is also designed based on trebfems found during the teséxperiments. The steps
performed are as follows:

Step 1: Voltage supplies check

Connect the 2¥ power supply to the power supply board and then check the function of:

24 V to 5V converter;

24V to +15/15V converter;

5V to 3.3V converter;

3.3V to 1.5V converter.

Check the needed voltages can be provided to corresponding components (through
soldering pins). During this step, small corrections were made due to inveracious soldering.

Step 2: Gate signals check

Check 5 V voltage from the power supply board is properly feeding to the gate driver
board;

Check the 6 V power supply and make suregtioeind of 6V is isolated from that of ¥;

Check the PWM signals generated by the DSpace from the DSpace side (on the DSpace
control board);

Connect the DSpace control board with the DSpace connector (on the gate driver board)
and check again through thennector DF51K20DS2C(800) to make sure the connection is
good. The connector DF5XR0DS2C(800) can also be used to monitor the DSpace signals.

Check the PWM signals from the gate pins to ensure the GaN switches can receive them.

Step 3: GaN switches dcbck

Perform double pulse test on three legs respectively & BIC bus voltage (with
inductive load) to check if the six GaN switches are working properly. Make thesigigh
switch the DUT and then the leside switch.

Step 4: Measurement function check

Check the +1515V is properly feeding to the sensors and the current sensors are working

well;
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Connect the outputs of LASB measuring circuit to DSpace and do the calibration in

DSpace.

3.6 Three-phase RL load test

B Current
measurement

Figure 3.11 Threephase RL loadest

After checking the function of three half bridges separately, acetarected threphase
RL load is connected to the inverter to check the systemciftet diagram is as ifigure 3.
1 where the motor is replaced with RL lodthefinal assembled system is shown afigure
3.11. The power supply is used to supply a voltafiO0V which is the maximum voltage it
could outputThe experiment specifications are listedable 3.2.

Table 3.2 Experiment specifications

Parameter Value
Amplitude modulation ratioma 0.9
Fundamentalrequency (Hz) 60
Switching frequency (kHz) 10
Vaus(V) 100

Resistive loadY ) 12.6
Inductive loadmH) 3.6
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Figure 3.12 Threephase RL load testing waveforms

Phase current  1(R13) I(R14) I(R16)
DC current -I(V2)
Phase voltage V(NO11,NO08)

Figure 3.13 Threephase RL load simulation waveforms

The threephase RL load test results are showRigure 3.12with the comparison to the
corresponding simulation results showifrigure 3.13. The DC bus voltage is 180 The three
phasegurrentsare measured which show a sinusoidal shape. The other three channels are for
DC current, phase voltage of phase C and DC voltdgéortunately, the other two phase

voltages are not measured at the same time because the oscilloscope only has six channels.
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These preliminary experiments show the potential benefits provided by thd#3aN
inverter in the aspect of the quality of thetput wavesThe GaNbased inverter provides
excellent current sinusoidal waves to the load withou an output filber author would have
liked to perform more experiments in order to bring more insight of the system. However,
further t e s t esfornfed yee singet they woelld require different test setups,
equipment in particular for higher power levels, for which equipment was not directly available,

and the timeline limited the amount of experiments data acquired.

3.7 Summary

In this Chapter, a thesphase system which includesiaverter board, a gate driver board
and a power supply board is proposed and designed. A review on GaN power transistors is
demonstrated first and the selectioof the GaN device and the Bk capacitorare
illustrated lased on the surveynstead of commercially available monolithic gate drivers,
which are expensive and inflexible, a bootstrap topology is used to drive the GaN HEMTs
while using the fewest comporerccording to the application notes published by GaN
Sydems and EPC, the design considerationsafbootstragate drive circuitare discussed.
Many issues are taken into consideratimriuding the gate overvoltage, shdbtough current
caused by Millereffect and the calculation of gate resistohs. for the PCB design, relative
PCB requirements about electrical and physical specifications are met whewy piad
routing componentsThe layout and the installation of the systarepresentedThe GaN
based systemwan be quite small armbst effective which hawefewest circuit blocks, standard
compones, and high compactnesBinally, veral test procedures are conducted to ensure
that the function of each part of the system works properly. Corrections are made to the circuits
beforethe threephase RL load test. Then the RL load tests are performed with the DC bus
voltageat 100V, and the basic waveforms are given and compared with a finely matched three
phase simulation for the inverter. It is shown that the inverter designedreanaigesinusoidal
outputs as expected. However, due to the maximum output limit of the power supply,

experiments at higher voltage has not been done yet.
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CHAPTER 4 PARASITC PARAMETERS VERIFICATION
AND IMPROVEMENT ON GAN INVERTER DESIGN

4.1 Introduction

Due to thdastswitching speed dsaN HEMTs high dv/dt and di/dare producedwhich
may induce ringing and electromagnetic interference dtleetexistace ofparasiic elements
in the packaging and the PCB tra¢@9], [70]. To improve theperformance of GaN HEMTs
at high frequenies manufacturers have maddforts to improvehedevice characteristics and
packagingDifferent packaging techniques have als®en developed and comparegtovide
minimum inherentparasitic inductancgd1], [72]. With lower package parasitic inductance,
the PCB layout becoméle mainlimiting factor in converter performancé/hen thedevice
turnsoff, the energy stored in the stray inductance of a commutationagmduce a voltage
spikeand ringing with the parég capacitances of the devicand potentiallymight leadto
not only parasitic losses, but alsocuervoltage breakdowwhich may damage the transistors
[46], [73]. Conseqgently, thepower loop inductance should be quantified and minimized in the

design stage of PCB layout.

4.2 Parasitic extraction and verification

SW_GDH
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Figure 4.1 DPT circuit in LTspice
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To verify theparasitic parametera double pulse test (DPT) is conducted to obtain the
DC buscurrent, load current and device voltagEise testing schematic is shown agigure

4. 1. The GaN-based inverter designad Chapter 3 is usetb perform the test. Different

(b)

Figure 4.3 3D model for the power board in Q3D
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Figure 4.4 Q3D simulation results (a) parasitic inductance (b) parasitic resistance

parasitic components of the PCB are also included: the power loop inductance, the parasitic
inductance from DC supply, the parasitic capacitance between elements doddth€he
parasiticvalues are extracted from Ansys [Q3oftware[75]-[77]. The traces ardivided as

shown in therigure 4.2 throughthe segmentation methdd@8]. The 3D model isis shown in

Figure 4.3 and the results are given kigure 4.4 and concluded in th€able 4.1. The Loop

and Roor is the loop inductancand resistance respectively.pc represents the parasitic
inductance introduced by the DC power supply and the connecting Wiresiccuracy of the
parameters can be verified by the Ltspice simuladiod experimentatesults inthe next
section.

Table 4.1 FEA Simulation results from AnsyQ3D

Trace Parasitic Inductance
L1 47.7970
L2 15.9412
L3 3.2130
Lioop 67nH
RLoop 11.8n¥
Loc 0.8&H

4.3 Experimental results

The test circuit and experimental setup are showRiguire 4.5. The whole system
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Figure 4.5 Double pulse test set up
contains different parts: Part 1 marked in the figure is the gate driver board connected and
installed right above the Gabhsed inverter board (part 2) through male/female pins on the
gate and source electrodes. The inverter is built witive6&66516TGaN EHEMT released
by GaN Systems. The control signals are set and generated by dSpace control desk (part 3) and
delivered to the gate board. The PCB of part 4 functions mainly as power supplies to provide
corresponding voltages to the gate driver boRadit 5 is the inductor used as the load in the
DPT. Moreover, with the properties of 6¥0v/oltage and 6@ current capacity, a heatnk is
required to ensure the safety of operation.

Since GS66516T is tepide cooled transistors, the haatk (part 6)is installed on the
same side as GaN devices, consequently the impact of temperature can be neglected within a
short period of time during the test.

In the double pulse test, the switchioff moment after the first pulse and the switching
on transient praess during the second gate pulse are focused since the first gatepulse
given totheDUT is used to charge the inductor current to a load currenAofWhen the gate
off signal is given on the device under test (DUT), which is the-fidg switchthe lowside
switch will be turned on after the dead time which is set to ban4@@the experiment. In this
interval, the energy stored in the inductoraiprevious stage is releasing and the current is
circulating through the lovgide switch and thiewad. The current ithe DUT reduces to zero
at this stage. Then the second gatepulse will be generated to turn on the DUT again at the

switching condition of ¥s=100V while Ips keeps at A since the reduction in the inductor
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current is small and care ignored.

The test conditions and equipment used are shown ifathle 4.2. The current probe is
clamped between the DC power supply and the DC bus positive terminal on the inverter board
to measure the DC bus current. Due to the existence of parasitic inductance and DC bus
capacitor, the load current is not completely consistéatit the channel current flowing
through the DUT. Two differential voltage probes are used to record thetdrsnirce voltage
waveforms of DUT and neBUT respectively. Another voltage probe-BP03 is to capture
the gate voltage generated from dSpsineulator and then be used as the trigger condition on
the oscilloscope.

Table 4.2 Experiment specifications

Parameter/Device Specification
Temperature 253 (room temperature)
SwitchingfrequencykHz) 10

Veus(V) 100

[L(A) 5/2

Vpr(V) +6/0

Rg(onyRg(ofh) (0hm) 10/1

Current Probe Tektronix TCPO030A

Yokogawa 700924 Differential Probe; Rohde
Voltage Probe

Schwarz RTZP03

Oscilloscope Tektronix TBS 2000 Series
DC power supply VOLTEQ MASTECH HY10010EX

Comparinghe experimental results Figure 4 6, the simulation results and experimant

resultsconforms well which means the parasitic parameters extraci®ddBD are reasonable.
The DC bus current is showing a ringing frequencwroiund 3%s, indicating a resonance
frequency of 14.3/Hz. The parasitic inductance introduced by the DC power supply and the
connecting wires can be estimatede 0.8H by:

¢zt —— (4-1)

Also, the parasitic parameters in the loop, mainly the parasitic capacitance of the inductor
and the parasitic inductance of the PCB tramsss current ringng in the load currenand

the turnoff voltage From the experimental resulta turroff ringing with the resonance
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Load current, expenent (c) DC current, simulation (d) DC current, experiment
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Figure 4.7 Experimental results for turoff oscillation

frequency of 32.281Hz can beobservedn Figure 4.7.
The powerloop parasiic inductances can be verified through the oscillation of the turn

off transientOne device is in reverse conducting and the-tifdevice can be represented by
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Lfoop

Cop = C, =

L Cps V(1) V(I)CD

Lot Ces=+

R

() (b)
Figure 4.8 (a) Simplified turnroff circuit. (b) RLC equivalent circuit model

three capacitors as shownRigure 4.8 (a). The circuit can be furthasimplified into a RLC
equivalent circuit as shown iRigure 4.8 (b) [80], [81]. In this RLC loop, the oscillation
frequency should match the resonance frequency ofaffinwaveform.Then the resonance

frequency can be approximated by:

8 (4-2)

¢z“ 20 (43)

z

Where the looprepresents the totphrasitianductance of the whole power lodfhrough
equation (42) i (4-3), where thecapacitance can be extracted frtma characteristicurve
Cois calculatedo be around 370F. Thenthe loop inductance can be calculated to be 88.8
This also verified the extraction results obtained from Ansys @3Bhich the results show
around 67nH. Though the Q3D simulation results are slightly greater than the dajoula
results, we can know that the error is in a small range and the simulation results can be regarded
as a proof when working on thenproved layout. This can help further research on the

improvemenof the layout which requires a lower parasitic indoceaof the loop.

4.4 Problems from design Versionl

Based on the experience of designing the first version of iBedter and the several

tess, some problems are found:
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b)

The breakdown happened at the\d &rotectionZenerdiodes in the circuit to keep
the gate voltage in the safe range which is frel@ V to 7 V, which meansan
overvoltage occurred at the gate. This phenomenon is noticed through the
oscilloscopaised to monitor the gate input signals at the DSpaceTdecontrol
signals from DSpacghow some noise witiinincreag of the DC bus voltage. This
is because, ven though the ADuM4121 gate driver IC itself offers isolation
between the input and the output, the input side is still affected by the power side.
This means the layout of the gatriver board can be improvedgmvidea better
separatiorbetween tke input side and the output side.
In Version 1, both higiside and lowside switches arirned off at Ov. However,
in bootstrap topology, there can be a voltage fluctuatich®@bootstrap capacitor.
Thebootstrap capacitdrasa risk of overcharging when the lower device is reverse
conducting in the charging loop. This is because #hs¥Vow-side switch will be
reflected to thesupply voltage and it will be more severe when the reverse
conducting current is high asownin Figure 4.9. When the current is 48, there
is a voltage drop of ¥. The bootstrap capacitepltagecan be represented by:

W W W Wk (4-4)

250
T=25°C

200

150

-50
0.0 2.0 4.0 6.0 8.0 10.0
Vsp (V)
Figure 4.9 GS66516T reverse conduction characteristics
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During the highside GaN HEMT turron interval, the high dy&/dt is coupled to

the gate electrode tfielow-side device due to the existencetwmiller capacitor

(Ccp). As has been discussed in chaf@ethe parasitic capacitors will be charged
and the charging current will flow through the gate Id8fth a higher bootstrap
voltage,a higheripc will be coupled onto the low sid@nce the gatéo-source
voltage (\&s) exceeds W, the offstate lowside device will be turned on
unintentionally. This means, even though the lswle is connected to a stable
supply there is a risk of unintentionally twon at low side due to the high side
fluctuation.

The current of Phase A and Phase B contain more harmonics than Pluhea C

the switching frequency increased fromkt to 20kHz. This isprobablybecause,

due tothe design of the layout showing in previous chapters, the length of the
power loop for phase A and phase B is longer than phase C, which leads to higher
parasitic inducnce. The Q3D results show that the furthest bridge has almost 3
times greater paras inductance than the nearest bridgeom referenc¢79], it

can be known that the parasitics existing in the power loop and gate loop together
make a contribution to the ringing on the gate voltage. The overvoltage happens

on the phase A and phase B and causes noise as observed at the output side.

4.5 Improvement in designVersion.2

4.5.1 The isolation between highvoltage side and lowvoltage side

In the Vesion2 design, the layout of the gate drive circuit is designed to have better

isolation between the output side and the input side. Six gate driver ICs are aligned horizontally
as shown irFigure 4.10. In this way, all the input control signals from DSpace are kept away
from the high voltage side and thus the signal interference can be suppresded.the
connection, the gate driver bdawill be pluggedonto the power board as before, which ersure

a low parasitic inductance in the gate loop.
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Figure 4.10 Improvedlayout of gate drive circuit

4.5.2 Negative and adjustable gate voltage control for turroff

Though GaN devices can be turned off & @ate voltage, negative off voltage is added
to the schematic for two objé@ats. First, a negative voltage can provide a safer operation as
has been explained in previous sectiortoBd, it can also benefit furtheesearches about the
effects of negative off voltages. Thmmprovemenibf the gate circuit is shown as kigure 4.

11. Since the IC ADUMA421 isa unipolar gate driverthis can be a straightforward way to
generate negative twoff voltage without increasing too much cost. Another advantage of this

improvemenis that, the gate voltage can be altered in terms of different needs. If a negative

Rboot Dboot
—vDD1 VDD2 |-
B ) B (N VOUT—

— VI- CLAMP|—
8 Cbuot

— GND1 GND2— | M

Gate driver IC

—VvDD1 VDD2 |-

LT v VOUT p—--smmneee-
— vI- CLAMP—

DC DC é
_ e s m "'_"IZ
GNDL  GND2 EF—€ -

Figure 4.11 Generation of negative twoff voltage on lowside GaN HEMT using

unipolar gate driver.
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off voltage is not needed, a OV can also be used by sshpltcircuiting the connector.

4.5.3 Reducedand more balancel parasitic parameters

Figure 4.12 Theimprovedlayout of power board Top layer

Current Probe

1
6
ENY mEEY EwT

Figure 4.13 Theimproveal layout of power board Bottom layer

63



In Version2, instead of using a lumped capacitor as thdibiCcapacitor, one distributed
capacitor is used for each phaseshown irFigure 4.12. This can help to make the length of
every power loop equal to each other as the DC capacitor can be seen as the power supply. The
parasiticinductance of the PCB traces are mostiypendenbn the length of the loop when
other parameters are the same. Consequently, the parasitic inductance can be more balanced.
Moreover, the DC current flowingut of the DC+ and flowing into DQan bring the benefit
of magnetic flux cancellationhe current patlthrough the devicets folded to increase the
mutual coupling between the current through the two devices and tielD&apacitor is also

mounted nar the devices as closely as possible, therefore the total marmadiictance of

52 DZ

Figure 4.14 Improved design power loop (sideew)
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Figure 4.15 Self-inductance extraction for each segment of the trace

64



current commutation loop can be reduced significantly due tacaetfellation compared with
the Version.1 desigrthe side view of the layout is shownhkigure 4.14, where the current
through the top layer and the bottom layer are folded with opposite directionsagmetic
field cancellation can help to reduce the parainductance in the loofhe Q3D simulation
resultsfor the second version of layoate shown as irFigure 4.15 and Figure 4.16. The
summarizedresults are given ifable 4.3.Compared with the first version, the total loop

inductance for each bridge has been reducedrbynd60%. Figure 4.17 shows that, the

DCL Matrix Plot 1 Q3DModell ANSYS
3.50 ]
3.00
i CwveInfo min max
2507 0.3274 1.1237
1 0.2627 0.4353
§12.007 0.9311 3.4091
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5 1507
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0.50
0.00 N N - — T[T —
0.00 0.20 0.40 0.60 0.80 1.00
Freq [MHz]
Figure 4.16 Parasitic resistance extraction for each segment of the trace
ACL Matrix Plot 2 Q3DModell ANSYS '
0.00
1.00 7
] Curve Info | avg
-2.00 7 -0.7368
—_ ] — -0.0827
g -3.00 | -4.4065
S
-4.00 7
-5.00
-6.00 %\ L e —
0.00 0.20 0.40 0.60 0.80 1.00

Freq [MHz]
Figure 4.17 Mutual inductance extraction between different segments
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mutual inductances between masegmentsof the trace are negative, which means the
magnetic flux cancellation can help to further reduce the total loop inductance. However, f
this designit is more demanding for the thermal managingo Tieatsinks are needed to wrap

the PCB in betweemandwichi shrustsrmil ar t o a

Table 4.3 Parasitic parameter extraction for Versiodezign

Parameter Value
L loop 27.35nH
Rioop 6.3758mY

4.5.4 More testing points

In theprevious design, it was found that more testing points should be added. For example,
other than the DSpace control signals, the signals injected into the gate electrode of GaN

devices should also be added to have a better observation and to help orientate problem

components.

Furthermore, to accurately measure the current going through the switches, two methods

are used. Firstly, measurement resistors ehQhm are added for eadiridge. However,

considering that the voltage drop can be probably influenced by the power loop, three external

screw terminals are also reserved. By external wiring, the current can be measured through

high bandwidth current probedirectly as shown irFigure 4.13.

4.6 Summary

In this chapter,hte parasitic parameters thfe power board designed in chapter 3 are
extracted througla 3D model and verifiedyodouble pulse test¥he simulation waveforms
conform well with the experimental resultShe parasitic parameters can provisigpport to
subsequeniayoutimprovement.

Moreover, animproved version of GaMbased inverter is designed terms of the
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troubleshootingexperience with the first version. The problems from the original version are
defined and analyzed theoreticalaspect first, and are well addressed in the next version to
have a better performance. The layout of the gate driver board and the power board are also
reconsidered to provide better isolation between the high voltage side and the low voltage side
and toreduce the effects of noise coupling. The gate circuit is also revised to have an adjustable
gateoff voltage which can be chosen to be zero or negative values according to different needs.
Theparasiticinductance of the PCB traces also decreased coablgiehrough the simulation

by Ansys Q3D which proves that this second version hasmproved layout.Finally, more

testing points are also added to benefit furtbeearches and experiments.
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CHAPTER 5 CONCLUSION AND FUTURE WORK

5.1 Conclusion

This thesis mainly psented: 1) The switching characterization of enhancemende
GaN HEMT. The switching on and switching off model are improved based on the traditional
mode| and proved more accura® A cost effective nevgeneration GaMased thre@hase
inverter was deigned and teste@) An improved power loop desigrs achieved to reduce the
parasitic parameters the threephase inverter

Chapter 2

In this chapter, the operating principles of enhancemmue GaN transistors are
introducedfirst. Then thetraditional models for switching events are preserttevever, the
turrnron transient model given by the conventional method is not accurate enough for GaN
switches due to inaccurate current commuting estimanalrihe turroff model is not suitable
for GaN HEMTSs without considering the load conditidime peak valuef currentis estimated
through average current calculatiorherefore, based on the traditional models and their
limitations, improved switching transient models are proposed in this chijpstrof all, the
current spike during turning on process is considered and the peak value of current is estimated
through average current calculati®or turning-off event,a reverse turn on model is proposed
to provide the transient time estimation &aN HEMTs in half bridge application. Through
the method of integral and linear curve fitting, more practical values of output capacitance
charges are used to replace the traditional estimation. Moreover, plateau shifting is another
factor that affects # accuracy of the switching energy estimation. The proposed switching
model is straightforward and computationally inexpensive, and proves to have better accuracy
than the traditional method through the verificasionboth simulation and experiments.

Chapter 3

In this chapter, the considerations for the design of thegeasveration GaMbased three
phase inverter is summarized. A revieivthe development of GaN power transistor and

packagdechnologiess presented as the background for the project. Different packages of GaN
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devices are compared to select the most suitable one for the design. The whole inverter system
can bedividedinto three parts: the thrgghasepower board, the gate driver boarddahe
power supply board which provides the extra functions needed by the system. Bootstrap
topology used in the design is of low cost and low complexity. The gate drive circuit design for
the GaN switches need special attention in the respect of thegtamspike, the miller effect
and the selection of gate resistors. ahsemblingf the power board and the gate driver board
is in a way of plugn vertically to minimize the loop length for the gate consighalsreaching
the gate electrode of GaMahsistorsThe heatsink is also attached to form a complete inverter
systemwith better thermal performancéhe testing procedures are introduced toadthree
phase RL load tests gperformed tovalidatethe functionality of the system.

Chapter 4

Chapter 4 mainly fouses on the testandimprovementon the GaNbased three phase
inverter.Ansys Q3D software anttheoreticalanalysis are used to provide an estimation and
verification of the parasitic parameters of the PGBsblems found during thess are defined
and they are the fundamentals on which the next version is improved. In the second version of
design, a stronger isolation between higlitage and lowvoltage sideis provided through an
improved layout of gate drive circuit. The tuoff voltage can be used as 0V or negative, in
other words, adjustable to deal with different applications and research needs. A better layout
of the power inverter is also proposed to minimize the parasitic parameters of the PCB traces
using the benefits afel-magnetidlux cancellation and the imbalance of ferasitic among
the three phases is avoided tgraat extentThe second version of design has been put into
production. Though the experimental results have not been obtained yet, the advdirkeges o
second version can be supported by the simulation results from Ansys Q3D, where the

parasitics show a reduction of more than 60%.

5.2 Future work

The proposed research in this thesis can be further extended and some of the directions
are discussed dsllows:
1) Theturn-on and turroff models proposed for GaN HEMTSs can be applieabiditional
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applications such as DC/DC converters, tipbase inverters to evaluate #féciency

2) The designed thrgghase inverter can bested at higher switchinfyequencies and
tesed on a motor to verify the performance and be compared with the traditichals&a
inverterwith the respecto system efficiency, output harmonics, and so on.

3) The impacts of PCB paiisiss can be furthanvestigatedTo be morespecific, for each
segment, the d, Ls, Lsus, their influences can be investigaiedividually.

4) Based on the second version designedemifit turroff voltages can be used to help
understand and compare the impacts of OV off operation and negdtiopeoétion in the

respect of loss analysis and safe operasicBaN HEMTs
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1. Schematics
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2. PCBs
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