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Abstract

The increased power consumption and power densityadds of modern technologies
combined with the focus on global energy savingsehacreased the demands on DC/DC power
supplies. DC/DC converters are ubiquitous in edayylife, found in products ranging from
small handheld electronics requiring a few wattsverehouse sized server farms demanding
over 50 megawatts. To improve efficiency and podensity while reducing complexity and
cost the modular building block approach is gaimoegularity. These modular building blocks
replace individually designed specialty power sigsplproviding instead an optimized complete
solution. To meet the demands for lower loss agtdr power density, higher efficiency and
higher frequency must be targeted in future desigimbe objective of this dissertation is to
explore and propose methods to improve the powesifeand performance of point of load
modules ranging from 10 to 600W.

For non-isolated, low current point of load apgiicas targeting outputs ranging from
one to ten ampere, the use of a three level coavisrproposed to improve efficiency and power
density. The three level converter can reducertiiage stress across the devices by a factor of
two compared to the traditional buck; reducing shiitg losses, and allowing for the use of
improved low voltage lateral and lateral trenchides. The three level can also significantly
reduce the size of the inductor, facilitating 3Dneerter integration with a low profile magnetic

by doubling the effective switching frequency aeducing the volt-second across the inductor.



This work also proposes solutions for the driveuwi; startup, and flying capacitor balancing
issues introduced by moving to the three level logyn

The emerging technology of gallium nitride can ottee ability to push the frequency of
traditional buck converters to new levels. Silicased semiconductors are a mature technology
and the potential to further push frequency for nowmed power density is limited. GaN
transistors are high electron mobility transistofering a higher band gap, electron mobility,
and electron velocity than Si devices. These nateharacteristics make the GaN device more
suitable for higher frequency and voltage operatidhis work will discuss the fundamentals of
utilizing the GaN transistor in high frequency bumnverter design; addressing the packaging
of the GaN transistor, fundamental operating d#ffeles between GaN and Si devices, driving of
GaN devices, and the impact of dead time on losearGaN buck converter. An analytical loss
model for the GaN buck converter is also introduced

With significant improvements in device technologgd packaging, the circuit layout

parasitics begins to limit the switching frequeranyd performance. This work will explore the
design of a high frequency, high density 12V inégd buck converter, identifying the impact of
parasitics on converter performance, propose designovements to reduce critical parasitics,
and assess the impact of frequency on passiveratieg. The final part of this research
considers the thermal design of a high density i@Bgrated module; this addresses the thermal
limitations of standard PCB substrates for high @odensity designs and proposes the use of a
direct bond copper (DBC) substrate to improve tlanperformance in the module.

For 48V isolated applications, the current sohsi@are limited in frequency by high loss

generated from the use of traditional topologiesyicks, packaging, and transformer design.



This dissertation considers the high frequency giesif a highly efficient unregulated bus
converter targeting intermediate bus architectfwesise in telecom, networking, and high end
computing applications. This work will explore thmpact of switching frequency on
transformer core volume, leakage inductance, amtlivg resistance. The use of distributed
matrix transformers to reduce leakage inductanc@ amding resistance, improving high
frequency transformer performance will be consideréd novel integrated matrix transformer
structure is proposed to reduce core loss and eoleme while maintaining low leakage
inductance and winding resistance. Lastly, thiskweill push for higher frequency, higher

efficiency, and higher power density with the us&w loss GaN devices.
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Chapter 1

Introduction

1.1Background of Point of Load (POL) Converters

Point of load converters are found in a varietytemhnologies used in everyday
life, ranging from small handheld electronics tor&euse sized systems used to power
server farms. As technologies have advanced dweryéars, so have the methods to
power these complex systems. In 1965, Intel codden Gordon Moore established
Moore’s law by predicting that the number of tratais on an integrated circuit would
double every two years [1]. This prediction hasved accurate and the number of
transistors in the current Intel processor appreadhbillion compared to 7.5 million ten
years ago [2].

With growing processor speeds and transistor cotid power demands have
also increased significantly [3][4]. In 1997, timtel Pentium Pro processor used a single
power supply to provide a maximum load current 8f2lamperes. As the power
demands of future processors grew, so did the palwerands and transient response
requirements of the voltage regulator (VR). Thdtaphase VR was proposed by CPES
to improve efficiency, transient performance, amaver density [5]-[7]. As of 2011,
every computer employs the multi-phase VR conceplt the current multi-core server
microprocessor can demand up to 180A which is seggly as many as 8 multi-phase
buck converters. The current multi-phase converteperate at lower switching
frequencies, ranging from 200-600 kHz to maintaighhefficiency. With lower

switching frequencies, the passive components dmafuthe inductors and capacitors

1



become bulky and occupy a large amount of mothetboeal estate. Shown in figure
1.1 is a current server mother board, the spaceptet on the mother board by power
supplies is up to 30% of the overall real estafe [8vith future demands calling for

higher output currents and smaller sizes, poweplgeg must improve power density

while maintaining high efficiency.

Figu{e 1.1. Server motherboard and POL converteren board

The current computer and telecom applicationgire a large number of POL
converters to power the various loads which hawade range of currents and voltages.
To simplify the design of the power managementusty leaders are migrating to a
solution that does not require the power manageimnsng embedded into the PCB. The
proposed shift is to a modular power managemennttisal built from individual power
blocks designed by power supply manufacturers. fddweer block concept allows the

designers to save board space by selecting frorapgtimized power blocks to meet their



power requirements. To achieve higher power lethedsmanufacturer can use multiple
point of load (POL) modules in a multi-phase coufagion, providing design flexibility.
The increase in power demands is not limited joghe microprocessor. Many
everyday technologies such as cellular phones, plagers, etc. require low current
switching power supplies to efficiently convert pawo the processors, graphics units,
and memory of these small handheld devices. Iseth@pplications small size is

paramount and high density solutions are required.

Ceﬂula Phone Digital Camera

POL
Applications

Automotive

Electronics
Figure 1.2: Wide ranging applications for point ofload converters

Laptop

1.2 State of the Art POL Modules

1.2.1 Discrete POL Module
There are three different types of POL modulessimered in this research. The

first and most common POL available today is ardtscmodule. The discrete module

generally contains two discrete semiconductorsserete driver, a discrete inductor, and



discrete output capacitors [9]. These componerdscannected electrically on a pcb
board and connected to the mother board with eakeeads. These modules are
available from currents as low as 3A to as higd@&. The discrete solution operates at
the lowest frequencies ranging from 200-600kHz, thaslargest passive size, and offers
the lowest power density in the 50-200W/irange. The limitations in switching
frequency for the discrete converter are a redulh® large parasitics introduced to the
converter from the discrete packaged componentslower switching frequencies, the
size of the converter is dominated by the sizehefgassive components, with the output
inductor being the largest component.

Inductor

Active
Devices

Capacitors
Figure 1.3: Typical 12V Discrete POL Module

1.2.2 Co-Packaged POL Module

The second type of POL module is a co-packagedisnlu The co-packaged
solution utilizes bare die for the power devicegyet, and control circuit to reduce
parasitics compared to the discrete case. Fot2NReinput case, the active bare dies are
generally trench based devices that are connectdtlet PCB substrate by direct die
attachment and wire bonding. The passives rem&orede components and are
connected to the active layers through the PCBtsates Shown in figure 1.4 is a top

and side view of a state of the art 12V/12A co-padd module [10]. The drain of the
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top device and synchronous rectifier (SR) are cot@ieto the PCB substrate with a
direct solder connection to the die. The gate smutce pads of the two sided trench
power devices are connected to the PCB substratevive bonding with multiple bonds
used for the source to decrease parasitics. Tkecbzpackaged solution offers lower
parasitics than the discrete case and switchinguéecies are increased to the range of
0.5MHz-1MHz allowing for smaller magnetic size leagito improved power density.
From the top and side view of the converter it banseen that the inductor’s volume is
still substantially larger than the other composeantd is the major bottleneck to higher

power density.

(@) (b)
Figure 1.4: Linear Technology's co-pacakaged W&12V Fs=1MHz lo=12A POL converter
LTM4601 (a) Top View (b) Side View. Images by autbr.

For lower voltage applications, i.e. portable #l@ucs, a bus voltage of 5V or
under is common, resulting in a large market f@-%/ power modules. For a co-
packaged POL module with a 5V input, the desigrthef active stage changes to a
monolithic solution for the active components. Hug 12V case, the driver and control

chips are lateral devices and the power devicedauble sided trench devices. Since the



top and SR devices in a buck converter connecsdliece of the top switch to the drain
to the SR a monolithic die cannot be used for actidbased module.

In the 5V case, the IC and power devices bothaukmv voltage lateral process
allowing for monolithic integration of the drivemd control with the power devices.
Also, in a lateral semiconductor the device conpastare all on a single side of the
device, this allows for monolithic integration dfet power devices as a result of the
source of the top device and drain of the SR baiogtained on the same plane.
Combining reduced parasitics of monolithic integnatof the active stage, a lower input
voltage, and better performing low voltage latérahsistors the switching frequency can
be pushed to 5MHz with current levels up to 9A [1Hor the high frequency 5V co-
packaged modules, the inductor size is greatlyaedubut at high currents remains a
discrete component connected to the active layeuth the pcb substrate. The inductor

size still dominates module volume, limiting povdensity.

(b)
Figure 1.5: Enpirion's co-pacakaged Vin=5V Fs=5MHZ0=9A POL converter 5396QlI (a) Top View
(b) Side View. Images by author.

1.2.3 Integrated POL Module



The third type of POL module available today ikibly integrated solution. An
integrated solution uses 3D integration to mouatitiductor directly to the active stage,
minimizing solution footprint and improving poweermsity. The current 3D integrated
products are confined to lower input voltages (333X and smaller output currents
(lo<1A) to allow for monolithic active stage integion, yielding higher switching
frequencies and smaller output inductors [12][1B§ minimize the inductor size a multi-
turn inductor is used which reduces magnetic siaé duffers from high winding
resistance. Integrated converters operate withhidpeest switching frequencies ranging
from 2-5MHz and offer the highest power densityaifthe POL modules. It should be
noted however that the current integrated solutadms$ot integrate the input and output
capacitors, which are co-packaged on the applicatiotherboard with the module for a

complete solution.

Active Stage

- Inductor

y /Emm

25mm

3 mm
Figure 1.6: Integrated Vin=5V Fs=2MHz lo=1A POL converter

Having looked at the state of the art discretepackaged, and integrated POL
modules available today a trend emerges, increatheglevel of integration can
significantly increase converter performance anggyadensity. To increase the level of
integration, the switching frequency of the coneerhust be increased from the range of
a couple hundred kHz to the range of multi-MHze&duce the required passive size to a
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level suitable for integration. The ability to nease switching frequencies requires the
use of improved semiconductors, device packagimmverter layout, and inductor
design. Figure 1.7 shows the power density mapady’s POL converters. For the
trench based 12V POL modules, there are no intedrand few co-packaged solutions
currently available, limiting the frequency and mywdensity. For the converters with a
lower 5V input voltage, higher levels of integratioan be achieved through the use of
monolithic lateral solutions, resulting in high pemdensity. From the roadmap it can
also be noted that the level of integration redwusigsificantly at higher current levels,
with no product integrating the inductor above 6foatput current and co-packaged
solutions being limited to under 12A.

The objective of this dissertation is to exploretmoels to improve high frequency
performance and power density for point of loadliaptions. The following section will

give an overview of relevant previous researchhensubject matter.

Power density (W/in3)
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Figure 1.7: POL Power Density Roadmap. *: Imagesyauthor.
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1.3 History of Integration in POL Modules

1.3.1 Active Layer Integration Techniques

The push for integration in the POL module hasnbeérsued very aggressively
in previous research. This section will outline threvious work done to integrate the
POL module for low voltage, high current applicaso A major barrier to higher power
density can be seen by looking at the state oatheapsulated modules in figures 1.4b &
1.5b. The inductor footprint and height make ue thajority of module volume. To
minimize footprint and maximize power density a Bidegration approach should be
considered [14][15]. The concept of 3D integratfmoposes integrating a low profile
inductor substrate to the active layer substratprtmluce a low footprint, low profile
solution. 3D integration can offer high power dgnand the concept is illustrated in
figure 1.8.

e e e e e m——————— - 3D Integrated Converter

Driver

s Inductor -—)
" substrate

(@) (b)
Figure 1.8: (a) Buck Converter Schematic (b) 3D Ir¢grated Converter

The first CPES designed 3D integrated POL, showifigiure 1.9, employed the
concept of integrating the active and passive B¥ygrbuilding the active layer directly
onto a low temperature co-fired ceramic (LTCC) blaseductor substrate [15]. A
proposed benefit of using the LTCC inductor asdineuit substrate was that LTCC has
10x higher thermal conductivity than traditional BPGubstrates which would help

distribute heat, reducing thermal design concerdsother proposed benefit of this



approach is that the coefficient of thermal expamg(CTE) of LTCC matches more

closely to Si than the PCB substrate, limiting naubal stress of the active stage.

Surface mount
devices

Silver traces.

LTCC planar inductor substrate

(a) (b)
Figure 1.9: (a) 3D Integrated POL on LTCC Inductor Substrate (b) Hardware Design

The prototype of the 3D integrated converter borita LTCC inductor substrate
is shown in figure 1.9b. This converter was desthto run at an input voltage of 5V,
output voltage of 1.1V, switching frequency of 1.8k and an output current of 20A.
The original experimental prototype for this desigxperienced low efficiency when
compared to the performance of a buck convertdt buaia traditional PCB substrate.
The cause of the low efficiency in this design waentified as interference between the
inductor and the active power stage increasingatitive stage parasitics. The results of
increased parasitics were higher switching reldosses and higher voltage ringing,
increasing the voltage stress seen by the powecatev

To minimize parasitics and improve converter penance, isolation of the active
and passive substrates was proposed. The isolatisrachieved by using a Pyralux flex
substrate to build the active layer, using an tsadacopper shield layer in between the
inductor and the active power stage to eliminatiei@tor interference on the power stage;
the conceptual drawing is shown in figure 1.10a #dred hardware design is shown in

figure 1.10b.
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(&)
Figure 1.10: (a) 3D Integrated POL on Pyralux Sulisate (b) Hardware Design

The impact of adding the shield layer to isolake tilagnetic from the active layer
was a reduction in active stage parasitics, redud@witching related losses, and
improving high frequency performance. The expentakresults showed a reduction in
parasitic voltage ringing and a significant improwent in efficiency. The voltage
ringing waveforms for the converter operated atMH2 with and without the shield
layers are shown in figuresl.11a&b. The ringingage in the design case with a shield
isolating the inductor and active stage was red@@8d, with the unshielded case having

a 100% overshoot and the shielded case having ao2@¥shoot.

Without shield | : With shield
Vds SR ' Vds SR

Figure 1.11: Voltage Ringing Waveforms for Design Whout and With shield
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The impact of the shield on efficiency is showrfigure 1.12. The design case
with a shield had an efficiency gain of over 5%64t when compared to the original
design with no isolating shield layer. While thieiedd improved performance, the
efficiency was low when compared to the traditioR@B based designs, and the power

density was limited by the use of a large industdrstrate and low output current.

90

85 e S —
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80

75 jf —8— Shield
% —A— No shield

70

L T T

0 2 4 6
Output current [A]

Efficiency [%0]

Figure 1.12: Converter Efficiency With and Without Shield for Vin=5V Vo=1.1V Fs=1.3MHz

In [15], circuit layout and device package parasitwere large, leading to low
efficiency and thermal limitations for high outpedirrents. In [16], integration of the
POL concept was studied further to improve effickeland thermal performance. The
design in this work replaced traditional packagedices with low parasitic, unpackaged
bare die devices, and embedded the semiconducttrsai highly thermal conductive
aluminum nitride (AIN) substrate. The improved Bilegrated design’s power loop is
shown in figure 1.13a; the inductance of the polep was reduced significantly paving
the way for improved performance. The method usa@duce the loop inductance was
to flip the top MOSFET device so that the sourcéheftop device could be placed on the

same layer as the drain of the SR. This also a&ltbfer the drain of the top device and
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source of the SR to be located on the same lageicineg loop size. Having the devices
embedded in the substrate allowed for the capamtde located directly on top of the
power devices. To maximize the power density a jmafile LTCC inductor was

designed to fit on the back of the active substrdite final module design is shown in
figure 1.13b. This 1.3MHz module achieved a 25@WMtiower density, which was the

highest power density for a high current modul@attime.

Decoupling Caps

(@ (b)
Figure 1.13: (a) Power Loop Design of 3D IntegrateModule with Bare Die (b) Stacked Power
Hardware for Vin=5V V0=1.2V 10=20A Fs=1.3MHz

Stacked Power POLs compared with PCB discrete version
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Figure 1.14: Efficiency comparison of improved 3D radule
As the power density increases, thermal consideratof the module are critical.
In [16], the substrate was chosen to be aluminadait(AIN) which has a thermal

conductivity much higher than the traditional PGBulating layers. For the stacked
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POL with embedded semiconductors, double sidedirmapolas used to further improve
thermal performance. Figure 1.15 shows the tiaubdi discrete POL design and the
improved stacked power design utilizing a substvath high thermal conductivity and
double sided cooling. With the improved thermasige, the heat was spread evenly
throughout the board avoiding the hotspots commaeln in traditional PCB designs

and eliminating the need for a heat sink.

- ™~
Conventional way
: Heat sink
«+—— Thermal paste
Devices

} +— PCB(eg FR4)

-~

Thermally-improved way

Devices
%ﬁ DBC Heat spreader

Figure 1.15:; Conventional Cooling Method for PCB dsign and Improved Double Sided Cooling
using AIN Heat Spreading Substrate

1.3.2 Passive Layer Integration Techniques
The previous section discussed the past researchette a high density, high

frequency active power stage. This section wstdss the research related to the design
of the low profile LTCC inductor for use in an igtated 3D POL module. The material
used to create a LTCC comes in the form of thirehef magnetic material. To create
an inductor, many layers of the magnetic matenalstacked together. The process for
building a LTCC inductor is discussed in [15]. Fiprocess is shown in figure 1.16; the
first step in creating an inductor is to cut theQd sheets to the desired footprint. With

the LTCC sheets, the bottom layer of the inductas wreated using 7 layers of ferrite
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tape; the layers were then laminated together usitegnperature of 7€ and a pressure
of 1500psi. The middle layer containing the induetinding was created using 8 layers
of LTCC tape laminated together and then laseingithe c-shaped winding opening.
The bottom and middle layers were then laminatgdtteer. The next step was to fill the
conductor trace with silver paste and heat thectira to a temperature of @@ to dry
the paste. The top of the inductor was createthensame manner as the bottom layer
and then laminated to the section of the inductith whe winding. The final step to

create the inductor was to sinter the laminateddtmt structure at 90C.

(b) (c)

= N

(d) (e) ®
Figure 1.16: LTCC Inductor Fabrication Procedure: (a) Bottom inductor layer comprising 7 layers
of ferrite tape (b) middle winding layer comprising 8 layers of ferrite tape, with C-shaped winding
slot cut using laser (c) Result of laminating bottm layer and middle layer with winding (d)
Conductor paste dispensed into slot, Kapton tape gering the rest of the surface (e) Bottom and
middle layer with winding after conductive paste dying (f) Final inductor with top main layer
comprising 7 layers of ferrite tape

The LTCC inductor and traditional inductor havaeuadamental design difference
in that the LTCC inductor has no air gap and paftthe core are purposely saturated.
The ferrite sheet material has a lower permeabilitgn traditional ferrites and the
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permeability is very non-linear, changing with b@asrent. As a result of this property,
for different biasing conditions the inductancewsawill vary, with lower inductance
occurring at higher loads. The inductance vs loadent for an LTCC inductor is shown
in figure 1.17 for the design from [16], the indaote reduces by a factor of two from
half load to full load. The designed LTCC induct@d a size of 18x18x1.75mm and
achieved a full load inductance of 65nH. This ictdu provided low profile but suffered

from low inductor density, limiting the integrati@ility as a result of a large footprint.

400
\ ——13MH
.\ -2 Mz

\ =26 MHz

T T T T T
0 2 4 & ] 10 12 14 18 18 20
14

Figure 1.17: Inductance vs Load Current for LTCC Inductor

In the original LTCC inductor, also known as a igait flux inductor, the winding
was formed parallel to the substrate and the flas wenerated perpendicular to the
substrate. The drawbacks of this structure wea¢ tire magnetic interfered with the
active stage and the ability to reduce core thiskneas limited due to conductor
thickness and low inductance density. To improke performance of the LTCC
inductor, an improved lateral flux LTCC structurasyproposed in [17]. The lateral flux
inductor changed the arrangement of the windingcamd to make the flux travel parallel
to the substrate. The benefits of having the dtéux inductor are that the flux is

parallel to the power stage reducing magnetic fietence with the active layer and that
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the core thickness could be reduced without saordiinductor volume density. In the
vertical flux structure, the height was limited the conductor sandwiched between the
magnetic layers. In the lateral structure, theedwight is independent of the conductor
size allowing for lower profile. The two structsrare shown in figure 1.18 with the plot
of core thickness vs inductor density.

Vertical flux unit cell Lateral flux unit cell

Fluix 4" o
~ @
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Vertical flux
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Ihc=15A, winding area=1.5mm?2
0'08[].5 1 1.3 2 23 3

Core thickness (mm)
Figure 1.18: Inductance vs Core Thickness for Veital and Lateral Flux LTCC Inductors

Figure 19a shows the hardware designs for thecatrind lateral flux inductors
and figure 19b gives the inductance verse biasentrrFor the lateral flux inductor, the
footprint was reduced by 30% while achieving simflal load inductance. The lateral
flux inductor also offered higher light load indante than the vertical flux case. Using
the lateral flux inductor a power density of 300w/ivas achieved with a switching
frequency of 1.5MHz, Vin=5V, Vo=1.2V, lo=15A. Thigas the highest power density

for a high current module achieved at the time.
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Figure 1.19: (a) Hardware Designs of Vertical and.ateral Flux Inductors (b) Inductance vs Bias
Current for Vertical and Lateral Flux Inductor Desi gns [17]

1.4 Advanced Semiconductors for High Frequency Applicabns

1.4.1 Evolution of Power Semiconductors
The push for higher frequencies and higher levélsntegration has been made

possible by improved semiconductors. In the ed®B80’s, International rectifier
introduced the planar power MOSFET which revoluzed the semiconductor industry.
In the 1990’s, the trench MOSFET rose to populantgroving upon the planar structure
[18]. The trench device has seen improvementswitcling speed and on resistances
over the years. In recent years, the trench tdoggdias become mature and the effort
required to slightly improve switching performariees increased significantly.

For lower voltage applications «¢200V) trench MOSFETs are preferred to
planar technologies for their higher channel dgnaitd lower on resistances [19]. The
trench FETs preferred operating voltage rangeas1f25V to 200V. For low voltages,
V<15V, the lateral MOSFET has proven superior to tiemch device [20][21]. Si

lateral devices offer performance improvements dvench devices but only in low
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voltage applications. The majority of power semuactor applications require devices
capable of supporting a minimum of 25V.

Over the past five years two new device technokdiave been introduced to
improve performance in applications with higher tage requirements. The first
improved device is the lateral trench device, whiedis introduced in 2007 to offer
superior performance in the voltage range betwbenldteral and trench device. The
lateral trench device can provide superior perfaroeain the voltage range of 12V to
25V. The comparison of the trench based deviagsrdi of merit (FOM) vs. voltage
rating is shown in figure 1.20. The figure of meised for comparison is based on [22],
where the FOM is a loss based formula derived flomavoltage buck converter. While
the lateral trench technology can provide supguenformance at a 12V voltage rating,
the 12V input voltage applications require a 25-3@%d device and this technology
offers modest improvements over the trench basetteke at 25V. This technology is

also Si based and faces the same difficulties reitlucing FOM in the future.
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Figure 1.20: Figure of merit comparison between Siased devices vs breakdown voltages
The second new technology is Gallium Nitride (GaWjich was introduced

2010. Gallium Nitride transistors are high elentnmobility transistors (HEMT) and
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offer potential benefits for high frequency powerngersion over a wide range of
voltages. Shown in table 1 are the material charatics for Si, SiC, and GaN [23].
GaN transistors have a higher band gap, electrdnilityp and electron velocity than Si
and SiC devices. These material chracteristicsenth& GaN device more suitable for
higher frequency and voltage operation. GaN devare a new technology and project

to offer significant performance gains in the fetwver a wide range of voltages [24].

Si SiC GaN
Band Gap (eV) 1.1 3.2 3.4
Electron Mobility (cm2/V-sec) 1450 900 2000
Electron Saturation Velocity (106 cm/sec 10 22 25

Table 1.1 Material Characteristics of Si, SiC, andsaN semiconductors
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Figure 1.21: (a) FOM vs year for Sl and GaN deviceg) FOM vs breakdown voltage for current Si
and GaN devices

With gallium nitride transistors projecting to affgame changing performance
compared to Si devices from as low as 30V to u®@6V, much higher switching
frequencies can be targeted. Figure 1.22 showsliehing frequency capability of
state of the art devices versus their voltage gatithe GaN semiconductor offers the
ability for an order of magnitude increase in fregoy over a wide range of applications
within the next five years. A major focus of thissertation will be the exploration of

the GaN devices for use in high frequency, highsdgriPOL applications.
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Figure 1.22: Map for Frequency vs Breakdown Voltagdor Different Device Technologies

1.4.2 Evolution of Power Semiconductor Packaging

Semiconductor device packaging has had to evolee the years to keep up with
the improvements made in the die performance. oRagnce of the semiconductor die is
improving to the level where the package is a mbgitleneck to improved performance.
Figure 1.23 illustrates the different packages ddscrete power devices in the low
voltage range. The earliest of the packages wva$th8; the So-8 package is used for a
trench MOSFET and has the highest package pasasésulting from the use of wire
bonding to attach the die to the package. Theftesspackage (LFPAK) was introduced
to improve on the So-8 package parasitics by rengptine wire bonds and replacing
them with a lower parasitic lead frame. The LFP#il suffered from high gate and
source inductance as a result of the source padylmeEinnected to the package via an
external connection. To reduce source and gatactadce, the IR DirectFET [25]

flipped the orientation of the MOSFET die to alléer direct mounting of the gate and
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source to the PCB substrate and connected the tivathe substrate with a large

connection reducing the overall package parasitics.

Lead frame Au wire

(Source, Gate)
/ Die Ag
[ i paste

Die pad

(Drain)
So-8 DirectFET
Rpackage=1.1mQ Rpackage=0-3mQ Rpackage=0-5mQ
Lpackage=1-3nH Lpackage=0-7nH Lpackage=0-5nH

(@) (b) (©)
Figure 1.23: Different Commercial Trench Packaginglechnologies (a) So-8 (b) LFPAK (c)
DirectFET

To increase switching frequencies, the parasitidhe package must be reduced.
The trench based devices are limited by having iteations on both sides of the die,
requiring external connections for one side ofdlee The lateral based devices have all
of the terminals on the same side of the devids,atiows for the devices to be used in

the unpackaged form.

BGA LGA
Rpackage=0-2mQ

Lpackage=0-15nH

(a) (b)
Figure 1.24: Different Commercial Lateral PackagingTechnologies (a) Ball Grid Array (b) Linear
Grid Array

Without packaging, the parasitics of the device banreduced significantly.
Shown in figure 1.24 are the two available lateligs, the ball grid array (BGA) and

linear grid array (LGA) GaN devices. These packageunt the die directly to the PCB
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substrate and interleave the drain and source tpaginimize resistance and inductance.
The reduced parasitics of the lateral die allow Hagher frequency operation. Figure
1.25 maps the frequency operation range for tHeréifit packaged devices commercially
available. The impact of packaging on high frequyeperformance is considered in this

dissertation and high frequency designs with LGAkaged GaN devices is considered.
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Figure 1.25: Map for Frequency vs Breakdown Voltagdor Different Device Packaging Technologies

1.5Background of Isolated Bus Converters

1.5.1 Distributed Power Architecture History

Distributed power systems are prevalent in comnatigns, networking, and high
end server applications and generally utilize a #8¥ voltage adopted from the telecom
industry. From the 48V bus, a number of isolateshipof load converters power the end
loads, with isolation being required for safety. heT traditional distributed power

architecture (DPA), shown in figure 1.26, uses AC/ftont end converters to deliver the
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48V bus voltage. From the 48V bus voltage, a numbesolated DC/DC regulated POL
converters are used to deliver the required voleagepower to the individual loads. As
communications, networking, and high end servetesys have become more complex,
the voltages and currents demanded by the eveeasitry number of loads have
increased significantly. Having a large numberegfulated 48V isolated DC/DC POL
converters to power these systems significantlyremses the cost, volume, and

complexity of the system.

Traditional Distributed Architecture

Telecom and High End Server
AC input: 90~265V

AC/DC o AC/DC
FrontEnd Front End
B
A8V -

Load Load Load
5V 3.3V e0 0 1.2V

Figure 1.26: Traditional Distributed Power Architecture for Telecom and High End Servers

The limitation of the traditional distributed powarchitecture is that as the power
demands of the loads increased so did the complekihe isolated converters required.
Fully regulated isolated POL converters are mudigela more complex, and more
expensive than low voltage non-isolated POL comvsrt The isolated converters contain
a bulky transformer, large filter inductor, and qwex control due to the isolation
requirements; this leads to lower efficiency and/@odensity.

To simplify the design of these systems, the conoeémtermediate bus architecture

(IBA) was proposed to reduce the number of compelated POL converters required
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in the system [26]-[29]. The IBA approach emplaydower number of 48V isolated
converters that satisfy isolation requirements aodply an intermediate bus voltage
ranging from 8-12V. The final regulation to thedls is done by smaller, more efficient
regulated POL converters like those discussedegarii the chapter. This concept is
illustrated in figure 1.27, the IBA is widely useadl the majority of distributed power
systems today for better performance and loweralvgystem cost.

Intermediate Bus Architecture (IBA)

Telecom and High End Server
AC input: 90~265V

AC/DC o0 AC/DC
Front End FrontEnd

48y —x_Bus

S5V 3.3V 25V ee 1.2V

Figure 1.27: Intermediate Bus Architecture for Teleom and High End Servers
The IBA approach can use three different designstlie 48V isolated bus
converter: a fully regulated, semi regulated, oregnlated design. The fully regulated
converter supplies the output voltage to the cdlietréo generate the gating signals, this
provides a very accurate output voltage but resultshe most complicated control
structure as isolation is required for the voltéggdback. The semi regulated converters
use the input voltage in a feed forward configuna{i30] to regulate the gate signals; this
provides less accurate voltage regulation as tb&ekin the converter are not taken into

account. The semi regulated converter offers glsircontrol structure as no isolation is
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required from the output to the controller. Theagulated converter is an open loop
converter with no control in place. The unreguatonverter leads to the largest
variation in output voltage but offers the simplessign and most efficient power
conversion as the switches are always operateé ¢toa duty cycle of 100%. For high
end server and some telecom applications, a nanmput voltage range is common, i.e.
38V-55V, and the downstream POL’s can easily hatlodbesmall variations in output
voltage making the unregulated IBA architecture thest efficient solution. In other
applications with wider input voltage ranges, 36-72V, the fully or semi-regulated
converters offer a more efficient solution.
1.5.2 State of Art Isolated Bus Converters

To improve the performance of the IBA, a highlyi@ént isolated converter must
be designed. To achieve high efficiency and lowsldhe majority of current bus
converters operate at lower switching frequencids. the majority of current bus
converters, there is no co-packaging or integradod discrete packaged devices and
passive components are used. The frequency rdntpe @urrent discrete unregulated
converters is from 150-300 kHz [31]. The switchifngquency of current designs is
limited by the use of traditional hard switchingptdogies in combination with high
parasitic, discrete packaged devices. The usewfswitching frequencies results in
bulky passives limiting power density; this inclgdthe isolation transformer, output
inductor, and filter capacitances.

A traditional bus converter design is shown in feyd.28, the large transformer
and inductors footprint occupy the majority of tte®tprint on the board. The second

largest space occupiers on the board are the atgiiees, in particular the synchronous
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rectifiers (SR). For a high current output, SR ides must be paralleled to reduce
conduction loss. To improve power density, the sizthe magnetic components and the

footprint occupied by the active devices must lakiced without sacrificing efficiency.

Synchronous Rectifiers

Figure 1.28: Typical industry discrete unregulatecbus converter

To push for higher switching frequencies and redpessive size, resonant
topologies have been considered for IBA bus coeyei32][33]. Resonant converters
can utilize the parasitics in the converter to 10ffeft switching; reducing switching loss
and improving performance. The resonant topologias be operated at higher
frequencies, eliminating the need for the largepoufilter inductor and significantly
reducing the size of the transformer. Currentmasbdesigns have been demonstrated at
1.7MHz with co-packaged devices.

Figure 1.29 shows the power density roadmap forctimeent unregulated bus
converters from industry. It can be seen thatethgra single product with high power
density, far surpassing the power density of theelomodules. This module is a co-
packaged resonant solution, utilizing an advanopdlogy combined with low parasitic
packaging techniques to push the switching frequeacl.7MHz, a 4.7x increase over
the highest frequency discrete hard switching cdevevailable. The combination of

high frequency and advanced packaging offers anfxavement in power density over a
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similarly rated discrete module. To explore theige of a high frequency bus converter,
the impact of high frequency on converter desigrstmhe considered, especially the
impact of frequency on transformer size and peréorce.

1000 ¢
900

800 Co-Packaged Resonant
Converter 1.7MHz
700

(o2}
o
o

Power density W/in3
[4)]
o
o

400
---------------- _ Discrete
] [— : Converter
200 ] : 150-360kHz
100
20A 40A 60A Current

Figure 1.29: Unregulated Bus Converter Power DensitRoadmap. *: Picture by author.

1.5.3 Distributed Matrix Transformers for High Frequency Applications

At higher frequencies the transformer design besoongical to achieving high
efficiency and power density. As frequency incesaghe impact of the transformer’s
leakage inductance, core loss, winding loss, amdsformer termination loss become a
major barrier to efficient converter design. Tonimize transformer loss at high
frequency a distributed matrix transformer can iogleyed.

The distributed matrix transformer is defined asaay of elements interwired so
that the whole functions as a single transformdi[B%]. Each element being a single

transformer that contains a set turns ratio, i:&, 2:1 ....n:1. The desired turns ratio is
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obtained by connecting the primary windings of tblements in series and the
secondary’s in parallel. The benefits of the matrensformer are that it can reduce
winding loss by splitting current between secondatgdings connected in parallel,
reduce leakage inductance, and improve thermabpeance by distributing the power
loss throughout the elements. The highest depsdguct available today employs the
distributed matrix transformer concept and thiseitation will assess the benefits and

weaknesses of the matrix transformer and proposee improved structure.

Isolation
Transformer

— Isolation
Transformer

_.«‘ Z‘-!EJ\?UEJ\}UQ:: s .:
Secondary SR’s

Figure 1.30: Vicor's BO48F120T30 Vin=48V Vo=12V |025A Fs=1.7MHz Co-Packaged Resonant
Unregulated Bus Converter. Picture by author.

1.6 Challenges to High Density Integration

Point of load converters are found everywhere odenn technologies. As the
capability and size reduction demands of electrdemices increase through the years, so
does their power demands. Methods to supply higbarer levels in a smaller solution
size are not achievable with conventional techriekbg The major bottleneck to
improving power density is magnetic size and thgomlaarriers to higher frequency are

device technology, packaging of devices, modulegdesand magnetic design. To
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achieve higher power density with improved perfanoeg the following technological
challenges will be addressed in this dissertation:

1. Inductor integration in non-isolated POL congest To improve power density, the
minimization of the inductor to facilitate the 3Dtegration of a low profile magnetic
substrate will be targeted with the use of a thegel topology for low current discrete Si
applications and high current co-packaged GaN dssigith the traditional buck
topology for high current applications.

2. Utilization of advanced power transistors igthfrequency designs: To reduce high
frequency device switching loss, the explorationsoperior Si lateral trench and GaN
high frequency power devices will be consideredhe ability of the three level topology
to reduce voltage stress, allowing for the useuplesior 12V lateral trench devices will
be considered in low current non-isolated POL aapions. For high current non-
isolated POL’s and isolated bus converters theofiseaN devices to increase switching
frequency will be assessed.

3. Advanced packaging: The impact of device pgitip on high frequency
performance, the optimization of design parasitecsmprove high frequency electrical
performance, and the use of advanced substratampoove high density thermal
performance will be explored for non-isolated POhdules.

4. High frequency isolated transformer design: e Hiility to reduce the size of the
transformer at high frequency, utilization of adeat topologies and power devices to
achieve higher frequency, and methods to reducewihding resistance, termination
resistance, and leakage inductance for high freguégransformer designs will be

considered.
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1.7 Dissertation Outline

This dissertation consists of six chapters; the nmabjective of this work is
improving power density and high frequency perfano®ein non-isolated and isolated
point of load converters. At higher frequencidse treduction of magnetic size is
possible, facilitating increased levels of integnat To achieve this objective the ability
of different topologies, semiconductors, packageahnigues, and magnetic designs are
explored for use in non-isolated point of load &udated bus converters.

Chapter 1 discusses the background for this rese@ombing the increasing power
demands of modern power systems with the desirenf@ler size has lead to a push for
improved power density. To improve power densitye passive components, which
currently occupy the greatest real estate, mushéede smaller. Many efforts have been
made to improve density by the integration of tlsgive components, but have been
limited by the large energy storage required ailoswitching frequencies. To decrease
the size of the passives the amount of energy stag must be reduced, either by using
higher switching frequencies or different topolagie Improved topologies, power
devices, packaging techniques, and circuit desigistnbe utilized to provide higher
frequencies, facilitating magnetic integration.

Chapter 2 will explore the use of a three levelotogy for use in a 12V input
voltage, low current (lo<12A) discrete POL modulesign. The three level buck
converter can significantly reduce the passive siampared to the traditional buck
converter employed in the vast majority of currgrVailable POL converters. Another
benefit of the three level topology is the redugelfage stress encountered by the active

devices; this allows for the use of improved lowtage devices in a higher voltage
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application. This chapter will also propose saln$ for the drive circuit, startup, and
flying capacitor balancing issues introduced byttivee level topology.

Chapter 3 will discuss the use of gallium nitrideaN) transistors for use in high
frequency applications. GaN devices are high elacimobility devices that project to
offer significant gains in switching performance time future over a wide range of
voltages. A survey of the current GaN technologgesonducted and the strengths and
weaknesses of the currently available technologiésbe compared. This chapter will
cover the fundamentals of utilizing the GaN tratmsisn high frequency buck converter
design; this will address the packaging of the Qedsistor, fundamental operating
differences between GaN and Si devices, drivinGaN devices, and the impact of dead
time on loss in the GaN buck converter. An anafjtioss model for the GaN buck
converter will also be introduced.

Chapter 4 will focus on the optimization of a 2MH4n=12V, l10=20A non-isolated
GaN POL buck module design. Considered in thipthaare the impact of layout
parasitics on module performance, design layoutravgment techniques to reduce
critical parasitics for a high frequency buck maguhe impact of frequency on passive
integration, and the thermal design of a high dgr3D integrated module. The final
demonstration being a 2MHz, 900W/ico-packaged module, tripling the power density
achieved by the current state of the art 12V madul@&he final module utilizes GaN
power devices, a low profile LTCC inductor, and 8@ based ceramic substrate for
improved thermal performance.

Chapter 5 will examine the use of highgfrency in unregulated 48V bus

converters targeting IBA for use in telecom, netirg, and high end computing
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applications. This work will explore the impact ®Witching frequency on transformer
core volume, the termination limitations of tradital transformer design at high
frequencies, and the impact of leakage inductanud \@inding resistance at high
frequency. The use of distributed matrix transfersnto improve high frequency
performance by reducing leakage inductance and imgncesistance will be assessed.
This work will propose a novel improved integratethtrix transformer structure to
provide superior high frequency transformer perfamge. The use of GaN devices in
high frequency converter design will also be coased and compared with Si designs.
Lastly, a 1.6MHz, Vin=48V, Vo=12V, 10=30A GaN busrwerter employing the
proposed integrated transformer structure will mandnstrated, providing a power
density of 900W/if, doubling the power density of similar currenttstaf the art bus
converter modules.

Chapter 6 is the summary of this work and propasiese work.
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Chapter 2

Three Level Buck Converter for High Frequency, Low

Current POL Applications

2.1 Introduction

Many everyday technologies such as cellular phongs3 players, telecom,
automotive, etc. require low current switching powepplies to efficiently convert small
levels of power to the various loads. In theseliegiions, small size is paramount and
high density solutions are required. Originallydividual POL converters were custom
designs for each voltage and current level and buithe main pcb board using discrete
components. The active devices, capacitors, idsictdrivers, and controllers were
purchased from various companies and were desigpatie manufacturer to meet the
specific demands of each system. This solutiorery complex, with the manufacturer
having to redesign the PCB each time the POL demahdnged. These applications
now generally operate off a standard internal bokage (12V, 5V) that can use

standardized POL building blocks to power the loads

Automotive
Electronics Telecom

(a) (b)

Figure 2.1: (a) Possible applications for point ofoad converters (b) Discrete point of load module
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The POL module, shown in figure 2.1b, containompglete power supply in a
simple, single package form. The module is desigmg a power supply company to
optimize performance and fit the industry definéandards for footprint and pin outs
[36]. These POL modules offer the benefits of gredlexibility and scalability and are
rapidly replacing the discrete custom designs.th&ssystem demands in the applications
change, the manufacturers can simply replace thé BR®dule without having to
completely redesign the entire PC board. The nmigjof POL modules today employ
discrete components, limiting switching frequenaoy gower density; this chapter will
focus on the improvement of performance and povesrsily for low current discrete

POL modules employed in a wide variety of low catrapplications.

Power oo - = = = = =,
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| Low Current ;
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50 i i i
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Figure 2.2: Power density comparison of current dicrete 12V point of load modules

The majority of POL modules provide a step downwvession ratio and are non-
isolated buck converters. The current discrete R@idules operate at frequencies
ranging from 300-600kHz to offer high efficiencyJsing lower switching frequencies

results in an increase in passive size, with inolusize occupying a volume as much as
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ten times the active components. Shown in figuBethe power density comparison of
the current products; the power density is limitecthe 50W/ifi range and the major
barrier to higher power density is the output irtduc

This chapter will discuss the limitations of tmaditional buck topology at higher
frequencies, propose the use of a three level egyah low current (lo<12A) Vin=12V
applications to improve converter efficiency, alltve use of superior low voltage lateral
trench devices, and reduce passive size allowinghfo use of an integrated low profile
magnetic. This chapter will also propose novelhods to solve control, driving, and
startup for the three level converter. The finajleative of this work is to demonstrate a
high density 3D module with an integrated low geofnagnetic.

Currently, the switching frequency of the discrBteL converters is decreased to
the range of 300-600 kHz to offer higher systencefficy. To improve power density,
the passive size must be decreased; for the wadltibuck converter the inductance
value is given by:

L =Y @=D)D ¢ pos (2.1)
Al OF

Where V\, is the input voltage, D is the duty cycle (D#Vin), Al ph is the peak to peak
current ripple, which is generally designed to lbeuad 40% of the full load output
current, anddis the switching frequency.

To decrease the passive size in a traditional lboakerter, shown in figure 2.3a,
the switching frequency must be increased. Theonpf increased switching frequency
on efficiency and inductance value is shown in feg2.3; at higher frequencies the

efficiency drops significantly due to switchinga#dd losses.
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HS Buck Power Loss vs. Switching Frequency
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Figure 2.3: Traditional buck converter (a) schemat (b) Power loss and required inductance (40%

ripple) for Vin=12V V0=3.3V lo=7.5A, Top switch:RJK0305, Bottom Switch:RJK0302,
Driver:LM27222)

Figure 2.4a shows the impact of frequency on cadaveefficiency from
experimental hardware. To quantify the impact ted tlifferent circuit parameters on
switching loss an analytical model based on [37lititized. Using the loss model a
detailed loss breakdown is performed and the resué shown in figure 2.4b. From the
loss breakdown it becomes apparent that devicedffiloss and reverse recovery are the
two major barriers to pushing to higher switchinggluency.

During the turn off transition of the buck conwartthe loss can be roughly given
as [38]:

Pis o =050 s o s My CF (2.2)

s
Where ks_pis the current in the top device during turn offis\s the device drain to
source voltage at turn offystis the duration of the turn off switching transitjand § is
the switching frequency.ud piis given by:

,Vin[-D)[D

s pc = 1o SO O (2.3)
1 —'s

Where |} is the load current, D is the duty cycle, andid the output inductance. To

reduce switching losses, the inductance value eamdyeased to limit the peak turn off
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current. The option to decrease the turn off curte lower loss requires a larger
inductance, increasing passive size and decrepsingr density, which is undesirable.
For the reverse recovery loss it can be roughlgmivy:

Pz = Vin [Qps U (2.4)
Where QR is the reverse recovery of the SR body diode. Waediode is quickly
reverse biased while it is conducting a high fodveaurrent, a finite amount of time is
required to remove the charge carriers so thaantlwegin to block the reverse voltage.

The qr of a diode represents its stored charge duringéasmbination period.

Discrete Buck Efficiency Loss Breakdown at lo=11.5A
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Figure 2.4: (a) Traditional buck converter efficiency and (b) Loss breakdown for Vin=12V V0=3.3V
l0=11.5A, Top switch:RJK0305, Bottom Switch:RJK0302Driver:LM27222)

From equations 2.2 and 2.4 it can be seen thakedsiog the voltage across the
device can reduce the total switching loss andreeveecovery loss. To lower the device
voltage, the input voltage of the buck converterstmibe reduced. There have been
methods proposed to reduce loss using this metbodigh frequency, high current
multi-phase voltage regulators [39], using a higéfficient first stage to step down the
input voltage of the multiple downstream POL'’s, nayang high frequency performance.
For general low current POL applications, a smalhber of POL’'s are employed and

adding a first stage to step down the voltage édatick is not practical.
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2.2 12V Three Level Buck Converter

To offer higher power density while maintainingliefficiency the use of a three
level non-isolated buck converter is proposed fee un low current 12V input
applications. The multilevel converter was oridgiyantroduced for high power (kV)
inverter applications [40] to allow for multiple gerior performing lower voltage devices
to be used connected in series to replace a dmgjer voltage device; for the 12V input
applications in this work, the three level topologyll allow for a single 25-30V
switching at the full input voltage to be replacsdh two superior 12V lateral trench
devices switching at half the input voltage, impngvperformance. Another benefit of
the original topology was the ability to reduce rhanic content by offering a larger
number of available voltage levels; for the norlased DC-DC three level buck
converter this translates to smaller filter induci, allowing for reduction in inductor
volume and improved power density.

There are two types of multilevel converter togs: the diode clamped and
capacitive clamped circuits. The diode clampedutiruses clamping diodes to ensure
voltage balance between the series connected seduictors. The capacitive clamped
converter uses a flying capacitor to clamp the senductor voltage. The capacitive
clamped version is preferred at lower voltages bseaf the low part count. The three
level buck converter with capacitor clamping wasws from a voltage chopper circuit
in [41]. The balancing of the flying capacitordstical to circuit operation [42][43]; a
novel improved capacitor balancing concept willdbeposed in this chapter.

This chapter will discuss the operating princippéshe three level converter, the

impact of lower switching voltage on performance passive size, the gains possible by
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utilizing superior performing low voltage devicesd the ability of the three level buck
converter to integrate a small, high frequency outpductor to offer improved power
density. This work will also propose solutions the drive circuit, startup, and flying
capacitor balancing issues associated with the tlereel topology.
2.2.1 Three Level Buck Converter Operating Principés

The three level buck converter, shown in figur&, 2can offer improved
performance and smaller passive size by reduciagfiiective voltage across the devices
and the inductor. The topology has the same tirdiagram as the traditional two phase
buck converter where T1 and T2 are driven 180°cbyghase and B1 and B2 are driven
complimentary to T1 and T2 respectively. The openaof the converter starts atand
ends at4, ending a full period. The three level topologycapable of producing three

voltages across thea\hode: 0V, 0.5}, and ..

D<0.5 D=0.5
D1
— Ti,Bs
D2 D2
Ta,By .
-Vi V, Vi
in=ViC C VA TSeﬂ in

TSeﬂ 0.5"V;,

//\\//\\//\ by \\// \\// \\/"

to 1 02 3 4 to 1 2 t3 4
a) (b) (©)
Figure 2.5: (a) Three level Buck Converter. Timingdiagram for (b)D<0.5 (c) D>0.5

For D<0.5 the converter operates at the OV and;plBvels:
to-t1: The switches T1 and B2 are on and the inputageltsource Vin delivers power to

the load and charges the capacitor C2 resultirgvoltage of:

05I1,ID
VCou =VCy +AVC, = 03V, “‘ﬁl (2.5)
2

)
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V, =V, -VC, = 05V, &P

Wherevc, =0.5Vin at steady state, lo is is the output currén is the duty cycle for

2(0)
switch T;, G, is the capacitance of the flying capacitqiisfthe switching frequency, and

Va in the node voltage at point A in figure 2.5a.

t;-t;: The switches B1 and B2 are on and the curreetifheels, and the node voltage Va
is connected to ground. The flying capacitor \ga#taloes not change as it conducts no

current during this period.
V, =0V (2.7)

to-t3: The switches T2 and B1 are on and the flyingacdpr C2 delivers power to power

to the load and the capacitor discharges. Thétmegwoltage of C2 is given by:

050, D, (2.8)

VCag =VCy ~AVC, = 051V, ~= =
2

V, =VC, = 05V, (2.9)
ts-ts; The switches B1 and B2 freewheel, and the ojperad the same asg-t,. The time
t, represents the end of a switching cycle.

When the three level converter is operated oty cycle of 50%, the operation

follows figure 2.5¢c and utilizes the 0.5\and \{, levels.

t-t1: The switches T1 and B2 are on and the inputgeltsource Vin delivers power to

the load and charges the capacitor C2 resultirgvioltage of:

0501, [11-D
VCypy =VCy +AVC, = 03V, +# (2.10)
2

S
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Va =V, —VC, = 051V, @1

t1-to: The switches T1 and T2 are on and the inputageltis connected directly to the

output. The flying capacitor voltage does not @&as it conducts no current.
V, =V (2.12)
to-t3: The switches T2 and Bl are on and the flyingacdpr C2 discharges delivering

power to the load. The resulting voltage of Cgiigen by:

050 -D
VCyg =VCy ~AVC, = 05V, _# (2.13)
2 s

V, =VC, = 05[V, (2.14)

t-ts; The switches T1 and T2 are on and the inputageltis connected directly to the
output, and the operation is the same jas.t The time } represents the end of a

switching cycle.

The voltage transfer relationship for the threeeldwck is the same as the traditional

buck converter and given by:

=D=D1=D2 (215)

<|<

Where D is the duty cycle of devices T1 and T2.

2.2.2 Passive Size Reduction of Three Level Buck @eerter
The three level buck converter can greatly redmegnetic size or reduce the
switching frequency without suffering a bulky magoecomponent. This makes this

topology very attractive for low current point ajald converters. By decreasing the

42



voltage across the inductor the inductor ripplerentr for the three level converter is

given by:
. VvV, [(05-D)ID
Dig ey =0 forb<05 2.16
3Lpk—pk L1 [fs ( )
. V. [@-D)I[(D-05
Dig ey =" ( i )D‘( ) for D >05 (2.17)
1 s

Where \{, is the input voltage, D is the duty cycle, L1he filter inductance, and
fs is the switching frequency. The ripple currents found using the assumption that
V=0.5Vin and the capacitor voltage ripple is nedligi Figures 2.6 a&b show the
inductance reduction offered by the three levelkbcanverter over the traditional buck
for the same switching ripple, which is four timat worst case, and the impact of

inductance value on inductor volume.

Inductance Comparison = Inductor Size vs Inductance Value
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Figure 2.6: (a) Inductance comparison with same swaghing frequency and inductor ripple
current (b) Inductor volume vs value for commercialdiscrete inductors

The ability to reduce the magnetic size over traitional buck can offer
significant improvements in power density. Theethtevel buck converter also offers
reduction in required output capacitance. The wutltage ripple for the traditional

buck converter is given as [44]:
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AV, _ Al

uck_pk_pk — Em:—omfs (2.18)

WhereAl ,, is the peak to peak ripple of the buck converwentl from equation 2.1,,C

is the output capacitance value, apis the switching frequency.
For the three level buck converter, the effectimching frequency is doubled and the

output voltage ripple is given as:

Ay -
AV3L_pk_pk = lG;?k [Pfk (219)

From equations 2.18 and 2.19 it can be seen thaiutput voltage ripple is controlled by
the inductor current ripple. For the POL applicat the size of the filter inductor is
significantly larger than the output capacitan€er this reason, the three level converter
for this work is operated with the same currenplep resulting in a two times reduction
in output capacitance. In applications where mining the output capacitance or
voltage ripple is critical the three level buck hvid similar inductance can reduce the
output capacitance by a factor of eight [42].
2.2.3 Flying Capacitor Selection

The basic operating principles discussed in theipus sections are based on the
assumption that the flying capacitor is balancetldlh of the input voltage and kept at a
DC value. In practical designs, the flying caparciadds physical size, introduces
additional parasitics, and has a voltage ripplée Ppeak to peak capacitor voltage ripple

is given by:

AV o ok = (2.20)
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Where D is the duty cycle, lo is the output curyé&htis the flying capacitance value, and
fsis the switching frequency.

To maintain a small voltage ripple, a large enotlging capacitance must be
selected based on the design requirements. Fbehdyty cycles, output currents and
lower frequencies the amount of capacitance reduirtereases. For the design in this
work, the maximum values for the flying capacitamcor at duty cycle of 0.5 and the
highest output current considered is 12 amperes.

From figure 2.7 it can be seen that having a aggnaze value of 60uF at 2MHz
the voltage ripple of the flying capacitor can aw las 50mV. For a 12V input case, this
corresponds to a capacitor voltage ripple of lésst1%. A small ripple voltage will
ensure the devices do not exceed their low voltageg and that the converter operates

at its optimal conditions.

Flying Capacitor Voltage Ripplevs
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Figure 2.7: Flying capacitor voltage ripple vs flyng capacitance for D=0.5, l0=12A
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Another concern with the flying capacitor is therent handling capability of the
capacitor. To ensure long term reliability of thenverter, the capacitor must be
designed to handle a suitable amount of currenhe dependence of the capacitance
value of temperature on ripple current for a typilcav voltage ceramic capacitor is

shown in figure 2.8a [45]. As the frequency and icurrent of the capacitor increase the
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temperature of the capacitor rises. The impacteofperature rise on capacitance is
shown in figure 2.8b. Above 46 the capacitance value drops significantly with an
increase in temperature and the maximum operagimgpérature is limited to 86. The

rms value for the capacitor current is given by:

ICf_RMS

Al §
=| 52D E{/n% forp<05 (2.21)

Al i
ler ruis =|O;V§‘1‘D55{/1+(13L2‘#W) for b>05 (2.22)

Capacitor Value vs. Temperature
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Figure 2.8: (a) Capacitor temperature rise vs. riple current (b) Capacitance value vs. temperature

For the low voltage designs, multiple ceramic capas will be placed in parallel
to reduce the equivalent resistance and inductahtige capacitor bank and to limit the
maximum current flowing through each capacitorgure 2.9 shows the flying capacitor

RMS current vs duty cycle for a 12A load currerde;ao keep the capacitor ripple below

2 ampere six capacitors were placed in parallel.

The capacitor selected for this design is a 1605080uF, the equivalent series

resistance for this capacitor is given from theaddteet to be 3.3mand the equivalent
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series inductance is 0.46nH. Using six of thegeaciéors in parallel can reduce the
effective ESR to 0.556 and the effective ESL to 0.08nH. With the propelection of

the flying capacitor for an effective switching dreency of 2MHz, the worst case loss is
limited to 79mW of conduction, the ripple is limgkéo 100mV, and the capacitor RMS is
safely limited under 2A of current. The total vole occupied of the capacitor bank is

12.75mni which is only 3.5% of the volume occupied by actise 150nH inductor.

Flying Capacitor RMS Currentvs Duty Cycle
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Figure 2.9: Flying capacitor RMS current vs duty gcle for Vin=12V, L=150nH, lo=12A

2.2.4 Advantages of Low Voltage Devices

For this work, high efficiency is critical and theee level buck converter will be
operated with the same effective frequency of taditional buck converter, allowing for
a 50% reduction in inductance value while offenmgproved performance. Operating at
the same effective switching frequency as a trawigi buck converter the three level
topology can switch while seeing half of the vodagjress as shown in figure 2.10, this
allows for lower switching losses, reverse recoviess, and the use of lower voltage
rated devices.
During all periods the voltage stress the devicastraupport is equal to:
Vds=V, -V, =V_, = 05V, (2.23)

n
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Where Vc2 is the voltage across the flying capaatal assumed to be balanced to equal

half the input voltage.

Vds_HS
IHS IHS
Vds_T1
| Traditional Buck | | Three Level Buck |
(a) (b)

Figure 2.10: Current and voltage waveforms of topwitch in (a) Traditional buck converter (b)
Three level buck converter

The reduced voltage stress allows the three leoplerter to use low voltage
devices for a higher voltage application. With thgorovements in lateral and lateral
trench devices they can offer major performancegaver trench devices in the 5-12V
breakdown voltage range as well as provide supgackaging which will be discussed
in detail in chapter 4. Fig. 2.11 shows the figafemerit (FOM) compared to the
breakdown voltage for commercially available desicelThe FOM is directly related to
loss [46] and the low voltage devices available tfoee level converter offer superior

performance over the traditional buck converter.

" Figure of Merit vs. Breakdown Voltage
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Figure 2.11: Figure of merit comparison vs. breakdwn voltage
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For the experimental verification, 30V devices evaesed for the traditional buck
converter; for the three level buck converter tR2& lateral trench device from Ciclon
was used to minimize loss. From table 2.1 it cansben that the low voltage lateral
trench device can offer superior performance whempared to the traditional trench
device. Comparing devices with similar gate chardglee low voltage lateral trench can
offer a 33% reduction in the miller charge, whidntributes directly to turn off loss, and
a 69% reduction in on state resistance. Due taiseeof two devices in series in the three
level converter, the effective resistance in thee¢hlevel is doubled and the effective
resistance is reduced by 37%. With the improved Voltage devices combined with

lower switching voltage seen across the device,tlinee level converter can provide

significant performance gains.

Device Voltage Miller Charge | Gate Charge | On Resistance
Rating (V) Qgd (nC) Qg (nC) Rdson ()
Traditional Buck | RIJK0302 30 6.0 28 3.5
3 Level Buck CSD13301, 12 4.0 30 1.1

Table 2.1: Device comparison for traditional two ¢vel and three level buck converter

2.2.5 Experimental Results

To demonstrate the ability of the three level cotereto offer superior
performance over the single phase buck, hardwascbwdt and tested. The three level
converter used low voltage lateral trench deviaesnf Ciclon (CSD13301) for the
synchronous rectifier switches which had a breakdewltage of 12V. At the time of
this work no low voltage top switches were comnalgiavailable, and RJK0305 were
used for the top switches. With low voltage toptsikaes performance could be further
improved; the top switch lateral trench deviceniglevelopment in [47]. The gate driver

for the three level converter was 2xLM27222, aralitfductor was a coilcraft SLC1175.
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The gate drive design details are discussed latdris chapter. The flying capacitor for
the three level converter was 6x10uF ceramic cépaci For the traditional buck
converter 30V trench devices from Renesas were w#dRJKO0305 for the top switch
and RJK0302 for the SR. The driver used was desidgl27222 and the inductor was a

coilcraft MVR1251.

Efficiency Comparison
0.88 o
Three Level 150nH ] -
0.86
T ———
0.84 A L s
0.82 // Buck Converter 250nH
> 4
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0.72 Vin=12V Vo=1.8V
o7 Fs=2MHz
"0 1 2 3 4 5 6 7T 8 9 10 11 12
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Figure 2.12: Efficiency comparison Vin=12V, Vo=1.8VFs effective= 2MHz

The operating frequency for the three level coterevas 1MHz; resulting in an
effective switching frequency of 2MHz, and an in@unce of 150nH was selected. The
traditional buck was operated at a switching fremyeof 2MHz and an inductance value
of 250nH was chosen to give similar current rippgethe three level converter. The
efficiency curve shown in figure 2.12 shows that three level converter achieves over
3% gain in peak efficiency and a 2.5% gain in fodd efficiency when compared to the
traditional buck converter while using an induc&r®9% smaller. The hardware and
voltage stress waveforms for the buck convertertanee level converter are shown in
figure 2.13. The three level converter experierec@gak voltage stress across the SR of

9.2V, giving a sufficient overvoltage margin whilsing a 12V rated device.
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Figure 2.13: (a) Experimental hardware (b) Three level Buck Peak MOSFET Voltage

To perform a detailed loss breakdown of the buc# three level converter to
compare the topologies, the parasitics involvedhim layout of each design must be
considered. For the traditional buck converterhityh frequency power loop, shown in
figure 2.14a, Loop, IS the parasitic inductance from the positivanieal of the input
capacitance, through the top device, synchronociffiee, and ground loop to the input
capacitor negative terminal. A FEA model, showrigire 2.14b, was created to model
the PCB layout and device parasitics to extractdbp inductance of the traditional buck

design.

L oop: High Frequency Power Loop

a) ( (b)
Figure 2.14: (a) Synchronous buck converter parasdit loop (b) FEA model for traditional buck
converter

For the three level buck converter, there are different switching transitions,

and two separate parasitic loops as shown in fggdré5a and 2.15b. To achieve low
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loss and capacitor voltage balance these two iadaes should be as close as possible in
value. For optimal efficiency, these loops areimined in size. Table 2.2 shows the
resulting parasitic loops for the traditional buzkverter and the two separate loops for
the three level buck converter. The loop inductanbetween the traditional buck
converter and three level converter are similavalue as a result of the loops being
similar in physical size and the same packages el of the power devices. For the
three level converter the loop inductances vary shghtly, ensuring proper operation to

help balance the flying capacitor.

AEAMEREREER

LR

T 2
(a) (b) (c)
Figure 2.15: Three level buck converter parasiticdop (a) Loop 1 for t-t5 (b) Loop 2 for ty-t; (c) FEA
model of experimental hardware

Traditional Buck | 3 Level Buck Loop 1| 3 Level BuckLoop 2
Parasitic 291 2.87 3.02

Inductance (nH)

Table 2.2. Parasitic comparison for traditional two level and three level buck converter

The loss breakdown for the two designs is showfigure 2.16, the major gains
in efficiency come from the reduction of turn ofisk and reverse recovery losses. The
turn off loss and reverse recovery loss are thadyarto high frequency in the traditional
buck converter and the three level buck convemersignificantly reduce these losses at
high frequency with ability to reduce the voltageess across the device by a factor of

two, as shown in 2.24 and 2.25. The utilizationimfproved low voltage devices

52



provides a significant decrease in SR conducties.loWith proper design of the flying
capacitor network, the additional loss from thenitycapacitor is small.

Pis o = 0250 g p Wyg Oy LK @2

P = 051V, g, F, (2.25)

Loss Breakdown at 2MHz lo=11.5A

4 m Traditional Buck
2 8 u Three Level Buck

[

-

Power Loss (W)

Figure 2.16: Comparison of 2MHz traditional buck ard three level converter loss breakdowns
2.2.6 Gate Drive Design for Three Level Converter

The three level converter has a totem pole cordignn that requires special care
to provide a simple, effective gate drive solutjdB]. The majority of low voltage buck
converters are driven by commercial IC’s utilizeadgpoot strap capacitor to drive the high
side device due to their simplicity and small siZieo simplify the circuitry of the three
level converter, a drive structure, shown in figlrg7, was created to drive the four three
level devices using two bootstrap IC’s.

The operation of the driver structure is that dgrthe periodtt; the bootstrap
capacitor CB2 is connected to the gate to sourcewdtich T, turning on the device.
When device Tis on, the switching nodes Vsw and A are short®edde DT1 turns on
if the voltage of CB1<CB2, connecting bootstrap amjors CB1 and CB2 in parallel,
allowing CB1 to be charged to the level of CB2. iDgrperiod {-t, the converter is

freewheeling with switches;Band B on; the bootstrap capacitor CB2 is charged &s it i
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connected directly to ground. During perigetstthe T1 device is turned on by the
bootstrap capacitor CB1. Due to the floating gbohthe T&/B, driver, a diode is used
to clamp the VSW?2 voltage to ground to preventdaiggering.

Sig. | |

Sig,

Vsw 5V

; t t &t t
DT2 DT1
A A - >

é e
+ | [5.vec 3-cb 5Vcc 3-Cb
o 6-En 2-Hg |T2_|CB2 ‘Lk 6-En  2-Hg |T1 J_cm
sigif 4n 15w |—@ sigz|4n 15w |—g
([) | % 8-Gnd 7-Lg |B2 A -r_AI:s.Gnd 7.lg [B1 VW
Vsw2

(@) )
Figure 2.17: (a) Three level buck converter schentia (b) Driver scheme and timing diagram
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2.2.7 3D Integration with Low Profile LTCC Inductor

With space at a premium in high density applicajothe adoption of 3D
integration is increasing rapidly to provide smialfeotprint solutions [49]-[51]. An
example of a 3D integrated product is shown inrg@.18. Comparing this design
technique to the 2D POL solution, shown in figurg8b, it can be seen that by fitting the
magnetic footprint to the PCB size and mountingititRictor over the power stage the
footprint and power density can be improved sigaffitly. With the large magnetic
component introduced by the traditional buck coterethe inductor still remains very

large and further limits the power density of thedule.

(a) (b)
Figure 2.18: (a) 3D integrated point of load modu (b) 2D point of load module
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The three level buck converter has demonstratedlbility to improve efficiency
at higher frequencies and significantly reduce tkquired inductance. At lower
inductance values the ability to integrate a lowfipg magnetic structure is possible.
Many efforts have been made to improve low profilagnetic substrates using low
temperature co-fired ceramics (LTCC). To demonsthégh power density capability of
the three level converter, an inductor designd&2j was considered with the three level
converter for a 12V application. A more detailedsidn process and inductor
performance comparison for this case is discussethé reference. The inductor
conceptual drawing and experimental hardware isveha figures 2.19 a&b. The final
LTCC inductor had a thickness of 2mm, a via hotéus of 0.4mm, a distance of 0.5mm

between the inductor vias, and a DCR of 1(bm

11.2mm

(©) (d)
Figure 2.19: Low profile LTCC inductor (a) Conceptual view (b) Experimental prototype.
Hardware designs: (c) 3D integrated converter witi. TCC inductor (d) 2D design with discrete
inductor

The low profile inductor, shown on circuit in figa2.19¢, can improve power
density and reduce the required overall footprinth® module. The size and DCR

comparisons of the inductors are shown in tabletAeLTCC inductor can provide low
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profile and fit the footprint of the active aredhe drawback is that the inductor DCR

increases, decreasing high current performanchtblig

Core Thickness Footprint Winding DCR
Discrete Inductor 7.2mm 84mm 0.25mQ
LTCC Inductor 2mm 197mm? 1.5mQ

Table 2.3: Comparison between discrete and low pfite inductor

The power density comparison of the three lewdighs demonstrated in this
chapter and the discrete industry products is shiowiigure 2.20. The ability of the
three level converter to decrease inductor sizefsigntly improves power density in 3D
and 2D designs, increasing the power density bgctof of two when compared to the
traditional buck converters. The Vin=12V, 10=11,%Refecive2MHz three level buck
converter with a 3D LTCC inductor can achieve a @odensity of 200W/ih The three
level buck has further potential to push frequetlcsough the use of lateral based
integration which is not possible for the tradiwbrirench based buck converter, the
advantages offered through integration for theeghesel can offer further improvements

in power density and performance.

Power

density |
(W/in?) 200 CPES 3D 3 Level

LTCC Inductor

CPES discrete
150 2MHz 3 Level

CPES

100

50

L

4A 8A 12A current
Figure 2.20: Power density map of discrete high desity power modules
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2.3 Flying Capacitor Balancing Methods

The three level converter's benefits are maximizdten the flying capacitor
voltage is balanced to half of the input voltade.theory, if the duty cycles D1 and D2
remain the same the capacitor will naturally rentatanced. In practical circuit design,
there are parasitics, device tolerances, and dviagations that make control necessary
to balance the capacitor. Shown in figure 2.2haslware waveform for an unbalanced

flying capacitor case.
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Figure 2.21: Circuit operation with capacitor unbalance

When the three level converter operatgh an unbalanced flying capacitor,
half the devices will see larger voltage stressspmly damaging the device if a low
voltage device is employed. Another side effect aafpacitor unbalance is an
asymmetrical current waveform with the current lgppncreasing for the device
experiencing the larger voltage stress, furthereiasing loss in the device. The current

slope for the inductor current during the powenaly periods 4-t; and -tz is:

dip _Va=Vo (2.26)
L
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In previous research, the capacitoragdtis directly measured using isolation
[53] or by using digital timing controls [42][43]nd complex networks balance the
capacitor voltage. The isolation method requirasadditional magnetic component
which is unattractive in small power supplies asthg digital timing controls requires
additional measurements of the input and inducitmdenvoltage; and both methods
require an additional control loop. Another draslhaf these methods is that they
regulate the output voltage by controlling one duggle (charging periodg-t;) and then
alter the other duty cycle (discharging perigeg) to balance the flying capacitor. This
degrades the regulation capability and transiespgarse because there is only one power

delivery phase regulating the output.

2.3.1 Novel Flying Capacitor Balancing with CurrentControl

The method proposed in this work to regulate tlyendl capacitor without a
separate capacitor balancing loop is by using baléncing current mode control.
Current mode control is widely used in fast transgpplications because of its ability to
have good line regulation and to ease current spdor multiple phases. Leading edge
modulation can be adapted and naturally balanceapacitor in the three level converter
by balancing the inductor current. This is possitécause the inductor current contains
the capacitor voltage information and is balancéemnvthe inductor current is balanced.
Figure 2.22 shows the unbalanced open loop operatio the left in pink, the right
section in blue is the closed loop operation. Wlies control begins for the case
Vc<0.5Vin:
to-t1: The inductor current rises at a higher raterduthe charging period as a result of

increased voltage across the inductor, the slogeén by:
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di, _V, -V, -V, _ 051V, -V, (2.27)

As a result of the high slope, the inductor currealue at time itis larger than the

balanced case when the clock signal triggers timedfi of device T1.

Open Loop Closed Loop

. \'_v I DZILVT D1TVT D 1\1 e
VA T T T2 T IT_z T T Ty
Clock
Low
Limit .t tt t

Figure 2.22: Unbalanced operation and closed loopaltancing process for Vc<0.5Vin

t;-t;: The inductor current falls during this perioddaeands when the low error signal is
triggered by the inductor current. As a resulttteg high peak current at time this

period will be longer than the balanced case. dilveent slope is given by:

di, -V
R .C 2.28
dt L (2.28)

to-tz: Due to the lengthening of thet period, the discharging periog@-t) is shortened
in duration. The inductor current begins to risa bower rate thant; during this period

and ends with the clock triggering turn off of T2.

dIL _ch -V 051V, _Vo (229)

0< n

dat L L
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The net effect of the shortening of the dischargoegiod in relation to the charging
period is an increase in voltage. The net riseapacitor voltage will be related to the

difference in D1 and D2 and is described in 2.31.

ts-ts; During this period the current freewheels aralitiductor current falls. This period
is shorter in duration than thett period because the inductor current reached arlowe
peak at4 As a result of the short duration of this periadonger charging period is set

up in the next cycle.

This sequence repeats with the capacitor risingaltage until it becomes balanced

(Vc2=0.5Vin) and the inductor currents become badan
ZL—_>~""in "o 2.30
i (2.30)

For the case when Vc>0.5Vin the operation is wémyilar. The high slope period
now being the discharging-t; period and the capacitor voltage dropping unté th
inductor current is balanced leading to capaciwtage balance. For the case D>0.5,

trailing edge modulation should be used to cordgrnal balance the currents.

Open Loop v, =DV Closed Loop

V3 ?
VeV | Ve | D l"’ 1 DIT L l 2 1\ “1 0.5V,
V Ti T; T4 Tz 'T1 Ta T4 T2
' >
Clock
Low

Limit| & & t &

Figure 2.23: Unbalanced operation and closed loopaltancing process for V¢c>0.5Vin

60



2.3.2 Simulation Verification of Control Method

To verify this control concept, the control methwes simulated using SABER.
This simulation would also test the control methiating transient responses. The
balance of the flying capacitor during load trantssemust be handled to ensure the use of
lower voltage devices. The net change in voltagess the capacitor during a charging
and discharging period is related to the differencguty cycles, D1 and D2:

AV _1,1aD _1,1(D,-D,)
c2_DC C2 Dfs C2 Efs

(2.31)

The flying capacitor C2 should generally be choseibe large enough that the
ripple is very small. If this is done then theirfly capacitor voltage deviation during a
load transient should be also very small. Fig42Bows the simulation setup of the

controller implemented in SABER.
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Figure 2.24: Proposed leading edge current contr@cheme applied to three level buck

Figure 2.25 shows the response of the convertengla load step down from
10A to 3.5A. Both phases will be turned off uniie error is triggered, which tracks the
load current, and the capacitor voltage will noardpe while the phases are off. The

voltage will change when the current reaches thevaue and rebalance. During a load
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step up the switches run at 50% duty cycle unélltrad current is reached. After this,
the capacitor voltage will rebalance. During ldeghsients, the two phases have at most
one phase with different duty cycles resultingtitiel rebalancing required.

Once the load transient is completed the convemturns to steady state
operation and the capacitor is rebalanced as shoviigure 2.25b. The total voltage
deviation on the flying capacitor for a 60% loa€dsts less than 100mV. Using a current
control scheme to balance the capacitor providesngler, more effective control

scheme than the previously proposed balancing sefiem
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Figure 2.25: (a) Transient Response Zoomed to Loaldransient (b) Transient Response with
Capacitor Rebalancing Period
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2.3.3 Soft Startup for Flying Capacitor
Start up is also a concern for the three level earv [54]. Initially the flying

capacitor is uncharged and has a voltage of zHrthe converter is started up when the
capacitor has a voltage of zero two of the dewvigiissee the full input voltage and the
converter will operate at the worst case operatogdition until the capacitor is
balanced. This will not allow for reduced voltag¢ed devices negating a major benefit
of the topology. A pre-charging method is proposedolve this issue, shown in figure
2.26. Using two small FET’s in series with theirity capacitor will allow for the pre-
charging of the flying capacitor quickly and eféotly. Two small MOSFETs are

required for this start up method which could galsé implemented in a controller chip.

VGS1 /

Comparator
ID S1 /
ve2 !
t
(b)
. Vgs =
7 H_m_ cicins
& Comparator "
& Flying Capacitor 7 05Vin
s Voltage _ =

(©)
Figure 2.26: (a) Startup Circuit (b) Conceptual Statup Waveforms (c) Simulated Startup in Saber
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The gate voltages of these two devices is slowtyped up so that they operate in
saturation mode as voltage controlled current ssuliniting the current while charging
the capacitor to the voltage set by the resistiokage divider (0.5*Vin). When the
capacitor is charged to the level set be the resislivider the comparator will go high
turning off the start up devices. In figure 2.26can be seen that the peak charging
current is 7A, if a slower ramp voltage is used¢heent can be decreased with the trade

off being start up current vs. start up speed.

2.4 Conclusions

This chapter explored the ability of the threeelebuck converter to reduce
passive size and increase efficiency over the ttoadil buck converter in low current
point of load applications. This improved perfomoa was achieved by doubling the
effective switching frequency, reducing the voltageoss the inductor, and reducing the
voltage stress across the semiconductors to 0.5¥@lycing switching loss and allowing
for the use of superior low voltage devices. Tlangn efficiency and magnetic
reduction is verified experimentally. To improvewer density of the converter, the
discrete inductor is replaced with a low profile €T inductor and packaged in a 3D
arrangement.

To ensure the performance gains offered by thelogy the flying capacitor
voltage must be balanced. A novel control schemag ¢ffers better performance, fast
transient, and simplicity is proposed by modifystgndard leading edge (valley mode)
current control for the three level converter. Tedancing of the flying capacitor

voltage is achieved by balancing the inductor mires opposed to sensing the floating
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flying capacitor voltage itself, which is difficult This is possible because the inductor
current contains the capacitor voltage informatiofilso proposed is a simple startup
circuit that can quickly charge the flying capacito half of the input voltage allowing

safe start up of the circuit, ensuring the safétiyhe low voltage power MOSFETS.
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Chapter 3

Gallium Nitride Based Transistors for High Frequengy,

High Current POL Applications

The introduction of gallium nitride (GaN) trangist offers the potential to move
to higher switching frequencies than capable withditional Si devices while
maintaining high efficiency. This chapter will dape the capability of GaN technology
for use in high frequency POL converters. Thisptéawill give an overview of the
current GaN technologies, compare the strengths aeadknesses of the currently
available technologies, and discuss the fundangmtfaltilizing the GaN transistor in
high frequency POL converter design; this will askdr the packaging of the GaN
transistor, fundamental operating differences betw&aN and Si devices, driving of
GaN devices, the impact of dead time on loss in @GN buck converter, and an

analytical loss model for the GaN buck convertdf e proposed.
3.1 Emergence of Gallium Nitride Transistors

3.1.1 Introduction of Gallium Nitride Technology

Gallium Nitride transistors have recently emerged a possible candidate to
replace silicon and silicon carbide devices in masi power conversion applications from
25V to 600V. Gallium Nitride transistors are higlectron mobility transistors (HEMT)
and offer potential benefits for high frequency powonversion. Shown in table 3.1 are
the material characteristics for Silicon (Si), &k Carbide (SiC), and Gallium Nitride

(GaN) [55][56]. GaN transistors have a higher bgad, electron mobility, and electron
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velocity than Si and SiC devices. These matehalracteristics make the GaN device

capable of superior performance for higher freqyemd voltage operation.

Si SiC GaN
Band Gap (eV) 1.1 3.2 3.4
Electron Mobility (cni/V-sec) 1450 900 2000
Electron Saturation Velocity (!@m/sec) 10 22 25

Table 3.1: Material characteristics of Si, SiC, ad GaN semiconductors

The basic structure of the GaN is a lateral defs@d{58]. The majority of GaN
transistors are built on a silicon substrate, showrgrey in figure 3.1, to simplify
fabrication and reduce cost. On top of the Sisateslies an aluminum nitride transition
layer to isolate the GaN from the Si substraten tl@ next layer, shown in green, a thick
layer of highly resistive un-doped GaN is grown amsked as a base for the GaN
transistor. On top of the thick un-doped GaN ldigs a thin layer of highly conductive
AlGaN which is shown in black. The combinationtbé thin AIGaN layer on top of a
high quality GaN surface creates a two-dimensialattron gas (2DEG) layer and
makes the GaN transistor a high electron mobitdygistor. Drain and source contacts

are placed on the electron generating 2DEG andeaigiaonnected on top of the AlGaN.

Thin AlGaN Layer
Protection Dielectric
Electron Gas (2DEG)

GaN «<— Un-doped GaN
Isolation Layer
Figure 3.1: Typical GaN lateral power transistor stucture
The comparison of currently available GaN and &iicks from 25V to 600V is
shown in figure 3.2. From this figure, it can bees that Si based devices, a mature
technology, are closely approaching the theoretioat regarding specific on resistance

for a given breakdown voltage. Due to the sigaificimprovements in Si devices over
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the years, a large effort is now required to gaismall improvement in performance.
Looking at the GaN theoretical limit for specifia oesistance vs breakdown voltage, it
can be seen that GaN has the potential to off@ifgignt improvements over traditional
Si technology. The first generation of GaN devibase been released by industry and
can already outperform the state of the art Siaesvby a factor of ten from 30-600V
with regard to specific on resistance vs breakdewftage. Being a new technology,
GaN devices will improve rapidly in the first fevegrs, moving towards the GaN limit as

the technology matures and providing larger bem@flien compared to Si devices.
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Figure 3.2: Comparison of specific on resistancef Si and GaN

When exploring the use of a device for high freuye the specific on resistance
vs breakdown voltage does not directly correlatdoteer loss in an actual converter
design. To assess the potential of GaN devicaspmove converter efficiency, the FOM
from [46] is used to compare the first generatioh&aN devices vs the state of the art Si
devices from 40V-200V, covering the possible devargge for this work. Currently, the
devices supported over 200V are in prototype evaina and the detailed device

parameters are not publicly available. The fisinmercially available discrete GaN
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devices are from Efficient Power Conversion (EPEJ][ the FOM of the first and

second generation EPC devices are plotted in fi§uBess the state of the art Si devices.
From figure 3.3, it can be seen that the GaN desaceoffer reduced FOM and project to
reduce switching losses over the best current Seddevices. Being a new technology,
this figure, showing the significant FOM reductibom the first to second generation,
can verify the trend for rapid FOM reduction in thear future for GaN power devices.
Combining lower specific on resistance, yieldinga#ier device size, and smaller FOM,
providing lower switching losses, the GaN poweridewhas a potential to significantly

increase the frequency and power density of POLutesd

0 Figure of Meritvs. Breakdown Voltage

120 . )
100 State of Art Si st Gen
80 GBN

60

40 /

20 -
Second Gen GaN

FOM=Rds*(Qgd+Qgs2)

o

0 50 100 150 200 250
Breakdown Voltage (V)

Figure 3.3: FOM vs breakdown voltage for current Siand GaN power devices

3.1.2 Gallium Nitride Transistor Characteristics

Today, there are two different low voltage,&40V) GaN devices available on
the market. The first is an enhancement mode devam efficient power conversion
(EPC) [57] and the second being a depletion modduteofrom International Rectifier
(IRF) [59]. The devices from EPC share many sintiés to standard Si MOSFET's as
they are normally off enhancement mode componeatsging from 40V-200V, and

come as a discrete device as shown in figure 3 ®& solution from IRF comes as a
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complete 30V buck converter module consisting ob ®&aN devices being built on a
single wafer, a control IC for gate driving, andeigrated input decoupling caps for high
performance. The devices inside the module arenally on depletion mode GaN
devices and the driver IC is a standard Si proceBsth EPC and IRF GaN devices
employ a linear grid array (LGA) pad connection nminimize packaging parasitics,

which will be discussed in detail in this chapter.

40V-200V Vdss

12mQ-40V

-
.
.
. .
. -
LI
“ & 0w |
§ )

(b)

Figure 3.4: (a) Discrete enhancement mode transasts (b) Integrated depletion mode power module

To compare the device characteristics of the atirflew voltage GaN and Si
devices, the 40V EPC2015 [60] is compared to e svatthe art 40V Sl device with
similar on resistance in table 3.2. The GaN desgivews a reduction of 60-78% when
compared to the Si device for device footprintegehharge @ miller charge @, and
input capacitance & making the device attractive for high frequencighhdensity
applications. The GaN reverse recoveryrQs reduced 100% but suffers a 265%
increase is source to drain forward voltagep,Mwhen compared to the Si device. The
large difference is a result of a fundamental déifee in the GaN and Si technologies
and will be discussed in detail in this chapterastly, the GaN device sees a 70%
reduction in drive voltage range, having breakddimits from -5V to 6V; this is also
due to the fundamental difference in the GaN tstosi From this information, it can be

seen that a couple fundamental differences betwleerGaN and Si devices, the body
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the potential of GaN devices.

diode operation and gate drive voltage, must béoegg in greater detail to fully identify

40V GaN 40V Si % Reduction
Device Footprint (mrf) 6.6 30 78
Rasor(M) 3.2 3.2 0
Qy(nC) 10.5 26 60
Qqi(nC) 2.2 6.6 67
Cis«(PF) 1100 4030 73
Cose(PF) 575 650 12
Qrr(NC) 0 30 100
Vsp(V) 2.2 0.83 -265
Vg(V) -5t0 6 -20 to 20 70

Table 3.2: Device parameter comparison between 408aN and Si enhancement power devices

The enhancement mode GaN IV curve of the EPC20Qpbiféshown in figure
3.5b, the device is designed to be driven on ail&and driven off at zero volts, making
the device very similar to the standard Si MOSFETigently employed. The threshold
voltage of the device is 1.4V, also very similarttaditional Si power devices. The
enhancement mode GaN device is targeted to refladevices in a number of different
applications with little change in design requirtxd switch from Si to GaN power
devices. The ability of the GaN device to sim@place Si devices in POL modules will
be addressed in this chapter.

The depletion mode approach from [59] offers a detepsolution with an
optimized design for a specific application, a drdaty cycle 12V application. The IV
curve for a low voltage depletion mode GaN is shanwfigure 3.5a, the device is driven
on at zero volts and driven off at a voltage oB\3with a threshold voltage of -2V; this
is very different from the standard enhancement endevice, requiring a specialized
gate driver chip that is built into the module. tkVan internal driver, controller, and

input capacitors, this module is designed as akblamx solution to provide greater
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performance without having to understand or reaefigthe use of GaN transistors. An
additional reason for the module form for the depieGaN is the nature of a depletion
device. A depletion device is a normally on deyighich means the device is turned on
in the absence of a negative gate voltage. Tlopgity makes the protection of the
device much more difficult; the driver circuit muse functioning before the device
experiences the input voltage and if there is &eddircuit failure, a short circuit is

formed between the input and output, possibly damggitne application.

Depletion mode GaN Enhancement mode GaN
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20A - 175V _ 30A | e :
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Figure 3.5: IV curve for (a) Depletion mode GaN (bEnhancement mode GaN
3.2 Driving Gallium Nitride Transistors
3.2.1 Gate Drive Considerations for Gallium NitrideTransistors
From table 3.2, it was noted that the enhancemeade GaN transistor has a
property that the device has a failure mechanisthaf maximum gate voltage for the
device exceeds 6V; this is also true for the depiainode GaN device. Shown in Figure
3.6 is the resistance vs gate drive voltage forctireently available GaN devices and the

standard enhancement mode Si device. The enhantenute GaN and Si devices
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require a gate voltage close to 5V to achieve agdtiperformance. The enhancement
mode GaN device, unlike its silicon counterpartpariences device failure above 6V.
This leaves a very small margin of around 1V foivelr overshoot to ensure safe
operation. The depletion mode device achievesnapiperformance around 0V, giving
a 6V overshoot margin, allowing for safer driviftgh the enhancement mode GaN. For
the depletion mode module, the gate signals westedeand shown in figure 3.6b; the

module experiences gate overshoot of around 1Viriga 5V margin for safety.

Resistance vs Gate Voltage Depletion Mode GaN
2 7 i

g GaN Safe C?pe‘rat on GaN| || ---------=p=======m - 6V
S 18 Enhancement Device 5V margin for safety
k7] !GaqU Failure 9
n 16
2 |
B4 epletion Vgs_sr Vs 1
N GaN : ov
=12 — — —
v TargetVgs
E .
o 1 = 3
2 ¢ 5 3.3V

0.8 E.givgs t

3 2 1 0 1 2 3 4 5 6 7 8
Gate Voltage (V) LB =T

(a) (b)
Figure 3.6: (a) Gate drive characteristics of GaNrad Si transistors (b) Gate drive signals for
depletion mode GaN devices

3.2.2 Over Voltage Issues for Enhancement GaN

To fairly compare the performance of GaN and Siaks and assess the driving
challenges of the enhancement mode GaN deviceardavare design was created using
enhancement mode GaN transistors. For the firsérgéion enhancement GaN design,
shown in figure 3.7, a Si benchmark buck design vexseated with the Si devices
replaced with EPC GaN transistors. This design taegeted for a switching frequency
of 1IMHz, an input voltage of 12V, an output voltagfel.2V, and an output current of

20A. The top switch was selected to be the smalierEPC1014 to provide lower
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switching losses; the larger die EPC1015 was chésethe SR for lower conduction
losses. The driver was a so0-8 packaged LM2722flesinput two output drive structure
and the inductor was a 150nH coilcraft SLC1175r the benchmark buck design, the

top switch was the CSD16410 and the SR was CSD16325

SR: EPC 1015 §i
7

S0-8 GateDriver

Top EPC1014

@) (b)

Figure 3.7: Generation 1 enhancement GaN design)(eop view (b) bottom view

The first generation GaN board experienced thgsees that will be addressed in
this chapter: gate driving over voltage comprongsihe safety of the devices during
turn on, low efficiency when compared to the benatkmSi design, and mounting
reliability problems with the GaN LGA package. fidly utilize the benefits of the GaN

transistor, these issues must be overcome.
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Figure 3.8: (a) Generation 1 GaN Gate Signals at 1Mz (b) Generation 1 GaN efficiency at Vin=12V,
Vo=1.2V,L=150nH
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Due to gate drive over voltage during turn on frgate ringing, shown in figure
3.8a, the design was limited to a 4V gate driveulteng in non-optimal performance of
the GaN devices. The overshoot of the gate drigeatiwas measured to be 1.24V and
operating near a 5V gate drive led to device failufhe efficiency of the first generation
design experienced a 10% drop in efficiency whenmgared to the Si benchmark. From
the first generation design, it became apparentsinagply replacing Si devices with GaN
devices would not demonstrate the benefits of tabl @Gevice. The optimization of the
gate drive is critical to utilizing the enhancemardde GaN transistors. To indentify the
major loss differences, the on state conduction @fiicstate source to drain forward

conduction losses were compared; the top switcdwdion can be given by:

2
Al ’
I:)HS_cond =D EE'O\/]'-'-MJ |:Rdson_HS (31)

1210°

Where D (D=\/Vin) is the duty cycle,.lis the output currentl_ pk pkis the peak to
peak inductor current ripple, ands& nds the on resistance of the top device.

The conduction for the synchronous rectifier camgiven by:

I:)HS_cond = (l_ D) I:EI O\/1+M] |:leson_SR (32)

120,

The off state forward conduction, which occurs dgrihe dead time is given by:
Pop =2V oy (1) O, Mg T (3.3)
Where \jeaq is the voltage drop across the SR during the diad, |, is the output
current, §eaqis the dead time, andit the switching frequency.

The loss breakdown of the Si and GaN generaticoriverters are compared in

figure 3.9. Due to the inability to fully enhantiee GaN devices due to overvoltage
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concerns, the conduction loss increases significamnid the GaN device incur over twice
the conduction loss of the Si devices. The tradél Si gate driver, the LM2722 in this
design, has a built in dead time to avoid shoabubh. As a result of the increased
source to drain voltage of the GaN SR during dditestthe loss during this dead time

increases to over 0.4W, resulting in an efficiedoyp of around 4%.

Loss Breakdown @9A

mGaN Gen 1
u Si

0.45 -
0.4
0.35 +
0.3
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0.2
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0.1 -
0.05 - /
0 . T T T
HS Conduction SR Conduction SR Deadtime

Figure 3.9: Loss breakdown of Generation 1 GaN an8i benchmark at Vin=12V, Vo=1.2V,
0=9A,L=150nH

Power Loss (W)

3.2.3 Gate Drive Design to Limit Enhancement GaN Gar Voltage
From the first generation design it was learneat the design of a proper gate

drive circuit is critical to the performance of emtement mode GaN devices. The
issues that need to be resolved for the gate darkesrgate voltage overshoot and dead
time control. The gate voltage ringing is affectgdthe gate driver turn on resistance,
parasitics from package and PCB layout, the GaNsistors gate resistance, and input
capacitance. The simplified equivalent circuit floe gate drive is shown in figure 3.10.

The gate voltage shape is that of an under damgmahant network formed by the gate

drive circuit. The under damped step responséeatescribed by [61]:

Vg (t) =1+ Ke™ [tos(w, H + ¢) (3.4)
R

a=—=
2L

& 2y, (3.5)
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Wy =W —a® = w1-& (3.6)

a, :ﬁ (3.7)
1 1
K “cosp — (3.8)
@= tan‘{%} = tanl[ 552 J (3.9)
4 1-
_RIC
{= T (3.10)

Using equation 3.4 the overshoot can be solvedyauah as:

_ZWJ
Overshoot = M = e[\/P (3.11)

Final
Where R=R, +R; and C =C Css is equal to the input capacitance of the GaN
tranistor, Rnis equal to the turn on resistance of the gateedri®, is equal to the internal
gate resistance of the GaN, and L is equal to ated tnductance from the drive loop,
bootstrap capacitor, and package parasitics ofitiver. The inductance value for each
generation design was extracted from Maxwell FEAQ@8nulations.
Sv J
In = Lg Ry
n MNTE
ff Cg T

Drive Circuit+PCB GaN Device

Figure 3.10: Equivalent Circuit for Gate Ringing

3 2|

To minimize the overshoot of the gate voltage theedloop inductance can be

decreased, the turn on gate resistance can begatteand/or the input capacitance can
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be increased. Increasing resistance will reduestwot but slow down the turn on of
the device which is not beneficial for high freqagn Increasing capacitance will lead to
higher gate losses and slower switching speeds.

The changes for the second generation design twerge a two input, two output
driver structure, allowing for control of dead tired changing the top switch from the
smaller die EPC1014, to the larger die EPC101%tluce high current conduction loss
and driver overshoot. Two different gate driversrevtested in generation 2. With no
commercially available two input two output drivetise first driver was built using two
individual 1SL89163 gate drivers and a level skoit the top switch. The second driver
was a prototype developed with National Semicormtuathich has since been released

as the first commercial gate driver for GaN, the3IM3 [62].

Generation 1 Generation 2a Generation 2k
Top Switch EPC1014 EPC1015 EPC1015
Driver 1xXLM2722 2x1SL89163 1xLM5113
Ron(@Q) 0.9 1 2
Roff(QQ) 0.4 1 0.6
Lgate(nH) 11 10 5
Rg(@Q) 0.4 0.4 0.4
Ciss(nF) 0.28 1.1 1.1

Table 3.3. Gate Drive Parameters for Generations and 2

Shown in figure 3.11 are the gate drive wavefofongenerations 2a and 2b. For
generation 2a, the overshoot of the driver was ratoll.3V, leading again to device
reliability concerns. The large overshoot wasslteof using a small turn on resistance
and having a large drive loop inductance from the of two discrete drivers and a level
shift. For generation 2b, the driver had a largen on resistance of 2ohms and a
reduced drive inductance of 5nH, providing sufitidamping. The resulting gate drive

is shown in figure 3.11b and it can be seen thatnibyeasing turn on resistance and
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decreasing drive inductance the GaN device canabeysdriven near the optimal 5V

level encountering only a 0.2V overshoot.

6V Limit V,, ;=6.3V  V,, z=6.0V 6V Limit Vg ;=4.9V V, z=5.2V
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Figure 3.11: Gate waveforms for (a) Generation 2abj Generation 2b

To safely drive the enhancement mode GaN devigeieration 2b, a larger turn
on resistance was employed to increase dampingreshute voltage overshoot. The
impact of increasing turn on resistance is a redoncin available driving current,

resulting in slower turn on, the driving currenhdae given by:

lor = Vor
Ror + Ry

Where bR is the available driver current,gMs the effective driver voltage,pR is the

(3.12)

driver resistance, andyfs the GaN's internal gate resistance.

Generation 2a Generation 2b
Turn On Rise 10nS 16nS
Time
Turn Off Fall 10nS 6nS
Time

Table 3.4. Turn on and turn off times for Generaton 2 designs
The approach of slowing down the switching turntorimit overshoot can be

utilized without sacrificing converter efficiencin a buck converter the majority of the
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loss is a result of turn off loss [37]. For impraveerformance, a gate drive can be
designed with a larger turn on resistance to aehlew overshoot and a lower turn off
resistance to achieve high efficiency.

Generation 2b employs this concept by having arRalrn on resistance to limit
gate overshoot and a 0.6ohm turn off resistancedoce switching loss. The turn on and
turn off times for the generation 2 designs areegiin table 3.4, with turn on time being
10nS longer than turn off time for generation 2be Tmpact of drive resistance selection
on power loss and efficiency is illustrated in figs 3.12 a&b. The second generation
GaN design improved efficiency over the discrets@ution by 3% at 10A and 0.8% at
20A. The dead time was minimized for the GaN devit this design to focus on the

driver overshoot issue.
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Figure 3.12: (a) Gate drive resistance vs power legb) Efficiency for generation 2 designs
3.2.4 Dead time optimization of Synchronous Rect#r
The GaN transistor shares many similar switchimgracteristics to the traditional
Si MOSFET but also has a few key major differerinegperation. One major difference
from the traditional Si MOSFET is that the GaN siator does not have a built in body

diode, resulting in a different mechanism to condwerent in the SR during off time.
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For Si devices in the third quadrant when theiatevs off the body diode
conducts the reverse current. The circuit diagfama Si MOSFET is shown in figure
3.13a, in SR mode the current flows from sourcdregon. When the device turns off the

current first charges the output capacitor of teeick at a rate of:

dvy, _ -1,
& - C, (3.13)

When the output capacitor is charged to the veltafjthe internal body diode,
Vg1, the body diode turns on and conducts the loadeotr The IV curve for a Si
MOSFET is shown in figure 3.14a; the diode voltalgep is slightly dependent on load

current. The voltage drop increases from 0.65N0abad to 0.82V at 20A.

b td o Ty a
Coa ls” +I| - Cd_Ls- + Ilo
2l g £ A 2T g £
. B C‘d‘ B (‘d\
Co T . _ * Co T -~

(@) (b)
Figure 3.13: Device electrical model for (a) Si Tnech MOSFET (b) GaN Transistor

The operation of the GaN in the third quadrant, nvtiee device is off, is very
different; the GaN has no built in body diode arak hthe ability to be driven bi-
directionally with either a positive Vgs or Vgd. hd electrical diagram of the GaN
transistor is shown in figure 3.13b. During thédhquadrant operation the reverse
current will first flow from source to drain throlighe output capacitor as in equation
3.7, building up a voltage across the output cdpaciThe voltage from gate to drain is

given by:
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V,, =V, -V, (3.14)

gd gs
The drain to source capacitance voltage increast$h@ device turns on when:

Vaa = Vi (3.15)
At this point the device weakly turns on and thecl¥fve for the third quadrant is shown
in figure 3.14b. When compared to the Si MOSFEThwhe built in body diode, a large
voltage drop equal to the threshold voltage is s#a10 load (1.4V) and a larger increase

in loss is encountered at higher loads with a geltdrop of 2.2V being seen at 20A. The

loss of the GaN during dead time is around 2.5gitaeger than the Si MOSFET.

30V Si Trench BSC042 Vth=2.2V fOV EPC GaN 1015 Vth=1.4V
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(a) (b)
Figure 3.14: Third quadrant I-V curve for (a) Si Trench MOSFET (b) GaN Transistor

One benefit of the GaN during this third quadnaertiod is that the mechanism for
reverse conduction contains no minority carriemi@lating the reverse recovery charge
[57]. The internal Si body diode is a minority mar which has a reverse recovery

charge ((3) that impacts high frequency performance as was se chapter 2. For the

depletion mode GaN, the operation in the third gaadis similar with the GaN seeing a
voltage drop two to three times higher than thditi@enal Si MOSFET body diode.
The dead time in a buck converter, shown in figukb, is defined as the time

when both the top and SR devices are turned of#fadtime is used in the synchronous
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buck converter to avoid simultaneous device condnatesulting in shoot through that
can decrease efficiency significantly or damagedéeces. During the dead time, the

current freewheels through the SR’s body diodee [BBs is given by equation 3.3.

—_— Y Y Y
L A
P
T
A
x Cc i = <+—Dead Time—"
out) =—y— SR
<

(a) (b)
Figure 3.15: (a) Equivalent circuit for buck conveter operating during dead time (b) Timing
diagram of buck converter with built in dead time

For the GaN converter, the SR has no body diodedba to its bidirectional driving
capability has a mechanism to conduct current dudiead time. The EPC1015 GaN SR
source to drain voltage drop is given as:

V. (l,)= 685910°0,° - 406010°0 % + 00940, + 1401 (3.16)

With the GaN device having around a 2.5x largseslduring the dead time period
than the Si MOSFET with a built in body diode, thgact of dead time on the circuit
performance must be quantified. The drive circuitgraditional Si buck converters
employ a single input dual output structure withuwlt in dead time. The dead time is
controlled by the driver chip and typical valuedefad time are between 10-20nS.

For the GaN converter to be efficient, the controtlead time becomes critical to
high efficiency. For the second generation drisieesne, a two input two output structure
was chosen to allow for control of the dead timéhm circuit. The effect of dead time on

efficiency is compared using the driving schemesashin figure 3.16a. In the first case
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the gate signals overlap just below the thresholthge resulting in almost no dead time
conduction, the second case has a small 8ns dead#tween the gate signals to provide
a safety margin to avoid shoot through. FiguresBB.8hows the efficiency for the two

cases, an efficiency drop of around 3% is encoedtat full load without overlapping.
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Figure 3.16: (a) Gate drive signals for dead timefficiency comparison (b) Impact of different gating
signals on efficiency (Vin=12V, Vo=1.2V, Fs=1MHz, £150nH)

From 3.16b it can be seen that the GaN is vergites to dead time conduction.
Controlling the gate timing to eliminate the deadet is very difficult and not preferred
in practical design because of the possibility lmbat through if mismatch occurs, as
shown in figure 3.17b. In shoot through operatite, short circuit current is controlled
by the device saturation mode as a voltage coettaturrent source. In shoot through,
the loss increases rapidly based on timing mismatchwill lead to low efficiency and
possibly device failure.

To achieve a tradeoff of high efficiency and dassgfety it is proposed to place a
low parasitic low voltage schottky diode in parblie the synchronous rectifier (SR).
The result will be a reduction in the dead timesl@ghile allowing a timing mismatch

safety margin to avoid shoot through condition$e Tesult, shown in figure 3.17a, is a

84



small efficiency drop over the overlapped case wibhdead time and a 2.5% full load

improvement over 8nS dead time case without a #ghdtode.
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Figure 3.17: (a) Impact of different gating signalon efficiency (Vin=12V, Vo=1.2V, Fs=1MHz,
L=150nH) (b) Dead time loss vs dead time for LMHzekigns

To utilize a schottky diode in the GaN buck comeera low parasitic inductance
must be seen from the path of the SR to the didde parasitic inductancegibge limits

the current flow between the high loss SR to thellwss diode, the rate is given by:

didiode - VSD _VDF (317)
dt I-diode

Where \Jq4is the source to drain voltage of the GaN SR; ¥the forward voltage of the
schottky diode, and deqe is the sum of inductances of the GaN package,edpatkage,
and the layout from the diode to the SR.

The schottky diode used in the generation 2 desamthe MSS1P3L, a 30V, 1A
diode in a low parasitic microSMP package. Thiskpge uses no wire bonding and
mounts the cathode directly to the pad and usesvgphrasitic copper strap to connect
the anode to the package. The package inductdrtbe onicroSMP diode package was

found to be 0.12nH. Combining low package pamsitf the GaN device and the
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schottky diode, the result is similar to Si SR dewsi with built in schottky diode [63];
providing an effective solution to build in a smdkad time to improve safety without
sacrificing performance.
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Figure 3.18: (a) Buck converter schematic with extaal schottky diode (b) Maxwell Q3D model of
micoSMP package

3.3 Packaging Analysis of High Frequency GaN Devise

3.3.1 Analytical Loss Model for Gallium Nitride Devces with Package Parasitics

In this section, the development of a GaN loss ehtwlquantify the impact of the
package and layout parasitics on performance aseksaghe benefits of the GaN LGA
package at higher frequencies is discussed. The @evice shares many similar
switching characteristics with Si devices and thesge been many different analytical
loss models derived for Si buck converters in [8Z]{[66].

The Si based model from [37] is used to develepGaN loss model in this work.
The Si model was developed from a physics basedceaductor model to accurately
estimate the switching loss in a converter by brepkown the switching waveform into
the different operating modes of the device. lasile different modes, equivalent
circuits were created to represent the circuitgatpey conditions, the effects of the non-

linear capacitances were considered, and the parasiuctances impact on switching
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were included. The total loss is found in a pigsevinear method by summing together
the losses in each of these switching intervalsis @nalytical loss model is discussed in

greater detail in appendix A.
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Figure 3.19: Accurate loss model process chart
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To utilize this model and estimate the loss of @&N transistor in high density
GaN power designs some modifications were requifidte non-linear capacitance of the
GaN transistor has a different shape than thetioadi MOSFET. To accurately model
the increased non-linearity of the GaN capacitanc@articular the output capacitance,
C4s, more advanced curve fitting was usedi i€represented by a third order polynomial

eqguation curve, the relationship for the EPC101B Ga
C,. (V)= 524400° [V, ° - 2220010V, * + 1244107 [V, + 0977 (3.18)

The GaN gate to source capacitogs €an still be accurately estimated by a constant
value. The gate to drain capacitogy,ds represented by a second order polynomial. The

relationship for Gqis:
Cpi V) = 288110 IV, > - 00141V, + 0220 (3.19)
Increasing the number of data points used to mtuelcapacitances is necessary to

model the greater non-linearity of the GaN capaci#s. The capacitance equations are
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derived from an increased number of data pointsgirg OV to 30V in 5V steps.
Figure 3.20 shows the nonlinear capacitors curk@®s the EPC1015 datasheet and the

curves obtained from the model.
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Figure 3.20: (a) Nonlinear capacitance comparisobetween the data from datasheet (solid lines) and
data obtained from GaN model (dotted lines) (b) Rexrse drain source characteristics from datasheet
(solid lines) and data obtained from GaN model (do¢d lines)

The dead time voltage of the GaN transistor wasvsehto have a large impact on
loss earlier in the chapter. To accurately modellbss during the dead time; the source
to drain off state voltage drop was modeled usitigiral order describing function given
by equation 3.16, the dead time loss can be foyridderting 3.16 in equation 3.3:

Po (1) = 2006859010 (1,° - 40600107 0% +0.0940, +1.40] 8., (F. 0,  (3.20)
The comparison of the loss model and data sheekesdor off state source to drain
voltage is shown in figure 3.20b. With improveddebng of the capacitances and dead
time loss, the GaN loss model’s accuracy can beaugal.

3.3.2 Parasitic Inductance and Resistance Modeling

To accurately model the loss in a high frequertagh density module, the
modeling of the parasitics is critical to accurad¥ith low loss GaN devices, a greater

majority of the loss is a result of the trace indnces and resistances of the PCB design.
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The circuit layouts and devices were simulated gu§iRA analysis to accurately model
the layout and device parasitics. Figure 3.2lavshime model based of the hardware
designs for the generation 2 GaN design. Figzéd3shows the parasitics extracted to
improve model accuracy for gen 2; the parasiticaflodesigns are in appendix A.

FEA Model Hardware Hardware

Top View Bottom View

Model Parasitics

(a) (b) (c) (d)
Figure 3.21: Generation 2 (a) FEA model (b) Hardwee top view (c) hardware bottom view (d)
circuit model with parasitics

Ty Tq Ts SR, SRy SR,
L(nH) | 624 | 057 | 016 | 460 | 137 | 0.77

R(mQ) 10.9 0.40 0.20 8.87 0.87 0.59
Table 3.5. Parasitic inductances and resistancesrfgeneration 2 GaN design

3.3.3 Model Verification

To verify the accuracy of the analytical loss mopdbe efficiency and loss
breakdown were compared to the simulation model exjkrimental hardware. The
device spice models were supplied by the deviceufaaturer and the parasitics were
derived from FEA analysis. Shown in figure 3.82he total loss for the experimental
hardware, analytical model, and SABER simulationdelo The losses match very
closely after accurate parasitic extraction and Gaideling.

By having an accurate loss model for the GaN basewerter a detailed loss

breakdown can be performed to identify the majarrses of loss in the circuit and the
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critical circuit parasitics giving insight into howo improve the design of a high

frequency POL module.

Gen 2 Total Power Loss@1MHz Loss Model @ 1MHz 10=20A
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Figure 3.22. Generation 2 GaN design with Vin=12Wo0=1.2V, Fs=1MHz, Top switch:EPC1015,
SR:EPC1015 (a) Loss comparison of simulation, expenent, and analytical model (b) loss
breakdown comparison of analytical and simulated mdel

3.3.4 Evaluation of Device Package Parasitic Influee on Switching Loss

The GaN transistor package is very different thaditional Si devices due to the
lateral nature of the device; it is mounted asr& loile with metalized bumps underneath
in a linear grid array (LGA) with interleaving dmaiand source pads to minimize
parasitics. The interleaved LGA structure showfigare 3.23a will be compared to the

traditional trench package structures in this secti

Drain

Source

Linear grid array

(C)) (b) (c)
Figure 3.23: FEA package models for (a) Linear GridArray (b) LFPACK (c) Si DirectFET

LFPAK

DirectFET

Shown in figures 3.23b&c are the loss free (LFRAd DirectFET packages;

which are the most common discrete packages forvimitage Si devices. The LFPAK
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orients the drain side of the die towards the PQlssate and the drain pad is connected
to a large tab that mounts to the PCB directly,imining drain parasitics and allowing

for good heat transfer from the device to the PCBhe gate and source pads are
connected to the board by external leads, intradutarge parasitics to the source and
gate of the device.

The parasitic comparison betwihe packages was done using

Maxwell 3D FEA simulations and the results are shanvtable 3.6.

Lg(nH) Ld(nH) Ls(nH) Rg(na) Rd(mQ) Rs(n12)
So-8 2.06 0.48 0.83 9.44 0.13 0.96
LFPAK 1.64 0.10 0.54 0.73 0.10 0.14
DirectFET 0.09 0.44 0.09 0.22 0.39 0.23
GaN LGA 0.07 0.07 0.08 0.12 0.09 0.10

Table 3.6: Package inductances and resistanceslafiHz

The DirectFet orients the source and gate fragiards the pcb substrate, allowing
for the mounting of the gate and source pads dyrectthe board, reducing gate and
source parasitics. The drain of the device is eoted to the board by the external can
package, resulting in large parasitics for therd@nnection. The drain can package is
metalized to provide improved thermal performan6é].] For the synchronous buck
converter, the common source inductance has thgedarimpact on the converter
switching loss. The DirectFET offers minimal sairparasitics, resulting in higher
efficiency [68].

The lateral structure of the GaN device allows dosingle sided LGA package
with no external leads, as required for the twoedidrench device. The LGA GaN
structure mounts all of the pads directly to theBRADd interleaves the drain and source
Radie 3.6 it can be seen that the GaN

connections to further decrease parasitics.

offers low parasitics for the drain, source, antk g@nnection.
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Using the loss model developed in this chaptes, ithpact of the package on
performance is shown in figure 3.24a for the sd-BPAK, DirectFET, and LGA
packages at 1MHz. The total switching loss is broklown into the switching loss
contribution from the die and the contribution bétpackage. For the So-8 and LFPAK
packages, the package is responsible for 82% af€d @f3the total switching loss
respectively due to the large source inductancee DirectFET package offers the best
performance for the trench packages, where 47%efidss results from the package;
with the improvement coming from the reduced sourmiictance. The GaN LGA
package, having low parasitics for all device catio@s, reduces the package loss to

only 18% of the total switching loss.

Switching Loss Breakdown Efficiency vs Frequency
y = Package 0.9
25 1 ] g Calculation tso'ﬂ
3 0.85 LEPA
E 2 Y DlrectFET
w b L \‘\
o 2 o8 =
- 15 | ° \%
{=2] (]
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S 1 I NN
S 0.7 \\\
N 05 - \
J 0.65 2
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(a) (b)
Figure 3.24: (a) Loss breakdown for different packges (Fs=1MHz, Vin=12V,
Vo=1.2V,10=20A,L=150nH) (b) Package impact on effiency for various frequencies (Fs=1MHz,
Vin=12V, Vo=1.2V,10=20AAIL=40%l0)

At higher frequencies, the reduction of switchlags is critical to high converter
efficiency. The benefits of the GaN’s reduced F@dMbined with the low parasitic
LGA package provide a device suitable to targetdigfrequency operation. Figure

3.24b explores the impact of the package parasmicefficiency at higher switching
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frequencies. At 3MHz, a 4% efficiency improvemenprojected over the best packaged
trench device.

With reduced loss resulting from the improved @ayek of the device; the impact
of the layout parasitics on performance is critickbr the benchmark discrete buck and
GaN generation 2 designs the switching loss compusnier the PCB layout, package,
and device are compared. Figure 3.25b shows traa fdesign with low packaging
parasitics, the impact of PCB layout dominatesawerall switching loss. This provides
an opportunity to further improve performance tlglouimproved layout and the

optimization of the power loop design will be ex@d in chapter 4 for a 3D module.

SiBuck Turn Offsl._cl)js!s Breakdown GaN Buck Turn Off Loss Breakdown
i Die
Si 5%
Layout
33%

Si
Package
62%
(a) (b)
Figure 3.25: Turn off loss breakdown of PCB layoutdie, and package of (a) Si benchmark using
LFPAK devices (b) GaN generation 2 design

3.3.5 Mounting of GaN LGA Package

The GaN'’s reduced die size and interleaved LGA agelprovides performance
benefits but introduces mounting challenges. Tiseréete Si devices have only three
connections that need to avoid being shorted. dpesls have over a 34mil separation
distance and large surface area to ensure goodrsolthnection. The GaN LGA
package utilizes the interleaved structure, theusgpn distance of the pads measures
5.9mil and requires 11 small pads to avoid shoréind achieve good solder connection.

This section will discuss the process of reliablyumting the GaN LGA device.
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EPC1015 GaN Device Die
1.4mmx dsdsdsdsd

4.1mm g
5.9mil pad ' s

separation

34mil Minimum Pad Separation
@) (b)
Figure 3.26: Mounting pads for (a) 5x6mm LFPAK (b)1.4x4.1mm GaN LGA

The standard procedure for mounting devices orR&€B board is to first supply
solder paste to the board with a solder stencilirong the pads and then placing the
devices onto the board. The PCB board is theneleanhd the solder paste reflows,

mounting the devices to the PCB board.

For the GaN device, the manufacturers recommesichiar process to make the

GaN compatible with the standard reflow procesg.[6Ehe given solder paste profile is
shown in figure 3.27; the GaN die comes with a 75soider bump from the
manufacturer. The combination of small pad sepmaradistance, the die solder bump,
and additional stencil solder results in frequadmirsng between the pads causing the

device to fail. The unreliability of the stenacilethod was verified internally and by

external vendors.

Die mounting with solder stencil Die mounting with tacky flux

Solder bump Solder bump

Die Solder Bump
Stencil Solder

! 70 00 frsxzol oo

Solder mask
Copper trace Solder mask Tacky flux

(opper trace
Stencil printed solder paste:

Figure 3.27: Cross-sectional view of a die placech@ PCB with (a) stencil-printed solder paste (b)
Kester TSF6502 tacky flux

Since the GaN dies come with a small solder buhgady attached the stencil

solder layer was removed. To hold the devices em@chlly in place a thin layer of
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Kester Tacky Flux TSF6502 was used and the processhown in figure 3.26b.
Mounting the GaN devices using the tacky flux hesd the major issue of device
shorting. Using the tacky flux method, two isspessented themselves: device tilting
and solder voiding. Because of the small physcad of the device and the pad surface
area, the removal of residual flux during the reflorocess is critical. An x-ray image of

the mounted EPC1015 devices is shown in figure 82Bsolder voiding was observed.

Figure 3.28: X-Ray of GaN device with solder voidig

pe== -

Figure 3.29: (a) Pick and place machine setup (b)®ler reflow station with 90° heat source

To ensure that the device could be mounted rgtiahloiding device tilting and
solder voiding a different set up was developedntmunt the GaN devices. A small
amount of tacky flux was placed on the GaN padpgisin excess amount of flux will
lead to part tilting and voiding. The pick andg#amachine, pictured in figure 3.29, was
used to accurately place the device on the PCBdbimaavoid misalignment, when the

device is placed on the board, the tacky flux bdlleveled to a uniform height.
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The final step in the device mounting procedsréoitake the PCB board to the
solder reflow station. The solder reflow statises a heat gun with a perpendicular air
flow and a bottom pre-heat source of 1@®ensure complete tacky flux burn off and that
the device will remain level throughout the reflpvocess.

To determine the proper reflow profile, the deviemperatures were measured
using a thermocouple attached to the GaN devicés thermal grease. Figure 3.29a

shows the final reflow profile and the measuredicketemperature.

GaN Solder Reflow Profile Using Tacky Flux
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Figure 3.30: (a) Solder reflow profile for EPC GaNdevices (b) X-Ray of GaN device with modified

mounting procedure without solder voiding

There was a large difference between the prograimaral measured reflow
temperature and this value had to be modified tanmhthe devices properly. With the
modified mounting procedure, reliable GaN deviceuntmmg without part tilting or

solder voiding can be achieved. An x-ray of an E®PIS using this procedure is shown
in figure 3.30b.
3.4 Conclusions

The emerging gallium nitride device technologyeodf the potential to achieve
higher frequency leading to higher levels of intggm. First generation GaN technology

already can provide improvements in switching FOMrathe current state of the art Si
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devices. As the GaN fabrication process maturdstaore companies begin entering the
market, GaN device performance is projected to awgrrapidly, with an order of
magnitude improvement being projected in as laddive years.

To fully utilize the potential benefits of the GaMansistor, the fundamentals of
the devices must be well understood. This chagésessed the current depletion and
enhancement mode GaN devices available today amgared their performance to Si
devices. For enhancement mode GaN devices, thimglissues: gate over voltage, and
increased dead time loss were discussed and swutiere proposed to provide high
efficiency with limited gate ringing and conventadread times. A GaN loss model was
developed to quantify the losses in a high frequébaN converter, assess the influence
of package parasitics, and predict performance igheh frequencies. Lastly, the
procedure to reliably mount the GaN LGA packagéhwiid less pad connections was

discussed.
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Chapter 4

Optimization of High Density 3D Non-Isolated Pointof
Load Module

4.1 Introduction

The demand for future power supplies to achieghd output currents, smaller
size, and higher efficiency cannot be achieved withventional technologies. There are
limitations in the packaging parasitics, thermalnagement, and layout parasitics that
must be addressed to push for higher frequencidsiraproved power density. To
address these limitations, the use of integrateg@Dt of load converters utilizing GaN
transistors, low profile magnetic substrates, aathmic substrates with high thermal
conductivity will be considered in this chapter.

The previous chapter addressed the fundamentaisimg GaN transistors: Gate
drive design for enhancement mode devices to lawir shoot while maintaining high
efficiency, the use of a schottky diode to redueaddtime loss, and the impact of GaN
packaging on high frequency performance.

This chapter will discuss the effect of layoutgsatics on the performance of the
high frequency GaN POL, methods to improve theudirlayout of a highly integrated
3D integrated POL module, the integration of a [mwfile LTCC inductor substrate, and
the thermal design of a high density module usidgaaced substrates with improved

thermal conductivity. The final objective of thigork is to demonstrate a highly
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integrated, high density Vin=12V, 10=20A, 3D modweproaching 1000W/in3, over

three times the best state of the art design.
4.2 Evaluating Impact of Parasitics on Loss in Gabynchronous Buck

The loss model in appendix A is used to evaluhteiimpact of parasitics on
switching loss for the high frequency GaN modulBrevious work has shown that
reducing layout parasitics can improve high freqyeperformance [70],[71] when the
device package parasitics are small. Shown irrdigula is a synchronous buck circuit
diagram illustrating the two major parasitic loopEhe common source inductance, is
the inductance shared by the drain to source dupah and gate driver loop. The high
frequency power loop, kop, is the parasitic inductance from the positivenieal of the
input capacitance, through the top device, synausrrectifier, and ground loop to the
input capacitor negative terminal. The parasitouctances are defined as:

Ls =Lg (4.1)

LLoop = I_Dl + I_D2 + LSZ Zﬂ

C ——
[ Driver -)J SR out ==

EEEEEEEEEEEEEEEE W VDriver

1L
Al

L oop: High Freque-ncy Power Loop
Ls: Common source inductance loop

@) (b)

Figure 4.1: (a) Synchronous buck converter parasiti loops (b) Equivalent circuit for top switch

To design an efficient high frequency module, ihgpact of these circuit
parameters on performance must be quantified. synahronous buck topology, the top

switch is turned on and off with hard switching gwoing switching losses. The
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synchronous rectifier has negligible switching lbgsause it operates with zero voltage
switching due to the conduction of the body dioderdy the dead time. The impact of
the parasitic parameters on switching loss of tipestwitch will be considered using the
package parasitics and loss model verified andudssed in chapter 3.

The common source inductance, has been shown to be critical to performance
because it directly affects the driving speed efdlevices [72][73]. The common source
inductance is mainly controlled by the package atalnice. There has been significant
effort related to reducing the common source ingluog to minimize switching loss [68].
The previous chapter analyzed the GaN LGA packagkcmuantified the reduction of

package parasitics over the best available treetltes.

Positive dip/dt Vis Negative diy/dt Vis
lo lo
R¢ Re l i
E Y F G U
O ¥ | O ¥

VDriver

(@) ' (b)

Figure 4.2: Impact of common source inductance dung device (a) turn on (b) turn off

During the turn on transition, shown in figure &.2he drain current is rising and
a positive di/dt across the common source inductance inducegatiwe voltage. The
induced voltage counteracts the driving voltageluoeng the available gate current,

slowing the device turn on. The available drivemrent during turn on can be given by:

gi
VLS VDriver _Vgs(on) - LS di[:)

I = Voriver _\gs(on) B — Rg (43)
9
Vi = Lg B‘L(;f (4.4)
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Where V,,,, is the driver voltageR; =R, ¢ + R, + Rt » Rs cav IS the GaN gate

resistancey,, is the gate to source voltage during turn &y, is gate driver pull up
resistance, an,, is external resistance.

During the turn off transition, shown in figu4e2b, the drain current is falling and
a negative @/dt across the common source inductance inducesiive voltage. The

induced voltage again counteracts the driving gaialowing the device turn off:

Ei
Vo) T Ls B2
| _ “Vsior) FVis _ O TS Ty
.=

R, R

(4.5)

As a result, the common source inductance neggtimgbacts both the turn on and turn
off losses. Figure 4.3a shows the switching I@asswurce inductance value, the common
source inductance has a large effect of convewéclsing loss. This parasitic has been

improved through device packaging and now reaahesd as low as 0.1nH [73].

Switching Loss vs Source Inductance 2.5 Switching Loss vs Loop Inductance

Turn|Off

/
—
Turn On

0.—-—-—-—-@

0 0.2 0.4 0.6 0.8 1
Common Source Inductance (nH) Loop Inductance (nH)

_ @ (b) _
Figure 4.3: (a) Switching loss vs common sourcednctance for synchronous buck converter with

Vin=12V,Vo0=1.2V,l0=20A, L ,xz=1.35nH, Device:EPC1015 (b) Switching loss vs loapductance for
synchronous buck converter with Vin=12V,Vo=1.2V,1020A, Ls=0.16nH Device:EPC1015
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The loop inductance, bop, iMmpacts the switching speed of the devices aed th
peak drain to source voltage spike during turn offhe loop inductance is mainly

controlled by the circuit layout. Figure 4.4 ilteetes the impact of oy for turn on and
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off switching transitions. During the turn on ts#tion, shown in figure 4.4a, the drain
current is rising and a positivepdit across the loop inductance induces a negative
voltage. The induced voltage subtracts from thmutinvoltage and limits the turn on
speed. The reduction in the effective voltage ssithe device during turn on reduces
switching loss. The voltage across the deviceviergby:

_dip

VL_Loop - E Loop (46)
_ _y _dip
VDS _Vin _VL_Loop _Vin _E |:I‘Loop (47)
Viioop  Positive dig/dt VL Looo  Neoative di/dt
m m _Loop egative dip,
O—o O/ O—= -
I, I
R .
Vin ) IKI C.'- Vin RG l ° lE‘
VDriver VDriver

(@) (b)

Figure 4.4: Impact of loop inductance during devicda) turn on (b) turn off
During the turn off transition, shown in figuret¥, the drain current is falling and
a negative @j/dt across the loop inductance induces a positoleage. The induced
voltage adds to the input voltage. The increadbereffective voltage across the device
during turn on increases switching loss and lenggthike switching transition time.

-y +9o

VDS :Vin +VL_Loop i dt Loop (48)

As a result, the loop inductance decreases timedin loss and increases the turn
off loss. With turn on loss contributing a sigoéntly smaller amount to total switching
loss than the turn off loss, loop inductance negétiimpacts converter performance.
Figure 4.3b shows the switching loss vs. loop inaice value, the loop inductance has a

large effect of converter switching loss, espegiallhen the source inductance is
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minimal. While the common source inductance istratied by the device packaging,
the loop inductance is mainly controlled by thecair layout. Methods to reduce loop
inductance and its impact of performance will beesed in this chapter.
4.2.1 Generation 2 Design Comparisons

For generations 1 and 2, the focus was on the deatection, driver design, and
dead time control; and the power loop was not agech The high frequency power
loop, Lioop, Was made large to provide space for accuratecdavieasurements. The
second generation, without an optimized layout, i@add significant efficiency
improvements over the Si benchmark design withnagitilayout. A major contribution
to the high efficiency was the reduced common sounductance of the device, which

was minimized from the package of the GaN to be@ddd.1nH.

GaN Gen 2 Efficiency Loss Breakdown @20A
1.8 -« mGan no overlap schottky EPC1015
0.89 1.6 | WGan no overlap schottky EPC1014
0.88 14 B
1.4 |
,.0.86 / W\ _EPE1o15 s
[5] o e
£0.85 a |
5 0.84 / = 8
= 0.83 / \.\\I' - o0 -
w N . 0.6 1
052 / soAsi \ ,,
. J \' 0.4
0.81
0.2
0.8
0.79 0
. & S <& © &
0.78 & F &£ e® ¢
0 5 10 15 20 25 < &
Output Current (lo)

@) (b)
Figure 4.5: (a) Generation 2 efficiency comparisoVin=12V, Vo=1.2V, Fs=1MHz, L=150nH Top
device=EPC1014/5 SR=EPC1015) (b) Loss breakdown

While testing the second generation design, twiterdint top switches were
evaluated, the EPC1014 and EPC1015. The parancetmparison between the two
devices is shown in table 4.1; from the datashiet,smaller EPC1014 offered lower

switching related charges. In experimental testinging the EPC1015 top switch
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provided superior results, as shown in figure 4.%ae loss breakdown, shown in figure
4.5b, showed the EPC 1015 provided both lower cotmolu and switching losses than
the smaller capacitance die. The reason for thleeniswitching loss in the smaller EPC
1014 die was a result of higher internal packagmductance. Conferring with the

device manufacturer, the smaller packaged devisddwveer internal bussing connections,

increasing the parasitic inductance over the ladgeice.

Miller Charge Gate Charge On Resistance | Total Inductance
Qgd (nC) Qg (nC) Rdson () (nH)
EPC1014 0.55 3 12 0.38
EPC1015 2.2 11.6 3.2 0.16

Table 4.1: Device characteristics of EPC1014 and#£1015
4.2.2 High Density Generation 3 Design
For the generation 3 design, the focus was on oongbthe knowledge gained
from generations 1 and 2 into a low parasitic laymuimprove overall efficiency and
achieve the maximum power density. For the thiedegation design, all of the active
components and capacitors were placed on the {&p &£ the PCB; to allow for a flat
PCB bottom layer to accommodate 3D integration dbw profile LTCC inductor

designed to fit the module footprint, maximizingysr density.

GaN Driver

() (b) (c)
Figure 4.6: Vin=12V, Vo=1.2V, Fs=1MHz, L=150nH GaNlesigns (a) Generation 1 (b) Generation 2
(c) Generation 3

Shown in figure 4.6 are the three generationsesighs with the high frequency

power loops shown in red. The board footprintweoloop size, and high frequency
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loop inductances are shown in table 4.2. The fiahles for the loop inductances for the

three generations of designs were obtained from FBAwell 3D simulations.

Generation 1 Generation 2 Generation 3
Board Footprint 840mm 570mnt 154mnf
Power Loop Size 46mm 31mm 18mm
High Frequency Loop 6.30nH 2.90nH 1.19nH
Inductance, Loop

Table 4.2: Parasitic loop inductances for generatins 1,2 and 3 designs

The efficiency comparisons between the generaoeshown in figure 4.7. The
first generation design showed full load efficiera% below the benchmark Si buck
converter design. The second generation with @gsrdriver and anti-parallel diode
addition saw a 3% peak efficiency improvement otrex benchmark design but had
similar efficiency at 20A. For the third generatidesign with the lowest inductance
layout, a 4% improvement in peak efficiency wasnsaed an efficiency gain of around
3% was seen at full load. Due to the low packagmagtics of the GaN device, layout

considerations are very critical to high performgrtbis is also true for Si lateral devices.

Generations vs Efficiency
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Figure 4.7: Efficiency comparison between generatits. Vin=12V, Vo=1.2V, Fs=1MHz, L=150nH
Genl T:EPC1014, SR:EPC1015, Gen2&3 T:EPC1015, SR:ER015.
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Shown in figure 4.8 are the drain to source vatagveforms for the second and
third generation designs measured at 1MHz. Theaanhwf minimizing the high

frequency loop inductance lowers switching loss #rel device ringing. For the third
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generation design, the voltage overshoot was deetdeaver 25%. The final values for

peak device voltage stress are given in table 4.3.

Generation 2 Generation 3
Top Switch Peak Voltage 26.4V 19.9V
SR Peak Voltage 18.4Vv 13.1Vv
Table 4.3: Peak device voltages for generationsad 3 designs
T ] Gt Y. iy Yo Y i e ' T 2] S T e S S T R CY R A =
Vpeak_SR=1 8.4v : e Vpeak_SR=1 3.1V
Vpeak_7=26.4V et Vpeak_7=1 9.9V
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Figure 4.8: (a) G(g?weration 2 voltage waveforms (Kpeneration 3(\?())Itage waveforms
Utilizing the GaN loss model developed in cha@ethe loss breakdown was
compared between generations 2 and 3. Figurecérdpares the power loss vs parasitic
inductances; the common source inductance is minimboth designs from the GaN
package, resulting in similar Ls related lossesdenerations 2 and 3. With minimal
common source inductance, the high frequency lowudtance becomes the major
barrier to reduced loss.

Figure 4.9b shows the loss breakdown and it @asden that for generation 3,
the turn off loss and trace conduction losses wedeced 40% by improved layout. In
high density modules with low loss GaN devices, tthee the layout conduction loss is
critical for high efficiency. Compact layout willeduce the trace losses, as was

evidenced by the loss breakdown in 4.9b. The &rigss in the generation 3 design is

the SR conduction loss, which is currently limiteda non optimized GaN SR.
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Power Loss vs Parasitic Inductance Loss Breakdown @ 1MHz 20A
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Figure 4.9: (a) Parasitic inductance impact on powdoss (Vin=12V, Vo=1.2V, Fs=1MHz, L=150nH)
(b) Loss breakdown for generations 2 and 3
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With lower switching related losses, the third getion design allowed for the
frequency to be increased. Shown in figure 4.1@asmpact of frequency on efficiency.
Increasing the frequency from 1 to 2 MHz lowereel éffficiency; but the design was able
to match the full load efficiency of the benchmamMHz discrete buck converter while
offering a percent increase in peak efficiencyvaiceé the operating frequency. The
ability to double the switching frequency while ashing low loss is a result of the ultra
low parasitics in generation 3 combined with the loss GaN devices. As a result of the
higher switching frequency the size of the outpuluictance can be reduced facilitating

integration using a low profile low temperaturefoed ceramic inductor.

Gen 3 Efficiency Discrete Inductors
GaN ——
0.89 | 1MHz " Gi ===
0.88 | 150nH (/_ T~
> 087 15MH‘ T \\
2 i z / .
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Figure 4.10: Efficiency of GaN generation 3 at 1,.%, 2MHz vs Si Buck at1MHz. Vin=12V, Vo=1.2V,
Si Buck: Top Device: CSD16410 SR:CSD16325 Driver:LRI7222 GaN Gen 3 Devices:2XxEPC1015,
Driver:LM5113
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4.2.3 Low Profile Inductor Integration

The integration of low-profile passive componentgluding the output filter
inductor, is a key to the minimization of power pligs. By utilizing low temperature
co-fired ceramic (LTCC) technology [75][76], the 3Btegration concept can offer a
compact design with the output inductor servingtlas substrate. The 3D integrated
module can save the inductor footprint and fulliiz¢ the available space to achieve
high power density. To maximize the power denaitd reduce converter footprint for
the third generation converter an inductor wasgiesi in [77] to fit on the backside of
the generation 3 module.

The inductance analytical model for the LTCC inducsubstrate with non-
uniform flux and permeability distribution is proged and validated in [76]. The

inductance can be found from equation 4.9 withpdwameters defined in figure 4.11.

n uer DC Nn)l:ﬂ'l

Nn-zj 2
\/_E{/ nDr+ +rj +(r, +r1y

eir (4.9)

49 + 4r,,
,é-\ 5 100 —
V)
1 < =
Z g N\ o
~ ‘8 3 \ 7 60 O
+ < \ —
> -g 2\ {""{-\?\A h? \ 10 g
f—
|_
% oy N é“""%_‘_‘ 20 2
+ 8 T "L-E*—__—_____ %
[@)) 0 o @
N 1 2 3 4 5
Frequency (MHz)

Figure 4.11: (a) LTCC inductor substrate structurewith design parameters (b) Core thickness as a
function of frequency for different number of turns

The core thickness for different frequencies aiffiér@nt turn numbers, with an

inductance designed for 60% current ripple at 18Acompared in figure 4.11b. The
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LTCC inductor is built by sintering and co-firingnamber of thin LTCC sheets together
as described in chapter 1. Increasing core thgde®w beyond 3 mm is not possible due
to process limitations [78]. To simplify the indac design, reduce cost, and reduce
thickness, the number of LTCC layers used to aehibe required core thickness should

be minimized.

@ b

Figure 4.12: Three turn LTCC inductor with surface winding (a) Top view (b) Bottom view

Discrete Inductor LTCC Inductor
SLC1049-750ML | LTCC 50 material
Inductance @15A 75nH 60nH
Inductor DCR 0.3 1.2m
Inductor Height 5.1mm 1.2mm
Inductor Volume 362mmh 169 mni

Table 4.4: Comparison between discrete and LTCC wguctor for 2MHz

Selecting the number of turns is a tradeoff betweeare thickness and inductor
loss. Increasing number of turns reduces the ttockness but suffers from increased
winding loss. For the generation 3 design, thedhurn structure was chosen to achieve
a good tradeoff of low profile, limiting the numbef LTCC layers, vs. inductor winding
loss. The final inductor is shown in figure 4.12dathe comparison between the low
profile LTCC inductor and the standard discreteuctdr are compared in table 4.4. The
inductor is fabricated using LTCC50 material topde low high frequency core loss,
the performance of the different materials are camag in [79].

The LTCC inductor has non-linear inductance; witkductance increasing as

current decreases. The increased light load iadget reduces current ripple, lowering
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the turn off current, and reducing light load shitg loss. The turn off current for a
buck converter is given by:

V,,(1-D)(D

4.10
200 LT, (4.10)

Ioff :|o+

The inductance value vs DC bias current is shimwfigure 4.13a, the inductance
value increases from 60nH at 15A to 165A at no .loBjure 4.13b shows the efficiency
of the generation 3 with discrete and LTCC industessted at 2MHz, the LTCC inductor
provides light load efficiency gains from lower eenter switching ripple, but suffers at
heavy load to the higher winding DCR. With theueeld profile the power density of the
converter was improved by a factor of two at 2MHm ahe peak efficiency was

improved 0.5 percent.

180 Inductance vs DC Bias Generation 3 Efficiency
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Figure 4.13: (a) Inductance vs. DC bias current fot TCC 50 inductor (b) Efficiency for generation 3
design with discrete and LTCC inductors Vin=12V, V&1.2V, Fs=2MHz

(@) (b)
Figure 4.14: Experimental hardware for generation3 with (a) LTCC inductor (b) Discrete inductor
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4.3 Thermal Analysis of High Density POL Module

As the power density is increased in the thirdegation module, the thermal
design becomes a critical aspect to consider; thighmal constraints often the bottleneck
in power handling capability for high density moesl With GaN devices size shrinking
in size, device current densities will increase @dtran order of magnitude over current
Si devices. This chapter will assess the impacoafbing high frequency, small device
size, and reduced footprint in the third generatrardule.

The comparison of 40V GaN and Si devices on @st& vs. temperature is
shown in figure 4.15a for the EPC2015 and a Siadewith the same gate charge. From
figure 4.9b, it can be seen that the largest losgshe generation 3 design is SR
conduction. For the GaN device, the maximum jumctiemperature is 150, but the
resistance increases significantly with temperatwgsulting in larger conduction losses.

The relationship between temperature and resisizantde given by:

Ry on(MQ) = 2,82 07 (4.11)
Rdson vs Junction Temperature GaN ConductionLoss vs
8 - Junction Temperature
-=-SiFET 12.8 I I I
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Figure 4.15: (a) On resistance vs junction temperate for GaN and Si devices (b) Conduction loss
for GaN buck converter at 20A vs junction temperatue
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For the third generation PCB design, a thermalera was used to evaluate the
temperature of the GaN devices and the module. tidditional PCB has an epoxy
isolating the copper layers which has a very pdwmrmal conductivity of around
0.3W/nPK. As a result of the low thermal conductivitytbe fr4 substrate, there is little
heat distribution in the module and heat crowdmgxperienced on the edge of the board
near the top device. Due to the small pad sizepatoth of the GaN pins thermal vias
could not be placed underneath the pads to aleevfa thermal strain. In the third
generation PCB design there is little heat distrdsy with the temperature varying over

40°C from the hot spot to the corner of the PCB boecteasing device loss.

GaN Gen 3 PCB Design

Trefl=25 Tatm=25 Dst=0.2 FOV 37
5/11/11 10:45:27 AM -40 - +120 e=0.67' °C

(@) (b)
Figure 4.16: (a) Generation 3 PCB design with corisponding temperature measurement points (b)
Thermal image of generation 3 @Ta=25C Fs=2MHz Plos4W under natural convection

To improve the thermal performance of the thirdhegation design, another
module was created using a direct bonded coppeCjBibstrate. The DBC substrate
utilizes a conductive ceramic substrate with higkrial conductivity to isolate the
copper layers [74]. The three major ceramic sabssravailable are Alumina, Alumina

doped with 9% ZrO2, and Aluminum Nitride and thgfoperties are shown in table 4.5
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[80]. The ceramic substrate used in this projees valumina, it was chosen as the
ceramic for this project because of its thin cerathickness, high mechanical stability,
and low cost. The impact of the ceramic thickn@ssnodule electrical performance is

critical and will be discussed in detail in thisapter.

Thermal conductivity W/mK | Minimum ceramic thickness (mm)
Alumina 24 0.25
Alumina w/ 9% ZrO2 28 0.32
Aluminum Nitride 180 0.63

Table 4.5. Direct bond copper substrate materialttaracteristics

Shown in figure 4.17b is the thermal image fromm BBC design. For the DBC
design, the heat is distributed throughout the ddar the highly thermal conductive
alumina substrate, resulting in a more uniform daamperature without hotspots. For
the DBC design, the difference in temperature ftbenGaN to the coolest portion of the
board is only 5°C. The hottest spot on the DBCréhaa the drive chip, which has a
temperature difference of 14°C from the coldestakthe board and is limited by the
poor thermal conductivity of its LLP package. Tthermal tests were run at a frequency

of 2MHz and under natural convection conditions.

25

Trefl=25 Tatm=25 Dst=0.2 FOV 37
6/24/11 8:37:03 AM -40 - +120 e=0.67 °C

(a) (b)
Figure 4.17: (a) Generation 3 DBC design with corgponding temperature measurement points (b)
Thermal image of generation 3 @Ta=25C Fs=2MHz Plos5.4W under natural convection
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The improved thermal performance from the alunsoéstrate allows for the
module to handle more power loss while maintainiagsafe device operating
temperature. Shown in figure 4.18 is the devicakpemperature vs power loss for the
PCB and DBC designs. The DBC design can handiendr@ additional watts of power
loss than the original PCB module. This allows &éiomuch higher power handling

capability which is necessary to have a high padegrsity module design.

120 Device Temperature vs Loss
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Figure 4.18: Device Temperature vs Power Loss foregieration 3 PCB and DBC designs

4.4 High Density DBC Module Electrical Improvements

4.4.1 Generation 3 PCB and DBC Electrical Performace Comparison

The DBC substrate provided superior thermal perforce when compared to the
PCB design; while the footprint and part layouttleé two designs were identical there
were some differences in the designs: the numbemeir copper layers and the distance
between the inner layers. The fr4 epoxy used assatator in PCB design provides low
thermal conductivity but can achieve very low igal thicknesses, down to 5 mils.
Traditional PCB technology also has the benefithef ability to easily build multi layer

designs. Most industry PCB designs use 4 to 6riagers to improve electrical
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performance and the inner layers are connected widinal metalized vias. For the
third generation PCB design the board containecygrs, each containing 2 ounce
copper, and the insulating fr4 epoxy between eaghrlwas 5mils. The cross section

view of the board is shown in figure 4.19b.

Four Layer PCB BT Cross Section

Power |Cin GaN Driver GND
Loop

GND

5mil
Smil
Smil
Epoxy

Large Pins

(b)
Figure 4.19: Generation 3 PCB design (a) top viewitln cross cut shown in solid red (b) cross section
view of 4 layer structure

For the alumina based design, the minimum sulestratkness is limited to 10
mils to ensure mechanical stability and prevenamee cracking. For cost reduction and
fabrication simplicity, the ceramic substrate iscalimited to a 2 layer design. For the
third generation DBC design the board containedy2rs, each having 2 ounce copper,
and the insulating alumina between the layers miegg5 mils. The cross section view

of the board is shown in figure 4.20b.

Two Layer Alumina DBC Cross Section

Power ,
Loop |Cm GaN GND

Large Pins

(a) (b)
Figure 4.20: Generation 3 DBC design (a) top viewitt cross cut shown in solid red (b) cross section
view of 2 layer structure

115



The efficiency of the PCB and DBC designs were gared in figure 4.21. By
switching from the traditional PCB substrate to #lemina DBC substrate the power
handling capability improved by 50%, but the eleelr performance suffered. The
efficiency of the DBC module experienced a 2% daseein peak efficiency and a full

load efficiency drop of 2.5%.

GaN Gen 3 Efficiency
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Figure 4.21: Generation 3 PCB and DBC efficiency ¢oparison Vin=12V, Vo=1.2V, Fs=2MHz,
L=75nH, T/SR:EPC1015

4.4.2 Shield Layer Impact on Performance

In the previous section, two designs with identipart layouts experienced
drastically different performance based on the tanson of the substrate and the
number of inner copper layers. To improve theqraniince of the high density module,
the large efficiency drop encountered by switchingm PCB to DBC had to be
explained. This section will quantify the impadttbe substrate and inner layers on
circuit parasitics and circuit performance.

The major difference between the PCB and DBC desigas the first inner layer,
directly underneath the power loop. The first inteyer serves as a “shield layer”,
originally described in [82] to shield the poweppofrom the inductor substrate. The

shield layer is critical for all designs, indepentdef the inductor and will be discussed in
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this section. The concept of shield layer is shawfigure 4.22, the power loop current
flows on the top layer of the board parallel to shbstrate. The power loop current will
generate a magnetic field, as shown in figure 4.22%c magnetic field will induce a
current, opposite in direction to the power logyside the shield layer. The current in the
shield layer will generate a magnetic field to dewact the original power loops
magnetic field. The end result is a cancellatidgnnagnetic fields, translating to a

reduction in parasitic inductance, as depictedgarés 4.22d.
mmiver

Ideal Shield
Layer

Driver

t Inner layer

t Inner layer
thickness

Ideal Shield thickness

GND GND

(b)
No Shield Ideal Shield
HlA_per_neter] HlA_per_neter]
B e: W == =—————
LLoop=2.49nH L1 00p=0.67nH
(c) (d)

Figure 4.22: Cross sectional view of generation 32dign (a) Flux induced by power loop (b) Induced
flux and current in shield layer (c) Magnetic fieldintensity plot without shield layer (d) Magnetic
field intensity plot with ideal shield layer

To accurately model the inductance and study kinelcs effectiveness, Maxwell
3D FEA simulation software was usetihe basic principle behind FEA analysis is to break
up a larger simulation into many smaller, solvakeleahedral elements. In each tetrahedral

element, the simulator solves Maxwell’s differeh@guations to evaluate the magnetic fields
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in the system [83]. The FEA software package, using the eddy curreiesanethod

takes into account the eddy current effect, skiptlleeffect, cornering effect, and
proximity effect encountered in high frequency Ipmfile magnetics [84]. As described
in [85], the eddy current solver uses an AC curneptit and computes the magnetic field
in the system (and stores them in magnitude andeptiactors) by using the following

equation:

DX( 1 DXH]:jcu)uH (4.12)
o+ juE

where o represents conductivityg, represents radian frequency, addrepresents
magnetic field intensity.

The energy stored in a magnetic field is given&8j]

1 1
W, == [BeHdv==L0O? 4.13
=5 5 (4.13)

Vol
This energy is equal to the energy stored in ¢#a&dge inductance produced by
an external AC current source. Solving the energyation yields the value of the

leakage inductance:

L =Ii2 jB- Hav (4.14)

For the shield layer to be effective it mustdmenplete, and close to the power
loop. The closer the placement of the shield lagehe power loop, the higher coupling
that will exist between the layers, and the moifeative the field cancellation. The
completeness of the shield layer is also importansuring that the induced current can

flow in the proper direction to effectively candilds. Shown in figure 4.23a is the top
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layer containing the power loop; and in 4.23b, deal shield plane, consisting of a solid
sheet of copper on the first inner layer.

Power Stage Layer

(a) (b)
Figure 4.23: (a) Power stage plane with high frequeey power loop (b) Ideal shield layer with high
frequency power loop superimposed

The current density plots for the shield layer sinewn in figure 4.24 with the
distance between the shield layer and power loggr learying from 5 to 15 mils. As the
shield layer is moved closer to the power loop Hae coupling increases, causing the
current to more closely resemble the top layerenirr When the induced current in the
shield layer increases and counteracts the powep, Igreater amounts of field

cancellation are achieved, minimizing inductance.
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(a) (b) (c)
Figure 4.24: Shield plane current density for (a) 3mil distance from power plane to shield plane (b)
10mil distance from power plane to shield plane (mil distance from power plane to shield plane

Power
Loop

Figure 4.25 shows the magnetic field intensitytplor ideal shield layer designs

for the cases with the shield separation from thegy loop of 5 and 15 mils. For the 15
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mil separation distance, there is partial field agiation and a large amount of energy
stored in between the shield layer and the powey bnd above the power loop; this is a
result of the poor coupling between the shield layed power loop. For the 5 mil case,
there is high coupling between the power loop ahd shield, improving field

cancellation, producing a significant reductionfield and parasitic inductance in the

design.
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Figure 4.25: Generation 3 DBC with ideal shield maggtic field intensity for (a) 5 mil shield
separation distance from power loop (b) 15 mil shld separation distance from power loop

Shown in figure 4.26 are the simulated values hd high frequency loop
inductance vs separation distance between thedshme power layer. The inductance is
broken down into two components, the inductancenftbe power loop and shield layer
traces and the leakage, which consists of the grstoged in the substrate and air.

It can be seen that impact of separation distdoetereen the shield layer and
power loop dominates the inductance at larger mwigtss With the isolating layers
ranging from 5-15mil in standard PCB and DBC desjghe inductance contributed by
the trace accounts for less than 20% of the ovéoalp inductance. The winding
inductance decreases slightly as the separatidandes is increased due to reduced
coupling while the leakage energy increases sigamtly. The impact of shield copper

thickness on inductance is shown in figure 4.2@ke total loop inductance has little
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dependence on the shield thickness, and for thik wehield distance of 20z is selected

to match the top power layer thickness, simplifyfalgrication.

Shield Layer Separation Distance vs Inductance Inductance vs Shield Copper Thickness
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Figure 4.26: (a) Inductance breakdown for inductane vs distance between shield layer and power
plane (b) Inductance vs shield thickness for 1-15imshield separation distances

4.4.3 Generations 3 DBC and PCB Shield Layer Comp&ons

Looking closely at the PCB and DBC designs, th@aot of the shield on
inductance can be compared to help explain theiefity drop of the DBC module. The
shield layer for the PCB design is shown in figdrd7a, underneath the power loop is a
solid sheet of copper except for the inductor wwanections. The inductor vias were
located in between the two GaN devices to minintieetrace and via resistance to the
inductor and allow for the reduction in size of ffmver loop by placing the capacitors in
close proximity to the GaN devices, as shown inriég4.23a.

Figure 4.27b shows the current density in theldHeyer for the generation 3
PCB design; the coupling is very good as a resuthe 5 mil separation between the
shield and power loop. The inductor vias have gpmmpact on the performance of the
shield plane in this design; cutting the shieldnplaand forcing the shield current to
crowd. The partial shield plane results in poaidicancellation, resulting in large

inductance. The magnetic field intensity plotsrirthe side and top views are shown in
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figure 4.27 c&d, there is a large pocket of fieldthe area where the shield current
crowds and does not effectively cancel out with posver loop. The resulting loop

inductance for the third generation design wasriHL9
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Figure 4.27: Generation 3 5 mil separation PCB degh (a) shield layer (b) shield current density (c)
side view of magnetic field (d) top view of magnatifield

Figure 4.28b shows the current density in the Di&Sign for generation 3, the
coupling is poor as a result of the 15 mil separatiistance between the shield and
power loop. Due to the two layer design, the induconnection pad and vias take up a
large portion of the bottom layer, cutting the sthiglane completely. The induced shield
current crowds around the boundary of the shigldrland inductor pad; this causes poor
field cancellation and large inductance. The mégrield intensity plots from the side
and top views are shown in figure 4.28 c&d, thegaia is a large pocket of field in the

area where the shield current crowded and did fiettesely cancel out with the power
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loop. There is also a large amount of field in wge 15 mil separation between the
power loop and shield layer. The resulting loogduictance for the third generation

design was 1.73nH.
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Figure 4.28: Generation 3 15 mil separation distaree DBC design (a) shield layer (b) shield current
density (c) side view of magnetic field (d) top vie of magnetic field

The final comparison of the loop inductance foe fACB and DBC designs is
shown in figure 4.29. Both of the third generatdmsigns had poor shield layer designs,
resulting in larger parasitic inductance. The eanifsthe incomplete shield layer was the
location of the inductor vias; which were locatedhe center of the shield layer. While
the location of the inductor vias minimized condoietloss, it increased the overall loop
inductance increasing switching loss which domisatehigher frequencies. For the two

layer DBC design, the location of the inductor cection pad also greatly decreases the
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shield layers effectiveness. The PCB design, withore complete shield plane, in closer

proximity to the power loop, offered significanttywer inductance and higher efficiency.

) Shield Layer Distance vs Inductance
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Figure 4.29: Inductance vs distance between shielalyer and power plane for different designs
Both the PCB and DBC designs had inductances rtargler than the case with
an ideal shield. The DBC module, being a two layesign, allowed for the addition of
an external shield layer underneath the incompbield layer to improve performance.
The cross sectional and bottom views of the DBC uf@avith and external shield are
shown in figure 4.30. The shield layer thicknesss\2 ounce copper and only a small

opening was introduced to allow for the inductod pannections.

Two Layer shielded DBC Cross Section DBC Bottom Layer
L) |Cin GaN Driver GND
Loop
VaVias External
Shield Shield
Epox

(a) (b)
Figure 4.30: (a) Cross section view of generation3BC with shield layer (b) Bottom view of DBC
module with shield layer

The generation 3 DBC design with an additionakemdl shield layer achieves
better current distribution in the shield layer,sd®wn in figure 4.31b. The magnetic

field intensity plots, in figures 4.31c&d show thagtter field cancellation is achieved,

124



resulting in lower inudctnace. the PCB and DBC giesihad inductances much larger
than the case with an ideal shield. The additibthe more complete external shield

layer reduced the loop inductance 25% to 1.32nH.
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Figure 4.31: Generation 3 15 mil separation distareeDBC design with shield (a) bottom view of
shield layer (b) shield current density (c) side ww of magnetic field (d) top view of magnetic field

The DBC designs, despite improvements in shieldigte still had larger
inductance than the PCB design; the increasedndisthetween the shield and power
loop of the DBC module led to the increase the gicainductance. Thinner 10 mil
DBC alumina substrates have been introduced siheework in this section was
completed [81], which can further improve DBC etmetl performance. The lower
inductance provided by the shielded DBC designaeeduhe switching losses; improving
the efficiency over 1.5% and the efficiency cureethe generation 3 designs is shown in

figure 4.32b. The DBC module with and externalekhiexperienced a 1% drop in
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efficiency compared to the PCB design. The snaadfiice in efficiency from the DBC
module is justified by the significant gains in timal performance, which is a major

obstacle in high density modules.
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Figure 4.32: (a) Inductance vs distance between sfil layer and power plane for different designs (b)
Generation 3 PCB and DBC efficiency comparison

4.4.4 Generation 4 Shield Less DBC Module

The previous section discussed the importancéh@fshield design in a lateral
power loop layout. The lateral power loop is defiras a power loop that is on a single
layer with the current flowing parallel to the dkidayer. The lateral power loop has
benefits in that it can be placed on a single lagenimize the total physical distance of
the high frequency loop, and offer the shortesistasce connection between the power
devices and the inductor. The main disadvantagth@flateral power loop is that it
requires careful design of the shield layer to oedyarasitic inductance, as was
demonstrated in the previous section. This seckiinpropose the design of a module
that can offer high efficiency while minimizing cuit parasitics without the use of a
complicated shield layer.

With the lateral power loop requiring a shielddayo improve performance, the

use of a second conductive layer is a requiremantlf designs. With the option of
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using a two layer design, more options can be egglto further improve performance.
The concept presented in this section will be te bsth layers for the power loop and
have the power loop interleave on the two layersfter self cancellation of fields. This
will allow for the reduction of the inductance agldninate the need for a shield plane.

The design of the fourth generation DBC modulghewn in figure 4.33. The
first change was replacing the LM5113 LLP packaddder to a micro-SMD (usmd)
bumped bare die to reduce footprint and improveedrithermal performance. The
second change is the placement of the schottkyedidde to the vertical nature of the
power loop, the ground of the input capacitor cancbnnected to the source of the SR
through the bottom layer, allowing the schottkyd#iacould be moved to the top side of
the board in closer proximity to the SR than wassgude with the third generation
design, improving the effectiveness of the diodardudead time. The last change was
the location of the inductor vias; which were mowaabve the devices as opposed to in
the middle of the device pair. For the third gatien design, moving the inductor vias
above the devices would have increased the sizthefpower loop, increasing the
parasitic inductance and footprint, decreasingiheer density.

Gend4 Top Gen 4 Bottom

(b)
Figure 4.33: Generation 4 DBC hardware (a) Top layeview (b) Bottom layer view
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The high frequency power loop for generation £assidered to be a vertical
power loop as it routed on both the top and boteyars and is shown in figure 4.34. To
allow for the inductor to be integrated to the bottsubstrate, the bottom layer must
remain flat and no components may be containecherbottom layer. The power loop
begins on the top layer at the ground terminalhaf input capacitors; two 16V 0603
4.7uF capacitors are used in parallel to minimiaeagitic inductance. The positive
terminal of the input capacitors is placed in clpseximity to the drain of the top side
device to minimize loop distance. The top and ®Riak and placed side by side, and
then the source of the SR are connected to groiasd WFrom the source of the SR the
power loop flows vertically to the bottom layer taining the ground plane. The ground
plane is routed directly underneath the top poweplto allow for self cancellation of the
power loop. The high frequency loop is completdte the power loop returns to the

top layer through vias underneath the negativeiteihof the input capacitor.

Gen4 Top Gen 4 Bottom

Figure 4.34: Generation 4 DBC Power Loop (a) Top lger view (b) Bottom layer

The performance of the vertical power loop in filierth generation design can be
seen in figure 4.35. The current distribution ba bottom layer, shown in figure 4.31b,
displays good current distribution. Minor crowdiogcurs by the input capacitor ground

vias, but overall, good field cancellation can lohiaved. This is an improvement over
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the lateral loop cases that had severe current dingwaround the inductor via
connections. The self cancelling power loop antlebecurrent distribution results in
lower magnetic field intensity, as shown in figu#e31l c&d, reducing parasitic
inductance. From the field intensity plots it d@ seen that there is still a large amount
of energy stored in the substrate layer; this iatgis that reduced substrate thickness can
further improve the performance in the generatiaedign.
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Figure 4.35: Generation 4 15 mil separation distareeDBC design (a) bottom layer (b) bottom layer
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The inductance breakdown for the fourth generatderign is shown in figure
4.36. As was the case for generation 3, the ntgjofithe total inductance was from the
leakage and only for small substrate thicknesses tha trace inductance a major

contributor to the total inductance. From the reatof the shield layer the winding
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inductance was reduced almost a factor of two;vaitldl the improved field cancellation,

the leakage inductance is reduced by almost arfatthree.
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Figure 4.36: Inductance breakdown for generation 4nductance vs substrate thickness

The inductance comparisons for the third and tfowgeneration designs are
shown in figure 4.37, with the actual design poimited by a square symbol. The fourth
generation design, through the use of a self canggdower loop, was able to reduce the
loop inductance over the best generation 3 DBCgdesy over 30%, reduce mechanical

complexity, and reduce cost by eliminating the nieec shield layer.
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Figure 4.37: Loop inductance for generations 3 and designs
The four generations of GaN converter designscarepared in table 4.6. For
generations 1 through 3, a lateral power loop w#éiged, and the power loop inductance

was very dependent upon the size of the power &mopell as the shield design. The
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drawback of these lateral power loops is that theyuired a complete shield layer
underneath the power loop; this was not possiblactoal layout do to physical space
limitations, driver connections, and inductor coctrans. For the fourth generation, a
self cancelling power loop design was proposed toimize the parasitics while
removing the need for an external shield layer.e Tdurth generation design slightly
increased the physical distance of the power Idmg, from improved cancellation,

offered a significant reduction in loop parasitics.

Generation 1| Generation 2 Generation 3 Generdtipn
Board Footprint 840mfm 570mnt 154mnf 86.5mn{
Power Loop Size 46mm 31mm 18mm 20mm
Loop Inductance 6.30nH 2.90nH 1.19nH 0.89nH

Table 4.6: Parasitic loop inductances for generatins 1, 2, 3, and 4 designs
The efficiency comparison of the DBC modules cdesd in this work is shown
in figure 4.38. The generation 4 design offered.&% peak efficiency gain over the
shielded DBC generation 3 module; resulting frorwdo switching parasitics. The
generation 4 converter and shielded generationsiydenatched efficiency at 15A. To
summarize the performance of the fourth generatrmdule: the power density was

increased 80%, the shield layer was removed, angehk efficiency increased 0.8%.
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Figure 4.38: DBC module efficiency comparison (Toplevice:EPC1015 SR:EPC1015
Driver:LM5113)
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Generation 4 experienced a drop in efficiencyestvly loads, in particular above
15A. This efficiency drop is related to the layoesistance, in particular the SR current
loop shown in figure 4.32. The standard 12V POLdoies generally operate at very
small duty cycles, often around 10%. During thegda off state period, the current is
conducted through the synchronous rectifier toltael. Minimizing the resistance of

this high current trace is critical for higher amt designs.

T
1¥] L

CPES Gen 3 CPES Gen 4

Driver -)JE Cout =

@)
Figure 4.39: Synchronous rectifier conduction loofa) Electrical diagram (b) Generation 3 (c)
Generation 4

For the third generation design, the inductor wase placed in between the
devices, and the SR ground connection was kept steoyt to minimize the conduction
loss during the freewheeling period. The locatbthe vias in the middle of the devices
interrupted the shield plane, resulting in highargsitic inductance and switching loss.
For the generation 4 design, the inductor conneatias moved to allow the power loop
to be routed to achieve better field cancellati@ducing inductance and switching loss
but increasing conduction loss.

The synchronous rectifier conduction loop was $ated using Maxwell 3D FEA
to determine the trace resistance and observe uhrent distribution in the inductor
connection vias. The FEA analysis of the AC resisé is derived from the power

dissipation perspective.
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| :J'J-dS (4.15)

Vv =Ii. dL (4.16)
LJ

1
P= IRMS WRMS = lRMSZRAC =§D|§eak DRAC (4-17)

which yields the value for AC resistance:

R =Ii2jvjjJ%*dv (4.18)

The current density plots, performed at 2MHz, tloe vias are shown in figure
4.40. For the third generation design, the curfiows directly from the SR to the
inductor vias and the current is evenly distribubstween the four inductor vias. The
skin effect of the vias limits the current to tmmeér portion of the via; reduction in via

size could not be achieved in DBC because of faban limitations.
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Figure 4.40: inductor connection via current distrbution for (a) Generation 3 (b) Generation 4

For the fourth generation design the four viasenaoved above the SR and the
current flowed from the SR to a copper trace cotingdo the inductor vias. This design
resulted in higher resistance because of the dugang through the small copper trace

and the uneven current distribution inside the.viéBe current crowds inside the edge of
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the first two vias and the back set of vias seeshnass current as is shown in figure
4.40b. The result is a small increase in tracestasce; this results in a drop in heavy

load efficiency as was encountered in the fourtiegation design.

DC (mQ) 1MHz (mQ) 2MHz (mQ)
Generation 3 0.57 1.04 1.23
Generation 4 0.63 1.39 1.68

Table 4.7: Synchronous rectifier conduction loop @ésistances

Lastly, the thermal performance of the fourth ggation module was assessed.
The fourth generation module had a 45% reductidioatprint from the third generation
design, further challenging the thermal demandse ffeak device temperature vs power
loss measurements for the third and fourth germratare shown in figure 4.41. The
temperature rise of the fourth generation increasedle rapidly than generation 3,
resulting in lower power handling capability, amaiting maximum load current to 15A.
The measurements were for a standalone moduletremthal improvements will be
achieved when mounted to a motherboard. With thN 8Geing the tallest component on
the board, the GaN devices in the generation 4 epgthen mounted active side down,
could transfer heat directly to the motherboardhisTwould provide a double sided

cooling effect, showing another potential beneffithe GaN package.
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Figure 4.41: Device temperature vs power loss foregeration 3 and 4 DBC designs at natural
convection Vin=12V, Vo=1.2V, Fs=2MHz
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4.5 Conclusions

This chapter explored the optimization of a higaqgtiency, high current, high
density 3D integrated GaN based point of load me@dulhe impact of parasitics on
switching loss was quantified; exploring the cdmitions of the common source and
high frequency loop inductance on switching lo8gith the improvements of the GaN
device packaging reducing the package parasititspairticular the common source
inductance, layout of the module becomes the miagorier to higher efficiencies and
frequencies. Reduction of the high frequency polep size can offer significant
inductance improvements and provide a smaller desigtprint.

As power density is increased in the module, thermal design becomes a
critical aspect to consider and is often the bo#tk in maximum power. The use of
highly thermal conductive alumina DBC substratesriprove thermal performance with
better heat distribution was demonstrated, impmpyower handling capability by 50%
over the traditional PCB which is prone to hot spot

The impact of switching from a traditional muléiler PCB to a two layer DBC
has major implications on the module design to eahigood electrical performance.
The impact of the shield plane on electrical penfance was quantified, showing the
effect of shield completeness and distance fromgodaop on parasitic inductance and
circuit efficiency. The proper shield plane deswas implemented in DBC to improve
electrical performance. Lastly, an improved vedtiosower loop structure was proposed
to eliminate the need for a shield layer and imprgerformance by providing a self

cancelling power loop.
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The final demonstration was a 900V\7/ildin:12V, Vo=1.2V, Fs=2MHz, lo=15A

Alumina DBC GaN converter which offers unmatchedvpo density compared to state

of the art industry products and research. Figudd shows the power density map of

the current products and the DBC designs. Theliaggneration design achieves a three

times improvement in power density over similarqucts.
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Figure 4.42: Power density comparison of state ohe art power modules. *: Picture taken by author.
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Chapter 5

High Density Isolated Bus Converter with Integrated

Matrix Transformers

5.1 Introduction

Intermediate bus architecture (IBA) is gaining plapity in CPU and telecom
applications [87][88][89] to replace the traditibndistributed power architecture
discussed in chapter 1 and shown in figure 5.1fae IBA employs an isolated first stage
to convert a nominal 48V input to the range of 8122 he second stage contains a series
of small, high efficiency point of load convertditse those discussed in chapters 2 and 4
to regulate the second stage voltage to the fingdus. The IBA approach can greatly

reduce complexity and cost while improving perfonoe

Traditional Distributed Architecture Intermediate Bus Architecture (IBA)
Telecom and High End Server Telecom and High End Server
AC input: 90~265V AC input: 90~265V

AC/DC o0 AC/DC AC/DC [N ] AC/DC
FrontEnd FrontEnd FrontEnd ant End
48V Bus 3 48V — Bus

5V 3.3V e e o 1.2V

N
773

3.3V 25V ee 1.2V
(a) (b)
Figure 5.1: (a) Traditional Distributed Power Architecture (b) Intermediate Bus Distributed Power
Architecture

The isolated first stage in IBA’s generally em@@n unregulated bus converter,

also known as a DCX, or DC transformer, operatésDéb duty cycle to offer the highest
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efficiency and power density. The majority of tgdabus converters use traditional hard
switching bridge topologies operating at lower fregcies to maximize efficiency
[90][91]. The ZVS phase shift full bridge is comnhtp used for higher frequencies and
higher power designs. It offers the ability to yade ZVS for the full bridge switches,
utilizing the energy in the leakage inductance e Tdakage inductance provides ZVS but
also causes duty cycle loss and body diode lodse |&akage inductance also causes
large transient spikes, as seen in figure 5.24, ribguire the designer to use higher

voltage synchronous rectifiers which further leadhigher losses [92].
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Figure 5.2: (a) Conventional full bridge converterwith center tapped rectifier (b) Operational
waveforms for synchronous rectifier voltage and pninary current

At lower switching frequencies, the isolation starmer and output inductor are
very bulky, occupying a large board area as casdes in figure 5.3a. In an effort to
improve power density, frequency can be increasedshirink the inductor and
transformer size. As frequency is increased tliylatbode conduction, reverse recovery,
and turn off losses of the converter increase saamtly as can be seen in figure 5.3b.
At 800 kHz, the reverse recovery and turn off lassitribute over 15W of loss,
surpassing the total converter loss at 150 kHz. [98] be able to pursue higher switching

frequencies an improved topology must be utilizecetiuce these losses.
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Synchronous Rectifiers Loss Breakdown of Conventional ZVS Full Bridge @ 240W
: 12 @ 150kHz @ 800kHz |
. Transformer 10 |
: g sl
Inductor 8
a4
2
0_|£
; o & § &
Primary & 5 .§Q-¢°f’ @; § 9
Devices @ 3
(a) (b)

Figure 5.3: (a) Typical Low frequency unregulated lis converter module (b) Loss breakdown for
ZVS full bridge at Vin=48V, Vo=12V, 10=20 for frequencies 150 and 800kHz [93]

New topologies [92]-[94], like those shown in frgu5.4 a&b can reduce
switching loss and ringing issues by using a resbriachnique that utilizes the
transformer’'s magnetizing inductance and resonarfidhe leakage inductance with a
small capacitance to achieve ZVS, limit turn offrremt, and eliminate body diode
conduction. These improved topologies allow foghhiefficiency at high switching
frequency. Due to the resonant nature of the nurre these designs another major

benefit is introduced, the removal of the filtedirctance.
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Figure 5.4: (a) Inductor Less Full Brigie Converter (b) Operating Waveforms

The improved resonant topologies can provide higbiiciency at higher

switching frequencies by providing ZVS for all dess, ZCS for the secondary devices,
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and almost ZCS for the primary devices. For themary devices, they turn off with just
the magnetizing current. With the soft switching lzonverter, the losses become lower
than a traditional topology operated at lower skitg frequencies, as shown in figure

5.5, and the major loss barrier now becomes tmsfivamer.

Conventional ZVS Full Bridge vs.
Soft Switching Bus Converter @ 240W
12 R t EConventional ZVS full bridge @ 150kHz
10._ synii?;‘:gus B Inductor-less ZVZCS full bridge @ 800kHz
§ 8 rectifier ZVS & small tun
TD/ 6 T~ off current
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Figure 5.5: Loss breakdown of 150kHz ZVS full bridg and 800kHz soft switching bus converter [93]
The challenges of high frequency transformer desige minimizing winding
loss, termination loss, and leakage inductanceeakiiucing core volume and loss. This
chapter will explore the transformer design in tiephd explore the use of distributed
matrix transformers to improve performance by réagiteakage inductance and winding
resistance. This work will also propose an integgtamatrix transformer structure that
can reduce core loss while offering low leakage airdling resistance, providing a high
efficiency, high density transformer structure.
5.2 High Frequency Transformer Design
5.2.1 Impact of High Frequency on Transformer Size
The goal of higher frequencies is to reduce passize and improve power
density. It is known that increased frequenciesan-isolated applications can decrease

filter inductance and capacitance as was demoadtiatthe earlier chapters. For the
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high frequency isolated soft switching topologydige this work, the LC output filter is
replaced by a small resonant network that utilthestransformers leakage inductance for
the inductor. This greatly reduces the size offiler passives. For the high frequency
design the bulkiest component is the transformeichvioccupies around 40% of the
converter volume. The impact of increased frequent the size of the transformer in
high frequency isolated converters is considergdflisisection.

The traditional method to evaluate core loss usesSteinmetz equation [95], given as:

P, an = kX [B” 15

cv_stein
Where Ry sieinrepresents the core loss per unit volumis the switching frequency, B is
the peak flux density, and k,andp are determined by curve fitting measured loss data
supplied by magnetic material manufacturers.

The Steinmetz parameters given by core manufastumee for a sinusoidal
excitation. Much research has been done to cangige impact of non-sinusoidal
excitations [96]-[98]. For this work, the trangfoer is excited with a square pulse having
a duty cycle close to 50%. The resulting flux desthe transformer is a triangular shaped
wave with close to a 50% duty cycle. Based ofthef results from [96] the k factors will
be multiplied by a factor of 0.85 to represent¢bee loss in this design case.

From faradays law the change in flux denséty be determined by:

2|:Np LA, Dfs

Where D is the duty cycle,;Vis the input voltage, Nis the number of primary winding

turns, A is the cross sectional area of the core, ans the switching frequency.
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Inserting equation (5.2) into equation (5.1) anditiplying by the core volume vyields

total core loss:

g
DV, ] (5.3)

P. =V, kS Eﬁm

p s
This gives the core loss in terms of circuit pareereD and V4, core material parameters
K, o, andf, design dependant quantitiesahd N, and core dependant quantities akd
Ve.

The loss coefficients for the manganese zinc (Mh+Aaterials considered in this
work were curve fit from manufacturer's data sheastsa temperature of 18D and
obtained from [99] and are shown in table 5.1. tle individual ferrite materials are
pushed higher in frequency, thecomponent rises. When tlecoefficient for a given

material becomes larger than the beta coefficieatmhaterial can no longer reduce size

with increased frequency.

Ferrite Frequency k a B
Range (kHz)

3c96 200-500 4.60x10 2.50 2.75
3f3 200-400 2.20x1D 2.00 2.60
3f3 400-700 6.50x10 2.42 2.45
3f35 500-1000 9.00x18 2.95 2.94
3f4 400-1000 5.80x10 1.80 2.90
3f45 500-1000 2.00x10 1.29 2.75
3f45 1000-2000 3.00x16 2.9 2.6
3f5 1000-2000 4.10x10 2 2.4

Table 5.1: Core loss Steinmetz constants

An assumption used in this method is that the goteme is related to the cross
sectional area for a given transformer series. rélaionship betweenand \; can be

found by curve fitting common core shapes intor#salting equation:
— C
Ve =yIA (5.4)
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Where y and C are constants determined by thegemmetry used. Shown in figure 5.6
are the plots for core volume vs cross sectionad dor planer EQ, EE, and EIR cores.
Table 5.2 contains the corresponding values fondy@ Note the core volume is given

for two cores.

i Core Volume vs Cross Sectional Area
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Figure 5.6: Core volume vs cross sectional area f&Q, EE, and EIR planar transformer cores

Core Volume-Ve

Core Series y C
Planar EQ 7.2326 1.5329
Planar EE 14.432 1.3600
Planar EIR 12.690 1.3651

Table 5.2: Core volume to cross-sectional area cdasts

Having determined the relationship of cross seelicarea to core volume the
impact of frequency on core volume can be deterchimginserting equation (5.4) into

equation (5.3) and solving for core volume. Thd eesult is:

C

1 P

P Ycs  pa (DIV. |4
V - core Df _ In 55
=Y (—y[kJ SCMEZENJ (5.5)

With equation 5.5 the impact of frequency on csizme can be solved for a given

core loss, circuit parameters, core series, anel waterial. For this case, the core loss is

selected to be 2W, the input voltage is 48V, thg aycle is 0.5, the turns ratio of the
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transformer is 4:1, and the core is a planar EIR.coShown in figure 5.7 is the core

volume vs frequency plot for the design case witfeient Mn-Zn materials.
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Figure 5.7: Core volume vs frequency for EIR planattransformer for P ¢,c=2W, V;,=48V, V=12V,

and D=0.5

As frequency is increased the size of the transfor core can be further
decreased for this application. The new magnettenals such as 3f35 and 3f45 can
help decrease core loss at the higher frequends. this work, the target switching
frequency is between 1-2MHz to offer a tradeoff sshall magnetic size and high
efficiency.

5.2.2 Limitations of Traditional Transformer at Hig h Frequency

Increasing switching frequency can reduce transéorsize but will introduce
high frequency effects to the windings. The tiadial transformer design used at higher
frequencies will suffer from large winding resistanas a result of eddy current and
proximity effects. As frequency increases, theeurwill crowd around the edges of the
winding, making the use of a traditional transfornmeffective for high current designs.

Also at higher frequencies, the termination of tifasformer contributes significantly to
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leakage inductance and resistance. In this sedtese issues will be considered for a
high frequency transformer.

To study the impact of frequency on transformekadgg inductance and winding
resistance Maxwell 3D FEA simulations were usetie $imulation method is discussed
in detail in chapter 4. A commonly used core inXD&pplications, a planar EIR 22, is
considered. The transformer has a four turn pynwanding and a single turn center
tapped secondary winding, as shown in figure 5.8&e PCB is a twelve layer, two
ounce pcb with four layers for the primary, eachtaming a single turn and four parallel
layers for each secondary. The FEA model and wmdirrangement are shown in
figures 5.8 b-e. The winding structure is intevied to minimize leakage inductance and

proximity effects.

Primary 4:1 Secondary 12 layer 20z copper

Smil FR4 EIR22

(L e LT e T T e 1))
=2 NW=NN=N=a =

(b)

~~
O
~

Primary

Secondary
(d) (e)
Figure 5.8: EIR22 transformer (a) Structure (b) FEA model (¢) Winding Arrangement (d) Primary
winding and termination loop (e) Secondary windingand termination loop
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For the transformer design, the terminations cdrodiuce large resistance and
leakage inductance [100]. At higher frequencied amaller transformer sizes, the
design of the terminations is critical to an effiai design. To accurately model the
transformer structure the termination must be mei@iccurately as is shown in figure
5.8. For [93], the transformer loss was simplifigsing DC resistance values of the
windings and neglected the termination effects. r B high frequency resonant

converters, the current is sinusoidal in nature AGceffects can’t be neglected.
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Figure 5.9: EIR22 transformer (a) Primary winding (b) Primary winding current density at 1IMHz
(c) Secondary winding (d) Secondary winding currentlensity at 1MHz

At high frequencies, the transformer will expegencurrent crowding in the
windings and in the terminations, increasing resis¢, and transformer loss. Figure 5.9

shows the primary and secondary windings of thdittaanal transformer design and their

146



current distributions at 1IMHz. The traditionalrtséormer suffers from severe current
crowding in the inner portion of the transformeddhe areas where good interleaving is
not achieved; in particular the terminations anduad the primary turns vias. To

evaluate conduction loss, the RMS currents forptiary and secondary windings must
be determined. The current for the secondary mgametwork under ideal conditions is

sinusoidal at the optimal frequency and given by:

: N, ©
i@=1,-1, cos(cu[ﬂ)+pz— [$Sin(w) (5.6)

0o

where lo is the output current, Vin is the inputtage, w= , Np is the turns

1
JL [C,
ratio of the transformerZ, = /% , and \/, is the initial output capacitor voltage.

The RMS current for the secondary winding is gitbagn

S 0

s = \/Ti J () (5.7)

With the converter operating at the resonant fraquehaving a gain close to one, and a

duty cycle close to 0.5, equation (5.6)-(5.7) carsimnplified to:

iLk_RMS =\/.|.i r(lo - |OCOia)[ﬂ))2dt = IO\E (5.8)

S o

The loss of the secondary windings can be found by:

PSec = iLK_RM82 m[Raec (5-9)
For the primary current, the magnetizing currentl Wwe ignored initially as it is

significantly lower than the peak load currentdieTms current can be described as:
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2
, 2 °F(1, -1 cos(a)[ﬂ) I, |3
[ == 2 dt == |— 5.10
e \/TJ( N 15 (5.10)

p p
For the experimental designs later in the chaptee, magnetizing current will be
considered, increasing the primary winding losshshg

Using the FEA simulation of the EIR22 transformes tmpact of frequency on
winding loss and leakage inductance can be studidek impact of frequency and load
current on winding loss is shown in figure 5.10; demduction loss of the transformer
increases 43% from 200kHz to 2MHz. With this transier structure, at 1MHz and 40A
the transformer conduction loss approaches 8W s4.l0Generally, at higher current
levels, the copper thickness is increased to m#emesistance; this approach is not
possible at higher frequencies due to the skinceté the transformer windings. The

skin depth, given by 5.11, is 0.075mm at 1MHz fgomer, or roughly 2 ounce copper.

5= % (5.11)

where p is resistivity, ang: is the permeability, both for copper.

Winding Loss vs Frequency
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Figure 5.10: EIR22 transformer Winding loss from 2@kHz to 2MHz for 10=20A, 30A, 40A

The impact of frequency on leakage inductancénasve in figure 5.11; leakage

inductance has much less dependence on frequenttytive inductance reducing 8%
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from 200kHz to 2MHz and only 2% from 600kHz to 2MHz. Wigher frequencies,

minimizing leakage inductance maximizes power tranahd optimizes performance.
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Figure 5.11: EIR22 transformer Leakage inductancerbm 200kHz to 2MHz

From the previous analysis, it becomes apparest tte transformer and its

termination are major limitations to high efficign@at higher currents and higher

frequencies. To study the impact of terminatiorperformance, the transformer models

were simulated without the termination loops. Thakége inductance plots in figure

5.12a&b show the field intensity plots for the trfmmser case with and without the

terminations, respectively. The case with the ceteptlesign termination experiences

major leakage in the termination areas: the prinv@nding connection vias, secondary

SR’s, and the secondary output connection.
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Figure 5.12: EIR22 transformer field intensity plot (a) with complete design termination (b)
Simplified termination



From analyzing the current density and field istgnplots with the terminations,
the termination of the transformer will contribuigrsficant loss and leakage inductance
to the design. Using FEA analysis, the loss in th@gry and secondary windings was
broken down to determine the loss in the transformigrding and the loss in the

transformer terminations for the primary and seeoynavindings.

25 Primary Loss vs Frequency . Secondary Loss vs Frequency
Total Loss ﬁ'g Total Loss »
— 2 — _
» w45
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o] w- d- o 4
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o 4 o 3
.E -E 2 5 i
£ Termination Loss 2.2 T Termination Loss
=05 = 1-?
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Frequency (kHz) Frequency (kHz)

(a) (b)
Figure 5.13: EIR22 transformer winding loss breakdevn at 10=40A (a) Primary winding (b)
Secondary winding

From the winding loss breakdown in figure 5.13a,ghmary winding loss is due
mostly to the winding; at 2MHz, the primary termiaticontributes 23% of the total
loss. This is a result of a large resistance enftlur layer primary winding connected in
series. For the secondary winding, comprised of fauallel windings to reduce loss, the
termination loss is significant, comprising 51%tloé secondary loss at 2MHz. At higher
frequencies, the termination becomes more critica to its inability to achieve proper
interleaving. The high termination loss in the®®tary makes it the far lossier of the
two windings and must be improved to improve perfaroea

The impact of termination on leakage inductancelmaseen in figure 5.14. The

termination contributes over 50% of the leakageaiatance. For this design, the leakage

150



was minimized using techniques from [101]; even wah optimized design, the
termination dominates the total inductance. Logkat field intensity plots in figure
5.12, it can be seen that the majority of the teaton leakage results in the primary
winding connection vias and the secondary connegbioimt. For the primary and
secondary device loops, the inductance was minohizéng a shield plane as discussed
in chapter 4. This helps minimize leakage induc¢arand more importantly, the loop

inductance, reducing switching loss if the converter

Leakage Inductance vs Frequency
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Figure 5.14: EIR22 transformer leakage inductance teakdown

To improve transformer performance at high freqies) another approach to
transformer design must be explored to reduce riguéncy effects and minimize the
termination effects which contribute significantbywinding loss and leakage inductance.
Looking at the industry products today, [90][9110there is only one high frequency,
high density module available, and it is limited lawer current. This section will
explore methods to improve current handling capsiolf a high frequency transformer
for a high density isolated 48V converter desigrhisTchapter will also explore the use

of GaN devices to further push frequency and impimreserter power density.
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5.3 Matrix Transformers in High Frequency Designs

5.3.1 Basic Principles of Matrix Transformers

For high current applications, multiple devices abommonly used in parallel to
limit the loss at high currents, as shown in figbt&6. In the current DCX products,
every design employs the paralleling of synchroneasifiers in the high current output
stage to reduce loss, with current designs rangiomg fwo to four devices in parallel for

each secondary. The conduction loss in the deisogisen by:

3 I ’ I ’ |:Rds on
Pconduction = Z( RI\I\IASJ |:Rds_on = i N - (512)
k=1

Where kus is the total RMS current going through the switetwork, N is the number

of devices in parallel, and4Ronis the on state resistance of device. Increadieg t
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number of devices can reduce the loss by dividm¢he high current; this also allows for

the use of lower current devices and gives desiglalsitity.

Figure 5.16: Multiple MOSFET devices in parallel cafiguration
The drawbacks of using multiple devices in paral® that it adds footprint and
increases driving losses. With the improvementsonf resistance vs device area
increasing rapidly and the push for high frequertbg, driving loss becomes a major

concern. The driving loss for the devices is gigsn
N

I:)drive = ZQg m/dr Efs =N mgg Wdr Ers (513)
k=1

Where Q is the total gate charge of each device, N is thaber of devices in parallel,
Vg is gate drive voltage, and is the switching frequency. Increasing the nuntifer
devices increases the gate drive losses in theaicircFor high current designs, the
conduction loss is much greater than the drivingsland the benefit of paralleling
multiple devices is significant.

The matrix transformer employs a concept sintib the paralleling of devices to
the transformer. This is done to reduce high feagy secondary winding loss; the basic

concept is shown in figure 5.17. The matrix transker is defined as an array of
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elements interwired so that the whole functions asgle transformer [102][103]. An
element being a single transformer that contaisstdurns ratio, i.e. 1:1, 2:1 ....N:1; the
secondary turns ratio is set to one for this worlameffort to reduce winding loss and

push for high current.

N:1 Turns N:1 Turns N:1 Turns
Element 1 Element 2 Element M
+ —_—
| +| »
E Ve i +
2 t1s, |t s, ° It 1sy
Vp : ee o Vs

Figure 5.17: Matrix transformer element structure and electrical configuration

The desired turns ratio of the final transformgrobtained by connecting the

primary windings of the elements in series and do®sdary’s in parallel.

N, => N, =M [, (5.14)

M
k=1

Where N is the effective turns ratio of the final transfar structure, M is the number of
transformer elements used, angli\the turns ratio for each element.

The voltage and current conversion of the matergformer follows the same principles

as the traditional transformer design.

Ve - N (5.15)

(5.16)
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Where 4} is the total voltage across the primary elemeviss the voltage shared across
the parallel secondary elementsisithe primary current, andiais the total current.

With the secondary elements connected in pardhel,primary windings share
the voltage equally. With the primary windings coctee in series, the secondary
windings distribute current equally.

\
V,=-F 5.17
= (5.17)

I Ol
ls o= S,;/tl = (5.18)

Where \4 is the primary voltage of each matrix element &nglis the current in each
secondary element.

For the secondary windings, the loss can be redduedo the distribution of the high
current in a similar manner as parallel devicesderi/ed from equation (5.12).

M

| s (2[R
conductlon _sec z ,( RMS) III:IRsec: RIS M < (519)
k=1

From the previous analysis of the EIR 22 core vwhigh secondary winding and
termination loss, the matrix transformer structaoaild offer significant performance
gains by reducing the total secondary conducti®s.lo While being able to reduce
winding loss, the matrix transformer has similagnency related loss drawbacks to the
paralleling of active MOSFET devices; they are itihereasing of core volume and core

loss. The core loss of the matrix transformerlmafound from:

M
Matrlx Z Pelement - element (520)
k=1

Where Rauix is the total core loss of the matrix transformeucture and BementiS the

core loss in each element.
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The flux excursion in each matrix element is thmaas traditional transformer and can
be found from:

pp=—PWNe D, (5.21)
20N, OF, (A, 2N, [F, [A,

Where D is the duty cycle,;Vis the input voltage, Ais the cross sectional area of the
core, anddis the switching frequency.

Increasing the number of transformer elementsease@s the core losses in the
circuit. For low frequency, high current desighe size of the transformer is the largest
component on the board and increasing the numbeae$former elements to decrease
conduction loss comes would introduce a large amofircore loss and significantly
decrease power density with larger magnetic volumé.higher frequencies, the core
size can be reduced significantly and the possibaf using matrix transformer can be
considered. The benefits of the matrix transforarer that it can split current between
secondary windings connected in parallel, reduakdge inductance by lowering thé N
value of the secondary loop inductance, and allevidne termination effect by
distributing the power loss throughout the elements

5.3.2 Matrix Transformer Modeling

To be able to make a fair comparison between iffiereht transformer designs,
this section develops a method to model the matersformer so that the different
transformer structures can be compared simply. aFérl transformer design there are
three possible matrix configurations to achieve dbsired turns ratio and are shown in
figures 5.18, a, b, and c. The different configiores can be simplified into an equivalent
circuit, shown in figure 5.18d. By modeling the tma transformers as a traditional

single transformer with a single resistance ankldga inductance, the effective in circuit
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values of the transformer can be easily determin€de equivalent resistance contains

the DC and AC resistance information and the edemntanductance contains the loop

inductances of the primary, secondary, and thealgakienerated in the transformer.

Lk Rprim Lk Rprim
— *
Ip IS l"’ N :
5 Rsec P "
4:1 :
a)( (b)
Lk Rprim

Rsec Rsec Rsec Rsec

Leq

(d)
Figure 5.18: (a) Single 4:1 transformer (b) Two 2L matrix Transformer (c) Four 1:1 matrix
transformer (d) Equivalent transformer model

The value for the equivalent resistance is basédavioiding conduction loss for
the center tapped resonant structure. The equitvedakage inductance is derived from

the energy storage in the leakage inductance athdabe derived below:

2 RsecDsz 1 RSECDNpZ
I:)cond = IPRMS Rprim +T - Req ZW Rprim +T (522)
W, =%[(Lk)[|p2 — Le =L, (5.23)

Where Ryim is the resistance of the primary windingseRs the resistance of each
secondary winding, M is the total number of transfers used, Nis the turns ratio for
the total transformer, and s the lumped inductance seen on the primaryisicading

transformer leakage, primary loop inductance, ambisdary loop inductance.
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5.3.3 Matrix Transformers in State of Art Designs

Previous research and products have emplogeduse of matrix transformers
[92],[104] in high frequency bus converters butitltesigns have not been discussed in
great detail. For the matrix transformer to bdabhke option, the switching frequency of
the converter must be high enough to allow for senatansformer to be used. The
designs employing matrix transformers have increédise operating frequency of the bus
converter five to ten times the traditional design.

There is one high frequency product on theketatoday. The product is from
Vicor and operates using a resonant topology sirnoldigure 5.4; it is discussed in detail
in [94]. The product x-ray image, shown in figusel9, provides a high density co-
packaged solution operating at 1.7MHz; utilizinghatrix transformer structure and low

parasitic BGA bare die devices to improve high frericy performance.

T1 SR T2 SR

() (b)
Figure 5.19: Co-packaged module Vin=48V, Vo=12V, E4.7MHz, 10=25A internal view (a) top view
(b) side vide of BGA SR output for each transformei(Photos by author)

The approach taken in this high density modulidistribute the transformers
using a two element matrix transformer, as showtiéncircuit diagram of the converter
in figure 5.20. The transformer structure uses2alayer PCB winding with custom

embedded magnetic cores, made of material sinuil&etroxcube 3f45 [105], and a FEA
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model was created to estimate the resistance akade inductance of the structure is
shown in figure 5.20b. The structure interleaves grimary and secondary windings in
the same fashion as figure 5.8c. The simulatedevédr the leakage inductance and
winding resistance are given in table 5.3 at 1.7MHit should be noted that this

simulation did not include termination effects.

Leakage | Primary Winding| Secondary Winding| Total Core

Inductance | Resistance () Resistance () Loss (W)
(nH)
1.7 MHz Matrix 13.01 14.53 2.76 1.89

Structure

Table 5.3: Matrix transformer simulated leakage indictance and winding resistance
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(a) (b)
Figure 5.20: (a) Circuit diagram for DCX with matri x transformer (b) FEA model of co-packaged
module Vin=48V, Vo=12V, Fs=1.7MHz, l10=25A matrix tansformer structure

5.4 Matrix Transformer Design

The other high frequency DCX converter is froesearch performed in [92], the
800kHz experimental hardware is shown in figurel8.2 The transformer design also
utilizes a two core 2:1 matrix transformer that égp two EIR18 transformers with
layers interleaved in the same manner as figure 588FEA model was created to model
the 12 layer, 20z copper PCB matrix planar tramséor structure. The transformer
material was made out of PC44 material [106], whikhargeted from 200-500 kHz,

resulting in large core loss.
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(b)
Figure 5.21: (a) Experimental hardware for 800kHz OCX with matrix transformer (b) FEA model of
Vin=48V, Vo=12V, Fs=800kHz, 10=40A matrix transformer structure

The benefits of the matrix structure are thiitgtio split the high current between
the two cores, minimizing winding loss, terminatidwss, and leakage inductance.
Looking at the FEA analysis of the structure, ih ¢ seen in figure 5.22a that leakage
inductance is reduced in the termination areajmbgr source of flux in the single core
design. The current density plot is shown in feg&:.21b; due to the splitting of the

winding current the crowding effects are also mizix.

(a) (b)
Figure 5.22: 800kHz DCX with matrix transformer (a) Field intensity plot (b) Current density plot

From FEA simulations, verified by measurement, bakage and equivalent
winding resistances are extracted at 800kHz. Titgin@l matrix transformer design
reduced the effective winding resistance by ove¥%4and leakage inductance 30%

compared to the traditional single transformer gigsmaking it very attractive for high

160



current applications. The drawback of the matr@asformer structure was that the core

loss was increased because of the use of two ctissyesults in lower light load

efficiency. The final values for the two desigme eompared in table 5.4.

Leakage Equivalent Total Core
Inductance (nH)| Resistance () Loss (W)
Single 4:1 57.02 49.36 3.20
EIR 22 Core
Two 2:1 39.08 25.82 5.28
EIR 18 Core

Table 5.4: Leakage inductance and winding resistasmcfor single and matrix transformer structures
at 800kHz with PC44 core materials

The reduction in leakage inductance offered bydtginal matrix structure was
not as large as expected. The original designahlatdge termination loop, shown in red
in figure 5.23, resulting in large leakage inducgmand termination resistance. In figure
5.23a, the current flow from the SR through the ding to the resonant capacitor is
shown, it can be seen that the termination distérmee the winding to the capacitor is
very long, introducing a large termination effedn figure 5.23b, the completion of the

output loop is completed, further adding to theni@ation length.
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Figure 5.23: 800kHz DCX matrix transformer element(a) Secondary current path in red through
winding into output capacitor (b) Return path from capacitor to device

The loop termination can be minimized by moving thutput capacitor in close

proximity the SR, allowing for further reduction ieakage inductance and winding
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resistance. The resulting improvements achieviaplenproving the secondary loop are
shown in table 5.5. The improved connection idizew in the later designs in this

chapter.
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Figure 5.24: 800kHz DCX matrix transformer element(a) layout with improved secondary
termination (b) FEA model

Leakage Equivalent
Inductance (nH)| Resistance ()
Original 39.08 25.82
Termination
Improved 27.60 19.49
Termination

Table 5.5: Leakage inductance and winding resistamcfor matrix transformer structure with
improved termination at 800kHz

5.4.1 Integrated Matrix Transformer Structure with Flux Cancellation

The matrix transformer can significantly reducekbege inductance and winding
resistance, but this comes at the price of coremel and loss. The use of integrated
magnetic structures allows for the integration afltiple magnetic components into a
single core, reducing the number of cores and afigvor flux cancellation [107]. The
matrix transformer configuration offers an ideasedor core flux cancellation; the cores
are excited with identical voltages generatinggame flux in each core. This allows for
almost complete flux cancellation if designed prbpe This can lead to decreased

overall size and core loss. The section will déscthe integration of a matrix transformer
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into a single core and the arrangement of the wgslito provide flux cancellation,
giving improved high frequency performance.

The traditional transformer design is shown inufg 5.25a, it contains four
primary turns and the secondary configuration single turn center tapped winding. To
reduce the winding resistance and leakage induetdnectraditional structure is shifted to
a matrix design with a two core structure with eattucture containing two primary
turns and a center tapped secondary configuratitm single turn windings. The two

transformers in the matrix design are completelgodpled as a result of the use of

separate magnetic cores.

4:1

Prlmary

Secondary

Original Two 2:1 Matrix Transformer

Single 4:1 Transformer
(a) (b)

Figure 5.25: 48V bus converter transformer structue cross sectional top view (a) Traditional single
core 4:1 design (b) Two core 2x2:1 matrix transforrar design

To improve performance of the matrix transforntee two magnetic cores are
integrated into a single core to simplify the mattransformer structure. The
simplification of the design is done by combinimg two discrete cores into a single El
core by removing the outer legs of the design Bbb, widening the center leg, and
wrapping the primary and secondary windings arotinedouter legs of the EI structure.
The result of this is a single core with the fluiktbe two transformers adding in the

center leg as shown in figure 5.26a. The fluhig duter legs is given by:
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V,[D

Yo = 5.24
2N, [T, (5:24)

A¢z‘.)uter_Leg =

Where \ is the output voltage, D is the duty cycle,idlthe number of secondary turns,
and £ is the switching frequency.
With the outer legs sharing the same voltage irsphéth each other, the flux forms the

outers legs add and the center leg flux is given by

(5.25)

Secondary

1 Core integrated solution 1 Core integrated solution

without flux cancellation 2x2:1 with flux cancellation 2x2:1
a) (b)
Figure 5.26: 48V bus converter transformer structue (a) Single core 2x2:1 design without flux
cancellation (b) Single core 2x2:1 design with flugancellation

In the proposed structure, to achieve flux caatielh in the center leg, the
polarity of one of the outer leg windings of thartsformers is rearranged to change the
flux direction as shown in 5.26b. The result isimtegrated matrix transformer design
with the flux in the center leg being cancelledgure 5.27 shows the FEA results of the
AC flux distribution in the core structures withdawithout core flux cancellation. In
both structures, the flux distribution is the samethe outer legs. In the proposed
structure, the flux in center leg is cancelled,uadg the core loss of the structure
compared to the traditional matrix transformer cite. To ensure the flux cancels in
the center leg, the magnetizing inductance, neéatedVs is created by placing air gaps

in the outer legs, making the center leg a lowatalnce path.
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Figure 5.27: 48V bus converter transformer core flu simulation (a) Single core 2x2:1 design without
flux cancellation (b) Single core 2x2:1 design witflux cancellation

The new integrated matrix transformer structurtersf lower core loss while

greatly decreased winding resistance and leakadjeciance. Figure 5.28a shows the

model of the modified matrix transformer designheTcurrent distribution is shown in

figure 5.28b and it can be seen that there isdesgnt crowding leading to good thermal

distribution in the core. The cases with and withibux cancellation are compared and

the results are shown in table 5.6. Both strusturad similar winding resistance and

leakage inductance and the case with core fluxadktion reduced core loss 45%.

improve core loss, the core material is selectdubt8f35.

/

(@)

(b)
Figure 5.28: (a) AC flux cancellation matrix trarsformer design (b) FEA simulation of current
distribution in primary windings

Leakage Equivalent Total Core Lossg
Inductance (nH)| Resistance () (W)
Integrated structure 23.88 21.58 3.52
without flux cancellation
Integrated structure with 25.60 21.71 1.94
flux cancellation

Table 5.6: Transformer leakage inductance winding esistance, and core loss comparison for
integrated transformer designs at 800kHz
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The transformer loss comparison for the traditignagle transformer design, the
integrated matrix structure without flux cancelbati and the proposed integrated
structure with flux cancellation are shown in figus.29. The traditional transformer
structure provides low core loss, improving lighad efficiency, but suffers from high
conduction loss, especially in the secondary, lowgetheavy load efficiency. The
integrated matrix transformer structure withouflrancellation offers lower conduction
loss but suffers from higher core loss. The predastegrated matrix transformer with
core flux cancellation can provide low core lossnirthe flux cancellation and low

conduction loss and leakage inductance from thelaised winding structure.

Transformer Comparison Fs=800kHz lo=30A
45 : m 1x4:1 Traditional Design
4 { m 2x2:1 w/o flux cancellation
§3_5 m 2x2:1 w/ flux cancellation
w 3
8
S2s
o 2
% 1.5
o
1
05 | i
0 v
Pcore Pprimary Psecondary

Figure 5.29: Transformer Loss Comparison, Fs=800kk 10=30A

5.4.2 800kHz Silicon Experimental Verification

To verify the design improvements of the transferrstructure, three designs
were created to operate at 800KHz. The specifinatifor the integrated transformer
structure converter, shown in figure 5.30, were M@V, Vo=12V, Po=700W,
fs=800kHz, Lk=25nH, D=0.5, and C0=6.58uF. The pnyndevices were four Infineon

BSB044N0O8NN3, the secondary devices were four BGBO#NX3, both employed the
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can package to minimize parasitics. The primadg driver is Intersil HIP2101. The

cores were a custom designed 3f35 Mn-Zn ferritenfferroxcube.

Figure 5.30: E;perimental hardware Vin48V o=12VFs=800kHz
To achieve ZVS, the magnetizing inductance wasehdo be 4uH. To ensure
that the flux does not circulate between the twtepolegs the air gaps used to obtain the
magnetizing inductance required for ZVS are plaoethe outer legs while the center leg
has no gap. Arranging the gaps in this mannerreaghat the flux will flow through the
low reluctance center leg and no coupling will acbetween the matrix transformer
elements. The turn off current is determined lgyrttagnetizing current and given by:

DLV,
Al =——"_=37A 5.26
w =20 (5.26)

Shown in figure 5.31A is the switching waveformtbé converter showing ZVS
is achieved. For the resonant design employed, ZaMSbe achieved for the full load
range because the magnetizing inductance is usetV/f® and it is not load dependant as
in the case in the phase shift full bridge. Shaownfigure 5.31b are the primary
waveforms with the current waveform shown in pitite turn off current is reduced by
resonating the current waveform, minimizing thentaff loss. For higher frequencies, a
smaller device with lower output capacitance cdudemployed, allowing for a lower

magnetizing current to be used, further reducimg tdf current.
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Figure 5.31: Experimental waveforms for Fs=800kHzVin=48V, Vo=48V (a) Primary side device
Vgs and Vds showing ZVS (b) Primary current wavefom showing reduced turn off current

The efficiency curves for the designs are showrfigare 5.32, the proposed
integrated transformer with flux cancellation desarhieves a peak efficiency of 95.9%
at 300W and maintains an efficiency over 95% uB80W of output power. The
proposed transformer structure offers similar ligbdd and improved heavy load
efficiency when compared to the traditional tramsfer design and efficiency

improvement in all load for the traditional matsttucture.

Efficiency (Vin=48V Vo=12V Fs=800kHz)

Integrated Transformer wiflux cancellation
96 =
v v‘
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S / — \\.
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Figure 5.32 Efficiency at Vin=48V,Vo=12V, Fs=800kH integrated matrix transformer structures
with and without flux cancellation

A loss breakdown is performed for the convertethwihe proposed integrated

matrix transformer with flux cancellation and isosm in figure 5.33. From the loss
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breakdown it can be seen that the turn off losgstfiormer core loss, and driver losses
are the largest barriers to higher efficiency. Tihproved topology reduces the turn off
loss and the self driven method reduces SR drilasg, but at very high frequencies,
switching related losses still dominate the ovepallver loss. To minimize transformer
core loss the frequency can be increased, leadiadurther increase in switching related

losses. To further push for higher frequency aigthér density, improved devices must

be considered.

Loss Breakdown @240W Fs=800kHz

Power Loss (W)

Figure 5.33 Loss breakdown of Vin=48V,Vo=12V, Fs=8KkHz, 10=20A integrated matrix
transformer structures with flux cancellation

5.4.3 Improved Integrated Transformer Structure

The proposed integrated transformer with flux c#latien in the center leg has a
net flux of zero in the center leg, as shown iufeg5.34b. With the net flux of zero in
the center leg in the previous structure, it carrdmeoved and the area occupied by the
core can be reduced, shrinking overall magnetie sihile improving the magnetic
performance. Figure 5.34d shows the improved &tracand flux density plots from

Maxwell 3D FEA simulation at 0.8MHz. The core losanains the same while the
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winding resistance and leakage inductance are eeldduslso, the footprint consumed by
the transformer is reduced 25%. This improvedcstie will be applied in the following

section for a higher frequency, higher density GalNed DCX converter.
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(©) (d)
Figure 5.34: Integrated single core matrix structue with flux cancellation in center leg (a) Winding
structure (b) Flux density distribtution. Proposedintegrated matrix structure without center leg (c)
Winding structure (d) Flux density distribution

5.5 High Frequency GaN DCX Bus Converter
5.5.1 Benefits of GaN for High Frequency 48V Appliations

To further push for higher frequency and power sitgn GaN devices are
considered in this section. From chapters 3 arttiedpenefits of GaN technology were
demonstrated for a hard switching 12V buck appbeat In this section the use of GaN
devices will be explored in a 48V soft switchingphgation. The figure of merit for GaN
and Si devices from 25 to 100V are shown in figb6r85, the GaN device shows
significant improvements when compared to silicemides, with the FOM decreasing by

a factor of 4 and 2.5 for 100 and 40V devices retpely. The packaging of the GaN
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device also provides improvements; employing the parasitic LGA package compared

to the can package used in the Si devices.
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Figure 5.35 Figure of merit comparison for primary and secondary GaN devices for use in 48V GaN
DCX bus converter

Direct comparisons of the key parameters for th&l @nd Si devices are shown
in tables 5.7 and 5.8. For the primary side EPQ2G&N devices, all of the key
parameters are decreased when switching to the éXabpt the dead time conduction
voltage, which can be handled in by a schottky eliadd dead time tuning, as was shown
in chapter 3. With the turn off loss for the pumw Si design being a large loss

contributor, minimizing Qgd is critical, and the I&@arovides an 80% reduction in Qgd.

Parameter 80V Si 100V GaN GaN Difference

Primary Conduction Riwon 6.5mQ 5.6mQ 14% decrease
Driver Q, 30nC 8nC 73% decrease

Turn Off Qg 11nC 2.2nC 80% decrease

Turn On Coss 1000pF 450pF 55% decrease

Dead Time Conduction Vsp 0.9V 1.75V 94% increase
Reverse Recovery Q. 110nC OnC 100% decrease

Table 5.7: Device comparison between GaN and Si fprimary side devices
For the secondary side comparison, two GaN EPG 2@lices in parallel are
compared to a single Si device. The previous Sweder suffered from high gate

driving losses; for the GaN, the gate drive lossas be decreased by a factor of 2
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compared to Si devices. For the 40V secondarycdsyithe GaN devices have an
increase in on resistance of 23%; with the pushiginer frequencies, the number of SR
devices employed remains at four, increasing tésign on resistance and limiting the
total output current capable for the GaN designsmared in this section. The biggest
disadvantage of the GaN device is the large deand toss, which needs to be limited

through the use of a schottky diode and reduced tieee.

Parameter 40V Si 2x40V GaN GaN Difference

Secondary Conduction Rison 1.3mQ 1.6mQ 23% increase
Driver Q, 107nC 21nC 80% decrease

Dead Time Conduction Vs 0.81V 1.75V 116% increase
Reverse Recovery Q. 50nC OnC 100% decrease

Table 5.8: Device comparison between GaN and Si fsecondary side devices
5.5.2 Impact of Soft Switching on GaN Performance
For the high frequency GaN design, both hard switghand soft switching
solutions were compared to see the impact of tHe seitching topology on GaN
performance. For the hard switching topology ttendard hard switching full bridge
converter operated at 50% duty cycle was considénecelectrical schematic is shown in

figure 5.36a, and the driving signals with primawyrent is shown in figure 5.36b.

Figure 5.36: (a) GaN hard switching FB schemati¥in=48V, Vo=12V, Primary: 4xEPC2001, SR:
4XEPC2015, L=150nH, Co=88uF (b) Primary current waeform and secondary drive voltages

172



The difference in performance between the hardsaftdswitching topologies for
the GaN converter is shown in figure 5.37a andctireesponding power loss is shown in
figure 5.37b. Utilizing soft switching with GaN dees can offer superior efficiency at
over twice the switching frequency. The major ogesfor the improved performance are
ZVS and low turn off current provided for the desgcin the resonant topology, and
reduced core loss due to higher frequency operatidhe turn on loss for a switch
without ZVS is given by:

P

Turn_on

= 051V, @, [T, (5.27)

Where Qoss if the output charge of the deviceatudln on voltage.
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Figure 5.37: Experimental results for Vin=48V, V&12V, primary devices: EPC2001, secondary
devices :EPC2015, driver:LM5113(a) Efficiency compason between 700kHz hard switching and
1.6MHz soft switching (b) Power loss comparison

Another major benefit of soft switching is reducenltage stress across the SR
devices. For the hard switching converter, ther liarge current during at the turn off of
the SR devices. The energy stored in the leakadjectance at turn off rings with the
output capacitance of the SR devices, as seergimefi5.38a, causing a large voltage

overshoot of around 20V, resulting in a peak vadtaf 44V for the GaN SR’s. For the
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hard switching design, the use of 40V devices isgade and 60V devices should be
selected, increasing SR resistance. For the rastmaology, ZVS and ZCS is achieved
for the secondary devices and no energy is stardde leakage inductance at turn off,
almost eliminating the voltage spike as shown gure 5.38b. This allows for 40V

devices to be used, improving performance, andceesafety.
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Figure 5.38: Experimental waveforms for Vin=48V Vo=12V, primary devices: EPC2001, secondary

devices :EPC2015, driver:LM5113 (a) GaN hard switcimg secondary voltage waveforms (b) GaN
soft switching secondary voltage waveforms

5.5.3 1.6 MHz Transformer Structures
To explore the benefits of the proposed integrataasformer structure in figure

5.34 at higher frequencies, three transformer 8tras, each occupying the same
footprint, were designed to compare the impactithédnt matrix structures on winding
loss, termination loss, core loss, and leakagediashee. In the previous analysis of the
integrated structure at 800kHz, the simulationsuiregl termination simplifications due
to software and processor limitations, and wergesbbnly for total equivalent winding
resistances and leakage inductances.

For the designs considered in this section, alklbtwg improved simulation tools
and processor capability, the detailed impact eftdrmination of transformer structures

will be considered. The cores used in these desigere customized 3f45 planar cores,
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and the total transformer structure width was ditnbatch the active power stage to
maximize power density.

The first transformer considered is the traditloB& single core design for
benchmarking purposes; having a four turn primangdimg and a single turn center
tapped secondary winding. The PCB is a twelver|aye ounce pcb with four layers
for the primary, each containing a single turn o parallel layers for each secondary.
The electrical diagram and transformer structueesiwown in figures 5.39, two SR’s are
used in parallel to minimize conduction.

Primary 4:1 Secondary

==C° -

(a) (b)
Figure 5.39: (a) Circuit diagram with secondary lo@ (b) Transformer structure of 4:1 EE
transformer

NVOHLNTVOHNTWOLVTYL
NE=NW=NN= NS

sS1 Co

(@) (b)
Figure 5.40: (a) FEA model of 4:1 EE transformer (b winding interleaving arrangement of
transformer

To indentify the impact of the primary and secanydloops on transformer

performance three separate simulations and expetainsetups were considered to
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identify the portion of leakage inductance and stesice that are generated by the
primary loop, the transformer, and the secondaop.loThe FEA model with detailed
modeling of the termination is shown in figure %40 The winding structure is
interleaved to minimize leakage inductance and iprix effects and shown in figure
5.40b. The tests were run at 1,1.5, and 2MHz haddsults for the leakage inductance,
reflected to the primary side, are shown in tab® S-or the traditional EE design, with
minimized primary and secondary loops, almost atguaf the leakage inductance is a
result of the terminations. In cases with largewp® or high parasitic packages, this

percentage would increase significantly.

Shorted Primary | Secondary  Total
Transformer,  Loop Loop Leakage
Leakage | Inductance Inductance Inductance
1MHz 35.75nH 1.90nH 8.68nH 46.33nH
1.5MHz 35.54H 1.82nH 8.51nH 45.87nH
2MHz 35.48nH 1.79nH 8.40nH 45.67nH

Table 5.9: Leakage inductance breakdown for the aiditional 1x4:1 EE transformer

Using Maxwell 3D FEA simulations, the sourcedeatkage were analyzed for the
case with the primary and secondary loops and #se avith shorted primary and
secondary loops. The case with the shorted priraad/ secondary loop is shown in
figure 5.41a, it has strong magnetic field intensit the regions where there is no
winding interleaving. The regions where there dsinterleaving are located in close
proximity to the transformers input and output cections and the transformers inner
layer via connections. In these regions the ctirirethe primary and secondary are not
flowing in opposing directions and there is litfliex cancellation.

Shown in figure 5.41b is the simulation with coetpl terminations; the field

intensity increases in the termination regionshe high current secondary termination
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contributes the largest amount of leakage induetamatching the measurement results.
The primary and secondary termination regions e&pee little field cancellation,

increasing the leakage inductance in these are@Be leakage inductance for the
transformer structure and termination shows littependence on frequency with the

leakage dropping 2% from 1 to 2MHz.
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Figure 5.41: (a) Magnetic field intensity plot of korted transformer at 2MHz (b) Magnetic field
intensity plot of design case at 2MHz

The impact of termination on the winding resiseswas also considered from 1
to 2MHz. Figures 5.42 a&b show the simulated qurréensity in the primary and
secondary windings in the traditional transformesign. For higher frequencies the
winding experiences current crowding in the innections of the winding. The other
major areas of current crowding occur in the are#ls poor interleaving. These areas
are the same as the high leakage areas.

With the severe current crowding existing in thghhcurrent secondary loop the
resistance of the termination becomes a majordossgponent in the circuit. Shown in
table 5.10 are the measured resistances of thefaramer; the secondary loop resistance

accounts for half of the winding loss in the seargdf the transformer. For the primary
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winding, because of the high resistance insidentiiti-winding transformer, the loop

resistance represents only 9% of the winding ra@sc& in the primary side.
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Figure 5.42: (a) Primary winding current density at2MHz (b) Secondary winding current density at

2MHz

Primary Winding

Primary Loop

Total Secondary

Secondary Loop

Resistance Resistance | Winding Resistanceé  Resistance
1MHz 19.70n92 1.81n0) 3.45n) 1.75m)
1.5MHz 21.53mM 2.02n0 3.82n1 1.88n
2MHz 23.22n6) 2.15n0 4.15n1) 1.94m2

Table 5.10: Winding resistance breakdown for thertditional 1x4:1 EE transformer

The impact of transformer termination on leakageuctance and winding

resistance is a major issue in high frequency toameer design. For improved high

frequency transformer design, a better solutiareisded.

The proposed integrated core structure’s electrscdlematic and transformer

structure are shown in figures 5.43a&b.

The highrent secondary loops are divided

into two separate, parallel outputs to improve @antance. The outputs are horizontally

distributed on the PCB board. In higher voltagpliaations [108][109], the distribution

of the secondary has been considered in a vertiwahner by adding multiple

secondaries. The lateral and vertical distribuapproaches both reduce resistance and

leakage inductance, but the vertical design addsharecal complexity, results in

thermal issues for the synchronous rectifiers itwvben output layers, and increases core
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and board height. For higher frequencies and lowaéages the horizontal distribution

can offer improved performance with a simplifiecida.
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Figure 5.43: (a) Circuit diagram with 2x2:1 distributed secondary loop (b) Transformer structure of
2x2:1 proposed integrated design

12 layer 20z copper

= ‘
o

(@) (b)
Figure 5.44: (a) FEA model of proposed 2x2:1 integtted transformer (b) winding interleaving
arrangement of transformer

The simulated magnetic field intensity plats the proposed structure are shown in
figures 5.45 a&b for the case with the transformerdings shorted and the case with the
complete primary and secondary terminations. B ribw proposed integrated matrix
structure, the magnetic field intensity in the teration areas is reduced, resulting in
lower leakage inductance. Table 5.11 shows trex®¥ke leakage inductances of the new
transformer structure; the new structure reduceddaéikage inductance 35% compared to

the traditional EE transformer design.
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Figure 5.45: (a) Magnetic field intensity plot of korted transformer at 2MHz (b) Magnetic field
intensity plot of design case at 2MHz

Shorted Primary Secondary | Total Leakage
Transformer Loop Loop Inductance
Leakage Inductance Inductance
1MHz 24.09nH 1.90nH 3.86nH 29.85nH
1.5MHz 23.75nH 1.82nH 3.82nH 29.39nH
2MHz 23.44nH 1.79nH 3.78nH 29.01nH

Table 5.11: Leakage inductance breakdown for propsed 2x2:1 transformer

The winding resistances were simulated ancmx@ntally measured and the values

are reported in table 5.12. Figures 5.46 a&b sttencurrent distribution in the primary

and secondary windings.
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Figure 5.46: (a) Primary windiﬁg) current density at2MHz (b) Secondary winding( c)urrent density at
2MHz
Primary Winding| Primary Loop | Total Secondary | Secondary Looq
Resistance Resistance | Winding Resistance  Resistance
1IMHz 16.14n9) 1.82n1 2.23n 0.86n12
1.5MHz 17.54m 2.00n 2.46n10) 0.98n
2MHz 18.68n9 2.11nQ2 2.64n02 1.05n02

Table 5.12: Winding resistance breakdown for propsed 2x2:1 transformer

Compared to the traditional EE single transforase the current is better

distributed throughout the winding and the curremwding in the terminations is
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reduced. The total effective winding resistanceeduced in the primary by 17% and by
40% in the secondary winding. The large reductivthe secondary winding resistance
results from having two outputs in parallel to devithe output termination connections
and reduce high frequency effects.

The final transformer to be tested was the foansformer structure, comprising
of two of the proposed integrated structures whih primaries connected in series. The
electrical diagram and transformer design are shoviilgures 5.47a&b. For this design,
the number of SR devices remained unchanged andotigections for the transformer

secondary’s were tied together at an SR device.

Q1 c
o==
Vin e
0}
Pri ® Pri
. rimary . . rimary .
1:1 Secondary 1:1 1:1 Secondary 1:1

(b)
Figure 5.47: (a) Circuit diagram with 4x1:1 transfamer (b) Transformer structure of 4x1:1 using
two proposed integrated structures

The equivalent leakage inductance and windegjstance for this structure is

shown in table 5.13. It can be seen that for the: X design that the resistance and
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leakage inductance are not improved significantherothe 2x2:1 structure; and the

structure incurs higher core loss due to multipegmnetic cores. The cause of the higher

resistance and leakage inductance of this strudomnees from layout; the termination

distance to connect the secondaries to the comespgp SR is increased, diminishing the

benefits of extra parallel outputs. Figure 5.4&pares the loss breakdown for the three

transformer structures, due to the higher lossas ianreased amount of magnetic

material required for the 4x1:1 design, it was dutaut for possible structure in this

application. For higher current applications with a higher numbe SR devices and

larger secondary footprint this design approachdcptove beneficial.

Total Leakage| Total Winding
Inductance Resistance
1MHz 27.30nH 58.60 @
1.5MHz 26.40nH 66.50 2
2MHz 26.00nH 72.10 @

Table 5.13: Leakage inductance and winding resistae for 4 x 1:1 transformer structures

Transformer Comparison Fs=1.6MHz l0o=30A

6 - m 1x4:1 Traditional Design

m4x1:1 w/flux cancellation

Power Loss (W)

Pcore

Pprimary

Psecondary

Figure 5.48: Transformer Loss Comparison at 1.6MHK, 10=30A

5.5.4 1.6MHz GaN Experimental Verification

To verify the transformer improvements for the hhigequency GaN resonant

converter experimental hardware was built usingRQEO01 100V primary devices for

the primary, 4XEPC2015 devices for the SR’s, ardational semiconductor LM5113
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drivers with additional an additional turn on r¢srece of 8 and turn off resistance of
0.5Q2 to protect the devices from overshoot and false an. The cores were custom
designed 3f45 EE and Ul cores described in theiqusvsection, the core cross sectional
area was around 40mMimThe volume was 1700nirfor the proposed integrated structure
and 2100mrhfor the traditional El core design. The magnetizinductance for each
design was 5uH. The resonant capacitances fdixtthd and 2x2:1 designs were 0.89uF
and 1.29uF, respectively. The hardware and exgertiah waveforms are shown in figure
5.49 a-d. Both designs achieve ZVS for both theary and secondary devices, and the

turn off current for the primary devices is limitex3.5A.
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Figure 5.49: (a) Experimental hardware Vin=48V, \6=12V, Fs=1.6MHz (b) Synchronous rectifier
gate and drain voltages achieving ZVS (c) Primary elvice gate and drain voltages achieving ZVS (d)
Primary side current waveform

The efficiency and loss comparison between thettarssformer GaN designs are

shown in figures 5.50a&b. The results match thpeetations from the transformer
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simulations/measurements well, with the proposezi Rxransformer structure providing
similar light load efficiency from the improved eostructures lower core loss and better

efficiency at heavy load due to the reduced windassg.

005 ETficiency Comparison Vin=48V-12v " Power Loss Comparison
) @ 1-6MHz Soft Switching w/ p
0.97 20 Improved Transformer ﬂ
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~,0.95 L =16 //
2 0.94 14
2 o
G 0-93 912 / /
= 0.92 =10
T -6 MHz Soft Switching w/ ] A
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0.9 A1 -6MHz Soft Switching w/ o 6
0.89 ’ Traditional Transformer 4 A#I’
0.88 1 2
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Output Current (lo) Output Current (lo)

(a) (b)
Figure 5.50: Experimental results for Vin=48V, V&12V, primary devices: EPC2001, secondary
devices :EPC2015, driver:LM5113, fs=1.6MHz (a) Effiency comparison between traditional and
improved transformer structures (b) Power loss comprison

The efficiency using the GaN devices with the josgd transformer achieves
peak efficiency of around 97% at 20A of output eatr The comparison between the
GaN and Si designs are shown in figures 5.51 adlhe GaN converter can offer a
percent gain in peak efficiency at double the gwitg frequency of the Si based
converter. The improved FOM of the GaN device diacally reduces the turn off loss
and SR driver losses. The GaN suffers from hi@frconduction loss, which could be
resolved with an increased number of SR devicesgbemployed. Due to the higher
switching frequency and smaller magnetic footprthie conduction loss of the GaN
transformer also is increased over the lower fraqueSi design. The volume and

footprint comparisons for the 800 kHz and 1.6 Midansformer designs are given in
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table 5.14, the high frequency GaN design proval®&§% smaller transformer footprint

and a 62% smaller volume, allowing for improved powensity.

0.98 Efficiency Comparison Vin=48V Loss Breakdown @240W
i 25
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W 591 il o
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Output Current(lo)

(a) (b)
Figure 5.51: Bus converter comparison for 800kHziSand 1.6MHz GaN with proposed integrated
2x2:1 transformers (a) Efficiency curves Vin=48V V&12V (b) Loss breakdowns @ 240W

Transformer Footprint Transformer Volume
(mn) (mn)
800kHz Si Design 720 7920
1.6MHz GaN Design 320 2970

Table 5.14: Footprint and volume comparison beteen 800kHz and 1.6MHz designs
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Figure 5.52: Power density comparison of bus convears. *: picture by author.
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5.6 Conclusions

In this chapter, high frequency operation of th@Dbus converter for IBA’'s was
considered. First, the impact of frequency on core was explored, quantifying the
transformer size reduction capabilities of highezqtiencies. At higher switching
frequencies, the transformer winding and termimatass increases and the transformer
becomes the major loss component in the circuhe impact of frequency on winding
resistance and termination loss of traditional sfarmer structures were assessed,
identifying potential high frequency improvemenépable with matrix transformers.

At higher frequencies, the reduction in core votufacilitates the use of matrix
transformers to improve performance. Matrix transfers can offer significantly
reduced winding resistance, termination resistance, leakage inductance, but suffer
from increased magnetic volume and higher core. lo#sn improved transformer
structure is proposed in this chapter that can aedcore loss and volume of the
traditional matrix transformer design by integrgtiime matrix transformers into a single
core with flux cancellation. The proposed improvetucture can offer improved
performance and higher power density than thettoail designs.

To further push frequency and power density a H&@8N6aN design is explored.
This chapter assesses the different transformectstes up to 2MHz, the benefits of soft
switching for high frequency GaN devices, and destrates the high frequency
efficiency improvements possible using low FOM GadVices. The final demonstration
being a Vin=48V, Vo=12V, [0=30A, 1.6MHz GaN conwartwith an improved
integrated transformer offering a power density980W/ir*, a 100% increase over the

state of the art Si discrete designs availableytoda
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The demand for future power supplies to achieghd output currents, smaller
size, and higher efficiency cannot be achieved withventional technologies. There are
limitations in the device loss, passive size, pgoka parasitics, thermal management,
and layout parasitics that must be addressed to foushigher frequencies and improved
power density. The focus of this work was imprgvpower density and performance in
non-isolated and isolated point of load convertensging from 10W to 600W. To
achieve this objective, different topologies, samductors, and magnetic designs were
proposed to improve performance and reduce magsiegi¢improving power density, in
non-isolated point of load and isolated bus comrert

In the second chapter, the use of the three lawel converter to reduce required
passives and increase efficiency over the tradititbick converter in low current point
of load applications was proposed. This improvemtfggmance was achieved by
doubling the effective switching frequency, redgcthe voltage across the inductor, and
reducing the voltage stress across the semiconauttid.5Vin, reducing switching loss
and allowing for the use of superior low voltagevides. The gain in efficiency and

magnetic reduction is verified experimentally.

187



In chapters three and four, the use of Galliunriéigt (GaN) transistors to push
switching frequencies to multi-MHz while maintaigitnigh efficiency for a Vin=12V,
lo= 20A point of load (POL) converter was discusséthese chapters discussed the new
GaN device characteristics, compared the diffetenhnologies available today, and
discussed the benefits and drawbacks of the GaNeipdevices when compared to Si
devices. Module design techniques to minimizeolsyparasitics were explored to
improve high frequency performance and ceramic dadesigns using Alumina
substrates were considered to improve the thernaalagement in these small, high
density modules. The final demonstration beingia=¥2V, 10=20A 2MHz converter
with an integrated low profile LTCC inductor achiey a power density of 900W/Ana
3x improvement over the state of the art Si bassigads.

In the fifth chapter, high frequency operatiortiod DCX bus converter for IBA's
was considered. First, the impact of frequencgane size was explored, quantifying the
transformer size reduction capabilities of highezqtiencies. At higher switching
frequencies with the utilization of soft switchitwpologies, the transformer winding and
termination loss increase significantly and thendfarmer becomes the major loss
component in the circuit. An improved transformsucture is proposed in this chapter
that can reduce the core loss and volume of thitibaal matrix transformer designs,
while offering reduced winding resistance and |ggkanductance over the traditional
single transformer designs. This is achieved bggrating the matrix transformers into a
single core with flux cancellation. To further pufrequency and power density a
1.6MHz GaN design is explored. The final demorigirabeing a Vin=48V, Vo=12V,

l0=30A, 1.6MHz GaN converter with an improved intgd transformer offering a
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power density of 900W/ih a 100% increase over the state of the art Stetisclesigns

available today.

6.2 Future Work

Future work recommended to build upon the findingghis dissertation is to
push for higher levels of integration. The threeel converter in chapter 2 demonstrated
the benefits of the topology using discrete pacHagevices; with the ability to
monolithically integrate lateral devices, the bénef this topology over the discrete or
co-packaged trench solutions can show further ganthe three level topology. For the
low voltage GaN work, the understanding of the ieh@nd weaknesses of the GaN
devices along with the improvements in packagind #rermal management can be
applied to higher voltage applications to improhe tevel of integration and power
density in areas such as 400V offline applicatiorfsor 48V isolated converters, the
opportunity of further magnetic size reduction iaiflg new high frequency magnetic
materials should be considered. For the isolatesl dbnverter work, the concept of
transformer integration can be applied and exteridddgher voltage and higher current
applications. To further improve transformer periance at high frequency, methods of
interleaving terminations and connection vias tohier reduce conduction loss should be

explored.
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Appendix 1

GaN Analytical Loss Model

To accurately evaluate the impact of the diffeggarasitics on the performance of

the GaN device an analytical loss model must bel@eyad. An accurate model was

proposed for Si devices in [37][38]. For this wotke model was applied to GaN

devices with some modifications. The GaN loss rhadéetailed in this section.

/I)Model the nonlineah / 1) Include the \ [1) Piece-wise linear \

- : e model for different period
parasitic capacitor parasitic inductance Delay Voltage Current
L1e? TS period  risingperiod falling period

gLu ll\\ L /
3 k CosstCod+ Cas d i -
T ar
CI.H-‘;E L Vin Lo i el Vs
0 Crss=Cqd S T 'E Co = " Ids!
CoT as|
s SV

\ / \ / \ 4 1 /

Figure Al.1: Accurate loss model process chart fra [37][38]

To accurately model the increased non-linearitytted GaN capacitance, in
particular the output capacitancegsOmore advanced curve fitting was usedgs 6
represented by a third order polynomial equatiawveuthe relationship for the EPC1015

GaN is:

C,. (V)= 5244010° V. ° - 2220010 WV, * + 1244107 [V, + 0977 (A.1)

The GaN gate to source capacitogs €an still be accurately estimated by a constant

value. The gate to drain capacitoggy,ds represented by a second order polynomial. The

relationship for Gqis:
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Cy (Vy,) = 2881110 V,* ~ 00141V, + 0220 (A.2)

Increasing the number of data points used to mtuelcapacitances is necessary to
model the greater non-linearity of the GaN capacis. The capacitance equations are
derived from an increased number of data pointsgirg OV to 30V in 5V steps.

Figure 3.20 shows the nonlinear capacitors curk@s the EPC1015 datasheet and the

curves obtained from the model.

GaN Capacitance vs Drain to Source Voltage - SR Off State Voltage vs Drain Current
1.4 > 27
C..=C +C o _ |= Datasheet
1_3\‘.“_;_55 Y gs- ‘gd g 4 * o eModel
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Figure A2.2: (a) Nonlinear capacitance comparisobetween the data from datasheet (solid lines) and
data obtained from GaN model (dotted lines) (b) Rearse drain source characteristics from datasheet
(solid lines) and data obtained from GaN model (da¢d lines)

The dead time voltage of the GaN transistor wasvshto have a large impact on
loss earlier in the chapter. To accurately molellbss during the dead time; the source
to drain off state voltage drop was modeled usitigiral order describing function given

by equation 3.16, the dead time loss can be foyndderting 3.16 in equation 3.3:
Vi(l,)= 2[ﬁ6859ﬂ0‘5 0,° - 4060010°0,% +0.0940, +1.40])[ﬂdead .0, (A.3)
The comparison of the loss model and data sheeesdbor off state source to drain

voltage is shown in figure 3.20b. With improveddebng of the capacitances and dead

time loss, the GaN loss model’s accuracy can bedugal.
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To accurately model the loss in a high frequertagh density module, the
modeling of the parasitics is critical to accurad¥ith low loss GaN devices, a greater
majority of the loss is a result of the trace indmces and resistances of the PCB design.
The circuit layouts and devices were simulated gu§iBA analysis to accurately model
the layout and device parasitics. Figure A2.2 shawe parasitics extracted for

generations 1 through 3.

Model Parasitics

CPES Gen 1 CPES Gen 2 CPES Gen 3

24mm
1MHz | L(nH) | R(mQ) 1MHz | L(nH) | R(mQ) 1MHz| L(nH) | R(mQ)
Lyr | 7.90 3.45 Lyr | 6.16 4.47 Lyr | 5.74 2.63
Lyr | 2.85 1.71 Lqyr | 0.58 0.50 Lyr | 0.66 0.37
L.y | 0.30 0.25 L | 0.16 0.2 Ly | 0.12 0.15
Lysr | 8.27 6.01 Losk | 4.61 3.83 Lgsr | 7.53 3.02
Lysr | 1.43 0.65 Lysr | 1.42 1.047 Lasr [ 0.20 0.24
Lese | 2.01 1.21 L | 0.90 1.13 Lisr | 0.49 0.20
Lioop=6.30nH LLoop=2.90nH Loop=1.35nH

(b)

Figure A2.3: (a) Buck converter with parasitics () Parasitics extracted for generations 1 through 3

Having accurately modeled the non-linear capacéanthe third quadrant voltage

drop of the GaN transistor, and accurately idesdifthe parasitics the analytical loss
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model can be applied to estimate switching lossEer the inductances, they can be

simplified to:
Ls =Lg (A.4)
I‘Loop = I‘D = I‘DT + LDS? + LSS? (AS)

L b G L7 SR 3 ¢

Figure A2.4: Timing diagram for ideal switching waweforms

Turn on Period:

(to-t1): Delay period: The transistor is operating utoff region as an open circuit.
When the gate voltage is applied to the gate, wlegates capacitancesygs@nd G, are

in parallel and charged until the gate to sourdéage reaches the threshold voltage. The
parasitic inductances do not influence during gasod because the power stage current
is constant. The equations for this period aremias:

r.=R(C.*C,) (A.6)
VRCEVALE S A7)

(t2-t2): The main transition period: When the devicachees the threshold voltage, the

drain current begins to flow, the transistor opesah the saturation region as a voltage
controlled current source. With a changing draisdurce current, the high frequency

loop and common source inductances experiencegeothtaat impact switching. The

corresponding circuit voltages and currents aresdérin [38]:
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V, (A.8)
STulTe*STetl

V(S =

Where Tm = gfs(LD + Ls)’ TG' = ng RG' TG" = (ng + Cgs)RG * gfs LS

There are two possible solutions for A.8.1df*< 4ts T, the solution is sinusoidal and

given by:

Ve®0=V, -V, -Vm)er{cos(mit J+ wf ~sin et )J (A.9)

Where o 1 e}
ra=2TmT ws _[ G j
TG” TmTG' 2TmTG'

id (t)= gfs (Vgs(t) _Vm): gfswdr _Vth{l - GZ[COS (a)at )+

. (A.10)
warasm (C()at )]]

di, ® JJSin L) A

-t 1
Vds(t) =Vin_(LS+ LD) dt :Vin_ gfs(\/dr _Vth)a)a(LS+ LD)eTa[l +(

Wala
If 152> 41T, the solution is exponential and given by:

Vgs(t) :Vdr - Wdr _Vth)w (A. 12)
7," 7.

Where .- 2(rer') .- 2(rmT G‘)

_ enT,-er T,

Id(t)=gf5@/dr Vl-——— 39
7,7 T.

_ enT, et A.l4

Id(t): gfs&/dr _Vth{l _I-b_z-} ( )
b c

The two different inductances have different intpamn the switching loss during
this period. The high frequency loop inductancg,g.- reduces switching loss during
turn on; in the main transition period, the indudedh frequency loop inductance
reduces the device drain to source voltage anddlithe current rise time by diverting
gate current to the miller capacitance. The themalewaveforms for this case are shown

in figure A2.5, represented by the dashed line$ whe ideal waveforms depicted by
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solid lines. The common source inductancg,increases switching loss during turn on;
the induced common source voltage reduces theatidriving current, slowing the

current rise time, delaying the voltage fallingipdr

Device Turn On

[
I
I
B
I
I
I
I
I
I
I
!
Vps= Vm-L*diLoopldt =
Figure A2.5: Impact of high frequency loop inductarce, L 40, 0N turn on. Ildeal waveforms: Solid
line, Waveforms with parasitic influence: Dashed he

| Device Turn On I | '

|
Vin RG

ONY wy

L,

L

l5=(Var-Ves-Vis)/Rg= L O ! I

Figure A2.6: Impact of common source inductance, ¢, on turn on. ldeal waveforms: Solid line,
Waveforms with parasitic influence: Dashed line

(t-t3): The main transition period ends when the curreaches the inductor current or
the voltage reaches zero. If the drain to soualtage reaches zero before the current

reaches the inductor current, the gate to sourltageand drain current can be given by:

_[\, _ __Ls = (A.15)
Vgs(t) (Vdr V957Mn LD + LSVinJ(l erej Vgsin"ain

. . Vi (A.16)
Id (t) I d_main LD + Lst

Where ; -R(c.+C.) Ves_manlis the gate-source voltage at the end of the main

transition period, and; Inainis the drain current at the end of main transipenod. This

period ends when the current reaches the induatoert.
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After the current reaches the inductor currentcilmeent begins to ring. The ringing loss
can be given by A.17, a detailed derivation is fbun[38].

Ering_turnon =Vin er B;Qos_botvin (Al?)

Turn off Period:
The beginning of the turn off period begins witle flalling of the gate to source voltage,

which can be given by:

V.=V er_Tt-u (A.18)

The period ends when the plateau voltage is reaah&dl9 and the turn off switching

transition begins:

Vgs(t) :Vth+ é(’ (Alg)

(ts-ts): Drain to source voltage rising period. Whea tfate voltage reaches the plateau
voltage, the drain voltage will rise. With no clgarin drain current during this period the
parasitic inductances have no influence, this jpeeiods when the drain to source voltage

reaches the input voltage, Vin.

gfsvlh+ I o

, (t):H (A.20)
Vee +gf5RG ngt

(ts-t): Drain current falling period. When the dratndource voltage reaches the input
voltage, the drain current will begin to fall, thperiod ends when the drain current
reaches zero. The switch voltages and currentgiaee by:

The sinusoidal solutions occur whag < 4t Tp,.

_|
V(=] =2
[9

v, e coslat} s o @2

W,

fs
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(0= (g AVASS O)ei[cos(a)at )+ T sin (aAt )]- g.V. (A.22)
- 1 )] A.23
Ve =Vm+(9fst+Io)aA(Ls’fLD)era 1+[ j sin (wat) ( )
CWala
The exponential solutions occur when?> 4tg Tm.
|1, enr,-enr. (A.24)
O=-"+Vy|—— -
VQS [gfs V Tb_Tc
id(t) = (ngVth+ .11 eTbTb_enTc} ngVth (A25)
I,7T.
er.-er.
Ve® =V, +lg. Vo 1 JLe* L) (A.26)

Tb_Tc

The two different inductances negatively impact shdtching loss during this period.
The high frequency loop inductance,ds, increases switching loss during turn on; in the
current falling period, the induced high frequeogp inductance increases the device
drain to source voltage and limits the current fale by diverting gate current to the
miller capacitance. The theoretical waveformstfos case are shown in figure A2.5,

represented by the dashed lines with the ideal fwaws depicted by solid lines.

Device Turn Off )
raT T i
LL I
oop |
CG |
Re = :
V() |
in CG :
AL
L
l\
1

Vps= Vi+L*dioop/dE
Figure A2.7: Impact of high frequency loop inductarce, L ,qp, 0N turn off. Ideal waveforms: Solid
line, Waveforms with parasitic influence: Dashed he
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The common source inductance, increases switching loss during turn on; the asdu

common source voltage reduces the available drigingent, slowing the current fall
time, delaying the voltage falling period. The atge impact from both parasitic
inductances during the turn off period results ilarger turn off loss for a synchronous

buck converter.

I Device Turn Off I

Ig=(-Vas*Vis)IRy
Figure A2.8: Impact of common source inductance, &, on turn off. Ideal waveforms: Solid line,
Waveforms with parasitic influence: Dashed line

After the current reaches zero the voltage consinoeing, the loss during this period is
given by:

A.27
| :%QVpeak (V peak ~2 Vin) +%Q\/invin ( )

Where Vpeak is reached at the end of the drairenurfalling period when the current
reaches zero.

The verification of the loss model is confirmedcimapter 3 and this model is used
to evaluate the loss for various parasitics andop®er loss breakdowns on the various
designs in this dissertation. For the high freqyethesigns, accurate parasitic extraction

is critical and discussed in detail in chapter 4.
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