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Abstract

Research on power electronics has significantly grown, mainly due to
worldwide interest in sustainable energy and electrification of traction
systems. Moreover, as energy transport and conversion systems evolve
and advance, power electronics becomes also more complex. Hence,
although power converters based on Silicon (Si) present a good bal-
ance between performance and cost, along with high reliability and
maturity, the limits in terms of power density, operation temperature,
and switching frequency of Si power devices are close to being reached.
Then, advanced power converter topologies and new semiconductors,
especially based on Wide-bandgap (WBG) materials, tend to develop
higher efficiency and higher power density solutions. Regarding WBG
devices, Silicon Carbide (SiC) and Gallium Nitride (GaN) are the most
promising power switches due to a higher switching frequency capability
than Si-based devices, among other benefits.

Advantages of using WBG devices on current applications are
mainly focused on the development of high-frequency power converters,
reducing the size and improving the efficiency. While SiC devices have
already been put into practice for high power applications, the trend of
GaN devices has been moved from radio frequency power amplifiers and
microwave solutions to power applications with higher voltage require-
ments (>200V) in recent years. The interest of GaN-based transistors
is mainly associated with the high electron mobility layer, also known
as the two-dimensional electron gas (2DEG). This structure provides a
low condition losses and high-switching capability.

However, GaN devices present specific challenges related to their im-
plementation on power electronics. Differential characteristics related
to conduction, high-switching speed capability, gate requirements, and
thermal cooling are some of the main design challenges. Therefore, spe-



cial attention must be devoted to these design considerations in order
to take full advantage of GaN semiconductors. Besides, there is a need
to establish the benefits and limitations of these power devices. It is
expected that GaN will be primarily a potential alternative for medium
power solutions (in the 200-600 V range), medium/high frequency and
particularly in medium/high-end applications. The main objective of
this thesis is to answer questions regarding the use of GalN devices
and define optimal design considerations. Hence, the thesis presents
a comprehensive analysis of differential characteristics, that define the
design considerations and challenges. Minimum dead-time and gate
driver requirements are defined. Gate driver is designed to achieve high
switching speed but without exceeding gate limitations of GaN devices.
Afterwards, the thermal limits of current GaN devices are evaluated.
An analysis based on the use of heat-spreading materials and paral-
lelization of various devices is presented, increasing the thermal cooling
capability. In addition, detailed analysis of hard- and soft-switching
operation, is included, defining the most suitable operation modes. Be-
sides, the converter performance is evaluated and experimentally vali-
dated, analyzing the impact of working with high-switching frequency.
This analysis includes single-cell and multi-cell topologies, defining the
sustainability of implementing then with GaN devices. The study car-
ried out in this thesis is organized into six different chapters, evaluating
from differential characteristics and challenges of GaN devices, until its
benefits and limitations on developing GaN-based power converters.
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Resumen

Debido al reciente interés en las energias renovables y la electrificacién
de los medios de transporte, la relevancia de los sistemas de conversion
ha incrementado en los iltimos anos. La mayoria de los convertidores de
potencia construidos hasta la fecha estdan basados en silicio (Si) presen-
tando unas buenas prestaciones en cuanto a rendimiento y coste, junto
con una alta fiabilidad debido a la madurez de la tecnologia. No ob-
stante, a medida que estas aplicaciones evolucionan y avanzan, la elec-
trénica de potencia se vuelve mas compleja y los limites en términos de
densidad de potencia, temperatura de operacion y frecuencia de trabajo
del Si estan a punto de ser alcanzados. Por lo tanto, es necesario el de-
sarrollo de nuevos convertidores de potencia y nuevos semiconductores
basados en materiales novedosos, como los de banda ancha prohibida
(WBG), para desarrollar soluciones de una mayor eficiencia y densidad
de potencia. En el contexto de semiconductores WBG, el carburo de
silicio (SiC) y el nitruro de galio (GaN) se sitian actualmente cémo los
materiales mas prometedores, siendo capaces de trabajar a una mayor
frecuencia entre otros beneficios. Las ventajas de trabajar con semi-
conductores WBG resulta en aplicaciones que son capaces de trabajar
a mayores frecuencias de conmutacion, reduciendo el tamafio y mante-
niendo altas eficiencias. Mientras que ya se han demostrado algunos de
los beneficios de implementar SiC en aplicaciones de media-alta poten-
cia, la aplicaciéon del GaN comenzé a darse en amplificadores de radio
frecuencia y soluciones microondas. Recientemente se estd empezando
a implementar en electrénica de potencia. Uno de los mayores intereses
del GaN esté relacionado con su canal de alta movilidad, también cono-
cido como gas bidimensional de electrones (2DEG). Las caracteristicas
de este canal permiten reducir las pérdidas tanto en conduccién como
en conmutacion.



Sin embargo, el uso de los componentes de GalN en electronica de
potencia supone unos retos. La mayoria de estos estan relacionados con
las caracteristicas diferenciales de estos componentes, en comparacién
con los dispositivos de Si. La alta velocidad de conmutacién, los requer-
imientos por puerta y la disipacion de las pérdidas serian unos de los
mayores retos a la hora de disenar convertidores basados en GaN. Al
tratarse de una tecnologia novedosa, existe la necesidad de establecer
los beneficios y limitaciones de esta. Se espera que el GaN se convierta
en una solucién alternativa para las aplicaciones de media potencia,
media/alta frecuencia y aplicaciones de altas prestaciones.

Con todo esto, el objetivo principal de esta tesis es responder a las in-
cégnitas relacionadas al uso de los semiconductores de GalN, definiendo
para ello las consideraciones de diseno a tener en cuenta. En este tra-
bajo se presenta por lo tanto un anélisis exhaustivo de las caracteristicas
de los semiconductores basados en GaN, se definen los retos y se pro-
ponen soluciones para aprovechar al maximo estos dispositivos. Entre
otras cosas, se define el tiempo muerto minimo y el diseno del ataque
de puerta sin exceder los limites del dispositivo. Se evaltian también
los limites térmicos de la tecnologia. Para ello, se analiza el uso de
materiales de alta conductividad térmica, mejorando asi la capacidad
de disipacién térmica de los componentes de GaN. Se realiza también
una evaluacion detallada de los semiconductores en diferentes modos
de operacién. Se analiza la distribucién de pérdidas trabajando en con-
mutaciéon dura, es decir contemplando tanto perdidas de conmutacion
en el encendido como en el apagado. Asimismo, se considera un sistema
operando con conmutaciones dulces, es decir sin perdidas de encendido.
Gracias a este andlisis se definen los modos de operacién 6ptimos de los
convertidores basados en GaN.

Ademas del analisis detallado del rendimiento de los semiconduc-
tores, también se realiza un andlisis a nivel convertidor. Para ello se de-
fine un método de optimizacién que determina el disefio é6ptimo en base
a la eficiencia y densidad de potencia del sistema completo. Una vez se
define la metodologia de analisis, esta se aplica a diferentes topologias
con el fin de definir la potencialidad del GaN en convertidores con una
sola celda y multicelda. Este andlisis es validado experimentalmente.
El estudio que se realiza en este trabajo se presenta en seis diferentes
capitulos en los que se evalian desde las caracteristicas diferenciales y
retos del GaN, hasta su aplicabilidad en la electrénica de potencia.



Resume

A cuenta del interés reciente nes enerxies renovables y la lletrificacién
de los medios de tresporte, la importancia de los sistemes de conversiéon
medro nos anos ultimos. La mayoria de los convertidores de potencia fe-
chos hasta la fecha tédn basaos en siliciu (Si). Los convertidores basaos en
Si presenten unes prestaciones bones en cuantes a rendimientu y costu,
xunto con una fiabilidd alto pola madurez de la tecnoloxia. Sicasi, a
midida qu’estes aplicaciones evolucionen y van alantre, la electrénica de
potencia vuélvese mas complexo y los llimites en términos de densida de
potencia, temperatura d’operacién y frecuencia de trabayu del Si tdn a
piques de ser algamaos. Poro, fai falta’l desendolcu de convertidores de
potencia nuevos y semiconductores nuevos basaos en materiales nuevos,
como los de banda ancho prohibio (WBG), pa desarrollar soluciones
d’una eficiencia mayor y densida de potencia. Nel contestu de semicon-
ductores WBG, el carburu de siliciu (SiC) y el nitruru de galiu (GaN)
afitense anguafio como los materiales mas prometedores, siendo quien
a trabayar a una frecuencia mayor ente otros beneficios. Les ventayes
de trabayar con semiconductores WBG resulta n’aplicaciones que son
quien a trabayar a mayores frecuencies de conmutacién, aminorgando’l
tamanu y manteniendo eficiencies altes. Mentes que ya se demostraren
dalgunos de los beneficios d’implementar SiC n’aplicaciones de poten-
cia media-alto, 'aplicacion del GaN empez6 a dase na microondas y
dende va poco ta empezando a implementase n’electrénica de poten-
cia. Un de los intereses mayores del GaN ta rellaciondu cola so canal
de movilid4 alto, tamién conocida como gas bidimensional d’electrones
(2DEG). Les caracteristiques d’esta canal permiten baxar les pérdides
mesmo en conduccién qu’en conmutacion.

Sin embargu, 'usu de los componentes de GaN n’electrénica de po-
tencia sup6n unos retos. La mayoria tan rellacionaos coles caracteris-



tiques diferenciales d’estos componentes, en comparanza colos dispos-
itivos de Si. L’alta velocidd de conmutacion, los requerimientos per
puerta y la disipacion de les pérdides sedrien unos de los retos may-
ores a la hora de disenar convertidores basaos en GaN. Al tratase d’una
tecnoloxia novedosa, existe la necesidd d’afitar los beneficios y llimita-
ciones d’esta. Espérase que’l GaN se vuelva una solucién alternativa pa
les aplicaciones de media potencia, media/alta frecuencia y aplicaciones
de prestaciones altes.

Con too esto, I'oxetivu principales d’esta tesis ye responder a les in-
cognites rellacionaes al usu de los semiconductores de GaN, definiendo
pa ello les consideraciones de disenu a tener en cuenta. Nesti trabayu
preséntase polo tanto un andlisis al detalle de les caracteristiques de
los semiconductores basaos en GaN, definense los retos y propénense
soluciones p’aprovechar al maximu estos dispositivos. Ente otres coses,
definese’l tiempu muertu minimu y el disenu del ataque de puerta ensin
pasar los llimites del dispositivu. Evaltiense tamién los llimites técnicos
de la tecnoloxia. Pa ello, analizase 1'usu de materiales de conductivida
térmica alto, ameyorando asina la capacida de disipaciéon térmica de
los componentes de GaN. Faise tamién una evaluacon detallada de los
semiconductores en maneres estremaes d’operacién. Analizase la dis-
tribuciéon de pérdides trabayando en conmutaciéon duro, ye dicir, con-
templando mesmo les pérdides de prendiu que d’apagiu. Asinamesmo,
considérase un sistema operando con conmutaciones dulces, ye dicir,
ensin pérdides de prendiu. Gracies a esti andlisis definense les maneres
optimes d’operacién de los convertidores basaos en GaN.

Amaés del anéilisis detalldu del rendimientu de los semiconductores,
tamién se fai un andlisis a nivel convertidor. Pa ello definese un mé-
todu d’optimizacién que marca’l disenu 6ptimu en base a la eficiencia
y densida de potencia del sistema completu. Una y buena se define la
metodoloxia d’anélisis, esta aplicase a topoloxies diferentes cola fin de
definir la potencialdid del GaN en convertidores con una celda sola y
multicelda. Esti andlisis ye validdu de forma esperimental. L’estudiu
que se fai nesti trabayu preséntase en seis capitulos estremaos nos que
s’evaliien dende les caracteristiques diferenciales y retos del GaN, hasta
la so aplicabilida na electréonica de potencia.
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Chapter 1

Introduction: From
Silicon to Wideband-Gap
Materials

OWER ELECTRONICS plays a key role in the evolution and ad-
Pvances of many different applications. Besides, Power electronics
has been evolved, making significant contributions on the recent tech-
nological growth. For example, the electrification of traction systems
or the generation-storage-distribution cycle of the electric energy are
carried out by power electronic converters. The main objective of these
converters is to transform the energy into useful electricity. Besides,
with increasingly worldwide interest in sustainable energy with reduced
impact on environment the research related to improve power electron-
ics performance has significantly grown. Moreover, the energy con-
sumption in electrical form results on lower environmental pollution [1].
However, from generation to end-user application, conversion of energy
results on power losses.

Therefore, the trend of power converters development calls for higher
efficiency, higher power density, and higher reliability, all while provid-
ing a lower overall system cost [2]. On the one hand, a great contribu-
tion of these goals will be made by advanced power converter topologies,
which enables the extension of the operation frequency range, and thus,
increases power density. It is a well-known fact that the increase of
operation frequency usually reduces the volume of magnetic elements,
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something already put into practice in low-power applications thanks to
the availability of fast and efficient semiconductors. Otherwise, this fact
is becoming a reality in high-power applications due to new Wideband-
Gap (WBG) semiconductors with better performance [3-5] and the de-
velopment of new magnetic materials with higher magnetic saturation
and lower loss densities [6]. Therefore, the development of converters
based-on new materials will be essential for near future developments.

In this context, this first chapter presents the current state and
future trends of power electronics. Then, with the aim of improving
power conversion systems based on new semiconductor materials, the
motivation and main objectives of this work are summarized. Finally,
the outline of the thesis is introduced, highlighting the most relevant
content of each chapter.

1.1 The Global Picture

Power electronics appears in most of the fields of our life, as it is depicted
in Figure 1.1. Beginning with consumer electronics, power electronics
can be found in power appliances, such as induction cooking, personal
computers, battery chargers, etc. Regarding industry, almost all the
motors employed are controlled by power drives. Moreover, renewable
energy generation systems require from power electronics, in order to
adapt the energy into usable electricity. The produced renewable energy
grows in last decade, up to 18% of the total generated energy [7].

Furthermore, referring to electro-mobility, remarkable advances
have been achieved in recent years. However, the number electric vehi-
cles is far from representing, being less than 1% of the market share [8].
There are still some technological barriers, such as limited driving range
or long battery charging times, that limit the competitiveness of these
solutions [9]. The development of even higher energy density batter-
ies [10] and innovative solutions for battery charging systems [9, 11],
are some of current ongoing research topics, so as to accelerate the
transition from traditional combustion vehicles to electric mobility.

Thus, the rapid growth of applications requires from more efficient,
compact and cost effective Switching Mode Power Supplies (SMPS)
[12,13]. In this section, the evolution of power converters and the per-
formance of semiconductors is described, defining the trend of power
electronics in recent years.
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Industry

Automotive & Traction

Electronics
Utility

Figure 1.1: Power electronics irruption on last decades.

1.1.1 Power converters evolution

The performance of power converters is mainly associated to power
losses, weight, volume, cost or failure rate. Analyzing the evolution
of commercial SMPS, there is a clear tendency on continuous improv-
ing power converter overall performance [14]. Considering Photovoltaic
(PV) inverters for residential applications, the produced power losses
are reduced by a factor of 2 every 10 years as it is presented in [15].
Moreover, regarding the cost evolution of power systems in automotive
and traction, an overall cost reduction of 10% per year is expected [8].
In addition, the size of power supplies has also been reduced by a factor
of 10 every 20 years [15,16].

The enhancement of power electronic converters is mainly enabled
by the performance improvement of power electronic components. The
power electronics converters evolution demonstrates that semiconduc-
tors led this change [15]. In addition, new power converter topologies
are also improving power converters performance, achieving ultra-high
efficiencies [17,18]. However, many novel topologies are based on stan-
dard topologies, but with higher system complexity.
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1.1.2 Performance of semiconductors

Power switching devices based on Sillicon (Si) have dominated the mar-
ket of SMPS in the last decades. The main reasons are a good balance
between performance and cost and a high reliability and maturity of
the Si technology. Nevertheless, Si shows some limitations related to
its operating temperature, voltage blocking capability and switching fre-
quency. Consequently, there is a need to develop new generation power
semiconductors in order to overcome limitations of Si technology. The
use of WBG power switches promises to break current Si-based switches
performance limits [4,5,19]. In addition, the interest of industry and
academia in new semiconductors based on WBG materials has con-
siderable increased in the last decade, especially for high-performance
converters or in applications with strict requirements.

In this context, WBG materials, such as Sillicon Carbide (SiC),
Gallium Nitride (GaN) or diamond show superior properties [3]. SiC
and GaN are currently the two most promising WBG devices, mainly
due to current availability and development stage of semiconductors [4].
Figure 1.2 shows a comparison of material properties. The main benefits
of these characteristics applied to power devices in comparison with Si-
based counterparts are summarized below:

1000

Band Gap

Thermal (V)

Conductivity
(W/cm-oC) 2

100

Breakdown Si Limit

field strength
35 (MV/cm)

( mQ- mni)

s

1.5,
Saturated 2
electron speed \

(10" cm/s) PR

A,

SiC Limit

Rgoon

GaN Limit

- Alitv 0.1
lectron movility 10 100 1000

(10%em? /V's) Break-down voltage (V)

(a) (b)

Figure 1.2: Comparison of Si, SiC and GaN material properties: (a)
generic characteristics comparison and (b) conduction resistance Rqs on per
area Ae.

» Thermal conductivity. WBG semiconductors present higher ther-
mal conductivity and a higher melting point, with the exception
of GaN. These properties involve a higher temperature operation
levels keeping electrical characteristics with a slightly variation of
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forward reverse characteristics. Hence, SiC devices are suitable
for extreme conditions where Si based converters cannot work.

» FElectric field and energy gap. Higher electric field and a higher
energy gap of WBG semiconductors results on higher breakdown
voltage and a higher doping level. Thus, a thinner material is
needed to achieve the same blocking voltage as blocked by Si.
Then, it produces lower conduction losses because of the reduction
of the on-resistance [see Figure 1.2(b)].

» Saturation electron drift velocity. These devices can operate at
higher switching frequency with lower switching losses.

Then, WBG allows to operate at high-switching frequency, high-
voltage and high-temperature, improving the performance of conver-
sion systems. Consequently, these materials are game-changing power
electronics. Figure 1.3 shows a general view of the map of application
os each technology [20,21], considering already published devices. Si

1M

Devices

100
10k 100k 1M

Frequency (Hz)

Figure 1.3: Power versus frequency map of current power switches tech-
nologies application.

devices (IGCT, IGBT, MOSFET, Sujer-Junction) are used for differ-
ent power and frequency ranges limited by Si physical limits, as it is
depicted in Figure 1.3 with dashed lines. However, SiC semiconductors
are expected to cover high-voltage (>650V) applications owing to the
availability of good quality bulk substrates and good thermal properties
of the material [4]. SiC semiconductors have already been demonstrated
to improve the performance of power converters at medium-high voltage
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range [22-26]. It has been demonstrated that for railway applications,
the use of SiC devices achieves a total size reduction of the 30% [25].

On the contrary, experts do not expect that GaN devices will be
so competitive in high-power/high-voltage levels [4, 20, 21]. Although
GaN material high-frequency and high-voltage characteristics, the lack
of good quality bulk substrates limits the blocking voltage. Moreover,
it is attributable to the lateral structure of current available devices
and packaging techniques [27], among other characteristics. The lat-
eral structure ensures a low conduction resistance R4s on but limits the
breakdown voltage capability of current devices [28]. The implementa-
tion of a GaN based devices on a vertical structure will result on a better
blocking voltage capability [28,29], but it is in a too early development
stage and it will not be analyzed in this work.

Therefore, current available GaN devices are presented as competi-
tive a solution to overcome the Si limits in low (<200V) and medium-
high voltage (<650V) applications. There has been an increasing in-
dustrial interest in GaN devices in the last decade [20,30,31]. Further-
more, GaN technology has been improving fast, primarily because of
light-emitting diodes manufacturing, and now due to the development
of power semiconductors [31].

1.2 GaN Devices in Power Electronics

The trend of GaN devices implementation has been move from mi-
crowave solutions [32,33] to power applications with higher voltage re-
quirements (> 200V). As is depicted in Figure 1.4, GaN devices with
a higher breakdown voltage than 200V were not available until re-
cent years. International Rectifier (IR) announced the first commercial
GaN-on-Si power device in 2010 with a breakdown voltage of 7 - 13.2V
and an output current of 30 A [34]. This announcement was quickly
followed by EPC (200V/12A) [35]. Currently, there are more than
ten semiconductors companies providing GaN power devices, as a re-
sult of a great research. The research has been focused mainly on the
development of the GaN-on-Si transistor.

As the GaN based devices for power conversion applications is sig-
nificantly growing, the manufacturers of these devices are anticipating
changes, in order to dominate GaN power devices market. This can be
seen in recent news and projects of those industrial companies.
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2010 2016
First GaN Power Navitas announces
device by IR GaN IC

VisIC releases first

EPC launch
20-200V devices

Transphorm
announce 600V
GaN on SiC

Figure 1.4: Milestones in GaN power electronics development since in
2010 the first GaN power device was announced.

» The acquisition of IR by Infineon (January 2015) [36].

» The license agreements between Infineon and Panasonic (March
2015) [37].

» The license agreements between Transphorm and Furukewa (May
2014) [38].

» The will of several firms to move onto the mass production stage
(Transphorm/ Fujitsu) [39].

» More than 1,960 worldwide patented inventions related to GalN
for power electronic applications up to April 2015 and more than
200 patent applicants [40].

» Infineon impulse European projects: HipoSwitch [41], PowerBase
(2015-2018) [42] and UltimateGaN (2019-2022) [43].

» Analog Devices Acquires Linear Technology (March 2017).

Furthermore, GaN high-switching capability supposes design chal-
lenges, such as the reduction of stray inductance [44], among others.
Most of current GaN devices are available with a low stray inductance
package [20]. Otherwise, the use of these optimized and small pack-
ages can be a challenge when designing the cooling system. Therefore,
some of the most challenging design aspects when implementing GaN
devices are listed below. Moreover, an overview of ongoing academy
research and potential applications of current GaN semiconductors are
presented.



CHAPTER 1. INTRODUCTION: FROM SILICON TO
WIDEBAND-GAP MATERIALS

1.2.1 Main challenges

Due to the particularities GaN devices, it is important to identify the
specific challenges of designing GaN based power converters. Although
there are many aspects to consider in the design of a GaN based power
converter, this work summarizes the most relevant ones that affect to
the design of GaN-based power converters. These design challenges are
focused on differential characteristics of GaN in comparison with more
commonly used Si semiconductors.

Gate characteristics

The gate driver is the circuit that is connected to the gate of the semi-
conductor in order to control its turn-on/turn-off. There are many
commercially available gate driver boards for Si devices but almost all
of them are not suitable for GaN due to unique characteristics of the
gate [45,46]. For that reason, it is relevant to identify the needs of GaN
so as to control it in an optimal way.

Reverse conduction

Although GaN transistors perform significantly better by most metrics
compared to their silicon equivalents, the “body diode” forward voltage
is higher than for Si counterpart and can be a major contributor to
power losses during dead-time. For this reason, it is very important to
choose a right value of dead-time so that looses could be minimized [47].
Therefore, the high self-commutated reverse conduction losses have to
be considered since it can be a major factor in a GaN-based power
converter design, depending on the reverse conduction period.

Dynamic Rgs on

Dynamic Rgson, also known as “current collapse”, is a phenomenon
whereby the drain current decreases as a consequence of electron trap-
ping at surface states near the gate edge. Those electrons are trapped
due to the unevenly distributed electric field causing a reduction of con-
duction channel density after the device turns-on. In addition, there is
an undesirable memory effect caused by the polarization of the het-
erojunction [27]. That effect increases proportionally to the blocking
voltage, as has been demonstrated in [48,49]. Additionally, the “hot

8
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electron effect” from switching causes more electron trapping, pene-
trating deeper traps at impurities in lower layers and causing long-term
degradation [48].

Indeed, GaN manufacturers such as FPC, Panasonic, Transphorm
and Infineon have announced that they are working on reducing the
effect of this issue [31,50]. However, it is important to be aware that this
issue still exists even if it has been significantly reduced. It mainly has
some effect on modeling and losses analysis at MHz switching range [49].

High di/dt and dv/dt effects

The very short switching time for GaN devices results on high di/d¢ and
dv/dt that have to be considered, due to the induced voltage. These
induced voltages can generate an overvoltage that will lead to a dielec-
tric breakdown if the rated output voltage or the rated gate voltage is
exceeded [27]. Therefore, as a result of the high-frequency operation
of GaN based power converters, the layout has to be carefully consid-
ered reducing every loop formed by the layout connections [51]. Since
the common source inductance of the package is reduced by the novel
packaging technologies, the dominating parasitic is the commutation in-
ductance of the Printed Circuit Board (PCB) layout. Hence, the layout
of the converter determines the performance of the overall conversion
systems.

In [52], parasitic inductances and capacitors influence is analyzed
for a GaN based half-bridge module. Some layout recommendations
are also included in [51] and the effects of PCB layout in GaN based
power converters are analyzed in [44]. The results of these layouts
are experimentally analyzed achieving reduced layout stray inductances
(<2nH) .

Thermal cooling

The thermal conduction and dissipation of these devices are key features
in order to obtain their electrical advantages and ensure long lifetime.
Furthermore, cooling down GalN devices is a challenging task due to
the small area of the heat source [53]. The package and the thermal
pad of these switching devices are relatively small, being challenging
to extract all the heat from devices without exceeding the maximum
junction temperature in high-power applications [54].
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Therefore, specially attention must be devoted in the design of the
cooling system in order to take full-advantage of these devices benefits.

1.2.2 Academy research

Figure 1.5 presents some of the most relevant GaN-based power con-
verter prototypes found in the literature. These converters are classified
considering the operation mode and the number of devices. When an-
alyzing the implementation trends of GaN devices, two tendencies are
identified. On the one hand, soft-switching operation mode is used to
work at high-switching frequency (200kHz - 1 MHz) for output power
levels around 2kW. Topologies with soft-switching capability such as
Dual Active Bridge (DAB) [55], LLC resonant dc-dc [56], Totem-pole
[57] or full-bridge [58] are selected to achieve high-frequency. This work-
ing conditions reduce the power converter overall size as in [56,59,60],
achieving high power density (>5kW/1).

10k} ¢ Ohio/ Li o
-~ Virginia Tech / S
S
Z
o} @ Transphorm / Wang
g QTransphorm / Wu
5 @SDU / Ramachandran
= IR-+Infineon / Persson Ohio / Guo
) Fraunhofer ISE / Derix @ [¢) OETH / Kolar
2 ®  CE+T / Bomboir
3 Virginia Tech / Lai
o
1k | QVT+HRL / Xue
10k 100k 1M
Switching frequency (Hz)

Figure 1.5: Power vs. frequency map of GaN-based power converter pro-
totypes proposed in literature.

On the other hand, for the implementation of GaN devices on
higher power applications (> 2 kW), multiple devices connected in paral-
lel [61,62] or various interleaved converters [59,60,63-65] are used, most
of them in soft-switching operation. Although multiple devices and
soft-switching mode are the most common operation conditions, [66]
presents a compact inverter based on a single GaN device and a hard-
switching operation mode. However, the dead-time selection ensures
soft-switching operation mode, reducing power losses at full-load con-
ditions.

10
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Regarding high-efficiency and high-power density converters, in
September 2014 Google and IFEFE launched the "Little Box Challenge"
(LBC). This was a worldwide competition to build the world smallest
2kW single-phase solar-inverter in order to push the forefront of power
density in today’s converter systems further [67]. Analyzing the con-
verters of the finalist, 73% of the converters were based on GaN devices
achieving outstanding efficiencies with a reduced size [67]. The winner
power converter (CE+T) was also based on GaN devices, achieving a
high efficiency (>97%) in a compact size (8.85 kW/1) [68].

The presented works help to identify some of the potential appli-
cations of GaN devices. However, even if the prototypes presents two
tendencies for the implementation of GaN devices, the impact on the
power converter performance of using GaN devices for power electronics
is not clear.

1.2.3 Potential applications

The benefits of using WBG devices has already been proven in auto-
motive converters [55,69]. Furthermore, high efficiencies are achieved
in applications, such as induction power transfer systems [70] or photo-
voltaic applications [71].

The next stage in the development of GaN based power converters
will be the consolidation of this technology as a final solution. Indeed,
the application is not defined yet, but there is a high expectation for
the implementation of GaN in many applications. Considering that
GaN is still under development, there are not many commercialized ap-
plications based on GaN semiconductors found in the literature. Fur-
thermore, the low availability and especially the high cost and reliabil-
ity concerns of these components in comparison with its counterparts
make difficult the inclusion in the actual market [72]. The applica-
tion diversity will vary depending on the future evolution of GaN de-
vices. Currently it will be difficult to incorporate GaN devices into
wind energy and rail traction applications [30]. It is expected that GaN
will be primarily a potential alternative for medium power solutions
(in the 200-600V range), medium/high frequency and particularly in
medium/high-end applications [20]. Therefore, until the cost of GaN
semiconductors decreases and reliability concerns improve, the range of
potential applications is defined for medium/high-end applications [72].

In addition, recent works have shown benefits of using GaN on three
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main sectors of these application ranges: consumer electronics, small
dc/dc, wireless chargers, Power Factor Correction (PFC) and power
supplies; power generation, PV inverters and micro-inverters, and trans-
port, Plug-in Hybrid Electric Vehicles/Electric Vehicle (PHEV/EV).
Hence, different application areas where GaN devices will improve
power converters performance beyond state of the art solutions. Three
main application areas are identified: consumer electronics, power gen-
eration and transport.

Consumer Electronics

For instance, CORSAIR (supplier of high-performance PCs products
for the gaming community) establishes a new class of ac/dc GaN
(Transphorm) based Power Supply Unit (PSU). By the use of a bridge-
less totem-pole PFC, the company has achieved an efficiency of 99%.
According to designers: ’GaN increases the PSU’s characteristics com-
pared with its Si Super-junction equivalent MOSFET’ [73]. The power
output is increased by 6.5% in an 11% smaller package, all this at the
same temperature value [73].

In addition, Navitas Semiconductor has announced that GaN Fast™
power devices enable the ‘Mu One’. An universal 45 W power adapter
with an unprecedented ultra-slim profile [74]. Therefore, the potential-
ity of GaN for consumer electronics has already been demonstrated.

@@ Navitas My~ ONE

(a) (b)
Figure 1.6: GaN based commercial solutions: (a) CORSAIR‘s new
AX1600i power supply unit PSU with 1600 W [73] and (b) a GaN 45W

power adapter with an unprecedented 14 mm ultra-slim profile by Navi-
tas [74].

12
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Power Generation

Renewable energy sources, including hydro-power, wind power, PV,
etc., are increasing in the global electricity generation share. Among
those, especially PV energy has been in the focus of many countries,
such as China or India, resulting in a steep rise in the numbers of instal-
lations [75]. Furthermore, the recent advance in WBG semiconductors
is showing a great impact on the PV converters. These conversion
systems are mainly influenced by the efficiency and the power density,
bearing in mind the cost [76]. That is why WBG semiconductors ap-
pears as an attractive alternative to current Si-based PV inverters. In
addition, there are several research works in the literature showing the
advantages of GaN [77-80] and SiC [81] based PV inverters.

There are already some companies developing WBG-based solar in-
verters that will be available soon. Solar inverter manufacturers claimed
to different WBG devices. Some of them like Mitsubishi and Omron
have recently show PV inverter prototypes based on SiC [82]. Oth-
erwise, Yaskawa announced the first GaN based power inverter [83].
Although SiC is currently in a more mature stage; GaN could displace
SiC as a result of a better price expectation [83].

Besides, there is an increasingly interest on developing PV micro-
inverters and module-integrated converters based on GaN semiconduc-
tors [84-86].

Transport

The current electrical powertrains for transport applications are being
served by Si based IGBTs. Nevertheless, it is expected that 1200V
and 1700V will be the most commonly used voltage levels [87], open-
ing the possibility to use SiC devices. In addition, it is expected that
PHEV/EV will be a key application for GaN market [20,30,87], in spite
of the limited blocking voltage capability of current available GaN de-
vices. For that purpose, there is a need to establish the efficiency im-
provements and reliability concerns of actual GaN devices. Although
there are wide different transport applications, PHEV/EV will be the
most potential one as it is analyzed in [87].

The implementation of power converters based on this kind of semi-
conductors will lead to following benefits [72]:

» The development of high-frequency chargers, reducing the size
and improving the efficiency by the use of GaN and SiC devices
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» The development high-efficiency and small-size power converters.
As a result of better performance offered by SiC devices, electric
or hybrid powertrains for cars, aircrafts, ships, buses, etc. will
be implemented soon. Instead, it is not expected to use GaN for
that area until devices with higher blocking voltage capability are
developed.

In addition, with the ground breaking progress indicated by recent
success in passing JEDEC qualification of 600V rated GaN transis-
tors [89], reliability can now be assessed to justify the suitability of GaN
for the stringent automotive applications. Besides, DELTA has devel-
oped a high-efficiency and compact GaN-based 3.3 kW charger with an
efficiency better than 95% and a reduction of the volume by 30% [90].

Thus, the advantages of the future of using GaN and SiC on trans-
portation electrification systems are clear. That is why several car
manufactures have already been making researches in order to make
their mind between GaN and SiC technology.

Japanese automakers are currently using a variety of substrate ma-
terials, including SiC, to work on power models in the 1200 V and may
be pushing beyond it. For example, Nissan claimed to have developed
world’s first inverter using SiC diode for vehicle use in September 2008,
and implemented in the XTRAIL FCV (Fuel cell Vehicle). Mitsubishi
is actively pursuing SiC technology research and development for their
PHEV/EVs, and Honda/ ROHM appears poised to bring a SiC power
module to the market. These automakers are currently using a variety
of substrate materials, including SiC, to work on power modules in the
1200V range and may be pushing beyond it [72].

Nevertheless, other companies such as Toyota or Ford are pursuing
GaN as an alternative to Si. It is possible, though no evidence was
found to confirm, that Toyota is developing a breakthrough technology
which would allow cost-competitive production of GaN devices [72].

Ford Motor Company presented its vision on the potential appli-
cation of GaN power devices in their next-generation electrified vehi-
cles [91]:

‘Although the mismatch between GaN and Si lattices creates signif-
icant difficulties in epitaxial film growth, the promise of GaN perfor-
mance at a cost comparable to silicon counterparts makes it a primary
candidate of interest for the PHEV/EV application. We recognize the
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superior material properties of GaN and its suitability as power swit-
ching transistors.’

Lateral GaN power devices are expected to exhibit excellent per-
formance in medium range power modules [87,92]. Thus, for some
manufacturers, GaN has the best potential as the post Si power device
among current available semiconductor materials [93,94].

1.3 Motivation and Objectives

Based on the uncertainties and the challenges of implementing this tech-
nology on power electronics, the aim of this thesis is to answer the
questions regarding the use of GaN devices. Therefore, a comprehen-
sive analysis, evaluation and validation of GaN-based power converters
is presented. These results are verified by simulations or/and exper-
imental measurements for different applications. Therefore, the main
objectives of the thesis are given in the following:

» Understand the differential characteristics of GaN devices in com-
parison to Si/SiC counterparts, defining challenges and design
considerations

» Define the gate circuit design, along with a dead-time control
strategy, without exceeding gate specifications of GaN devices.

» Analyze of hard- and soft-switching operation modes, including
the losses of incomplete soft-switching transitions.

» Thermal limits improvement based on heat-spreading materials
and parallelization of various devices.

» Propose a general power losses model and experimental measure-
ment method for GaN devices, achieving a good agreement be-
tween theoretical and experimetnal results for diffeent operating
conditions.

» Define the most optimal converter design for GaN semiconductors,
evaluating the whole performance of the power converter.

» Evaluate the potentiality of GaN devices in detail for various ap-
plications. This analysis includes single-cell and multi-cell topolo-
gies, defining the sustainability of implementing then with GaN
devices.
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1.4 Outline of the Thesis

The main goal of this thesis is to provide the reader with an under-
standing of deferential characteristics of novel GaN devices and its im-
plementation in power electronics. Within this introductory chapter,
the state of the art of power electronics and WBG devices have been
summarized, introducing the benefits and challenges of GaN devices.
Besides, the works presented in academia have been listed, analyzing
the main research topics related to GaN devices. Although GaN devices
are on an early development stage, potential applications are presented.
Then, once the background of the topic has been described, the motiva-
tion and objectives of this thesis have been presented, which are further
analyzed in following chapters.

The first part of Chapter 2 presents GaN devices characteristics in
comparison to commonly used Si and SiC power switches. Analytical,
simulation and data-sheet characteristics are used in order to describe
the benefits and limitations of GaN devices. In this manner, the most
critical design aspects are identified and more deeply analyzed during
this Chapter 2. Considering these distinctive aspects, different analyt-
ical models are proposed to deal with: dead-time selection, gate driver
design, switching losses (hard- and soft-switching), and thermal man-
agement. Even if GaN devices presents low power losses with high
switching speed capability, it is essential to define the optimal operat-
ing conditions. In addition, the use of heat-spreading materials as a
media to improve GaN devices thermal capability is analyzed, along
with the parallelization of various devices.

In Chapter 3, the analysis presented in previous chapter is evalu-
ated and experimentally validated. Gate driver designs are presented,
achieving a proper gate driving performance. Moreover, dead-time
control strategy relevance is presented, along with a symmetrical gate
driver circuit for parallel-connected devices. Regarding thermal man-
agement, different cooling configurations are evaluated, i.e. top and
bottom side cooling. The benefits of paralleling devices and heat-
spreading materials are demonstrated and validated on experimental
prototypes. In addition, power losses distribution is analyzed, provid-
ing a power losses model for different operating conditions. This model
is evaluated for a well known synchronous buck converter, working at
different operation modes. Then, the performance of GaN devices op-
erating at different switching frequency, current ripple and number of
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devices in parallel is evaluated. Furthermore, the power losses model is
validated through experimental measurements. A steady-state calori-
metric method is described, measuring the temperature difference of
the heatsink.

Then, the most suitable operating conditions for GaN devices are
defined. However, it is not clear the benefits of operating at these
operating conditions for every component that conform a power con-
verter. Therefore, Chapter 4 analyzes the benefits and limitations of
working with high-performance GaN devices at converter level. Indeed,
the losses or/and volume impact of these devices for the previously
defined design space is evaluated. Moreover, a design optimization rou-
tine based on these models (introduced in this chapter and detailed
in Appendix A) and power losses model of semiconductors presented
in Chapter 3 is proposed. Hence, the optimal design based on GaN
devices can be defined in terms of efficiency and power density.

This motivates Chapter 5, where the optimal design based on GaN
devices is analyzed for different topologies. Hence, the use of GaN
devices for single-cell and multi-cell configurations is validated in a case
study. Besides, the power losses model is validated along with the
analysis presented during this work. Hardware prototype presented in
previous chapters are used to validate the presented analysis.

Finally, in Chapter 6, the main conclusions of this thesis are summa-
rized, highlighting the main contributions. Furthermore, future works
related to the presented work are pointed out.
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Chapter 2

GaN Semiconductors
Technology

N effective utilization of GalN devices requires a good understand-
Aing of their characteristics and differential aspects. This knowledge
is essential also to identify the most relevant benefits and limitations
of GaN devices in comparison with its Si/SiC counterparts. For that
purpose, this chapter first introduces GaN devices in Section 2.1. Prop-
erties of different structures are summarized, based on current available
devices [31].

Then, in Section 2.2, differential static and dynamic characteristics
are evaluated in comparison with Si and SiC semiconductors. Conduc-
tion and switching characteristics are analyzed, along with the proper-
ties of gate and thermal cooling capability. The performance of GaN
devices is analyzed through analytical model and SPICE simulations.
SPICE models have been proven to achieve a good agreement with ex-
perimental measurements, when analyzing devices performance [95,96].
As it will be shown, dead-time selection, switching losses distribution,
driver requirements and thermal management play a key role when an-
alyzing the performance of GaN devices.

Section 2.3 analyzes the minimum dead-time selection in order to
reduce losses related to dead-time instances. Afterwards, in Section 2.4
the power losses distribution is defined to evaluate the switching losses
relevance. Data-sheet characteristics are considered along with Double
Pulse Test (DPT) to analyze the switching energy. Moreover, an analyt-
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ical model to estimate soft-switching losses is proposed in Section 3.4.2.
Section 2.5 analyzes the impact of gate driver characteristics on the
design of the driver. An analysis of gate voltage safety margin and false
turn-on is carried out, defining design recommendations for a suitable
operation. In addition, considering the small size of GaN devices, the
thermal capability is limited. Therefore, the impact of increasing the
thermal dissipation area with heat-spreading materials is evaluated in
Section 2.6.

Finally, Section 2.7 concludes with a summary of the main relevant
characteristics analyzed in this chapter, along with the most important
conclusions.

2.1 GalN Devices

The characteristics of GaN devices have made a great progress, due
to the advance of device structures and GaN material quality. By
contrast, GaN power devices are still in a non-mature stage. There
are already commercialized GaN based power semiconductors (see Sec-
tion 1.2). However, as there are not free-standing GaN substrates, GaN
epilayers have been mainly grown on foreign substrates like Si, SiC or
sapphire. GaN epilayers grown on Si substrates are presented as a low
cost and mature technique [97]. For this reason GaN-on-Si devices will
be the most competitive solution in the near future with an expectation
to match prices of Si [97,98].

GaN devices are grown on a lateral structure achieving a low con-
duction resistance. Figure 2.1 shows the most typical GaN structure
with the main three contacts: Source, Gate and Drain. These devices
are developed on a lateral structure formed by different layers. A thick
undoped GaN layer is grown on the foreign substrate (Si, SiC or sap-
phire). On the top of that GaN layer, a high-conductivity Aluminium
Gallium Nitride (AlGaN) layer is built. This AlGaN/GaN based het-
erostructure was first demonstrated by Khan et al. in 1993 [99]. At the
interface between GaN and AlGaN layers, a Two Dimensional Electron
Gas (2DEG) appears. That is generated by the conduction band discon-
tinuity between AlGaN and GaN. This feature results on a very high
electron carrier mobility (1200-2000 ¢cm?/Vs) with a low conduction
resistance, making GaN High-Electron-Mobility Transistor (HEMT) a
promising device for power conversion applications.

The interest of GaN-based transistors is mainly associated with the
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Figure 2.1: GaN HEMT lateral structure, differing between different ma-
terial layers which conform the hetereojunction.

high electron mobility layer 2DEG obtained at the interface between Al-
GaN and GaN epilayers, forming the HEMT structure. Consequently,
such transistors are “naturally” normally-on devices, also known as de-
pletion mode devices. However, the use of depletion mode semicon-
ductors increase the complexity of power converters due to reliability
concerns. Then, great research efforts have been put in recent years
on developing normally-off structures. Several approaches related to
mechanisms that provide a default 2DEG layer interruption have been
proposed, acting on the gate [31]. A way to fabricate a normally-off de-
vice is to inject negative charges into AlGaN layer in order to generate
some holes bellow the gate and lift the threshold voltage to a positive
value.

There are three main methods presented in the literature to fabri-
cate normally-off HEMTs [4,27]: non-insulated gate, insulated gate and
cascode. The major limitation of cascode structure is the lack of direct
control of the GaN devices switching behaviour. Thus, in this work,
non-insulated and insulated gate structures are analyzed.

2.1.1 Non-insulated gate

The first commercially available power GaN device was the EPC eGaN
FET [35]. For this device a p-doped GaN cap is deposited below the
gate, making the gate threshold voltage positive. This treatment leads
to a diode-like gate characteristic with a positive gate current when the
voltage between the gate and the source is above the threshold [31].
Furthermore, Panasonic presented GaN based normally-off devices
with a similar deposition of a p-doped cap beneath the gate. Never-
theless, in this case Panasonic Gate Injection Transistor (GIT) use Al-
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GaN [100]. These structures require a constant driver current consump-
tion. Besides, Infineon and Panasonic made an agreement in order to
develop similar structure, known as CoolGaN for Infineon devices [37].

2.1.2 Insulated gate

Other manufacturers developed normally-off architectures with insu-
lated gates to reduce gate current and losses. This architecture consists
on putting an insulating/oxide cap between the gate and the AlGaN
layer. These devices are also known as MOSHFETs or MISHFETs due
to the oxide insulator cap [31]. HRL Laboratories has used CF4 plasma
treatment to deplete the 2DEG cap under the gate when the gate to
source voltage is below a positive threshold. Then, a gate insulator is
placed under the gate to prevent significant gate current [101].

In addition, GaN Systems also developed normally-off insulated gate
GaN based power devices [27]. However, there are not technical publica-
tions found about the used treatment to achieve normally-off operation.

2.2 Characterization of Devices

Currently available GaN devices can be divided into two voltage
ranges: 'medium-low" (100 - 200 V) and "medium-high" (>650V). In
the "medium-low" voltage range GalN devices are competing with Si
MOSFETs, while in the "medium-high" Si Super-junction and SiC
MOSFETSs present similar characteristics. In this case only 650V GaN
devices are considered in the "medium-high" voltage range, as the 900 V
switches are on an early development stage [102]. For a general compari-
son of current available devices, four performance indicators are defined:
conduction resistance (Rgson) per current (mf2-A), output capacitor
charge (Qoss) per Ras,on (£C- m ), gate charge Qg per Ryson (0C-mf),
and junction-to-case thermal resistance (Ryy,_ ) per area (°C/W- mm?).

Regarding conduction characteristic, GaN presents lower conduction
resistance per current over the whole voltage range. However, on the
"medium-high" voltage range the difference between three technologies
is lower, achieving similar conduction characteristic, as it is depicted in
Figure 2.2(a). In terms of Qoss, analyzed GaN devices also overcome its
counterparts as a consequence of lower output capacitance Cogs. Qoss
is a relevant parameter, along with reverse recovery charges Q,,, when
determining switching losses. Hence, low Qs of GaN devices results
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Figure 2.2: GaN characteristics comparison with its Si/SiC counterparts
based on four performance indicators: (a) conduction characteristic per cur-
rent, (b) output capacitor charge per conduction resistance (c) gate charge

per conduction resistance and (d) thermal cooling capability per area.

on an improvement of switching performance. Furthermore, one of the
most distinctive characteristics comparing three devices technologies is
related to the gate charge. Gate charge requirement of GaN devices is
lower, enabling high switching operation with low gate driver require-

ments.

The thermal performance of devices is compared with a thermal
figure of merit (FOMjyy), assuming that the device can be effectively
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cooled through one side [53].
FOMth = .Z%thj7C . Ae (21)

where A is the thermal pad area also known as effective area.

The cooling capability of GaN devices is lower than for Si or SiC, as
a consequence of a reduced size and a worse thermal characteristic (see
Figure 1.2(a)). Moreover, the thermal characteristic of GaN material is
also worse comparing to Si and even worse than SiC (see Figure 1.2).
Although the small size results in compactness solutions, the package
limits the heat transfer capability, being challenging to extract the heat
from such small packages. Considering this cooling limitation, thermal
cooling capability is evaluated in Section 2.6. Besides, the use of heat-
spreading materials in order to improve thermal cooling capability is
proposed.

The analysis of this chapter will be focused on "medium-high" semi-
conductors, as the benefits and limitations of "low-medium" devices
have been widely discussed in the literature [53,103-105]. Table 3.1
compares three semiconductors based on different technologies for sim-
ilar specifications (400 V/15A). Analyzed devices present similar con-
duction resistance, but GaN shows up better switching performance,
with lower Q. and negligible @),,. However, the main limitation of
GaN device is related to the thermal cooling capability.

Table 2.1: Electrical and thermal characteristics of GaN devices.

Parameter Si SiC GaN

[106]  [107] [108]
Drain-to-source maximum voltage-Vps 650 900 600 \%
Drain-to-source maximum current-/pg 33 39 35 A
Conduction resistance- Rqs,on @25 °C 65 78 55 ms)
Free-wheeling resistance- Rqs, rwvp@25°C 84 83 75 ms)
Free-wheeling voltage drop-Vsp 0.6 1.3 1.5 1%
Output capacitor charge-Qoss@400V 470 55 41 nC
Reverse recovery charge-Q,,@400V 10 0.055 0 e
Gate-to-source maximum voltage-Vas 10 18 4 A\
Gate-to-source threshold-Vin 3.5 4.5 1.4 Vv
Gate charge-Qc 64 58 5.8 nC
Thermal performance-FOM;y, 155.4 193.71 43.8 mm2~°C/W

Therefore, the characteristics presented in Figure 2.2 and Table 3.1
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highlights the benefits and limitations of GaN devices. However, a
more detailed analysis is needed in order to identify how to take full
advantage of GaN-based devices. Then, conduction, switching and gate
driver characteristics are analyzed, highlighting differential character-
istics that need to be considered in comparison with commonly used
devices, i.e. Si and SiC.

2.2.1 Conduction characteristics

GaN devices heterojunction structure HEMT does not have a doping
or p-n junction, as it occurs for MOSFETs [4]. Instead, GaN devices
present a self-commutated forward and reverse conduction due to the
2DEG channel. Indeed, symmetrical bi-directional conduction resis-
tance is achieved when the gate-to-source voltage (Vgs) exceeds the
threshold voltage (V;h,). Moreover, when device is in open-state, i.e.
Vas is lower than Vi, GaN HEMT structure allows a free-wheeling
conduction with negligible @,,. Conduction tests are simulated using
SPICE models, for different operation conditions. Then the on-state
and free-wheeling conduction characteristics are obtained for the ana-
lyzed GaN switches IGO60R070D1 [108].

Fordward and reverse conduction

Conduction characteristic is depicted in Figure 2.3(a), showing the high
impact of the turn-on gate voltage Vgson on output characteristic.
Hence, an optimal Vgs on has to be selected in order to reduce con-
duction losses. Moreover, the conduction resistance Rgson presents a
low variation respect to devices current Iy and a positive thermal coef-
ficient (see Figure 2.3). This means that the resistance increases with
temperature. Thus, in case of paralleling devices, the positive ther-
mal coefficient enables a natural balancing of current sharing through
devices.

Conduction resistance relation with Tj is approximated with a sec-
ond order polynomial, achieving a good agreement for different currents
[see Figure 2.3(b)].

Rds,on (1—3) = -Rds<®25gC . (aR,on + bR,on . T} + CR,on * ,I}Q) (22)
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Figure 2.3: Fordward and reverse conduction characteristic of GaN de-
vices: (a) Output characteristic and (b) conduction resistance variation
respect to Tj and Ig.

Free-wheeling conduction

However, free-wheeling reverse conduction of GaN devices
(Vas.or <0V) presents a high reverse voltage drop (Vsp) [Fig-
ure 2.4(a)]. The lack of a "body diode" results on a higher Vgp,
increasing free-wheeling conduction losses. The relevance of these
losses can be higher than in a conventional Si/SiC devices, as it is
compared in Table 3.1. Moreover, with negative Vgg o reverse voltage
drop increases, as it is presented in Figure 2.4(a).
The increase of the total voltage drop can be approximated with
(2.3).
Vsp = Vin — Vas,oft + 1a - Ras,pwD (2.3)

Regarding the free-wheeling conduction resistance Rgs fwd, it also
presents a positive thermal coefficient, as it is shown in Figure 2.4(Db).
Rys twd can be also approximated with (2.2). In comparison with Rgs, on,
Rys fwa is larger. Furthermore, free-wheeling conduction presents a high
voltage drop [see Figure 2.4(b)]. Although Vgp decreases with the in-
crease of Tj, the junction temperature affects weakly to the Vgp varia-
tion.

Therefore, free-wheeling conduction losses have to be considered
when designing a GaN-based power converter, since it can be a ma-
jor factor on total power losses. In Section 2.3 the minimum dead-time
selection is modeled, in order to minimize this effect.
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Figure 2.4: Free-wheeling (open-state) conduction characteristic: (a) Out-
put characteristic with respect to different Vas of and (b) Rgs,fwd and Vsp
variation with respect to Tj.

2.2.2 Switching characteristics

The equivalent circuit of a power switch is analyzed for the understand-
ing of differential switching characteristics of GaN semiconductors. The
equivalent circuit of the semiconductor is formed by an input gate re-
sistor Rg, parasitic capacitances (Cgs, Cap and Cpg) and parasitic
inductances related to the package (see Figure 2.5). Although there is
not a "body diode", GaN devices structure allows free-wheeling conduc-
tion, represented with a dashed lined diode in Figure 2.5. Besides, the
channel current i.,(¢) through the device is proportional to the gate
to source voltage vgs(t) (2.4), which is represented with a regulated
current source in Figure 2.5.

ich(t) = gm - (vas(t) — Vin) (2.4)

being g, the transconductance characteristic.

Transconductance

The transconductance of GaN devices present negative thermal coefli-
cient, i.e. transconductance drops with the increase of 7}, as it is shown
in Figure 2.6. For Si/SiC MOSFETs the variation of the transconduc-
tance with the temperature is negligible [109].The transconductance
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Figure 2.5: Equivalent semiconductor circuit of GaN devices.

variation gm (7}) can be obtained with a linear approximation
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The variation of transconductance can be relevant when calculating
switching losses of GaN devices [31]. Therefore, temperature variation
is considered in the analysis of switching losses distribution presented
in Section 3.4.1.
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Parasitic capacitances

Analyzing equivalent circuit components, parasitic capacitors are com-
monly presented in three different groups of capacitances: input capaci-
tance (Ciss = Cas+Cap), output capacitance (Coss = Cps +Cep) and
reverse transfer capacitance (Crss = Cgp). They exhibit a non-linear
dependency on the applied drain-to-source voltage Vpg, as it is depicted
in Figure 2.7(a). Coss and Cyys capacitances decrease as Vpg increases,
having a weak variation at high voltage (>300V).

As a consequence of this non-linearity, the charge and energy stored
in parasitic capacitances exhibit also a non-linearity with respect to
Vbs. On the one hand, for the modeling of the charge stored in Clgg
(Vbs), a linear equivalent capacitance Ceq,q which presents the same
charge as Cogs for the applied Vpg is derived, as it is proposed in [110]

Vbs
Closs(vp )dv oss (V1
Ceq,q(Vbs) = Jo VD(S p)dop _ @ VJ(DSDS). (2.6)

On the other hand, the energy stored in the non-linear Coss (Vbs)
can be approximated in a similar way. The equivalent capacitance which
stores the same amount of energy Ceq g is obtained solving (2.7)

Jo?5 v+ Coss(vD)dvp 2+ Eoss(Vos)

Ceqr(Vps) =2-
4 Vs Vs

(2.7)

GaN devices present low equivalent capacitances [see Figure 2.7(b)] due
to lower variation of the output capacitance in comparison with Si/SiC
counterparts.

In addition, it should be noted that Cjs presents a weak change with
respect to Vpg. However, Cigs has a nonlinear relation with the gate to
source voltage. The Ciss-Vag relation can be obtained from total gate
charge curves depicted in Figure 2.7(c) and solving (2.8).

dQG Cissl@[vgs < Vplt]

Ciss = = 2.8
d’Ugs Ciss2@[vgs > Vplt] ( )

where V1, is the gate-to-source plateau voltage.
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Figure 2.7: Switching characteristics of GaN devices, obtained from data-
sheet [108] and SPICE models: (a) parasitic capacitances voltage depen-
dence, (b) equivalent output capacitor charge and equivalent output capac-
itor energy, and (c) total gate charge characteristic.

2.2.3 Gate characteristics

Considering the low gate charge characteristic of GaN devices [see Fig-
ure 2.2(c)], a rapid gate to source voltage transition is expected. More-
over, the Miller plateau voltage is low, as it is depicted in Figure 2.7(c),
being possible to achieve high slew rate (about 20V /ns [111]). The gate
capacitance Cgg is much lower for GaN devices resulting in a higher
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switching speed capability. Furthermore, a high Miller capacitance Cgp
in comparison with a relatively small gate capacitance C'qg supposes a
better control of the switching transition due to a direct control of the
Miller charge [45,46].

Considering again similar characteristic Si/SiC counterparts, GaN
device presents lower Qg, with a lower Vi, and Vi (see Table 3.1).
Then, the switching speed is evaluated, which is limited by the charge
of Miller capacitance Qgp and the charging current I,. Minimum swit-
ching times are obtained without considering external gate resistance

, _ Be Qoo
O Vas.on — Vot
2.9
_ Rg-Qcp (29)
toff,min =

Vore — Vas,ofr

where maximum turn-on gate voltage Vgs on and minimum turn-off gate
voltage Vas o and plateau voltage V¢ limit the switching times.

It has to be noted, when comparing switching times of different
technologies, that the analyzed SiC devices present large internal gate
resistance. GaN device achieves 4.5 times faster switching time than
SiC and 2.12times faster than Si Table 2.2. However, switching with-
out an external gate resistance results in gate oscillations, exceeding in
some cases maximum gate voltage, as it is presented in Figure 2.8. In
addition, GaN devices present low transconductance [see Figure 2.6].
This means that in order to avoid high conduction losses at high cur-
rents, the gate should be driven close to the specified maximum value,
i.e. 3.5-7V depending on the selected device.

In addition, Figure 2.8 shows a SPICE simulation of a half-bridge
structure, driving GaN devices without external gate resistances. Half-
bridge structure is selected as one of the most commonly implemented
configuration. As a consequence of high switching speed (di/dt) a volt-
age is generated in the complementary switch (Vg s2), resulting in in
false turn-on (see Figure 2.8). Hence, the selection of a proper gate
resistance and gate voltage is crucial for GaN devices performance.
Therefore, although GaN devices present better conduction and swit-
ching characteristics than other semiconductor technologies, the gate
driver circuit must be designed with special care, as it is presented in
Section 2.5.
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Figure 2.8: SPICE simulation of gate-to-source voltages of high-side (s1)
and low side (s2) switches when turning-on s; switch without external gate
resistance.

In addition, driver requirements are related to the energy delivered
when charging/discharging of the input capacitance Cigs

VGs,on
QG (Ugs) = / Ciss(vgs)dvgs (210)

Vas,off

Then, the required driver power is related to the gate charge Qq(vgs)
resulting in (2.11).

Pdrv = AVvGS ' QG(Ugs) ‘fs
—_———

Bary (2.11)
where AVgs = Vas,on — Vas,off

In Table 2.2, gate driver energy of Si, SiC and GaN devices are
compared. GaN switches with low Qg results in 19.4 times less gate
driving energy compared to Si and 25.4 times compared to SiC. There-
fore, losses related to driver can be neglected even for high-switching
frequencies, being one of the most differential benefits when comparing
to Si/SiC counterparts.

2.3 Dead-time Selection

Considering GaN devices free-wheeling conduction characteristic (see
Figure 2.4), an excessive dead-time results on considerably relevant
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Table 2.2: Driving energies comparison

Characteristics Si SiC GalN

[106] [107] [108]
Internal resistance 0.85 2.2 0.78 Q
Gate charge 64nC 58 nC 5.8 nC
Turn-on/turn-off gate voltage 18/0 20/-2 4/-2 A%

Turn-on/turn-off times
(without resistance )

Driving energy FEqrv: 0.97 1.27 0.05 wd

2.39/1.49  5.15/3.18 1.13/0.73 ns

power losses. Then, the definition of the minimum dead-time that en-
sures an operation without shoot-through will be essential for convert-
ers with half-bridge configuration based on two active GaN switches
(see Figure 2.9). For the selection of the dead-time, turn-on and turn-
off dead-times are separately analyzed, as the loss mechanism of both
transients is different. Minimum dead-times are obtained based on the
analytical switching process model presented in [112], but considering
gate driver rising and falling times along with the influence of turn-
on and turn-off gate-to-source voltages. It is further assumed an ideal
PCB layout, with low effect of stray inductances in order to simplify
the analysis.

Furthermore, a half-bridge configuration is assumed, with a positive
output current as it is depicted in Figure 2.9.

2.3.1 Turn-off dead-time

The turn-off dead-time is obtained from the mismatch between main
device (s1) turn-off interval (fog,1) and synchronous device (s2) turn-on
(ton,2) interval [see Figure 2.9(a)].

Regarding tog,1, Vasor is applied to the main switch, the input
capacitance Cis is being discharged through gate resistance Ry of-

t

vas,s1(t) = Vasoft + (Vas,on — Vasoft) - € Tt (2.12)
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Figure 2.9: Dead-time conduction instances definition: (a) turn-off dead-
time and (b) turn-on dead-time.

toff,1 is obtained, solving (2.12) for vgs s1(t) = Vin + Ia/gm

Vasoff * 9m — Vinh * gm _Id)
t = R n Ci s hl -
o1 8o ° [ ( gm - (Vin — Vs of)

(e e Va) Y]

VGS,OH *Gm — ‘/th *Gm — Id

(2.13)

being dependent on device current Iy because the current is flowing
through synchronous device in that instance.

In addition, ton,2 is calculated for the gate circuit, applying Vs on
to the gate, charging Cjs through gate resistance Rg on

vas,s2(t) = Vas,on + (Vas,ot — Vas,on) - € Cissfeon (2.14)
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and thus solving it for vgs ¢2(t)=Vin considering gate driver falling time

Vas,on — VGs,off>

fon2 = Rgon  Cies - In ( Vas,on — Vin

(2.15)

The minimum turn-off dead-time is obtained to be only related to
gate characteristics of GaN device and gate driver specifications, such
as gate driver rising ¢, and falling ¢; propagation delays, as it can be
deduced from Figure 2.9(a).

Favoft = foi 1+t — 2+ tons — e - —
dt,off = loff,1 f on,2 T VGS,on (216)

where ¢, is adapted considering longer ¢, than t,, 2 [113].

2.3.2 Turn-on dead-time

The minimum turn-on dead-time compensates main device turn-on
(ton,1) and synchronous device turn-off (¢og,2) intervals.

Assuming that the characteristics of main and synchronous devices
are the same, turn-on and turn-off delay intervals are obtained in the
same way that in the case of turn-off dead-time. However, both inter-
vals finish when vgg(t) gets Vin. This is true because the current that
is flowing through the device that is turning-off is negative [see s5 in
Figure 2.9(b)]. Therefore, ton,1 and tog,2 can be obtained solving (2.15)
to obtain ton,1 and (2.12) for vges(t) = Vin

Vas,on — VGs,ofr>

2.17
Vih — Vas,oft (2.17)

tof‘f,? = Rg,oﬁ" . Ciss -In (

being tog,2 independent on the device current, as the current is flowing
trough the free-wheeling diode of the synchronous device.

Then, minimum turn-on dead-time is obtained considering both in-

tervals and gate driver characteristics
Vin
tat,on = tofr2 +t — 2 - ton1 — & - m (2.18)

This model will be used to determine the minimum dead-time for
different devices and driver characteristics of the prototypes presented
in Section 3.2.
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2.4 Switching Losses Distribution

The distribution of switching losses is relevant for the evaluation of
the most suitable operation conditions. Turn-on energy FE,, is ob-
tained by the integrating of vq(t) - iq(t) over turn-on period. How-
ever, charging/discharging energy of the complementary device is not
considered on this integration, but it produces losses on the turn-on
transition [114]. Hence, the measured E,, has to be corrected to

1
Eon — L~ion + Eoss + 5 . Ceq,Q(Vd) . Vd2 (219)

where E\i,0s corresponds to the voltage and current overlapping energy
and Fs is the output capacitance self-charging losses.

Regarding turn-off switching losses, the amount of energy obtained
from the integration of vq(t) - iq(t) includes: voltage and current over-
lapping energy [Eyi,off (Va, Logr)] and Foss. Nevertheless, as the device is
turned-off and does not produce self-charging losses. Thus, Eyi,or only
contributes to turn-off losses and the expression has to be revised to

1

Eoft = Eyioff — 3 Coqq(Va) - Vi (2.20)

The obtained, turn-on and turn-off energies are corrected for the
switching energy distribution obtained with (2.19) and (2.20), re-
spectively (see Figure 2.10). Therefore, turn-on losses of GaN de-
vices are related to the overlapping of vq(¢) and switching current
ia(t) [Evi(Va, Ion)] during t.,, and output capacitance self charg-
ing/discharging [Foss(Va)], which are only dependent on switching volt-
age Vg (see Figure 2.10). Besides, turn-off energy is only related to
va(t) and iq(t) overlapping during tog [Evi(Va, loft)].

When analyzing switching energy, a great difference between turn-
on and turn-off energy is observed in Figure 2.10. This switching losses
distribution will be essential for the power losses analysis presented in
next chapters.

2.5 Driver Requirements

Dynamic of gate characteristics are analyzed, as a consequence of the
gate characteristics presented in Section 2.2.3. When analyzing the
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Figure 2.10: Switching energy distribution of analyzed GaN devices
IGO60R070D1- [108].

dynamic of GalN devices special attention must be paid to the volt-
age safety factor (%) and the low gate threshold voltage, that
can result on unwanted turn-on. Moreover, current controlled driver
design is analyzed due to diode-like gate characteristic that presents
non-insulated gate GaN devices [37].

2.5.1 Voltage safety factor

The gate to source voltage safety factor (%) of GaN (<1.3) is
even lower than in SiC switches (<1.7) [115]. Then, attention must
be devoted to the selection of a proper gate driver circuit components.
The gate resonant circuit formed at the turn-on (see Figure 2.11) is
analyzed, for a commonly used gate driving circuit.

The gate circuit is composed of input capacitance Cigs, gate stray
inductances Lg and Lg, intrinsic gate resistance Rg and external gate
resistance Ry ext (2.21).

dig(t)

VUg,in (t) = iG (t) . Rg'70n + (LG + LS) . dt

being ig(t) = Cas -

37



CHAPTER 2. GAN SEMICONDUCTORS TECHNOLOGY

D

Figure 2.11: Driver external gate resistance selection equivalent circuit.

Solving differential equation (2.21), Laplace transform is derived

1
Vin(s) ¥l Cas (2.22)
= Ry on 1 ' )
'Ugs(s) 52+ (LGg+Ls) ©5 (Lg+Ls)-Cas

Then, the dynamic is analyzed, comparing (2.22) to the standard second
order system.
wh

5242 (- wy + w?

H(s) = (2.23)

being w, the natural frequency and ¢ the damping ratio. In this case, wy,
correspond to the resonance frequency of parasitics components (2.24)
while the damping ratio is defined by (2.25)

1

wa = (2.24)
(Lg + Ls) - Cas

Cas

1
Ry oy —255
£ Lg + Lsg

(=3 (2.25)

Figure 2.12 shows the influence of the gate resistance Ry o, on the damp-
ing ratio. Considering the characteristics of IGO60R070D1 [108] and an
stray inductances presented in Table 3.5, a damping ratio higher than
0.4 is defined for analyzed GaN devices achieving low overvoltage with
a minimum Ry o, of 5.68 ().
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Figure 2.12: Driver external gate resistance selection, Vg step response.

Therefore, optimal gate pull-up Rgon and pull-down Rg g resis-
tances must be selected to reduce gate voltage peak voltage. Referring
R, ot some recommendations are outlined in [46], defining a R ot ten
times lower than turn-on gate resistance.

2.5.2 False turn-on

The threshold voltage of GaN devices is very low (0.7-2V). Indeed,
any ringing caused by the induced voltage on stray inductances can
result on an unwanted turn-on of the semiconductor as it is analyzed
for SiC in [116]. Figure 2.13 shows the equivalent circuit of the turn-off
transition of low-side switch so, where the rapid turn-on of high-side
device s1 can lead to a high dv/dt on s..

This transient equivalent circuit is analytically evaluated, solving
the differential equation system represented with (2.26) and (2.27).

. d t d ¢
0=ig(t) - Rgot + (Lo + Ls) - th( ) 4 () + L ’gt( ) )
(2.26

i 1 dv S t dv, s t

being ig(t) = (Cas + Cap) %() — Cap - ddt( )
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Figure 2.13: Driver turn-off voltage selection, synchronous device equiv-
alent circuit.

dig(t)
dt

Vin(t) = 4a(t) - Riroop + (LLoop + Ls + Lp) -

dic(t) (9 .97)

+Lg - "
) dvgs(t dvgs (T
being i4(t) = (Cps + Cep) - th( ) — Ceap - zt( )

Then, solving (2.26),(2.27), Laplace transform is derived and the

step response of those voltages is evaluated for an input voltage step
(). Vas(s) Vas (s)
vin(t): =) and (s
Figure 2.14 shows how the R, g affects directly to the peak volt-
age of the gate. Then, R, .¢ needs to be reduced in order to avoid
false-turn-on. However, as the R, o¢ increases the damping factor also
increases, reducing the gate-to-source ripple. Therefore, a trade-off
between damping and the peak voltage needs to be considered when
choosing R, o#. In addition, a negative Vgg o is recommended so as to
reduce the peak voltage avoiding false turn-on of so. Otherwise, even
for low Ry of, this driver configuration will result on false turn-on, as
it is shown in Figure 2.14.
Therefore, driver resistors and voltage has to be chosen correctly

40



2.5. DRIVER REQUIREMENTS

Voltage (V)
< T
|
|
NE
£
|

GS

V

0 5 10 15 20
Time (ns)

]
ot

Figure 2.14: Driver turn-off voltage selection, dynamic response of Vgg
and Vpg for various Rg!off.

in order to take full advantage of GalN devices benefits but without
exceeding gate voltage safety margin and avoiding false turn-on.

2.5.3 Current controlled driver

Specific driver is designed according to the characteristics of GIT de-
vices [108,117]. Figure 2.15(a) shows the equivalent circuit of GIT
device, with an internal gate-to-source diode Dgs.

The fact that the gate is not insulated and has a p-n junction from
gate to source, allows the gate to sink current above a certain Vgg
value. The diode Dgs has a typical dropout voltage of 3V, so, if a
higher voltage is applied to the gate, a current will flow through the
gate to the source. This current will be limited by the device input
impedance and also by the gate circuit output impedance. The designed
gate circuit uses a positive power supply and a capacitor to generate a
negative temporary gate voltage [see Figure 2.15(b)].

Figure 2.16 depicts waveforms of one switching cycle simulated with
SPICE models. The switching on transition begins with the turning-on
of s;. Gate voltage Vg1 is below the voltage of the internal diode
(Vbas) and both Cyg and Cigs are charged with 7 = Rags on « Clss, until
Vas,1 = Vbgs, assuming Cys >> Cigs. Then, Cg is further charged to
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Figure 2.15: Current controlled driver: (a) equivalent circuit of GIT de-
vices and (b) gate driver circuit.

VCss,max
VCss,max - Vrgg - VDgs (228)

where V, is the voltage of the push-pull. During turn-on interval, Cgg
is charged and only a current Iy is flowing, which is defined with Rgs.

When analyzing the turn-off transition, as Css is charged to Viss max;
the capacitor voltage is applied to the gate but it is negative. Then,
Cs and Cigs are discharged through Rggos. This interval ends when
Css and Cigs are charged at the same voltage, i.e. turn-off gate voltage
(Vasofr)- If losses in Rgg o during this phase are neglected, Vas o
can be calculated using the principle of charge conservation:

C’iss . VCss,max - C(ss . VCss,max = C(iss . VGS,off - C’ss . VGS,off
Oss

Vas,off = Vbgs —

being Vas off negative if Cyg > %
) 28 Dgs
Regarding the sizing of gate driver components, turn-on and turn-off
gate resistances are selected in order to do not overcome the maximum
allowed gate-to-source voltage, as it is analyzed for common drivers in
Section 2.5. Besides, the additional capacitance Cgs and resistance are
defined in order to achieve a negative gate-to-source voltage Vs o

The required Cy for a defined Vs of is obtained, solving (2.29).

VDgs - Vgs,off

Css = Ciss .
Vgg + Vgs,off - VDgs

(2.30)
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Figure 2.16: SPICE waveforms of the gate drive circuit with decoupling
capacitor Css, during one switching cycle: (a) turn-on and (b) turn-off
transient.

Then, R is defined for a reduced I current, which will be flowing
continuously through driver

Vg — Vpgs

Rgs =
ISS

(2.31)

Moreover, the time constant 7y related to the discharge of the ca-
pacitance Cgs is defined to be higher than the dead-time (>100ns), so
when the complementary device turns-on, the device that is off still has
negative Vg, reducing false turn-on risk.

Tss = Res - (Css + Cigs) > tar (2.32)

2.6 Thermal Analysis

A simple cooling system for power converters typically consists of a
heatsink and a Thermal Interface Material (TIM) between the heat
source (devices) and the heatsink, as it is shown in Figure 2.17. For
this analysis, the active area of IGO60R070D1 (13.9x5.6 mm?) [108] is
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considered. Moreover, 40x40 mm? heat-sink with a thermal resistance
of 3.7°C/W is considered, along with two types of TIMs: WLFT40R25
(adhesive) and Hi-Flow 300P (non-adhesive).

Refering to TIM, the conductive thermal resistance is proportional
to the thickness of the material (d) and inversely proportional to the
thermal conductivity () and material surface (A)

d

. 2.
Ay A (2:33)

Rina =

being 1) thermal conduction efficiency.

2.6.1 Thermal limits

Power losses of devices needs to be dissipated in order not to excess
the maximum allowed junction temperature Tj max. Semiconductors
are assumed to be mounted, via TIM, on a heatsink, which is at T
temperature (see Figure 2.17). Junction-to-case (R, .) and case-to-
heatsink (R, ,.) thermal resistances are inversely proportional to the
effective area (A,) of devices, which increases with the number of par-
allel devices (2.34) (see Figure 2.17).

Rin;_ (Ae) = rony_ . /(Ae - Np)
Rin, . (Ae) = Tn, ./ (Ae - Np)

where 7y, _, and e, are junction-to-case and case-to-heatsink spe-
cific thermal resistance (mm?°C/W), respectively.

Then, power losses limit of semiconductors (Pg 1im) is obtained eval-
uating resistances of the thermal network Ry, and Ry

(2.34)

—c c—hs"

T},max - Ths
(Ae) + Rthc—hs (Ae)

Pd,lim = (235)

Ry,

j—c

Considering GaN devices with low stray inductance package, i.e.
small A, the impact of thermal resistances is very high, reducing
the thermal cooling capability. Nevertheless, the use of /N, number
of devices increases the power dissipation capability for a junction-to-

heatsink specific resistance (rn;_,,)

T max -~ T
Pyjim = 22X b8 (4 N) (2.36)

Tth;_ns
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Figure 2.17: GaN devices in half-bridge configuration, with N, number
of devices connected in parallel, electrical and thermal equivalent circuit.

Hence, optimum number of devices has to be considered in order to
satisfy the maximum allowed semiconductor losses (2.36) for a T} max
and the minimum power losses. Moreover, an increase on the active
area of devices using heat-spreading materials will improve the thermal
performance of current GaN devices.

2.6.2 Heat-spreading

In this section, the effect of heat-spreading materials on thermal per-
formance of GalN switches is analyzed, which have been already pro-
posed for power modules [118,119]. As a consequence of a change on
the surface area through which the heat flows, an additional resistive
component, has to be considered, i.e. the spreading resistance. Spread-
ing resistance depends on relation € between active area of the devices
Ae - N, and the spreading area Ag, (2.37).

[4.-N,

The calculation of the spreading resistance for cooling solutions of
GaN devices is based on the detailed derivation of the average spreading
resistance presented in [118]. Moreover, the simplifications applied to
a power module case study presented in [119] are revised for discrete
GaN characteristics. In this case the heat-spreading material is placed
between the heat source, i.e. GaN device, and the TIM, as it is depicted
in Figure 2.18, considering N, number of paralleled devices.

Then, for the configuration presented in Figure 2.18(b), the thermal
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Figure 2.18: Cooling system geometry which consists on a heat source, a
spreading material, a TIM and a heatsink : (a) cooling system diagram and
(b) thermal resistance equivalent circuit.

resistance equivalent circuit can be written as (2.38).

R j—c
I 4 R + Re +Run,
Np v

Reng_gp

Rth,eq = (238)

where Ry, _,, is composed of conductive resistance Ry, and spreading
resistance Rf, while Ryp,,_, includes the TIM and heatsink thermal
resistance

do
Ry,

e T - Ay + Rin,hs (2.39)

where )\g is the thermal conductivity, which is pressure dependent, dj
is the thickness of the TIM and the area A, is related to the heat-
spreading material.

Moreover, resistances that conform R, .—s are analyzed for dg,
thickness and Ay, thermal conductivity, being:

dsp
= =—— 2.4
R = 2 (240)
and
Ry = # (2.41)
Asp -/ Ae - Np
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where 1) is the dimensionless constriction resistance approximated with
(2.42) [118].

1 5 tanh (o.7) + &
= — . 1 — 2 . 1
v 2 (1=€) 1+ 0. - B; - tanh (0.7) (2.42)
being
— — d m
O'C—7T—|—\/7?.E , T=dsp- TSp (2.43)

and with an approximation of the Biot number B; [119], which is de-
pendent on the previously defined Ry,

1
" Ring, A /T Ay

Then, the impact of spreading resistances is evaluated for
graphite heat-spreading material with high thermal conductivity
[1950 W/(m-°C)] and 10 pum of length (EYG-A091201V). The varia-
tion of total equivalent thermal resistance with the incursion of heat-
spreading material is depicted in Figure 2.19(a) for the spreading area
ratio Asp/(Ae - Np).

The spreading area is limited by the half of heatsink surface (Asp).
Figure 2.19(a) shows how the equivalent resistance is reduced as ef-
fective area increases, especially when the TIM resistance has great
influence. Actually when the size of the semiconductor is small or the
TIM thermal conductive is high, such as adhesive TIMs. Therefore,
the selection of a TIM that provides electrical isolation with high ther-
mal conductivity is also relevant for GaN devices [see Figure 2.19(a)].
Moreover, even if a heat-spreading resistance is added, the increase of
the area Agp, reduces the TIM resistance, improving the system thermal
cooling capability.

In addition, the use of N, number of devices increases the active
area while reduces the equivalent resistance, as it is presented in Fig-
ure 2.19(b). Hence, the use of multiple devices is relevant for systems
with high cooling capability requirement.

B;

(2.44)
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Figure 2.19: Heat-spreading for IGO60R070D1- [108] device and
WLFT40R25 TIM with a graphite spreading material (EYGS091210): (a)
analyzing the impact of spreading area Asp, for Np=2 and (b) evaluating
the impact of different number of N, devices connected in parallel, for the

maximum Asgp, considering a heatsink of 40x40 mm?.



2.7. CONCLUSIONS

2.7 Conclusions

In this chapter, the main differential characteristics have been ana-
lyzed, defining the benefits and limits of GaN devices. First, GaN
devices characteristics are compared to Si and SiC counterparts. GaN
semiconductors present lower overall conduction resistance even com-
pared to Si Super-junction devices in the range of 600V. Moreover,
GaN present lower output capacitance along with lower gate charge re-
quirement. This results on lower switching and driver losses. However,
special attention must be devoted when designing gate driver to not
excess the maximum allowable gate voltage and to avoid false turn-on.
Furthermore, the gate driver is analyzed defining the gate resistances
and voltages for a suitable operation of GaN devices.

In addition, even if GaN devices have a negligible reverse recovery
free-wheeling conduction, losses generated in these conduction instances
is higher than for Si or SiC MOSFETs. Therefore, dead-time conduction
instances are analyzed, defining the minimum dead-time, in order to
reduce losses related to free-wheeling conduction instances.

Regarding switching characteristics, the high-switching speed of
GaN devices and corresponding low switching losses have been eval-
uated, defining scaling derivations based on SPICE models. As GaN
presents a higher variation of the transconductance with the junction
temperature than other technologies, scaling derivations are also defined
considering this thermal effect.

Furthermore, thermal cooling limits are analyzed and the use of
heat-spreading materials is proposed. The increase of thermal pad
through high thermal conductivity heat-spreading materials results on
an enhancement of cooling capability. Besides, paralleling GaN de-
vices will be essential for medium-high power converters, in order to
distribute power losses through larger dissipation area.

Therefore, this chapter highlights the conduction and switching ben-
efits of GaN devices. Moreover, a dead-time selection model is proposed,
along with an analysis of driver requirements and an improvement of
thermal cooling system. The analysis presented in this chapter will
be validated in Chapter 3 at different operation conditions and with
experimental measurements.
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Chapter 3

Performance Evaluation
of GalN Semiconductors

HE most differential aspects that need to be considered when using

GaN power devices have been analyzed in Chapter 2. In this chap-
ter, these requirements and differential characteristics are taken into
consideration for the design, evaluation and validation of GaN-based
power converters.

First, in Section 3.1 two experimental prototypes based on GaN de-
vices are presented, which are used along the chapter to validate the
analysis presented in Chapter 2. Afterwards, design challenges are pre-
sented in Section 3.2. The driver design needs to be especially consid-
ered, in order to not overcome voltage safety margin and to avoid false-
turn on (Section 2.5). Voltage and current controlled driver designs
are presented. Moreover, as a consequence of the open-state conduc-
tion characteristic of GaN devices, different dead-time control strategies
are proposed in Section 3.2.2. Also, the parallelization of GaN devices
has been presented as essential in order to increase the thermal cool-
ing capability in Section 2.6. Parallelization aspects related to layout
are presented in Section 3.2.3, achieving an current sharing between
parallel-connected devices.

In Section 3.3, thermal limits of GaN devices are evaluated for dif-
ferent cooling configurations. Top side and bottom side cooling con-
figurations presented in [54] are analyzed. Furthermore, the analysis
of the incursion of heat-spreading material analyzed in Section 2.6 is
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evaluated for both configurations. The analysis of different cooling so-
lutions is experimentally validated with the two prototypes presented
in Section 3.1.

Section 3.4 evaluates power losses of GaN devices for a half-bridge
configuration. Considering the characteristics obtained in Chapter 2, a
power losses model is presented. The impact of switching voltage and
junction temperature on the switching losses distribution is analyzed
defining a switching losses model. In addition, the distribution of power
losses is evaluated on a well known synchronous buck converter, defin-
ing the most critical factors. This analysis is an extended version of the
results presented in [120]. In addition, the analysis includes the power
losses of GaN devices at different operating conditions. Therefore, ana-
lyzing the losses breakdown, the most suitable operating conditions are
identified. Besides, the obtained results are experimentally validated.
For that purpose, steady state calorimetric measurements at converter
level are carried out.

Finally, in Section 3.5, the conclusions obtained in this chapter are
summarized.

3.1 GaN-based Converter Prototypes

GaN-based power boards presented in [54] are used to validate the re-
sults obtained in Chapter 2. With the aim of performing a general
analysis, half-bridge configuration is selected, defining a configurable
hardware in order to validate different concepts. Besides, power stage is
controlled by an external hardware sending the control signals through
the control connector. Figure 3.1 shows a general view of the validation
set-up, which is formed by a power stage and control stage. On the
one hand, power stage is conformed by different boards: power board,
capacitors, etc. These boards are connected to a rack, being possible
to configure it for different topologies. On the other hand, the con-
trol stage is developed on a National Instrument SbRIO controlling the
power stage by its inputs and outputs, which are adapted via condi-
tioning board (Interface).

Two power boards based on different GaN devices are used in this
work. Figure 3.2 shows top and bottom layers of the converter based
on GaN devices with insulated gate (650 V/60 A) [121]. The presented
prototype contains driver, sensing conditioning, protections, semicon-
ductors and a heatsink on the top side.
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Figure 3.1: General scheme of the configurable set-up, which includes
power and control stages.
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Figure 3.2: Half-bridge configuration power board based on GS61008T-
[122], top-cooled.

Figure 3.3 shows a similar power board but based on GIT devices.
Moreover, these devices are bottom-side cooled.
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Figure 3.3: Modular half-bridge power board presented in [54] based on
paralleled GaN devices IGO60R070D1- [108].

The area of the heat source (thermal pad) is relatively small, limiting
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the thermal capability (2.36), as it is presented in Section A.0.1. Hence,
the performance of two GalN devices with different cooling structure is
evaluated: top-side and bottom-side cooled devices. The characteristics
of these devices are summarized in Table 3.1.

Table 3.1: Electrical and thermal characteristics of GaN devices.

Parameter GIT HEMT

[108] [122]
Drain-to-source voltage-Vps 650 600 \Y%
Conduction resistance-Rgs,ref@25°C 32 55 mS)
Maximum temperature-7j max 150 150 °C
Junction-to-case Jres.istor—Rthj7C 0.3 0.8 °C/W
Junction-to-package resis‘cor-Rthkb 3 5 °C/W
Active area-Ae 3.1x6.5 32x13.7 mmxmm
Thermal performance-FOMyy, 5.50 30.23 mm?°C/W

In addition, thermal characteristics of these prototypes will be ana-
lyzed in detail in Section 3.3 and power losses distribution is evaluated
in Section 3.4.

3.2 Design Considerations

Considering unique characteristics of GaN switches, it is important to
identify the specific challenges of designing GaN based power convert-
ers. Although there are many aspects to consider in the design of a GaN
based power converter, this work is mainly focused on gate driver de-
sign, dead-time control and parallelization of devices. These design as-
pects are considered, as a consequence of the importance of proper driv-
ing signals (Section 2.5), the impact of dead-time losses (Section 2.2.1)
and the importance of paralleling GaN devices (Section 2.6).

3.2.1 Driver design

Different aspects related to gate driver design of two types of available
GaN devices are analyzed in this subsection: normally-off HEMT [122]
and GIT [108]. GaN HEMT devices present a most commonly im-
plemented voltage controlled gate, while for turning-on GIT devices
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their gate current must be controlled due to the diode forward voltage
(around 3.5V) [117].

Voltage controlled driver

In this configuration, the widely used gate driver circuit based on push-
pull gate driver circuit with turn-on and turn-off gate resistance is em-
ployed for a 650 V. GaN HEMT with insulated gate (GS66516T- [122]).
Then, the analysis presented in Section 2.5 is used to define the gate
resistances and voltages in order to not excess voltage safety margin
and to avoid false turn-on.

For that purpose a turn-on gate resistance of 24 € is defined. In this
manner, Vgg is lower than the maximum Vgg, as it is depicted in Fig-
ure 3.4. The increase of the turn-on resistance reduces the overvoltage
on the Vg, as it is analyzed in Section 2.5. Moreover, false turn-on is
also avoided. However, the switching speed is reduced with the increase
of the turn-on gate resistance. Another possibility would be the use of
negative turn-off voltage. However, for design simplicity and to avoid
negative voltages, negative turn-off voltage is not considered. Moreover,
the gate requirements are fulfilled with this design.

SPICE Sim.

VGs,s1
R, 0, =240 1

W = ot & N

[\

0 t

Gate-to-source voltage (V)

1 4
245 2.5 255 2.6 2.65 2.7 275 2.8 2.85
time (us)

Figure 3.4: SPICE gate-to-source voltage of the voltage controlled driver
for HEMT devices.

Gate driver design is validated through experimental measurements.

Figure 3.5 shows Vgg of half-bridge configuration without exceeding
voltage safety margin and without false turn-on.
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Figure 3.5: Experimental gate-to-source voltage of the voltage controlled
driver for HEMT devices.

Current controlled driver

Gate driver circuit is designed based on the theoretical and simulation
results presented in Section 2.5.3. Figure 3.6 presents the experimental
measurements of the gate-to-source voltage. In this case a gate resis-
tance of 102 is selected, achieving a low overvoltage on the Vgg. The
maximum allowed Vg is not exceed when turning-on, as it is demon-
strated in Figure 3.6(a), validating the analysis presented in Section 2.5.

Moreover, the current controlled driver design presented Sec-
tion 2.5.3 achieves negative turn-off voltage. Hence, a negative Vas of
is ensured, avoiding false turn-on as it is depicted in Figure 3.6(b).

3.2.2 Dead-time control

The analysis presented in Section 2.3 applies also for the gate driver
circuit of GIT devices, as the series capacitor Cy is considerably higher
than Cigs. Therefore, minimum dead-times are calculated, considering
the characteristics of selected GaN devices (see Table 3.1). Table 3.2
shows the results obtained for driver designs presented in Section 3.2.1.
These results will be validated in the experimental section, avoiding
shoot-through with reduced power losses.

Commonly symmetrical dead-time control is used for a half-bridge
configuration, i.e. both dead-time instances (f4¢,on and tay o) are the
same. However, this dead-time control strategy can result on high dead-
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Figure 3.6: Experimental gate-to-source voltage of the current controlled
driver for GIT devices: (a) turn-on and (b) turn-off.

time conduction energy F4; when long dead-times are needed in order to
achieve Zero-Voltage Switching (ZVS) transition. However, only turn-
on dead-time needs to be increased in order to achieve ZVS. Then,
applying different t4¢.on and tg¢ of, i-e. asymmetrical dead-time control,
impact of dead-time losses will be reduced. Afterwards, the impact on
power losses is analyzed, comparing power losses of both dead-time
control strategies.
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Table 3.2: Minimum dead-time results.

Characteristics GIT [108] HEMT [121]

Gate charge 5.8 12.1 nC
Turn-on/turn-off gate voltage 4/-3 6.5/0 \Y%
Turn-on/Turn-off resistance 10/10 24/0 Q
Gate driver SI8261BAC  1EDI20N12AF
Propagation delay on/off 60/50 137/143 ns
Turn-off dead-time ¢t o (10A): 45 85 ns
Turn-on dead-time t4¢,on: 80 80 ns

3.2.3 Parallelization of GalN devices

GaN devices conduction resistance presents a positive temperature co-
efficient characteristic [see Figure 2.3(b)]. This characteristic tends to
compensate static current balancing when paralleling devices. However,
the dynamic current balancing will be the most influential factor, due
to high-switching frequency operation and high commutation speed of
GaN devices. Besides, the low threshold voltage together with a high
commutation speed, implies a greater driver loop consideration, ensur-
ing a high dv(t)/dt immunity [123].

Hence, it is noteworthy to design a low stray inductance and sym-
metric layout to ensure a balanced dynamic current. Moreover, equal
gate drive loop length provides an identical turn-on and turn-off times,
keeping a good thermal balancing [124,125]. Figure 3.7 shows an iden-
tical gate resistances circuits driving parallel-connected devices from
the same driver and control. This gate circuit ensures a balanced gate-
to-source voltage as a consequence of similar gate loop. In addition
decoupling capacitors are located near to the driver circuit. Driving
voltages along with R, o, and Rg og have been selected bearing in mind
the analysis presented in Section 2.5. Furthermore, parasitic induc-
tances of the gate driver have to be reduced, locating the driver as
close as possible to the switch, as it is depicted in Figure 3.7. The use
of the proposed gate driver scheme will ensure a well distributed losses
among parallel-connected devices.

The thermal distribution is evaluated in buck configuration at hard-
switching operation mode. Figure 3.8(a) shows how even for transient
there is a minor difference of temperature between paralleled devices.
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Figure 3.7: Parallel-connected devices gate driver scheme and layout pro-
posal.

The main difference appears when comparing high-side with low-side
devices, due to higher losses of high-side devices. When achieving the
steady-state the distribution is even better, as it is depicted in Fig-
ure 3.8(b). Hence, it is demonstrated that the designed driver ensures
an evenly shared current through parallel-connected switches.

380°C
L35

27.8°C L
7.8°C [ 30

27.8°C

[ 2s

223°C

Figure 3.8: Validation of balanced current sharing via thermography: (a)
switching transient of synchronous buck converter and (b) switching of syn-
chronous buck converter at steady-state (350 V/10 A/20kHz).
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3.3 Thermal Limits Evaluation

Cooling variants of the prototypes presented in Section 3.1 are com-
pared. The most critical elements of the cooling system are identified
in order to take full advantage of GaN devices in power applications
where high heat cooling capability is needed. Moreover, the impact of
heat-spreading materials and parallel-connected devices is evaluated.

In this case, the top-side cooled package shows up the best thermal
performance based on FOMy;, (2.1), due to a lower junction-to-case
thermal resistance (see Table 3.1). Nevertheless, the performance com-
parison of both solutions is not trivial, due to differences on the cooling
system configuration and the relevance of A, on the power dissipation
capability (2.36). Then, two different solutions are compared, with the
aim of studying the thermal performance at the power converter level:
one with a thermal pad on the top-side, and the other on the bottom-
side.

Moreover, it is worth pointing out that, as in this case all devices
share the same heat sink, the thermal pad of each device must be elec-
trically isolated. In terms of heatsink assembly, adhesive TIMs provide
the possibility to avoid mechanical elements, e.g. screws and/or springs.
However, it is not easy to assure a proper level of pressure, and the
thermal performance could not be good enough in some high-power ap-
plications. On the contrary, non-adhesive TIMs achieve better thermal
performance, reaching thermal resistance below 2°C/W even for such
small active area [see Figure 3.9]. Thus, considering the high impact
of TIM thermal resistance an enhancement of the cooling capability is
required.

3.3.1 Cooling configurations

Power boards based on top-side cooled and bottom-side cooled GaN
devices, presented in Section 3.1 are thermally evaluated. Furthermore,
in order to evaluate the enhancement of heat-spreading material, top-
side cooled configuration with heat-spreading material is also analyzed.
Therefore, the thermal performance of three different configurations is
compared: top-side cooled, top-side cooled with heat-spreading (top-
side sp) and bottom-side cooled. This theoretical model, based on
different assumptions is only valid for a simplified model to provide
a performance approach. Table 3.3 presents the specifications of the
three configurations.
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Figure 3.9: Impact of thermal resistance of different TIM, considering the
effective area of top and bottom cooled devices.

Table 3.3: Specifications of cooling configurations.

PCB Specifications Top Top-sp Bottom

FRA4 layers thickness 0.35 0.35 0.1 mm

Cu layers thickness 0.07 0.07 0.035 mm
Spreading thickness - 10-1073 1 mm
Spreading material - EYG-A091201V Cu inlay

TIM material WLFT404R25  WLFT404R25  Hi-Flow 300P

TIM active area 20.2 652 600 mm?
Material properties Thermal conductivity

FR4 0.25 W/(m-C)
Hi-Flow 300P 1.6 W/(m-°C)
WLFT404R25 0.4 W/(m-C)
Cu-inlay 372 W/(m-C)
EYG-A091201V 1950 W/(m-°C)

Top-side without heat-spreading

Top-side cooling seems to be a straightforward solution, transferring
the heat directly through the heatsink. Besides, some micro-vias have
been included in the PCB to increase thermal and electrical conduction
through every possible layer (see Figure 3.10).

The equivalent junction-to-ambient resistance of the thermal equiv-
alent circuit presented in Figure 3.10 is obtained solving (3.1), assuming
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Heatsink (hs-a)

High-side
esee TIM (s-hs)
Device (j-c / j-b)
Low-side PCB (b-PCB)

vias Copper

Figure 3.10: Top-cooled half-bridge configuration, i.e. high-side and low-
side switches, with heatsink and micro-vias, along with the equivalent ther-
mal circuit for Ny parallel-connected devices.

both sides (top and bottom) cooling.

R . Rthj—a,TOP .Rthj—a,BOT here
thj_. HEMT — R TR w
thj_a,ToP thj_a,BoT

Rin; . + Ren, .
Rthj,aYTOp = % + Rihpe o> (3.1)
p

Rthj—a,BOT = Rthj—b + Rthb—PCB + RthPCB—a

being Ryp, ,. the thermal resistance of the TIM (WLFT404R25) and
Rin,_pop the thermal resistance of the PCB.

A first theoretical approximation is obtained solving (2.33) for ma-
terials properties and PCB characteristics presented in Table 3.3. For
the PCB thermal resistance a parallel equivalent between Cooper (Cu)
thermal vias (3.2) resistance and FR4 dielectric is assumed, as it is
proposed in [126].

dvia
Ap 1 Ny [¢1/2% — (61/2 — ¢2/2)?]

Rthb_pCB = (32)

being dyi, the length of the via, A, the conductivity of the copper, Ny
the number of vias, ¢; drilled diameter and ¢, plated hole diameter.
However, a large PCB-to-ambient resistance is assumed, considering
that all the heat is transferred through the heatsink (Ren,;_, rop). Then,
solving (3.1) for the obtained thermal resistances the total junction-to-
ambient resistance distribution is presented in Table 3.4.
Moreover, the maximum allowed power losses Py, is obtained with

(2.35), setting Piim to be lower than 19.13 W.
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Top-side with heat-spreading

Similar as in the top-side configuration, the heat is directly transferred
through the heatsink but including a heat-spreading material between
heat source and TIM (WLFT404R25), as it is depicted in Figure 3.11.
A spreading material with high thermal conductivity is used (EYG-
A091201V) in order to increase even more the effective area (> A - N;)
and thus reduce the TIM resistance impact.

TIM (s-hs)
Heat-spreading (c-s) El.%v
Device (j-c / j-b) v

Copper

Figure 3.11: Top-side cooled prototype including a heat-spreading mate-
rial, with heatsink and micro-vias, along with the equivalent thermal circuit.

The thermal network presented in Figure 3.11 is solved, obtaining
following equivalent resistance:

Rthj—a,TOP . Rthj—a,BOT

Ry, = where
. Rthj—a,TOP + Rthj—a,BOT
Rthj—(‘ + Rthc—gp R hs_ns
Rthjfa,TOP = 2. N - + : 2 : + Rthh57a7 (33)
1%

Rthj—a,BOT = Rthj_b + Rthb—PCB + RthPCB—a

Although the heat-spreading material adds a thermal resistance
(Rth,_.) into the thermal network, the equivalent junction-to-ambient
resistance reduces as the TIM resistance has been reduced. Therefore,
the maximum allowed power losses Py, is increased up to 28.45 W.

Bottom-side with Cu inlay

In the bottom-side cooling configuration, different techniques can be
used to improve the thermal performance during the design of PCB:
using copper as a heat spreading media, introducing thermal vias on
the PCB, increasing the thermal pad or inserting Cu inlay, among others
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Heatsink (hs-a)

Heat-spreading TIM (pcb-hs)

Cu inlay
High-side - T =,

Low-side

PCB (c-peb)
Device (j-c / j-b)

Figure 3.12: Bottom cooled configuration, with internal copper layers (Cu
inlay) and equivalent thermal circuit.

[127,128]. For this configuration, Cu inlay with heat spreading has been
demonstrated as the solution with the best performance [129].

The converter based on devices with bottom thermal pad has a di-
rect contact with internal Cu through laser vias as it is depicted in
Figure 3.12. Moreover, the area that is in contact with the TIM is big-
ger than in the top cooled variant. Using these techniques (increasing
thermal pad and Cu inlay with laser vias), lower TIM thermal resis-
tance is achieved due to heat flow spread over a wider area. However,
the thermal resistance and the temperature of the PCB have to be con-
sidered, since almost all the heat is dissipated through this element,
and it could be critical in some cases.

The equivalent junction-to-ambient resistance of the bottom cooling
solution is derived (3.4)

Rthj—a,TOP . Rthj—a,BOT

Rin;_, = where
Rthj—a,Top + Rthj—a,BOT
R vor = Biny_y, + Rihb—a; (3.4)
R . Rthj—c + RthcprB RthPCB—hs R
thj_a,BoT — + + Lthp, o

2. N, 2

being Rinpep_,. the TIM thermal resistance (Hi-Flow 300P), Rin._pop
the PCB thermal resistance and assuming Ry, _, to be large for the
analytical model.

The PCB thermal resistance is obtained for a 1 mm width Cu in-
lay, considering the GIT device active area (43 mm?), and Cu as heat-
spreading material (2.38)-(2.44). For the TIM thermal resistance a
wider active area is considered (600 mm?), as it is shown in Figure 3.12.

Even with the inserted PCB thermal resistance, the bottom cooled
solution presents a lower overall Ryy;_, due to the reduction of the TIM
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resistance (see Table 3.4). Power losses limit is higher than in the top-
cooling configurations (Pim=39.5 W) due to lower overall Ry, .

Table 3.4: Cooling solutions results.

Thermal resistance Top Top-sp Bottom
Surface-to-heatsink - Rin s—hs 8.01 0.57 0.152 °C/W
Heatsink-to-ambient - R¢hhs—a  3.15 3.15 2.5 °C/W
Case-to-PCB - Rih,c—pcB - - 0.05 °C/W
Case-to-spreading - Rin,c—sp - 0.01 - °C/W
Package-to-PCB - Ren,b—pcB 3.43 3.43 - °C/W
Junction-to-ambient - Rih j—a 5.23 3.51 2.84 °C/W
Dissipated power - Puis 19.13 28.45 39.5 \\Y%

However, when comparing Rip,_,, equivalent resistance, Top-sp and
Bottom configurations presents similar performance. The use of high
thermal conductivity heat-spreading material clearly reduces the impact
of adhesive TIM. Therefore, the thermal cooling capability of top-cooled
configuration is improved. Besides, the use of Cu inlay along with Cu
heat-spreading achieves similar thermal performance than top-cooled

devices.

3.3.2 Experimental evaluation

Top and bottom cooled boards presented in [54] are used for the experi-
mental evaluation of three cooling solutions and validate the theoretical
analysis (see Figure 3.13). Thermal performance of three cooling solu-
tions is compared for a maximum junction temperature point below
125°C. Figure 3.13 depicts two prototypes based on top-side (HEMT)
and bottom-side (GIT) cooled devices and different heatsinks. In ad-
dition, Figure 3.13(c) shows heat-spreading material included between
TIM and heat source for the top-side cooling configuration with heat-
spreading (Top-sp).

For the thermal evaluation of each solution, devices of two power
boards are characterized through conduction tests. Each board contains
a half-bridge configuration, which is formed with two devices connected
in parallel, as it is depicted in Figure 3.14(a).

For this characterization, the voltage drop (vrop and vgor) of the
switches is measured, along with four heatsink temperatures (Tjs) and
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Figure 3.13: Half-bridge configuration power boards: (a) top-cooled pro-
totype based on [122] and with external forced-air heatsink, (b) bottom-
cooled prototype based on [108] with integrated fan heatsink and Cu-inlay;
and (c) top-side heatsink with heat-spreading material for the Top-sp con-
figuration.

ambient temperature (7,), as it is presented in Fig. 3.14. Thermal
and electrical readings are obtained until the thermal equilibrium of
heatsink temperatures is achieved. The half-bridge is operated keeping
all switches (s1, s2, s3 and s4) in on-state with a controlled current
(Iq). A laboratory power supply in constant current mode is used to
adjust the current I4 and thus the dissipated power Py;s. Moreover, Fig-
ure 3.14(b) shows how the heatsink presents an evenly distributed tem-
perature, without great variations between measured points. Neverthe-
less, the maximum heatsink temperature is considered for the heatsink
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temperature estimation.

I, T.
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Figure 3.14: Experimental validation set-up: (a) half-bridge configura-
tion scheme, with two GaN devices in parallel and (b) heatsink-to-ambient
measurements

Then, thermal performance of different variants is evaluated con-
sidering different indicators: estimated junction temperature, total
junction-to-ambient thermal resistance Riy;_, and equivalent thermal
resistance distribution. Even if the comparison between both solutions
is not straightforward due to differences on the package of devices,
heatsinks and TIM materials, these indicators identify the most suit-
able cooling solution. Furthermore, the enhancement of using a heat-
spreading material for the top-side cooling configuration is evaluated,

comparing Ry, , distribution of both configurations.

Junction temperature estimation

For the junction temperature estimation, Temperature Sensitive Elec-
trical Parameter (T'SEP) based on Rgson(T};) is used. In order to ex-
tract conduction resistance dependence on the junction temperature
iso-thermal measurements are performed with a short current pulse.
As there is no significant self-heating during the pulse, junction tem-
perature is iso-thermal with case temperature (T¢). Hence, it is possible
to characterize Rgs on at different T} measuring Tt (3.5) [54].

T =~ 1Tj Rps,, (TC) ~ Rps,, (Tj) (3.5)
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Thus, Rgs,on is characterized for different 7} measuring 1t as it is
proposed in [54]. It has to be noted, that there is no degradation of
the conduction resistance due to trapping electrons during this mea-
surements, i.e. no dynamic Rqson effect. Hence, only temperature-
dependent changes of Ryson are evaluated, since there are no off-state
voltage stresses, as a consequence of very small voltage drop (Vps) in
conduction [49].

Therefore, measuring the voltage drop (vrop and vgor), controlled
current Iq and T¢, Rqson(75) is obtained [see Figure 3.14(b)]. These
results, can be approximated with (3.6) and (3.7), for reference on-state
resistance (Rgs ref@25°C).

Rds,HEMT(Tj) = RrefﬁHEMT'(0.832+0.006'Tj+1.773'1075'7}2) (3.6)

Ras arr(T}) = Rrer,crr - (0.840 4 0.006 - Ty + 1.366 - 107° - T7) (3.7)
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Figure 3.15: Experimental on-state resistance in relation to junction tem-
perature [54]: (a) GaN HEMT and (b) GaN GIT.

It has to be noted that even if RgsTop is lower than Rgs oT the
same amount of power losses are considered for the comparison of cool-
ing configurations.
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Performance comparison

Regarding the performance comparison, a controlled current Iy is con-
ducted through high-side and low side paralleled devices resulting on
distributed thermal dissipation. Thermal images of bottom layers val-
idate a well distributed heat dissipation through paralleled devices, as
it is illustrated in Figure 3.16 for three configurations.
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60 60
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20 20
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(b)
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50

40
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20
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Figure 3.16: Top and bottom cooling power boards thermal comparison
(Paiss=8 W): (a) power board based on top-side cooled devices, (b) power
board based on top-side cooled devices with heat-spreading material and
(c) power board based on bottom-side cooled devices.

Moreover, measuring the voltage drop (vrop and vgor) and the
controlled current Ing, Rgson is obtained, and thus solving (3.6),(3.7)
Tj is estimated.

Then, junction temperature in function of power losses is obtained,
defining the allowed maximum power losses at T} = 150°C, as it is
depicted in Figure 3.17(a). For the same power losses, the junction
temperature of the bottom cooled variant is lower, as a result of a
better thermal management.
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Figure 3.17: Comparison of thermal distribution of different cooling so-
lutions (Pg;s=8 W): Top and bottom cooling power boards thermal perfor-
mance indicators based on experimental measurements: (a) T} estimation

and (b) total junction-to-ambient thermal resistance.

The total Ry j—, of different configurations is derived from the mea-
sured ambient and estimated junction temperature. In Figure 3.17(b)
bottom cooled configuration appears as the best cooling solution, with
a reduction of 40% of thermal resistance at 14 W power losses.

Comparing the thermal resistance distribution, a good matching
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between the theoretical and experimental results is observed for the
top-cooled solution in Figure 3.18. However, as bottom-cooled vari-
ant presents a more complex system the estimation results in a higher
difference between experimental and theoretical analysis.

In addition, spreading material placed between device active area
and TIM increases the TIM active area, reducing the impact of this
material resistance. This solution results on a reduction of the TIM re-
sistance by 75%, comparing Top configuration with Top-sp solution (see
Figure 3.18). Moreover, the use of Cu inlay with laser vias, along with
heat-spreading, results on low PCB thermal resistance and a reduced
impact of TIM resistance.
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Top Top-sp Bottom

Figure 3.18: Thermal resistance distribution for three analyzed cooling
configurations (Pyijss=14 W): top-side cooling (Top), top-side cooling with
spreading (Top-sp) and bottom-side cooling (Bot).

The main difference of both solutions, without considering heatsink-
to-ambient resistance, is related to the resistance between the device
thermal pad and the heatsink. Although bottom cooled has the im-
pact of the Cu inlay resistance, the increase of the contact area reduces
the TIM thermal resistance, resulting in lower surface-to-heatsink re-
sistance than in the top cooling configuration. Thus, when designing a
thermal solution for GaN devices with such small package it is essen-
tial to increase the contact area to reduce the TIM resistance, being
possible to increase the power dissipation capability, as it is depicted in
Figure 3.18. Nevertheless, cooling through PCB requires a more com-
plex manufacturing processes. Moreover, the use of a high conductivity
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heat spreading reduces the impact of the surface-to-heatsink resistance
increasing the cooling capability of the top-side cooled variant.

Therefore, it is demonstrated that not only the use of a better
heatsink reduces the overall resistance but the reduction of the TIM
resistance on the bottom-cooled solution improves the thermal man-
agement performance (see Figure 3.18).

3.4 Power Losses Distribution

The main goal of this analysis is to define distribution of power losses
for the optimal implementation of GaN devices on medium/high-power
converters. Thus, half-bridge configuration with an inductive element
connected to the midpoint is evaluated. In this configuration, the in-
ductive current is formed by a fundamental current i,(¢) and a current
ripple A, expressed as per-unit, at a switching frequency fs, as it is
depicted in Figure 3.19 for different topologies. Moreover, when ana-
lyzing the switching transients, turn-on I, and turn-off I,g currents
are differed:

Ion = i0(t) — io(t) - Ad

Iogp = io(t) +io(t) - Ai (38)

In the case of de-dc converters i, (t) is a constant average current I,.
For a synchronous buck converter, a triangular current with i, (¢)=1I,,
Ion decreases with the current ripple, while I g switching current in-
creases (3.8). On the contrary, for dc-ac, i.(t) is a sinusoidal current
with a peak amplitude of I, at a fundamental frequency f,. Neverthe-
less, an equivalent theoretical analysis of power losses can be presented
considering an inductive triangular current.

The design space, which is conformed by Ai, Ny, fs, tas,on and
tas,off, is used for the evaluation of the converter performance. Variation
of the current ripple not only affects to power losses, but also results
on different operation modes, as it is depicted in Figure 3.20. Low
current ripple (Ai<1) presents hard-switching for both commutations
(turn-on and turn-off), whereas an increase of the current ripple can
result on soft-switching operation. If the current ripple is equal to
I, (Ai=1), Zero-Current Switching (ZCS) is achieved, being turn-on
switching losses only related to the output capacitance (Eon=Foss).
Besides, if the current ripple is increased until I, is negative, ZVS
transition can be accomplished, if dead-time is long enough.
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Figure 3.19: Half-bridge configuration for different topologies: (a) dc-dc
synchronous buck and (b) dc-ac single phase inverter.

Then, after defining a power losses model of semiconductors swit-
ching losses needs to be analyzed. Moreover, soft-switching transitions
are evaluated, presenting an analytical ZVS model.

3.4.1 Switching losses

Once switching characteristics have been analyzed in Section 2.2.2, swit-
ching transients are evaluated in order to define switching losses dis-

tribution. Switching losses are evaluated through SPICE models and

DPT. Moreover, reverse recovery energy is negligible for GaN devices
and it is not considered as a part of turn-on losses. Besides, scaling
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Figure 3.20: Current ripple influence on the operation mode of a syn-
chronous buck converter: hard-switching (0.2), zero-current-switching ZCS
(1) and zero-voltage-switching ZVS (>1).

methods are defined in order to obtain switching losses for different
operating conditions.

For this analysis, stray inductance of GaN devices [108] and power

board layout characteristics [44] are considered, which are summarized
in Table 3.5.
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Table 3.5: Parasitics related to package and converter layout.

Package parasitics [108] Value Unit
Gate stray inductance - Lg 3 nH
Drain stray inductance - Lp 0.8 nH
Source stray inductance - Lg 0.3 nH
Converter typical parasitics [44] Value Unit
Power loop stray inductance - Lioop 2 nH
Power loop stray resistor - Rioop 1.2 m?
Gate loop stray inductance - La, i00p 5 nH
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Analysis of switching transients

A typical hard-switching transition consist of turn-on and turn-off tran-
sient. For the analysis, a DPT is performed, dividing turn-on and turn-
off transients into four stages: turn-on delay, turn-on main transition,
turn-off delay and turn-off main transition.

1. Turn-on delay - ton,1:

During this interval, the Cgg is charged until it reaches Viy,. As
the semiconductor is in open state, there is not current flowing
through the channel, an the current is flowing through high-side
semiconductor [see Figure 3.21(a)]. Hence, during this delay pe-
riod only gate characteristics needs to be considered until Vg
reaches V;, and turn-on main transition begins.

2. Turn-on main transition - ton1:

With the beginning of turn-on transition, the device starts con-
ducting according to Vgs and (2.4). This transition ends when
either Vpg decreases to zero or Iy gets the load current. Vpg tends
to drop first, mainly due to high-switching capability of GaN de-
vices and considering small gate resistance, low stray inductance
or high load current [130]. On the contrary, Iy would reach first
the load current. Moreover, as a result of negligible @Q,, GaN de-
vices presents a relatively clean turn-on current. Nevertheless, a
current bump is observed when turning on GaN devices, as it is
depicted in Figure 3.21. This overcurrent is mainly generated by
the charging/discharging current from parasitic capacitors Cogs
[see Figure 3.21(a)].

3. Turn-off delay - tom,1:

As occurs in the turn-on transient, there is a delay period until
turn-off main transient begins. When the gate signal is set to zero
the Cigs of the semiconductors is discharged, until Vg decreases
to Vin+ QI—;:. In this interval the current is flowing the main switch,
as it is shown in Figure 3.22(a).

4. Turn-off main transition - tog 2:

Then, turn-off main transition begins with Vgos=Vi, + ;—d and
ends when Vpg reaches bus voltage or Iq drops to zero. As occurs
for main turn-on transition to determine which of them occurs
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Figure 3.21: Turn-on switching transition for a DPT test (350 V/10 A) of
the IGO60R070D1 [108]: (a) equivalent scheme of turn-on delay and turn-
on main transition, and (b) switching energy, drain-to-source voltage and
current, along with the gate-to source voltage.

first the gate resistance, stray inductance and load current needs
to be analyzed. Moreover, turn-off losses are lower comparing to
turn-on ones for the same voltage and current requirement as it
is depicted in Figure 3.22.

In this case ringing periods are not considered, as the produced losses
can be neglected [130] (see Figure 3.21-3.22). In addition DPT is per-
formed for different operation conditions, in order to evaluated the influ-
ence of switching current, switching voltage and junction temperature
on switching losses.

Scaling and approximation

On the one hand, the voltage increase results on a proportional increase
of turn-on and turn-off losses, as it is depicted in Figure 3.23(a). Then,
scaling approximations are obtained for V3 considering a reference swit-
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Figure 3.22: Turn-off switching transition for a DPT test (350 V/10A) of
the IGO60R070D1 [108]: (a) equivalent scheme of turn-off delay and turn-
off main transition, and (b) switching energy, drain-to-source voltage and
current, along with the gate-to source voltage.

ching voltage Vg ref

v
Eon(vd) = Eon(Vd,ref) : Wdf7
e
v (3.9)
EOH(Vd) = EOH(Vd,ref) : Tdf
re

On the other hand, Figure 3.23(b) shows the impact of T} at differ-
ent current values. The increase of the temperature results on higher
turn-on energy. Otherwise, the impact of 7} is negligible for turn-off
characteristic as it is depicted in Figure 3.23(b). This is a result of the
impact of T} on the transconductance. Therefore, an approximation to
the effect of T} on the turn-on energy is obtained with (3.10) considering
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Figure 3.23: Scaling approximations of switching energy: (a) the impact
of different switching voltage Vg and (b) different Tj.

the transconductance relation with 7; presented in Figure 2.6.

gm(Tj)

Eon (T]) = Eon(25C°) . kgm where kgm = m

(3.10)

where the transconductance variation gm(7}) is approximated with
(2.5).

This effect has not a high impact on switching energy, as it is shown
in Figure 3.23(b) and will be analyzed hereafter.

Figure 2.10 shows that GaN devices present a high difference be-
tween turn-on and turn-off switching energies. Then, the impact of
these difference is analyzed. An approximation of E,, and E.g for a
given Vg voltage is made using a second order polynomial, considering
Np number of devices and 73=25°C.

I3 \? Iy
Eq=|cqa- N +bd~ﬁ+ad - N,
b p (3.11)

Cq 2
:E'Id +ba-Ia+aqa-Np
being Iy the switching current, I, for turn-on and I,g for turn-off

transient.
Hence, considering switching energies distribution presented in Fig-
ure 2.10 and the second order fitting (3.11), the term which is inde-
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pendent of the current (ao,) is related to the energy of the voltage-
dependent output capacitor Coss(vq) charge (3.12).

Qon =~ Np ' CQ,eq(‘/d) : Vd2 (312)

considering the same Cyg for high-side and low-side devices and the
equivalent charge capacitance (2.6).

On the contrary, as for the turn-off transient E,s(vq) is not part
of turn-off energy, all turn-off losses are related to the vq(t) and iq(t)
overlapping (aog = 0uJ).

Considering turn-on and turn-off approximation terms (3.11), swit-
ching energy Ej per device is obtained as a function of current ripple
Ai and N, number of devices. Besides, it is assumed a turn-on current
(Ion) that decreases with Ai and a turn-off current (Iog) that increases
with Ad [120].

9 Coff + Con

Es=(Ai- I,
(8 1) T
e (3.13)
AT, - <2-10~°H°“+boffbon) +7
Np
being v the factor which is independent of the current ripple
12 - (Coft + Con
’Y:Np'Qoss'vd+M+Io'(boH+bon)- (314)

Np

Turn-on and turn-off energy curves present a linear tendency, as it can
be deduced from Figure 2.10. Hence, as by, >> con and bog >> cofr,
the total switching losses can be simplified to (3.15).

Eo~ Iy [(1= Ad) - bo] + Np - Cqeq(Va) - V2
Eon
o [(1+ Ad) - bog]

Eos

(3.15)

Therefore, if b,y is bigger than byg, total switching energies are re-
duced when Ai increases. This assumption is valid for GaN switches,
which present higher turn-on than turn-off losses (see Figure 2.10). Fur-
thermore, the switching losses also increase with the output capacitor
charge for N, number of devices (3.15).

79



CHAPTER 3. PERFORMANCE EVALUATION OF GAN
SEMICONDUCTORS

It has to be noted that, in order to avoid switching losses related to
output capacitor the converter needs to be operated under ZVS condi-
tions.

3.4.2 Soft-switching losses: ZVS

In a half-bridge with an inductive component connected to the mid-
point (see Figure 3.19) ZVS can be achieved. Analyzing the half-bridge
with s; and so, when s5 is conducting and the output capacitance of sy
(Coss, ) is charged to V;. Then, when turning-off s, all the switches are
in open-sate and the current flows free-wheeling diodes. This current
discharges Cogs, and transfers the energy to Coss,. If the inductive en-
ergy is high enough within an open-state time interval ZVS is achieved,
as it is depicted in Figure 3.24(a).

Hence, ZVS operation requires a negative current Io, zvs of the
inductive component (L), that charges/discharges output capacitances
(Cossy sCoss, ) within dead-time tgy on as it is depicted in Figure 3.24(a).

The required energy for ZVS can be derived from the energy balance
presented in [110]

Einit. + Edel. = Eﬁn. + Edis. (316)

Moreover, in this work the influence of IV, paralleled devices is con-
sidered. Then, the energy balance is solved, for the following conditions:

1
» Initial energy: Fi,i. = 3 L- Ign,ZVS + Eoss(Va) - Np

» Delivered energy: Egel. = —Qoss(Va) - Va - Ny

> Final energy: Egnn. = Eoss(Va) - Np

v

Dissipated energy: Eqis. =0

1
5 "L I3, gvs > Ny - Cqueq - Vi (3.17)

However, if conditions presented before are not fulfilled, incomplete
Zero-Voltage Switching (iZVS) occurs [see Figure 3.24(b)]. This means
that the top side switch turns-on before the resonant transition ends
with a voltage AV [110]. Indeed, dead-time is so small that the energy
will not be transmitted between the capacitors before the semiconductor
is turned on.
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Figure 3.24: ZVS transitions for different turn-on current conditions: (a)
complete ZVS and (b) incomplete ZVS due to low turn-on current within
an insufficient turn-on dead-time.

Therefore, a resonant analysis of the circuit is performed, in order to
define ¢4t on and Ion zvs more precisely. ZVS is achieved if the switch
node voltage of the high-side device [v4,1(¢)] excess input voltage Wi,
turning-on the body diode of s [120].Then, the current for ZVS oper-
ation is obtained by (3.18) within a dead-time tq; zvs

2-CQ.eq - Vi(Vi —2V,)N,
Ion,ZVS >\/ Q,eq ( ) P

T , (3.18)
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t 1 tan~! Vo + z
nzvs = Wr Ion,ZVS 2
3.19
here w, = ; ( )
W A2 L. CQ@q

Moreover, the effect of dead-time tq;on on the energy dissipated
during dead-time [Eqis. at(tdt,on)] is assumed to be linear. In this case
with the ¢4, zvs obtained with (3.19) complete ZVS is achieved. Then,
for tqy zvs the AV is zero and thus Eqis. as(fat,zvs) is calculated to be

1
Eais.at = Np - Cqeq - Vi — 3 L- Io2n,ZVS (3.20)

Thus, expressions for iZVS presented in [110] are revised including
the effect of dead-time (3.20). Then, solving the energy balance (3.16),
AV can be calculated with (2.6) and (2.7) equivalent capacitances, for
the following conditions:

1
§ 'L'Ign’zvs +Eoss(vd) 'Np +Edis‘7dt (tdt,on)

> Delivered energy: Egel. = — [Qoss(Va) — Qoss(AV)] - Va - N,

» Initial energy: Finit. =

> Final energy: Egy. = [Eoss(Va — AV) + Eoss(AV)] - N,
» Dissipated energy: Fgis. =0

Thus, if complete ZVS transition is achieved, with a I,y zvs within
a tay,zvs, the AV yields zero. Once AV is obtained, the dissipated
energy related to AV is calculated with (3.21).

Edis.,iZVS = [EOSS(AV) + (Qoss(vd) - Qoss(vd - AV)) - Va

B AV) — Bu(Va - AV)] N, 02

Hence, a trade-off between I, zvs and t4¢,zvs needs to be consid-
ered. Figure 3.25 shows how the higher tq¢ zvs the lower Io, zvs is
needed in order to achieve ZVS transitions.

3.4.3 Power losses model

The power losses of semiconductors are calculated with the character-
istics presented in Section 2.2 and considering the topology waveforms
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Figure 3.25: Switching losses for different turn-on currents within various
dead-times, achieving ZVS.

(see Figure 3.26). Semiconductor conduction, switching and gate char-
acteristics are obtained from SPICE simulations, as it is analyzed in
Section 2.2. Then, design parameters such as the Ai, fs, N, and dead-
time are considered in order to calculate the losses. Moreover, a ZVS

model defined in Section 2.2 will be validated when operating at high
Ai.

Design space: [, Ai. Ny, t.

Nominal Waveforms

1 7_-
Device E% /‘I Charact.
model

SPICE simulation Losses model

Figure 3.26: Power losses estimation procedure applied to GaN devices in
half-bridge configuration.
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Conduction losses

Conduction losses are related to conduction resistance Rgson and the
Root Means Square (RMS) current through high-side (s1) and low-
side (s2) devices (see Figure 3.19). For the total conduction losses the
current can be approximated to the RMS current of the output inductor
L

Lims = V12 + (I, - Ad)2/3 (3.22)

Moreover, it is a well-known fact that conduction losses are scaled
down with N, number of switches connected in parallel, resulting in
lower conduction losses according to (3.23).

PC = Ir2ms ’ Rd&on(,‘rj)/Np

S,0n

where Rggon is dependent on 7T and Iq4 as it is shown in Figure 2.3(b).
However, as Rgs,on presents a weak variation with respect to Ig, this
effect is not considered, simplifying the analysis.

Dead-time losses

In a half-bridge configuration a minimum dead-time was selected to
prevent simultaneous conduction of both switches, also known as shoot-
through (see Section 2.3). Two conduction instances are differenced,
as it is depicted in Figure 3.27: turn-on dead-time (f4¢0n) and turn-
off dead-time (fgom). Dead-time losses of these transients are ob-
tained from the free-wheeling reverse conduction characteristic [see Fig-
ure 2.4(b)] and the ratio between conduction times (£t on,tdas,o) and
switching period (1/f5).

[VSD,on . Ion : tdt,on + VSD,OH . Iof‘f : tdt,off]

N 'fs
p
Eat (324)

_ Vsp,on “ tat,on * (1 — Ai) + Vsp off-tas,on - (1 + Ad) 7
- N “do fs
P

Py =

where Vap on and Vgp o are the reverse drain-to-source voltage drop
for the switching currents I, and I,g, respectively.
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Figure 3.27: Dead-time conduction instances and energy (Eq4¢) on a syn-
chronous buck converter, being s1 high side switch and sz low side switch).

Figure 3.27 shows the conduction energy related to dead-time in-
stances. These losses will be relevant at high tq; - fs ratio for devices
with high Vgp, such as GaN devices (see Figure 2.4). Besides, a nega-
tive gate-to-source turn-off voltage (Vigs onr<OV) is preferred for GaN
devices in order to avoid false turn-on as it was analyzed in Section 2.5.
However, the use of negative turn-off voltage increases the Vgp (2.3),
resulting in higher dead-time losses.

Moreover, the impact of dead-time control strategies is shown in
Figure 3.28. Large dead-times are required in most cases for ZVS. As
it is previously analyzed in Section 3.4.2, a trade-off between I, zvs
and t4¢,zvs needs to be considered in order to achieve ZVS transition
(3.17). For the analyzed buck converter dead-time tq4 zvs is related to
tat,on While Io, zvs is related to Ai (3.26).

Then, different dead-time control strategies are defined depending
on the current ripple. For low current ripples (A <1), symmetrical
minimum dead-time is selected, maintaining the minimum dead-time
calculated with (3.19) for both transients. However, for ZVS operation
(A7 >1) only turn-on dead-time is increased to achieve ZVS operation,
as it is depicted in Figure 3.28.
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Figure 3.28: Symmetrical and asymmetrical dead-time control strategies
for the reduction of dead-time losses impact.

Switching losses

Switching losses for a hard-switching transition consist of turn-on and
turn-off losses, which are proportional to switching frequency fs and can
be scaled with the switched voltage Vg for a switching voltage reference
Va,ref and Tj, derived from (3.9) and (3.10).

PS(Vd) = [Eon(fon, Va ref, 25°C)~k‘gm+Eoff(Ioff, Vd’ref)]' s T

Considering the influence of 7 on turn-on energy, the energy at
25°Cis multiplied by the factor kg obtained with (3.10). Besides,
as occurs in all configurations with an inductive element connected to
the midpoint of a half-bridge, ZVS transition can be achieved, if ZVS
conditions are accomplished, as it is presented in Section 2.4.

3.4.4 Theoretical performance evaluation

The performance of these operation modes along with the impact of
the design space needs to be analyzed in order to define GalN devices
optimal operation conditions. Moreover, the impact of fs, N, and dead-
times needs to be evaluated.

Considering the power losses breakdown evaluated in Section 3.4,
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power losses of GalN devices are analyzed on a synchronous buck con-
verter for the specifications and design space shown in Table 3.6.

Table 3.6: Synchronous buck electrical specifications.

Specifications Value

Input voltage -V; 350 \%
Output voltage - V, 245 \%
Output current - I, 10 A
Junction temperature - 7j 120 °C
Design space

Current ripple - A 0.2-1.2
Switching frequency - fs 10-1000 kHz

Number of devices in parallel - N, 1 and 2

Semiconductors losses are evaluated for junction temperature of
120°C. Switching energies presented in Figure 3.23, along with the ana-
lytical expressions for ZVS operation (3.21) are considered for switching
losses estimation. Besides, asymmetrical dead-time control is performed
with the minimum dead-time calculated with (3.19) (85 ns) for Ai <1
and with (3.19) for ZVS operation, which depends on the inductor en-
ergy and the current ripple, among others. The current ripple and
switching frequency influence is evaluated comparing single device with
two parallel-connected devices.

Current ripple variation

For the current ripple analysis, a switching frequency of 100kHz and
an output current of 10 A with a duty cycle of 0.7 are considered. Fig-
ure 3.29 shows the losses breakdown in function of current ripple, num-
ber of devices and dead-time. Conduction losses increase with higher
current ripples while switching losses reduce. The reduction of swit-
ching losses is mainly due to lower turn-on switching currents along
with the great difference between turn-on and turn-off energy of GaN
devices (see Figure 2.10).

Moreover, paralleling devices results on higher power losses for low
current ripples, as a consequence of hard-switching operation. Never-
theless, the lower the relevance of switching losses is, the lower total
power losses of paralleled-devices are in comparison with single devices
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(see Figure 3.29). Regarding dead-time losses, the use of asymmetri-
cal dead-time control results on low relevance of dead-time losses. In
addition, minimum A7 is preferred, in order to avoid losses produced
by high-current ripples. However, an excessive dead-time will be a key
contributor on losses, as a consequence of the freewheeling conduction
characteristic of GaN devices (see Figure 2.4). Thus, for ZVS opera-
tion, asymmetrical dead-time control with higher dead-time values is
recommended in order to reduce total power losses, as it is shown in
Figure 3.29.
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Figure 3.29: Analysis of devices power losses, comparing single (contin-
uous lines) with parallel-connected (dashed lines) for different dead-times
(tat) and varying the current ripple

Switching frequency variation

Switching frequency influence is also evaluated under the same opera-
tion conditions for the three current ripples which provide three different
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operation modes: Aipaq=0.2, Aigzcs=1 and Aigyg >1.

‘Ion,ZVS|

Aizys =1+ I

(3.26)

being Ion zvs defined for achieving ZVS within tqs zvs (3.19).

Aizcs presents similar performance than low current ripple for low
switching frequencies and higher losses than Aizyg for high switching
frequencies (see Figure 3.30). Thus, only two current ripples will be con-
sidered for following analyses, i.e. 0.2 and Aizyg. Moreover, Figure 3.30
shows that for low switching frequencies (<20kHz), hard-switching op-
eration presents the lowest power losses due to low relevance of swit-
ching losses along with low current ripple. However, as the switching
frequency increases, switching losses become relevant, being ZVS oper-
ation the most suitable solution.
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Figure 3.30: Analysis of devices power losses considering hard-switching
(Ai=0.2), ZCS (Ai=1) and ZVS (Ai=Aizys), for various switching fre-
quencies and comparing single (continuous lines) with parallel-connected
(dashed lines).

In addition, paralleling devices results in lower power losses for high
current ripple (Ai>1) even for low switching frequencies. This is due
to the relevance of conduction losses, which are reduced by the number
of switches connected in parallel. Regarding parallelization for hard-
switching operation, Figure 3.30 shows how for low switching frequen-
cies (fs<60kHz) parallelization reduces devices losses. Nevertheless,
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when operating at higher switching frequencies single devices results on
better performance.

Although obtained power losses are low, even for high-switching
frequencies, the thermal dissipation capability of GaN devices will play
a key roll when designing the whole power converter, as it is presented
in Section 3.3.

3.4.5 Power losses measurement

With the eruption of WBG devices, the performance of power convert-
ers is enhanced, reducing power losses. Hence, the exact determination
of power losses becomes more complex and relevant. Although different
methodologies have been proposed in the literature for accurate mea-
surement of power losses [128,131,132], in this work calorimetric test
at power converter level is presented.

Methods

The methods for the measurement of power losses are basically divided
in two groups: electrical and calorimetric (see Table 3.7). On the one
hand, electrical methods are based on measurement of voltage and cur-
rent of the Device Under Test (DUT). These methods, such as DPT
or input-output energy conservation analysis present the advantage of
reduced measurement time. For DPT, it is mandatory to use high-
precision probes. Special attention must be devoted to a precise align-
ment of probes due to high-switching speed of WBG devices [126]. It
has to be noted that measurement probes with bandwidths higher to
350 MHz are required for GaN devices, which present 5-30 ns rising and
falling times [126]. Moreover, the results obtained with this method
are questionable for soft-switching operation [128,131]. Regarding the
energy conversion analysis other converter components losses have to
be subtracted from the total power losses, in order to obtain DUT
power losses. This procedure results in some cases in complex analy-
sis of converter losses [126]. Therefore, electrical measurements have
been demonstrated as low-medium accuracy measurements for WBG
devices, as it is analyzed in [131] for 10kV SiC MOSFETs.

On the other hand, calorimetric methods determine the power losses
with the measurement of the dissipated heat on the DUT. Calorimet-
ric methods can be differed as steady-state-calorimetric and transient
calorimetric. Steady-state calorimetric methods present slow speed
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in comparison with other methodologies. Moreover, with forced air
cooling systems and air flow meters, the flow temperature difference
is measured, obtaining 20-25 min./point speed [132]. However, the
time consumed for this steady-state tests can not be compared to high
speed measurements obtained by electrical measurements. Referring to
transient-calorimetric, power losses are measured in a fast and accurate
way. The method proposed in [131], achieves a low relative error even
for soft-switching losses. However, special set-up is build along with
brass block, which acts as thermal capacitance, neglecting the ther-
mal resistance and therefore reducing the measuring time. Although
both calorimetric methods present high accuracy, in most cases special
set-ups were build in order to obtain these measurements.

Table 3.7: Comparison of different power losses measurement methods.

Methods Accuracy Speed Configuration
Elec DPT [126] Low Fast Half-bridge
' Energy conversion Low Fast Converter
Calor Steady-State  [132] High Medium Full-bridge + air flow
’ [120]*  Medium  Medium Converter
Transient [131] High Fast Half-bridge + Brass block

* Proposed in this work

Converter level calorimetric method

In this work, a steady-state calorimetric measurement method is pro-
posed for the experimental estimation of GaN switches power losses at
power converter level. Heatsink and ambient temperatures are mea-
sured together with input and output power values [see Figure 3.13(a)].
As the heatsink has not a high thermal thermal constant (rth =
Rih hs-Cih,hs) this measurement method is quite fast (20-30 min. /point).

Devices power losses (Py joss) are obtained from the thermal equiv-
alent heatsink resistance Ry hs and the measured heatsink-to-ambient
temperature difference (AThs = Ths - Ta) (3.27), when the thermal
equilibrium is achieved.

(3.27)

Nevertheless, the measured point has to be calibrated by measure-
ments in order to obtain the precise thermal resistance. This charac-
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terization is similar to the one presented for the thermal limits eval-
uation in Section 3.3.2. A constant controlled current (1) is fed into
the power board, measuring ATy for different controlled power levels.
Then, power losses for a measured ATy, are obtained [see Figure 3.31].
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Figure 3.31: Experimental power losses measurement, relation between
the measured point temperature difference ATj,s and power losses Py 1oss-

The estimated Py 10ss consists of conduction P, switching Py and Pyt
dead-time power losses. Measuring the RMS current of those switches
(Id,rms) and with the Rqs on(7}), conduction losses are known and hence
the switching losses plus dead-time losses are obtained

P+ Pyy = Pd,loss - Rds,on(Tj) . Ig,rms' (328)

In addition, for the junction temperature 7j estimation, the on-
state resistance [Rgson(7})] will be used as TSEP, as it is proposed in
Section 3.3.2.

3.4.6 Experimental Results

In order to validate the theoretical analysis presented in Section 3.4.4,
the influence of different current ripples and switching frequencies on
power devices is experimentally measured. Moreover, the proposed
steady-state calorimetric method is validated.
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Operation conditions

In Figure 3.32 the voltage of top device is depicted for three current
ripples that achieve different operation modes: Ai =0.2, Ai =1 and
Ai >1. Low current ripple presents a hard-switching transition, as it is
depicted in Figure 3.32(a). For the current ripple of 1 the switch-node
voltage is not discharged and thus, a transition with ZCS is shown
in Figure 3.32(b). On the contrary, for the ZVS current ripple, the
depicted voltage vq; shows up a complete soft-switching when ZVS
conditions are accomplished [see Figure 3.32(c)].

The minimum I,y zvs (3.18) and tgy zvs (3.19) are calculated for
ZVS operation. Then, ZVS transition is fulfilled as it is shown in Fig-
ure 3.33. It is also demonstrated, that for lower dead-time an iZVS tran-
sition occurs as it is depicted in Figure 3.33(a). However, if dead-time
increases up to tqt,zvs, complete ZVS is achieved [see Figure 3.33(b)].

GaN devices performance

Figure 3.34 shows a good match between theoretical and experimen-
tal measurements, considering the estimated junction temperature for
each case. Power losses are evaluated at different junction temperatures
and operation modes, resulting on a good agreement of conduction and
switching losses with the ones obtained from the power losses model.
Therefore, the considerations described in the power losses model (see
Section 3.4.3) are validated. It has to be noted that experimental swit-
ching losses contain also dead-time losses.

Even for such low switching frequency (see Figure 3.34(a)- 20 kHz)
the influence of the switching losses is reduced as the current ripple in-
creases. However, the increase of the conduction losses leads to achieve
similar power losses. Furthermore, when switching losses are more rel-
evant (see Figure 3.34(a)-40kHz) the increase of the current ripple
results on even lower power losses. Medium switching frequency op-
eration (80kHz) with reduced losses has been demonstrated even for
hard-switching operation. It has to be noted that dead-time losses be-
gin to be relevant at 80 kHz.

Thus, the possessed asymmetrical dead-time control strategy is
validated for 80kHz, achieving a reduction of power losses (see Fig-
ure 3.34(b)).
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3.5 Conclusions

In this chapter, the benefits and limitations analyzed in Chapter 2 are
evaluated and experimentally validated. First, design considerations
related to driver, dead-time and parallelization are presented. Driver
designs for the most commonly used GaN devices are proposed, i.e.
insulated HEMT and non-insulated GIT. The presented designs result
on reliable gate driver performance, without exceeding voltage safety
margin and avoiding false turn-on. Regarding dead-time, the benefits
of an asymmetrical dead-time control is evaluated, reducing dead-time
losses when operating at high current ripples. Besides, the gate driver
layout is analyzed for paralleling GaN devices. Symmetrical gate driver
is presented, achieving an evenly shared current between devices.

Furthermore, considering the thermal cooling limitation of small
size GaN devices, three cooling configurations are analyzed, including
heat-spreading materials. Only comparing the thermal performance of
both packages, top-side cooled device is better than bottom-side cooled
one. However, the use of bottom cooled configuration with Cu inlay, in-
creasing the thermal pad, and better TIM material improves the cooling
performance in comparison with the top cooled configuration. As it was
presented in Section 2.6, the use of parallel devices and heat-spreading
materials overcome thermal cooling limitations of GaN devices. In Sec-
tion 3.3, it is demonstrated that the use of heat-spreading material can
increase the cooling capability by 56%. Hence, the use of heat-spreading
materials to increase the dissipation area will be essential when design-
ing GaN-based power converters.

Then, the performance of devices is evaluated at converter level with
a general analytical model that can be adapted to different topologies.
This model is based on the analytical expressions presented in Chap-
ter 2. In this case, the analysis is centered on a well-known synchronous
buck converter. The great difference between turn-on and turn-off en-
ergies, along with low conduction resistance of GaN devices leads to
low power losses. Furthermore, the proposed asymmetrical dead-time
control reduces the high impact of dead-time losses. The effect of op-
erating at different current ripples and switching frequencies has been
evaluated with paralleled devices.

On the one hand, the increase of the current ripple, ensuring ZVS,
reduces power losses of semiconductors for high-switching frequencies
(>40kHz). Nevertheless, the relevance of GaN devices switching losses
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is low when considering full converter performance. Then, hard swit-
ching operation mode achieves lower overall losses than ZVS up to
40kHz. On the other hand, the use of parallel devices results on lower
power losses up to high switching frequency <150kHz. These results
are experimentally validated in Section 3.4.5 through calorimetric mea-
surements.

All the analyses carried out in this chapter will be used during the
GaN-based converter design process of Chapter 4 and defining potential
solutions of GaN devices in Chapter 5.
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Chapter 4

GaN-based Power
Converters Performance

N previous chapters, the operation of GaN devices at high switching
frequency and with high current ripple has been demonstrated, due
to their low conduction and switching losses (see Section 3.4.6). Hence,
once operation conditions and limits of GaN devices have been evalu-
ated, the performance at converter level is evaluated in this chapter.
For that purpose, an optimization routine is presented in Section 4.1.
There is a clear tendency on improving power converters performance,
increasing the efficiency, while reducing the converter overall size. Until
recent years, the typical development process of a power converter con-
sisted on a first prototype which performs the basic operation, and then
the design was improved for next prototypes. However, thanks to com-
puters with higher processing capability, huge amount of simulations
can be performed with short computation times [133,134]. Therefore,
with the use of multiple simulations the optimal design can be obtained,
before building experimental prototypes. This optimization routine is
based on the power losses model presented in Section 3.4 and approxi-
mation models of Appendix A. The proposed approximation models are
based on approximation equations related to commercial database and
scaling laws. In this manner, the complexity and the computation time
of the analysis is reduced. This procedure can be applied to different
converter topologies in order to define the most optimal solution based
on GaN devices.
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Afterwards, the impact of the increase of switching frequency and
current ripple on the components that conform a power converter is
evaluated in Section 4.2. Finally, in Section 4.3 the main conclusions of
this chapter are summarized.

4.1 Design and Optimization Routine

On the optimization procedure of a power converter multiple domains
can be considered, such as thermal limitations, electric and/or electro-
magnetic behaviour. The optimal power converter design refers to the
most suitable solution with respect to single or multiple performance
indicators from all possible solutions.

In recent years several works related to multi-objective optimiza-
tion applied to power electronics systems have been presented in the
literature [15, 60,119, 133-137]. Most of them have been applied for
the evaluation of efficiency 1 and power density p of resonant con-
verters [133], multi-level inverters [136], Power Electronic Transformers
(PET) [134,135] and Inductive Power Transfer (IPT) [137], among other
power electronic solutions. Moreover, [15,134] evaluate the influence of
the cost on the converter design for a more industrial solutions, where
the cost is a limiting factor. In this section, a design routine based on
power losses model presented in Section 3.4 and approximation models
of Appendix A is presented, achieving low computation time. The pro-
posed optimization routine defines the most optimal solution in terms
of n and p.

The flow chart of the optimization routine is depicted in Figure 4.1.
The inputs required for the proposed optimization includes system spec-
ifications, design constraints and parameters. Regarding system speci-
fications the minimum required efficiency and/or power density is spec-
ified, while design constraints and parameters are more related to the
electrical and thermal characteristics of the system. Then, the design
space is defined and optimization procedure begins. The steps depicted
in Figure 4.1 are described below. From the design space definition
until the optimal designs.

4.1.1 Design space

The design space is related to the variation of design parameters that
have influence on the performance of the power converter. Then, the
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Figure 4.1: Proposed converter design optimization routine based on ap-
proximation models. The optimization routine performs the mapping of
all possible designs defined by the design space. Then, the optimal Pareto
Selection is done in terms of efficiency 1 and power density p.

possible number of designs is defined Ty. The mapping of entire options
T is evaluated, for every single design T ;.

4.1.2 System-level

Once the global specifications are defined, calculation of parameters
which are dependent on the design space is performed. Moreover, wave-
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forms related to the converter topology are theoretically obtained and
validated by PLECS simulations. In this step, current and voltage wave-
forms of main components are obtained. In Figure 4.2 an example of
theoretical calculation, which is validated by simulation, is depicted for
a synchronous buck converter. Low error is obtained when comparing
the RMS of each waveform. The use of theoretical calculations reduces
computation time.
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Figure 4.2: Validation of theoretical calculation of components waveforms:
inductor current (i1,) and capacitor voltage vc of a synchronous buck con-
verter.

4.1.3 Component-level

Losses and volume of the components that conform a power converter
are estimated, based on the defined specifications and calculated wave-
forms. Local design spaces are defined for the component level loops.
These design spaces are defined for different component technologies,
types and details. Power losses of switches are estimated with the model
presented in Section 3.4, while other components performance is eval-
uated with approximation models presented in Appendix A. Hence,
losses and/or volume of different components are obtained for a defined
design space.
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PCB and auxiliary

The losses related to the PCB are obtained from the conduction re-
sistance (Rpcp = 0.08mf2) of the PCB for specified system current
Ii,. Auxiliary losses are obtained from additional supplies of the power
board, such as, gate driver requirements Py, (2.11), cooling system Peg,
control and measurements (Pe;1=4 W). Moreover, these power losses
are approximated with (4.1).

PAUX = . (Pdrv + Pcs + Pctrl) (41)

aux
where an efficiency 7,,,=75% is assumed for these auxiliary supplies
[15].
Regarding the volume, 10-15% of the total volume is considered, as
constant volume, based on experimental set-ups [120, 138].

4.1.4 Pareto selection

Besides, a posteriori method, i.e. Pareto-front optimization, is per-
formed afterwards, selecting the optimal performance between all fea-
sible solutions. This algorithm identifies the best performance point
between two or more performance indicators (Pi;) for all feasible solu-
tions.

In Figure 4.3 a Pareto-Front example is depicted, where the Pareto-
front is the line. Moreover, design limits are also considered when defin-
ing the Pareto-front line. Pareto-front line defines the most suitable
solutions in terms of Pi; and Piy performance indicators, between all
feasible solutions (see Figure 4.3).

In this case, the most commonly selected countering performances,
such as efficiency 1 and power density p, are evaluated. For these indi-
cators a trade-off between 7 and p must be considered. Indeed, if a very
efficient system is required the power density is reduced and vice-versa.

4.2 Performance of Components

In order to evaluate the impact of high-performance GaN devices on
power converter components, the design space evaluated in Chapter 3
(Np, At, fs) is considered. Indeed, power losses and volume impact on
cooling system technologies and passive components is evaluated for a
dc-dc converter.
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Figure 4.3: Pareto-front example with two performance indicators
(Pi1, Pi2), considering the design limitations.

4.2.1 Cooling system

A trade-off between the power dissipation capability (2.36), power losses
(see Section 3.4) and the system complexity has to be considered when
defining a cooling system. Moreover, IV, number of devices and a 7} max
design constraints need to be considered. The volume of the required
heatsink increases with the power losses of devices (see Figure 4.4).
Besides, as the increase of switching frequency results on higher semi-
conductor power losses, the volume of the heatsink also increases.

Considering GaN devices with small size package IGO60R070D1-
[108] and the heatsink approximation models (see Appendix A), the
volume of heatsink is evaluated in Figure 4.4. On the one hand, Fig-
ure 4.4(a) shows the volume impact of different cooling systems, for a
bottom cooled system with Cu inlay but without spreading the heat
along a wider area. Indeed, devices are connected to the heatsink
through a Cu inlay thermal resistance of 0.5°C/W and a TIM Hi-Flow
300p, but just considering the active area of the device (13.5x5.9mm?).

The use of N, parallel connected increases the power dissipation
capability, reducing the required volume [see Figure 4.4(a)]. However,
the impact of TIM resistance limits the thermal cooling capability for
every cooling technology, as it has been analyzed in Section 2.6.

On the other hand, the bottom cooling configuration presented
in Section 3.3 is considered for different heatsink technologies. Fig-
ure 4.4(b) shows an improvement of cooling capability, reducing the
required thermal resistance and thus the heatsink volume. In addition,
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Figure 4.4: Analysis of the thermal dissipation limit (Pq jim) for natural-
convection, forced-air and water cooling configurations: (a) Cu inlay con-
sidering only the active area of the device (b) Cu inlay with heat-spreading.

the use of air-forced cooling solutions result on a lower volume even
for medium power losses (>20 W). The use of water cooling solutions
will be interesting for higher power losses (>90 W). In this case, the
thermal limit is determined by the cooling system technology, defined

in Appendix A.

Therefore, it is demonstrated that the use of heat spreading materi-
als and parallelization is essential to increase thermal cooling capability
of GaN devices. Moreover, for medium-high power converters based on
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bottom side cooling with heat-spreading, the use of air-forcer heatsinks
is presented as the most suitable solution for power losses lower than
~90 W [see Figure 4.4(b)].

4.2.2 Capacitor

Considering the general capacitance definition (A.8) and a fixed voltage
ripple Av. = 0.2 the volume is evaluated for the previously defined
design space and different technologies. Figure 4.5 shows how the use of
ceramic or film capacitors supposes an increase on the converter volume
in comparison to aluminum capacitors. However, the use of aluminum
capacitors implies power losses, while power losses of ceramic and film
capacitors are negligible. Power losses and volume increases with the
current ripple, as it is shown in Figure 4.5 comparing low (Ai=0.2) and
high current ripples (Ai=1.2).
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Figure 4.5: Impact of design parameters on capacitor performance, i.e.
volume and losses, for 350 V and 10 A and different capacitor technologies:
(a) Ai=0.2 and (b) Ai=1.2.

Hence, for high-frequency operation ceramic capacitors are recom-
mended, as a result of negligible losses with similar volume impact as
aluminum capacitors (see Figure 4.5).

4.2.3 Inductors

In this work E-type ferrite core N87 is chosen for the analyzed frequency
range (10kHz-1MHz). Besides, an standard litz wire of (35 pm x 32)
is selected. Figure 4.6 shows the impact of switching frequency on the
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inductor performance for three current ripples, considering (A.14) and
a dc current with a ripple Ai.
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Figure 4.6: Impact of design parameters A¢ and fs on inductor perfor-
mance, i.e. volume and losses, for 350 V and 10 A.

The increase of the current ripple results on expected higher losses
but lower volume, as a consequence of lower required inductance (see
Figure 4.6). High current ripples result on higher losses, mainly for high-
switching frequencies. On the contrary, for low current ripples power
losses are reduced while switching frequency increases. In addition,
the inductor volume is reduced while the switching frequency increases.
However, the higher switching frequency is (fs>100kHz), the lower
impact on the volume has, as it is depicted in Figure 4.6.

4.3 Conclusions

In previous chapters the high performance of GaN devices operating at
high-switching frequency or/and high current ripple has been demon-
strated, along with the benefits of paralleling semiconductors. However,
it is not straightforward to determine the benefits of applying these op-
erating conditions, when evaluating the overall converter performance.
Therefore, this chapter analyzes the impact of switching frequency, cur-
rent ripple and parallel connected devices on other components of con-
verter.

Then, the impact of operating conditions on the volume and losses
of these components is evaluated, based on the approximation models
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presented in Appendix A. Regarding power dissipation capability, the
volume requirement is only related to semiconductors losses. As low
power losses are expected for GaN devices, naturally cooled or air-
forced cooled solutions are presented as the most suitable solutions,
with reduced heatsink size. Besides, for implementing GaN devices
at higher power levels, with power losses higher than ~90 W water
cooled solutions are preferred. In addition, inductor and capacitors
volume reduces as the switching frequency increases. However, as the
volume of the cooling solution increases with the switching frequency, a
trade-off between switching frequency and volume has to be considered.
Besides, for the analyzed design considerations it is not expected a clear
reduction of the converter size for extremely high switching frequencies
(>500kHz).

Therefore, the benefits and limits of GaN semiconductors are
presented in Chapter 2-3 and the impact of operating with high-
performance GaN devices on converter overall losses and volume is in-
troduced in this chapter. Then, how GaN devices can or cannot improve
the performance of different topologies is evaluated in Chapter 5.
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Chapter 5

GalN Devices Topological
Evaluation

NHANCEMENTS introduced by the use of GaN devices have been
Eanalyzed in previous chapters, resulting on high-switching frequency
operation with relatively low losses and reducing converter size. How-
ever, it is not evident how these benefits and limitations affect to differ-
ent system requirements. In this chapter, advantages and disadvantages
of implementing GaN devices on power converters are evaluated with
different topologies. For this study, power losses model presented in
Section 3.4 and design optimization routine of Section 4.1 are used. Fur-
thermore, the presented results are experimentally validated on GalN-
based power converters. Indeed, design considerations, benefits and
limitations of operating with high-performance GaN devices, presented
in previous chapters are applied to different power electronics solutions.
Hence, potential topologies and applications where GaN devices appear
as a suitable solution are evaluated during this chapter.

First, in Section 5.1, different topologies are analyzed, differing be-
tween single-cell and multi-cell topologies. Regarding single-cell topolo-
gies, two main groups are identified: non-isolated, and isolated. Sec-
tion 5.2 evaluates the performance of a non-isolated GaN-based buck
converter. Besides, isolated resonant converters are analyzed in Sec-
tion 5.3. The performance of a series-series resonant IPT is evaluated,
identifying benefits of GaN devices working on resonant operation. This
analysis is an extended version of the work presented in [138,139].
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In addition, multi-cell topologies are analyzed considering Low Volt-
age (LV) and High Voltage (HV) applications. On the one hand, the
performance of HV GaN-based Modular Multilevel Converter (MMC) is
presented in Section 5.4 [140]. The influence of switching frequency on
the converter is analyzed, defining the advantages and issues of imple-
menting it with GaN semiconductors. On the other hand, the use GaN
semiconductors on LV multi-cell applications is evaluated in Section 5.5.
In this context, novel topology Multi-cell Multi-port Bidirectional Fly-
back (M2BF) is proposed, achieving high controllability and low power
losses.

Finally, conclusions related to the implementation of GaN devices
on power electronics are summarized in Section 5.6.

5.1 Potential Topologies

Figure 5.1 shows a general overview of power converter topologies.
These configurations are distributed considering the number of cells.
On the one hand, power solutions based on single-cell converters are
the most commonly used configurations for low/medium power range
due to the simplicity of its implementation. On the other hand, multi-
cell converters are presented as a suitable solution for medium/high
power converters [141]. In addition, in last decade, the use of multi-cell
configurations has also been demonstrated as a competitive solution, in-
creasing reliability and controllability of systems in low/medium power
range [110]. Hence, the characteristics of these topologies are analyzed
in order to define the most suitable configurations for previously ana-
lyzed GaN semiconductors

These two main groups are divided into different categories, high-
lighting the operation mode of each converter topology, i.e. hard-
switching and/or soft-switching. Furthermore, the main relevant char-
acteristics and configurations of each converter are summarized in Fig-
ure 5.1: number of active devices; configuration possibilities, dc-dc,
dc-ac, ac-dc or ac-ac, and switching modes, soft-switching and/or hard-
switching.
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5.1.1 Single-cell

Single-cell converters can be divided in accordance to isolation require-
ment, as it is depicted in Figure 5.1: isolated and non-isolated convert-
ers. In addition, converters can be grouped depending on output levels:
two-level or multilevel. In this case, only two-level converters are evalu-
ated for single-cell converters. Multi-level concept will be analyzed for
the case of multi-cell converters.

Non-Isolated

These converters can be operated in hard or soft switching mode, de-
pending on the system requirements, i.e. output current ripple. In
this group, most commonly used converters such as buck, boost or
buck-boost appears. Besides, bidirectional operation can be achieved
including synchronous switch to the half-bridge configuration of these
converters. In addition, Cuk converter appears also as a suitable topol-
ogy, but with negative to positive voltage conversion. Nevertheless, the
connection between input and output is one of the main drawbacks
of these topologies, as some applications require an isolation between
input and output.

Synchronous buck converter is selected in order to evaluate its per-
formance when using GaN devices. Then, the performance improve-
ments added due to the use of GaN devices are evaluated, in terms of
efficiency and power density.

Isolated

Regarding isolated converters, the main difference in comparison to non-
isolated ones is the transformer, which provides isolation. On the one
hand, topologies such as flyback, forward or push-pull, are controlled
similar to non-isolated converters [142]. Moreover, these converters can
be operated in hard or soft-switching operation mode. On the other
hand, isolated resonant converters are generally used for dc-dc applica-
tions. Most of them consist of an inverter, high frequency transformer
and a rectifier. Besides these converters are classified depending on ac-
tive bridges: Single Active Bridge (SAB) or DAB. Resonant converters
include a resonant network, which can be formed by different inductor
(L) and capacitor (C') configurations, e.g. LC or LLC, in order to facil-
itate soft-switching operation, such as the GaN-based LLC Converter

112



5.1. POTENTIAL TOPOLOGIES

presented in [143].

In this case, the potentiality of GaN devices working on a resonant
converter is evaluated. For that purpose, IPT based on GaN devices
is analyzed, as an extended and more detailed analysis of the work
presented in [138].

5.1.2 Multi-cell

Multi-cell topologies are commonly defined as converter systems formed
by two or more subsystems that are connected in one of the following
configurations: input-series output-parallel, input-series output-series,
input-parallel output-series or input-parallel output-parallel. Moreover,
systems with two or more input or/and outputs are known as multi-
port systems with different possibilities: single-input multiple-output,
multiple input single-output and multiple-input multiple-output.

Therefore, the use of Multi-cell Multi-port (MCMP) results on con-
figurable systems with high controllability. In addition, semiconductors
with better performance can be used because the total power is frac-
tioned between the number of cells. In this context, GaN devices ap-
pears as an interesting solution for this application requirements mainly
due to low conduction losses and high switching performance (see Sec-
tion 2.2). Besides, it has to be noted that GaN devices present re-
markable benefits for MCMP systems, as a consequence of low driver
requirements (Section 2.2.3). That is an important factor due to the
higher number of devices used on MCMP. In addition, the use of multi-
level topology enables the operation at higher voltages (>650V), than
the rated for current available devices (see Figure 2.2).

MCMP systems have been established primarily in medium- to high-
voltage high-power applications [141, 144]. However, in recent years,
versatility of MCMP systems have also been demonstrated for lower
power range [110]. Then, multi-cell topologies have been analyzed for
HV (>600V) and LV (<400V) applications.

High-voltage applications

Commercial GaN devices have relatively low blocking voltages (650V
up to date) making difficult the use of these devices on medium/high
voltage applications. However, thanks to the use multi-cell topologies,
GaN devices can be used in applications where higher blocking voltages
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are required, connecting cells in series. Considering HV application re-
quirements the cascaded H-bridge Cascaded H-Bridge (CHB) topology
has gained attention and has been applied in different kind of solutions,
such as in railway applications [145]. Moreover, multi-cell topologies
are also implemented in order to increase the reliability of the system,
e.g. Multi-cell DAB (MDAB) presented in [146].

In addition, MMC has gained significant interest, especially in the
area of High Voltage Direct Current (HVDC) converters [147], Flexible
AC Transmission Systems, and Medium Voltage Drive (MVD) [148].
This topology was introduced in 2003 by Lesnicar and Marquardt [149],
and it combines multilevel concept with modular structure by the use
of cascaded Sub-Module (SM) or cells, allowing the use of low voltage
blocking devices.

In this work, the performance benefits and limitations of GaN-based
MMC are analyzed in Section 5.4.

Low-voltage applications

The use of MCMP architecture will be interesting also for lower power
applications. DC Power Distribution Systems (DC-PDS) [150] or dis-
tributed Energy Storage Systems (ESS) [151,152] have been analyzed
among others. Indeed, the use of LV GaN devices (<400V) clearly
improves the performance of the converter [152,153]. For these specifi-
cations, normally multiple single-cell converters are connected in series
or parallel, e.g. input-series output-parallel single phase power supply
presented in [153]. Furthermore, Flying Capacitor Converter (FCC)
which is commonly used for HV applications, presents high-efficiency
(>97%) with a reduced size (0.14 dm?) based on LV GaN switches [154].

These applications require multiple sources with a full control of de-
livered power, providing isolation in some cases. In this context a novel
M2BF is proposed, allowing either dc or ac sources as inputs. In this
work, only dc-dc configuration is presented. This architecture enables
a bidirectional power flow with an individual control of each cell due to
four quadrant switches. Besides, M2BF adds the possibility of config-
uring the number of connected cells according to system requirements.
This results on a very versatile and configurable system, being suitable
for many different applications, as it is shown in Figure 5.2 for different
dc-dc solutions.
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Figure 5.2: M2BF potential dc-dc applications: (a) DC-PDS with
medium-voltage (MV) primary side and independent secondary sides and
(b) hybrid ESS based on battery and ultra capacitors (UC) cells.

5.2 Single-cell Non-isolated: Buck dc-dc

Buck converter is evaluated in order to define the impact of high-
performance GaN devices on an already well-known topology. In Sec-
tion 3.4 power losses of devices for three operation modes are analyzed,
defining the most suitable operation mode for each conditions, i.e. hard-
switching, ZCS and ZVS. Then, in this section, power losses and volume
impact at power converter level are evaluated for different current rip-
ples, number of devices and switching frequencies. Indeed, the influence
of design space parameters that have been previously used for GaN de-
vices performance analysis in Section 3.4 are considered for the optimal
design of GaN-based synchronous buck converter. Indeed, benefits and
limitations of GaN-based non-isolated power converters are defined.

Figure 5.3 shows the analyzed synchronous buck converter, along
with the output inductor (L) and input and output capacitors (C; and
Co).

5.2.1 Operation principles

Following, different aspects of the synchronous buck converter are de-
fined, in order to evaluate the performance of the converter:

» Passive components sizing: Design space parameters define the
reactive components that conform a buck converter, i.e. Cj, L
and output C,.
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Figure 5.3: Synchronous buck converter based on GaN devices, with asym-
metrical dead-time control.

» Cooling limits: The required cooling system is defined in accor-
dance to losses distribution of semiconductors, which is presented
in Section 3.4. Cooling system is defined, analyzing the power
losses distribution between semiconductors that conform the buck
converter.

» Control strategy: Benefits of operating the synchronous buck
in soft-switching are presented in Section 3.4, being possible to
achieve high switching frequency operation with relatevily low
power losses. However, this ZVS conditions are defined at nom-
inal operating conditions, being not possible to achieve ZVS in
the whole output load. Hence, Quasi Square Waveform (QSW)-
ZVS control strategy is described in order to achieve ZVS over
the whole output load. Thus, ZVS condition can be ensured in-
dependently to the load.

Passive components

The output capacitance of a buck converter is defined for an output
voltage ripple per unit Awv,

JAVEW S

00:4'AU0'V0'fs.

(5.1)
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being I, output current.
Besides, the input capacitance Cj is defined with (5.2) and the input
voltage ripple requirement Auv.

I-(1—06)-6
A'Ui"/vi'fs )

Regarding the magnetics, the output inductance is given by (5.3)
for a duty cycle 9,

) = (5.2)

_Vie(1-9)-0
2 AT, fs

where V; is the input voltage.

L (5.3)

Cooling system

Regarding cooling configuration, the power losses are obtained for differ-
ent operating conditions (see Section 3.4) and then the required R s
is defined with (A.1), for a specified 7} and TIM. Moreover, the losses
distribution needs to be considered when defining Ry, ns (A.1).

Power losses are distributed as follows (5.4), for the synchronous
buck converter high-side (s1) and low-side (s2) devices with positive
output current.

Pys1 = Pe -6+ Ps + Paon(if Ai>1)

5.4
Pd,s2:Pc'(1_5>+Pdt,off+Pdt,on<if Algl) ( )

being conduction losses distributed with 4, switching losses related to
s1 and dead-time losses depends on the current ripple.

It has to be noted that for high current ripples (Ai>1), part of
dead-time losses, i.e. turn-on dead-time losses, are related to sy, while
turn-off dead-time losses are produced in s;. Moreover, for negative
output current the losses distribution between devices is the contrary.
Then, the power losses limitation per device is the maximum of both
devices, as it is analyzed in Section A.0.1.

QSW-ZVS control strategy

In order to achieve ZVS transition on a synchronous buck converter,
the inductor is defined with (5.3) for a current ripple that provides
ZVS (Aizys) within a dead-time tqy zvs (see Section 3.4.2). However,
the sizing of the inductor is performed for nominal operating conditions.
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Therefore, the switching frequency needs to be varied in order to main-
tain ZVS transition with large current ripple [155], when working with
different output load. Hence, a frequency variable control is performed,
achieving ZVS transitions even for low output power, as it is depicted
in Figure 5.4. In this manner, Aizyg is ensured for the whole operating
range, which provides ZVS transition.

15
—_ ﬂ: 40 kHz
/\T/ 10 I — [, variable | |
5
5
0
1M
~ Nominal Power
Z 100k o
e
1 k L L L L L
0 0 0.5 1 1.5 2 2.5 3

Output power - B (kW)

Figure 5.4: Impact of variable switching frequency control on the output
current ripple (Az) of a synchronous buck converter.

5.2.2 Performance evaluation

For this analysis, specifications and design space presented in Table 3.6
are considered, i.e. 2.45kW and 350V input voltage. An asymmetrical
dead-time control is implemented when operating with Ai>1.

Converter level losses and volume

The impact of design space parameters on the whole converter perfor-
mance is evaluated for the previously defined design space, considering
ceramic capacitors with negligible for input and output capacitors, for
this first approach. Besides, forced-air cooling solutions are only consid-
ered, as appears as the most suitable solutions for this operation power
range (see Section 4.2).

On the one hand, Figure 5.5(a) shows power losses distribution for
different current ripples and a switching frequency of 100 kHz. Induc-
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tor losses increase with the current ripple as it occurs with conduc-
tion losses of semiconductors. On the other hand, the impact of swit-
ching frequency is evaluated in Figure 5.5(b). Low current ripple (hard-
switching) and high current ripple (ZVS) are only considered, as ZCS
presents an intermediate performance (see Figure 3.30). Figure 5.5(b)
shows how hard-switching operation mode presents lower losses than
ZVS up to high-switching frequency (<110kHz). This value is higher
than when analyzing only GaN devices losses (see Figure 3.30). This is
mainly due to the higher impact of losses related to the increase of the
current ripple [see Figure 5.5(a)] and the low impact of switching losses
on GaN devices.

When analyzing the volume impact, the size of inductor and capaci-
tor reduces while increasing the switching frequency (see Figure 4.5-4.6).
Nevertheless, the volume of the heatsink increases with the switching
frequency, limiting the reduction of converter overall size as it is shown
in Figure 5.6(a) for low current ripples. In addition, high current rip-
ple results on lower volume than low current ripple, as it is compared
for two current ripples in Figure 5.6(b). The increase of switching fre-
quency reduces power converter volume for switching frequencies lower
than 300kHz [see Figure 5.6(b)]. Paralleling devices reduces converter
losses (see Figure 5.5), maintaining almost the same volume reduction
as it is shown in Figure 5.6(b).

Therefore, the increase of switching frequency reduces converter
overall size even for hard-switching or ZVS operation modes. However,
an excessive increase of the switching frequency, i.e. >300kHz, does
not result on a reduction of the converter overall volume. Moreover,
it is demonstrated that the use of multiple devices will be essential for
medium-high power converters based on GaN devices, increasing power
losses limit and maintaining similar converter volume. Then, consid-
ering these results, optimization routine (see Section 4.1) is applied to
GaN-based synchronous converter, defining the most optimal solution
in terms of efficiency and power density, for a 2.45 kW power converter.

Optimization results

Once the impact of design parameters on the power converter are eval-
uated, the optimal GaN-based power converter designs are obtained
among all feasible solutions. In this case, only forced-air cooling config-
urations are analyzed, as it has been previously presented as the most
suitable solution for the analyzed design space [see Figure 4.4(b)]. More-

119



CHAPTER 5. GAN DEVICES TOPOLOGICAL EVALUATION

20

18 Hard-switching

(W)
©E &

Converter power losses

B Device Conduction
Device Dead-time
Device Switching

8
6
4 I Inductor
2
0

0.2 0.4 0.6 0.8 1 1.2
Current ripple - Ai

(a)

100 : ‘
T;=120 °C parallel power limit
90 ¢ |

80
70
60
50
40
30
20
10

single power limit

Converter power losses (W)

Switching frequency (Hz)
(b)

Figure 5.5: Power converter performance analysis for Vi =350V and
I, =10A: (a)distribution of power losses for different current ripples
(fs=100kHz) and (b)comparison of buck converter power losses, varying
the switching frequency for hard-switching and ZVS operation modes.

over, aluminum and ceramic capacitors are only considered because film
capacitors present worse performance than ceramic capacitors in terms
of power losses and higher volume impact than aluminum [see Fig-
ure 4.5]. Figure 5.7 shows designs of power converters with high power
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Figure 5.6: Power converter performance analysis: (a)heatsink, induc-
tor, capacitor and total volume versus switching frequency (Ai=0.2 and
Np=1) and (b) comparison of buck converter volume, varying the switching
frequency for hard-switching and ZVS operation modes.

density maintaining high efficiency (>97.5%) either for hard-switching
operation or ZVS. Besides, Pareto selection is highlighted defining op-
timal solutions, for single device converters and converters with two
devices connected in parallel. On the one hand, converters operated
in hard-switching mode appears as the most suitable solution for ex-
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tremely high-efficient systems (>99%), allowing also high power density
(=10kW/1). On the other hand, when the power density is the most
restrictive design constrain, soft-switching operation mode is preferred,
achieving the highest power density when paralleling devices.

In addition, it has to be noted that for the specifications presented
in Table 3.6 two parallel connected devices appears as the most suitable
solution in terms of efficiency and power density.
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Figure 5.7: GaN-based optimal designs in terms of efficiency n and power
density p (350V/10A) for Low current ripple (hard-switching) and high
current ripple (ZVS operation mode): (a)single device and (b) parallel-
connected devices.

5.2.3 Experimental measurements

Power losses of GaN devices operating a synchronous buck converter
for different operating conditions has been already validated in Sec-
tion 3.4.6. Thus, in this section the converter overall efficiency is eval-
uated for different operating conditions. In addition, the impact of the
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QSW control strategy are experimentally validated on the converter
performance, for the test set-up presented Figure 5.8. The used power
inductor is not optimized, as it has been adapted for different operating
conditions.

Power
board

o Y
i e—————

Figure 5.8: Synchronous buck experimental set-up based on GaN power
modules, 2 4C ceramic capacitor (Co,) and 1 mH inductor (L).

The efficiency at converter level for a variable load is evaluated,
as in some applications it is relevant to provide a high-efficiency over
a wide power range. The obtained efficiencies are shown mainly for
comparison purposes, as the output inductor has not been optimized for
each operating point. Indeed, with an optimized inductor the efficiency
could be increased.

Both current ripples that provide hard-switching and ZVS operation
modes are compared in Figure 5.9. In the case of ZVS current ripple, a
variable switching frequency control is implemented in order to maintain
ZVS over the full operating range. It is validated that 20% current
ripple achieves higher efficiency than Aizyg operating at 20kHz, as a
consequence of low impact of GaN devices switching losses.

Therefore, it is demonstrated that the use of GaN devices increases
the optimal operation range of hard-switching mode. Indeed, due to the
low impact of GaN devices switching losses, hard-switching operation
mode presents a better performance than ZVS for higher switching
frequencies, as it is shown in Figure 5.5(b) and experimentally validated
in Figure 5.9.
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Figure 5.9: Experimental analysis of converter efficiency over a wide power
range. Comparison of hard and soft switching current ripples.

5.3 Single-cell Isolated: Resonant IPT

An IPT resonant stage, used for a single-phase contactless battery
charger is analyzed, evaluating the operation of GaN semiconductors
with resonant waveforms. The use of contactless battery charging by
IPT has been widely discussed as a charging system for PHEV/EV
[139, 156-158]. Single-phase contactless battery charger system per-
forms distinct tasks divided in two sides and different stages: recti-
fication (R), input current shaping (CS) and PFC, current transfer
(CT) and output voltage regulation (VR), as it is depicted in Fig-
ure 5.10 [139].

The presented analysis is mainly focused on the resonant stage, con-
sidering a SAB. The SAB appears as a very suitable and robust solution
when unidirectional power flow is required. Besides, as in PHEV/EV
applications the coupling coefficient k& may vary drastically (from 0.2 to
0.5) a series-series (SS) compensation was chosen [157] (see Figure 5.10).

5.3.1 Operation principles

In this section, the most differential aspects related to IPT system are
presented. A detailed analysis of IPT operation principles are described
in [138]. The main advantage of contactless solution in comparison with
conductive one is that the charging process is simplified, without the
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Figure 5.10: Unidirectional single-phase contactless battery charger, per-
forming PFC on the primary side.

need of any physical connection between the vehicle and the charging
point. However, in IPT systems, the coupling coefficient is usually very
low (k <0.5) compared to transformers (k > 0.95).

Design considerations

Figure 5.10 shows the equivalent circuit of the analyzed system. As a
consequence of low k the relation between leakage inductances (L, ) and
mutual inductance (Lyr) is changed, as it can be deduced from (5.5)

L
VL Lo

being L1 = Ly 1 + Ly and Ly = Ly 2 4+ Ly self inductances of primary
and secondary sides, considering a unity transformation ratio.

k= (5.5)
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Moreover, the secondary side current (i2) depends on the primary
side induced voltages (v1) and the reverse is also true. Then, the output
power P, can be derived [156].

8§ Vi-Vp
p - . vz
° 72 we- Ly

(5.6)

In order to keep the commutation losses to the minimum, the swit-
ching frequency is set constant near to the resonance frequency, and it is
not used as a control parameter. In this way, the resonance frequency
is independent of the load and the output power can be adjusted by
either V; or V5.

When analyzing resonant converters, the input impedance (| Zi,|£¢)
is analyzed. Z;, represents the relation between vy and its current 41,
being ¢ the angle difference between voltage and current. Analyzing
the Zi,|Z¢ different switching modes are identified. Figure 5.11 shows
an example of input impedance of an IPT system for different coupling
factors. Therefore, it is relevant to analyze different switching modes
and the impact on GaN devices performance.

k=0.1
100 |
Inductive reg.
5o (= i)
oh
S o0f
© 501 Resistive reg.
-100 n n n . . . . . .
50 60 70 80 90 100 110 120 130 140 150

J (kHz)

Figure 5.11: Input impedance |Ziy| and its phase ¢ for various coupling
factors (k), showing different switching modes. Switching in the inductive
region results in soft-switching while the capacitive region leads to hard-
switching operation. Moreover, the pole-spliting or bifurcation phenomena
is also shown.
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Switching modes

Depending on the angle ¢ three different zones are defined: inductive
region, where ¢ >(0°; resistive region, where ¢ =0°; and capacitive
region, where ¢ < 0°, as it is depicted in Figure 5.11.

Analyzing three operation zones, in Figure 5.12 three switching
modes are depicted. Resistive and inductive switching modes, re-
duces the impact of turn-on losses with ZCS for resistive zone [see Fig-
ure 5.12(a)] and being possible to achieve ZVS turn-on when operating
in the inductive zone. On the contrary, Figure 5.12(c), i.e. capacitive
switching mode, presents hard turn-on losses and no turn-off losses.
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Figure 5.12: Simulation waveforms of IPT system operating in three dif-
ferent zones: (a) resistive, (b) inductive and (b) capacitive region.

In isolated resonant converters operating in ZVS condition, it is re-
ally important to work in the inductive region close to the resistive one.
This way, there will only be turn-off losses, avoiding turn-on ones, as it
is depicted in Figure 5.12(b). In de—dc converters, using a transformer
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with a high coupling factor is relatively easy to determine the capacitive
and inductive regions. However, these regions are not so clear in IPT,
since they depend on many factors, such as the coupling factor (see
Figure 5.11) or the transferred power [159]. Thus, system with more
than one pole can happen, known as pole splitting or bifurcation [138]
(see Figure 5.11).

Although designers usually try to design systems without bifurca-
tion, depending on the application requirements and system features it
is not always possible. Thus, bifurcation or pole-splitting can result in
an unwanted switching mode.

ZVS operation

For ZVS transition the secondary side has practically no effect, as in
IPT systems the coupling is very low [137]. Thus, the equivalent circuit
can be simplified into a LC system. Then, ZVS conditions presented in
Section 3.4.2 can be applied but considering the equivalent capacitance
formed by parasitic capacitances of semiconductors (Cq eq) and primary
side series compensation (Cy) (5.7).

" VQueq T M1
Besides, with the obtained equivalent capacitance and primary side
inductance Ly, required current o, zvs (3.18), during dead-time ¢q¢ zvs
(3.19) is defined in order to achieve ZVS transition. Considering this
definition, different operation modes of the resonant stage with pole-
splitting are analyzed for a SAB converter based on GaN devices.

5.3.2 Performance evaluation

In this section the performance of GaN-based IPT resonant stage is
evaluated, considering the specifications presented in Table 5.1. The
parameters of Table 5.1, correspond to the inductive pads designed
in [157].

A distance of 50 mm is selected, resulting on a bifurcated system,
as it is depicted in Figure 5.13(a). The presented analysis is performed
varying the switching frequency in order to evaluate different operation
modes and conditions. Figure 5.13(b) shows how the output power
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Table 5.1: Contactless battery charger specifications.

Specifications Value Unit
Input voltage - V}, 200 \%
Switching frequency voltage - fs 70-130 kHz
Load resistance - R, 13.2 Q
Inductive pads parameters [157] Value Unit
Transmitter self inductance - Ly 122.5 uH
Receiver self inductance - Lg 62.27 nH
Coupling coefficient - k 0.37

Transmitter resonance capacitor - Cj, 20.95 nF
Receiver resonance capacitor - Cs 43.51 nF
Transmitter wire resistance - Rp 0.36 Q
Receiver wire resistance - Ry 0.14 Q
Transmitter resonance frequency - f; 1 95.88 kHz
Receiver resonance frequency - f; 2 96.69 kHz

varies with the switching frequency. Moreover, experimental measure-
ments of the analyzed IPT system are included in Figure 5.13 achieving
a good agreement with theoretical analysis.

In Figure 5.13(a) three different zones can be identified: capacitive,
inductive iZVS and inductive ZVS. Inductive iZVS is defined as a con-
sequence of not enough current or dead-time to achieve complete ZVS
transition. In addition, power losses are estimated using the model
presented in Section 3.4, with the waveforms of the IPT system ob-
tained by PLECS simulations. ZVS conditions are calculated with the
model of Section 3.4.2, but considering the equivalent capacitor (5.7).
The distribution of power losses related to GaN devices are shown in
Figure 5.14. Conduction losses are related to the delivered power (see
Figure 5.13). Switching losses, however, not only depends on the out-
put power but also on the switching mode defined by the equivalent
impedance Z;, [see Figure 5.13(a)]. Figure 5.14 shows power losses dis-
tribution of GaN devices for different operation points, defined with
switching frequency. Capacitive region presents turn-on losses. How-
ever, the impact of these losses for such low current are not relevant,
even operating at medium switching frequency (>70kHz). Besides,
inductive iZVS zone also present low switching losses. Nevertheless,
ZVS inductive zone shows up the lower switching losses, even at higher
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Figure 5.13: Theoretical (Calc.) and experimental measurements (Meas.)
of characteristics of the contactless battery charger in terms of the swit-

ching frequency: (a) equivalent primary side converter impedance and (b)
transferred power.

switching frequency (>110kHz). In addition, it has to be noted, that
dead-time losses need to be considered when operating at high switching
frequencies (>120kHz), as it is depicted in Figure 5.14.
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Figure 5.14: Power switches losses of the contactless battery charger in
terms of the switching frequency. The distribution of power losses is pre-
sented differing between conduction, switching and dead-time losses.

5.3.3 Experimental measurements

The inductive pads presented in [157] are used for experimental mea-
surements, along with the GaN-based power boards presented in [54]
(see Figure 5.15). Two power boards with parallel connected GaN de-
vices are used forming a full-bridge. Afterwards, the results presented
in Figure 5.13 are validated through experimental measurements. Fig-
ure 5.13 shows a good agreement between theoretical analysis and ex-
perimental results. Moreover, different operation modes are evaluated
in order to validate power losses of GaN devices for a resonant system.

In Figure 5.17 primary side voltage and current are depicted for
three operation modes: capacitive (hard-switching), resistive (ZCS),
incomplete inductive (iZVS) and inductive (ZVS).

For the estimation of power losses at the operation points presented
in Figure 5.17, the calorimetric method proposed in Section 3.4.5 is
used, measuring the heatsink temperature of both power boards. A
good approximation of power losses is obtained for every operation
mode (see Figure 5.16).

Therefore, it is demonstrated that the use of GaN devices reduces
turn-on power losses in the capacitive region, limiting the uncertainty
caused by the bifurcation phenomena. However, it is relevant to ensure
an inductive region operation ZVS, if devices with relevant turn-on
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Primary side converter
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GaN devices

Primary side

e o
‘/1/11 Outputs
(a) (b)

Figure 5.15: Experimental validation set-up of the IPT system: (a) pho-
tograph of the developed primary and secondary inductive pads with com-
pensation described in [157] (b) GaN-based converter presented in [54] in
full-bridge configuration.
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Figure 5.16: Experimental validation of GaN devices performance oper-
ating an IPT system. Experimental distribution of devices power losses
compared to theoretical results (Vin=200V).

losses, such as Si Super-Junction devices are used as it is analyzed
in [138] comparing Si and GaN devices. Moreover, for an excessive
switching frequency increase, dead-time losses relevance is higher, as it
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Figure 5.17: Experimental curves at different operation modes

(Vi=200V): (a) 84kHz hard-switching, (b) 94kHz ZCS, (c) 118 kHz iZVS
and (d) 124kHz ZVS.
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is depicted in Figure 5.16. This is a consequence of higher switching
currents and higher switching frequency (see Figure 5.17).

5.4 Multi-cell HV: MMC

It is a well-known fact that the increase of operation frequency usually
reduces the volume of magnetic elements (see Appendix A.0.3), some-
thing already analyzed for medium/low-power applications in this work
(Section 5.2, 5.3). Furthermore, this fact is becoming a reality in high-
power applications due to the use of multilevel configurations, such as
the MMC. The benefits and limitations of MMC are analyzed with the
aim of taking advantage of high-frequency devices on high-power ap-
plications. The main advantages of MMC in medium and high-voltage
applications are: its scalability, modularity and redundancy due to the
series connection of cells; the possibility to operate without output fil-
ters or transformers and its good dynamic characteristics thanks to the
increase of the switching frequency [149]. Figure 5.18 shows a three
phase MMC with Ng,, number of SM per arm, while two arms conform
a leg or phase. Although there are other configurations presented in
the literature, the most commonly used is the half-bridge SM [160].

The main aspects to consider during the design and control of a
MMC, together with a frequency analysis is presented in following sub-
sections. Furthermore, power losses distribution and volume impact of
different components are evaluated.

5.4.1 Operation principles

SMs of a MMC work as small dc sources, connecting/disconnecting each
capacitor Cgpy, to the arm. Whenever the arm voltage increases, more
SMs are going to be inserted into the system; in contrast, the capacitors
will be bypassed when the voltage level must be reduced. Nevertheless,
when capacitors are connected/disconnected from the system they suf-
fer a charging/discharging process, which could derive into an instability
problem. To overcome this issue, different controls related to capacitor
voltage balancing are implemented. The voltage across the SM (Vyy,) is
defined considering the number of SMs Ny, and de-link voltage (Vac):

Vdc
Vem = 5.8
NSI’I] ( )

135



CHAPTER 5. GAN DEVICES TOPOLOGICAL EVALUATION

: SM-a SM-b SM-c Pl Tl

y BotN,, Bot N, BotN,, CO .4

S o U Chot
[og -

'ée_, Arm Leg —_— 1\'_['-1\'1(3 SM
+ o~ x
Y SM-a, SM-b SM-c
H i Y | Topl Topl Topl
E E E Ml!l
SM-a SM-b SM-c
TopNan TopNw TopNw
Zdiﬂ".a E aLarm Larm Larm Z‘o,a_> P +
Vic - T . A B Ciop
o H Vo -
E T’t())
? E LRI‘H} Larm Larm ; il Lﬂl'ln
i SM-a SM-b SM-c o 1
i Bot1 Bot1 Bot1 Laif} |
! A
::j H ; T Larm

Figure 5.18: MMC based on GaN devices with Ngm number of SMs with
a half-bridge configuration.

Figure 5.18 shows the equivalent circuit of one MMC leg. The anal-
ysis is focused on a single MMC leg, but all the arguments can be
directly extended to two or three phase systems. It is assumed that
the de-link is connected to two controlled variable capacitors (Cyop and
Chot); which capacitance evolves sinusoidally. Each of these equivalent
capacitors represents one arm of the converter. Two different currents
flow through the circuit, as it is depicted in Figure 5.18. On the one
hand, the circulating or differential current (Z4g), which charges or dis-
charges the voltage of the capacitors, and is created by the unbalance
between the dc-link and the sum of both arm voltages. On the other
hand, the output current (I,), which is, theoretically, equally shared
between both arms of the same leg, if equal internal resistance of the
controllable capacitors and equal line impedances (L.,m,) are assumed:

I, = Itop — Ihot

(5.9)

. I, I,
belng Itop = E + Idiff» Lot = _5 + Laig

Therefore, the most important parameters during the design of a
MMC are: the voltage (5.8) and current ratings (5.9) of power devices

136



5.4. MULTI-CELL HV: MMC

and the design of SM capacitors Csp, and arm inductors La,py,. In addi-
tion, the control of the MMC needs to be especially considered in order
to achieve a balanced system.

Reactive components

The sizing of Cyy, and L,y are key factors during the design of a MMC,
since they largely define the weight and the size of the overall system.
The tendency of these reductions is relatively clear in some power con-
verters with a unique operation frequency, such as dc-dc converters
(Section 5.2), but the impact of frequencies on reactive components of
a MMC is not so evident, and further analysis is required.

The capacitor of each SM (Cyy,) must be large enough to limit the
voltage ripple and satisfy the voltage requirements of all components.
Considering that the sum of all cells that conform an arm can be mod-
eled as an equivalent capacitor, and knowing that the arm current is
sinusoidal (about the half of the output current), it can be deduced
that the Cg, depends on the transferred power and the fundamental
frequency f,. The value of the minimum Cy,, to obtain a certain voltage
ripple (Av,) can be calculated using (5.10) [140, 149]:

3
P, - cos¢ m - CoS @ 2
GIUZ : 17 - a '1
C. 3 Now - Avg - V2 -, - w [ ( B) )] (5.10)

sm

where P, is the transferred power by the converter, Vg, the capacitor
mean voltage value, m, the modulation index, w, the angular output
frequency and ¢ the angular displacement of the load.

The L..m of a MMC has three main tasks. First, it serves as a link
inductor, limiting the arm current in each commutation and making
possible exchanging energy between the converter and the ac system.
Second, it limits the currents in case of faults. And third, it is used to
reduce the circulating currents and their resonance among arms [140].
In this context, the inductor value depends on the switching frequency,
and its value can be deduced with (5.11) [140]:

Vdc

erZ .
& 8- N2 - fo-Ai-Iyg

(5.11)

being Ai - Iq;¢ the maximum current ripple.
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Control strategy

The MMC topology needs multiple control techniques, in order to regu-
late current and voltage values within the safe operation area. Control
strategy of this work contains: current control, total voltage balancing,
differential voltage balancing, differential current suppressing and ca-
pacitor voltage balancing. This control strategy is analyzed in detail
in [140]. With the implemented control strategy, voltages of SMs are
balanced, as it is depicted in Figure 5.19(a). Moreover, the differential
current Iqig ; is reduced [see Figure 5.19(b)].

500
450
— 400
= 350
=300
250

without control with control without control with control

(a) (b)

Figure 5.19: Implemented control strategy response: (a) voltage balancing
of each SM and (b) differential current reduction.

Frequency influence analysis

Figure 5.20 shows the differential current of each leg (Iqifj) together
with the amount of SM voltages (V. ;) for different frequency combi-
nations. For this analysis fixed value of Cy,, and L., are considered,
in order to evaluate the impact of frequencies on current and voltage
ripples [140].

It is demonstrated that the impact of the fundamental frequency
only affects to the capacitor, and it is inversely proportional to the
required capacitive value. Moreover, the inductor current ripple (A -
I4is) depends on the switching frequency (see Figure 5.20) (5.11).
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Figure 5.20: Fundamental and switching frequency impact on the volt-
age and current ripple (Csm = 1mF/Larm =1 mH). Voltage of SMs (VL ;)
and three-phase differential current Iqig ; for different frequencies: (a) fo =

50Hz, fs = 10kHz, (b) fo = 50Hz, fs = 200kHz and (c) fo = 1kHz, fs =
200 kHz.

Power switches

Current and voltage switching waveforms at sub-module level are ana-
lyzed in order to define the requirements of semiconductors. Consider-
ing Ny, it is clear that the switching voltage is the voltage that each
SM withstands (5.8). Regarding the current, each arm conducts the
half of output current (5.9). Figure 5.21 shows dc-link voltage and out-
put current along with the voltage and current of a SM-switch. The
switching current is the half of the output current with an offset related
to the differential current, as it is depicted in Figure 5.21(a).

In addition, switching losses are obtained analyzing switching ener-
gies of each switching instance, during a fundamental period [see Fig-
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Figure 5.21: Key waveforms of a MMC working with 2 SMs
(Vac=700V/I, rms=16 A): (a) input dc-link and output current, and (b)
switching voltage and current of the SM, along with the arm current (itop)-

ure 5.21(a)]. Then, the average switching energy is obtained, dividing
the sum of total energy by the number of switching instances (5.12).

P, = ;’ZS’“ ZE (5.12)
W=

where the average natural switching frequency f;, is obtained consid-
ering the fundamental frequency f, and number of switching instances
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nSW f
nSW S
fsn N (5.13)
being the natural switching frequency approximated to the switching
frequency divided by the number of SMs.
This is a consequence of the implemented balancing control that
toggles between the number of SMs in order to balance the voltage of
each cell. Thus, the impact of switching losses related to power devices

is reduced, as it will be analyzed in following sections.

5.4.2 Performance evaluation

For this analysis, the MMC is configured as a three-phase MVD. In
this manner, the impact of frequencies is evaluated as both frequencies
can vary, i.e. switching frequency and fundamental frequency. Con-
sidering the specifications presented in Table 5.2, an analysis of GaN-
based MMC is presented in this section, as a more detailed extension
of the analysis presented in [140]. MMC-MVD is evaluated considering
the proposed control strategy (Section 5.4.1) and devices presented in
Chapter 2 (IGO60R070D1 [108]). The control strategy is developed in
Matlab-Simulink, while for the power stage PLECS simulation tool is
used. The presented results can be scaled for Ny, number of SMs.

Table 5.2: Scaled MVD specifications, for a MMC.

Specifications Value

Input HVDC voltage - Vic 700 Vv
Output ac phase RMS voltage - Vi 230 \Y
Output ac frequency - f, 50-1k Hz
Switching frequency - fs 10k-200k  Hz
Output power - P, 10 kW
Cell capacitor voltage - Vem 350 Vv
Number of cell per arm - Ngm 2

Arm current ripple - A 0.3

Cell voltage ripple - Av 0.1

The influence of the switching and fundamental frequencies on the
performance of the MMC is evaluated, considering the design of reac-
tive components (5.10), (5.11). Moreover, power losses at SM level are
analyzed, evaluating the impact of GaN devices on the performance.
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Then, power losses and volume of whole converter are shown, consid-
ering the approximation models presented in Chapter 3. Thus, the
benefits and limitations of working with high-performance GaN devices
are evaluated.

GalN devices performance

Once the effect of system frequencies on converter response are analyzed
in Section 5.4.1, power losses distribution related to GaN devices is
analyzed considering the specifications presented in Table 5.2. Power
losses of the SM are evaluated for switching frequencies combinations
presented in Figure 5.20. The power losses distribution for a balanced
MMC presents low difference among every SM, as it is evaluated in
[140]. Therefore, power losses at SM level are analyzed. Figure 5.22
shows the high relevance of conduction losses, even when operating
with high switching frequencies. Then, parallel connected devices are
preferred, resulting in lower power losses [see Figure 5.22]. Moreover,
as it is expected fundamental frequency does not affect to power losses
of devices, as can be deduced from Figure 5.22.
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Device Dead-time

Device Switching
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single parallél single parallel single parallel
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Figure 5.22: Analytical power loss distribution analysis of GaN-based
SMs. Conduction losses (P ), dead-time losses (Ps) and switching losses (Ps)
for different frequencies: fo, = 50Hz, fs = 10kHz; f, = 50 Hz, fs = 200 kHz
and fo = 1kHz, fs = 200 kHz.

In addition, power losses of the SM are evaluated for various swit-
ching frequencies and number of SMs. Figure 5.23(a) shows the effect

142



5.4. MULTI-CELL HV: MMC

of number of SM on semiconductors power losses. The use of more SMs
reduces especially switching losses, as a result of lower blocking volt-
age and lower natural switching frequency of each cell. However, the
number of semiconductors increases by Ngp, - 4, when analyzing overall
converter losses. Thus, losses related to semiconductors increases, when
the same semiconductor is used, as it presented in Figure 5.23(b). How-
ever, when semiconductor blocking voltage is reduced until 150V, LV
GaN devices can be used [161]. In this manner, overall power losses of
power switches are reduced, as it is shown in Figure 5.23(b) for Ngy,=6.
This is a consequence of lower conduction an better switching capabil-
ity of LV devices [161]. Thus, a trade-off between losses and system
complexity needs to be analyzed. In this case Ngy,=2 is selected for the
sake of simplicity.

Converter performance

Regarding the performance at converter level, power losses and volume
distribution is presented in Figure 5.24 for the specifications presented
in Table 5.2. Ceramic capacitors are considered for this analysis.

Figure 5.24(a) shows the impact of switching frequency on semicon-
ductors and inductor losses. Furthermore, Figure 5.24(b) shows the low
impact of switching frequency on the converter overall volume, as a con-
sequence of higher relevance of the volume of capacitors in comparison
with inductors.

Indeed, low switching frequency is preferred, resulting in ultra-high
efficient system, when operating with low fundamental frequency. In-
stead, it will be interesting to operate at high switching frequency only
for high fundamental frequency systems, i.e. high speed MVD [140]. In
this case, the volume of the converter is considerable reduced. However,
it has to be noted that modular multi-cell converters, such as MMC,
rarely achieve better power density features than single-cell converters.
Nevertheless, modular multi-level structure allows the connection of the
power converter to a high-voltage terminals (much higher that the de-
vices voltage rating) by means of the boxes series connection. In this
manner, high performance devices such as GaN devices can be used, re-
sulting in low power losses. Moreover, depending on the input voltage
value, the number of boxes could be increased. Besides, redundancy of
modules could increase the availability and reliability of the system.

Therefore, the use of GaN devices results on MMC with low power
losses, being possible to achieve high efficiency. However, the increase
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Figure 5.23: Power losses analysis of GaN devices for different number of
SMs and switching frequencies: (a) distribution of each SM and (b) total
losses of GaN devices.

of switching frequency has not a clear benefit for applications with low
fundamental frequency. These results are experimentally validated.

144



5.4. MULTI-CELL HV: MMC

gevices ‘
M Capacitor
350y 0 Inductor

single parallei single parallei single parallel
f,/f. = 50Hz /10kHz 50Hz/200kHz  1kHz/200kHz

(a)

Heatsink.
mm Capacitor
= Inductor H

| L ,
0 single parallel  single parallel
f,/f, = 50Hz /10kHz 50Hz/200kHz

(b)

single parallel
1kHz/200kHz

Figure 5.24: Performance analysis of MMC converter for various swit-
ching and fundamental frequencies: (a) losses distribution and (b) volume
distribution, without considering control and housing.

5.4.3 Experimental measurements

Power boards depicted in Figure 3.3 are used in half-bridge configu-
ration, forming a three-phase MMC (see Figure 5.25). Each module
contains the power board based on GaN devices and Cy,,. The MMC
is analyzed for the specifications presented in Table 5.2 for a switching
frequency of 20kHz and a fundamental of 50 Hz.

The control strategy is validated achieving a balanced system, as
it is depicted in Figure 5.26(a) for the capacitor voltages of one leg.
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Figure 5.25: MMC experimental set-up based on GaN power modules,
980 uC ceramic capacitors (Csm) and 1 mH inductors (Larm).

Besides, Figure 5.26(b) shows the achieved low output current, working
at nominal operation point.
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Figure 5.26: Experimental waveforms of the GaN-based MMC: (a) ca-
pacitor voltage balancing and (b) three-phase output currents with one
line-to-line voltage at nominal operation (10kW).

Then, the performance of the converter is evaluated at different
loads, achieving high efficiency, as it is shown in Figure 5.27(a). More-
over, high efficiency is achieved over the whole output load range. Re-
garding the volume distribution, the high impact of capacitors on the
overall volume is demonstrated, as a consequence of low fundamental
frequency [see Figure 5.27(b)].

146



5.5. MULTI-CELL LV: M2BF

100 Comstant Power stage
99 Jonstan 9.50 %
& Housing 08070

98 E o
o W (35.87 %)

96
95
94
93
92
91 N,= 2 /20 kHz
I N e R

Output Power (kW) (1130 %)

(a) (b)

Capacitor
(43.33 %)

Efficiency (%)

Total Volume: 10.5 dm*

Figure 5.27: Experimental performance analysis of the MMC converter:
(a) efficiency and losses for various output load and (b) volume distribution
without considering the control board.

5.5 Multi-cell LV: M2BF

The proposed multi-cell flyback configuration has a modular structure
with N, primary and N}, secondary side number of cells, as it is depicted
in Figure 5.28. The main switch is four quadrant switch, in order to
connect /disconnect cells in accordance to system requirements. In ad-
dition, auxiliary windings with a diode are included for safety reasons,
as it will be analyzed in Section 5.5.1.
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Figure 5.28: M2BF concept configured with input-series and output-
parallel cells.

One of the main drawbacks of a flyback is that it requires semi-
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conductors with higher voltage and current capability than other con-

ventional converters. This is a consequence
currents [162]. Multi-cell systems results on e
age between Ny series-connected cells or sha
parallel-connected cells.
ure cells in order to reduce maximum voltage
requirements of primary or secondary sides.
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The proposed architecture allows to config-

(5.14) and current (5.15)

)

(5.14)

(5.15)

where n is the transformer ratio (nq1/ng) and Vi, I1 ¢ and Vo, Io ¢ are

the total voltage and current of primary and
tively. Figure 5.28 presents an input-series o

secondary sides, respec-
utput-parallel configura-

tion reducing the voltage requirement of primary side cells (N7) and

the current of secondary side cells (NVa).

5.5.1 Operation principles

The most differential characteristics and control strategy of the M2BF
are presented in this section. The power delivery of M2BF is similar to a
conventional flyback, but considering the number of connected cells and
a bidirectional power flow control. The power delivery can be divided
into two intervals: magnetizing and demagnetizing process. Assuming a

current flowing from primary to secondary side

, the magnetizing process

begins with the turn-on of primary side main switch s; ;, storing the

energy on the transformer.

Then, when turning-off s;;, the energy

stored in the transformer is discharged on the secondary side, as it is

shown in Figure 5.29(a) with two connected c

ells on each side.

On the contrary, considering a current flowing from secondary to
primary side, magnetizing period is performed on the secondary side

while demagnetizing occurs at primary side [s
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Figure 5.29: M2BF concept along with magnetic flux (¢), primary (i)
and secondary (i2,;) side currents for different configurations: (a) primary
to secondary power flow with two connected cells on each side and (b)
secondary to primary flow with one active cell on each side.

Furthermore, the magnetic flux of the transformer (¢y,) is propor-
tional to the sum of primary and secondary side currents. Thus, in
the M2BF, ¢,, changes according to the sum of the current generated
on each cell (5.16). Figure 5.29(b) shows how ¢,, is decreased when
enabling only one cell of each side in comparison with the configuration
presented in Figure 5.29(a).

N, ’[, No ’[,
1,i 2,
m = — — | - Ly 1
= (S 30) 520
=1 =1
being L., the magnetizing inductance.

Design considerations

Regarding the sizing of converter components, it is similar to a conven-
tional flyback, being the main difference related to the multi-winding
transformer. Multi-winding transformer with N7 + Ny 4+ 2 number of
windings is required. Two of these windings are known as auxiliary
windings. These auxiliary windings are connected with diodes to pri-
mary and secondary sides as it is depicted in Figure 5.28. These wind-
ings do not operate at normal operating conditions. These auxiliary
windings only operate in case of system-failure providing a discharging
path for the current. Moreover, they are designed with a transformer
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relation of n/naux > 1, but close to the unity in order to avoid excessive
induced overvoltage, in case of failure.

Analyzing the equivalent circuit of a transformer depicted in Fig-
ure 7?7, the magnetizing inductance is defined with (5.17) for a certain
current ripple Ai and switching frequency fs [162]. The Ai defines
the operation mode of a flyback. In this case, a continuous conduction
mode is considered, avoiding excessive conduction losses produced by
high current ripple operation modes.

Vin - 0

Ly=—7F—"7-—7-—
2'.fs'AZ'ILm

(5.17)

being § the voltage conversion ratio and I, the magnetizing current
defined as follows:

n-Voi
= — 2 5.18
" Vou+ Vins (5-18)
N1 N2
Poi Ioi
It = E L 4 g : 5.19
i=1 n- ‘/in,i i—1 n ( )

being n the transformer conversion ratio, P, ; output power, V; ; output
voltage and Vi, ; input voltage of cell i. The maximum current It is
a result of the sum of all cells currents.

Then, considering the worst case scenario, i.e. the minimum § and
the peak magnetizing current, L,, is defined. Moreover, the transformer
is designed to have a reduced leakage inductance Ly (3 — 5% - Ly,) to
reduce the overvoltage generated on the main switch.

Every coil of multi-winding transformer is formed by its own induc-
tance and the mutual impedance between coils divided into two sides
(p primary and s secondary). Then, the equivalent inductance matrix
is defined with (5.20) for ¢ number of windings.

Lipip Lipis ... Lipss
Lisip Lisas .. Lisap

. . (5.20)
Lisip  Lipis -+ Lisis

where Lip 1 corresponds to the mutual inductance between first pri-
mary and first secondary coils.

The multi-winding coils are distributed in a symmetrical way, in or-
der to reduce the leakage inductance of each module. Moreover, primary

150



5.5. MULTI-CELL LV: M2BF

and secondary windings are interleaved, as it is shown in Figure 5.30
for six winding transformer: four main coils and two auxiliary. The
diameter of the wire of auxiliary windings is reduced as these coils only
operate in case of system failure. More details on the design of the
transformer are included in [163].

009
000
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Main
Auxiliary m[..... windin
windings = interleaving
000
009
000

Figure 5.30: Winding distribution of the multi-winding flyback trans-
former for a reduced leakage inductance.

In addtion, flyback cells are operated with an active clamp circuit, in
order to reduce switching losses. Active clamp is implemented in both
sides due to the bidirectional operation of the converter. Considering
the leakage inductance, clamp capacitor C is selected to be in resonance
with Ly, at a switching frequency fs (A.9). Besides, devices output
capacitances are not considered as GaN devices present negligible Cgs
in comparison to C;.

1

Ci=—"-———.
(2-m- f5)? L

(5.21)

Bidirectional switch

Four quadrant flyback is proposed, based on two anti-series semicon-
ductors for primary and secondary sides. Figure 5.31(a) shows how
sp1,2 blocks the current on the primary side (i1 2 = 0) and sp2,1 on
the secondary side (iz;; = 0), when the current is flowing from primary
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to secondary side. Conversely, considering a current flowing from sec-
ondary to primary side, iz 1 yields to zero due to the blocking capability
of sa2.1 while the same is true for s,1 2 device on the primary side [see
Figure 5.31(b)]. Hence, bidirectional voltage and/or current conduc-
tion and blocking capability is achieved. However, the implementation

Figure 5.31: Bidirectional switches based on GaN devices with "body
diode" (dashed lines): (a) current flowing from primary to secondary side
and (b) current flowing from secondary to primary side.

of bidirectional switch results on higher number of semiconductors than
for a conventional flyback and consequently higher conduction losses.
Therefore, devices with low conduction resistance, such as GaN semi-
conductors, are presented as the most suitable solution. Besides, in near
future, monolithically integrated bidirectional GaN devices will over-
come this limitations with significantly lower conduction losses [164].
The lateral structure of GaN devices (see Figure 2.1), allows to include
a second gate near the drain, achieving a bidirectional power semicon-
ductor without an increase of the conduction resistance [165].

Control strategy

Figure 5.32 shows the implemented control strategy. Current control is
performed measuring current (iq,%2,;) of each cell. Besides, peak cur-
rent detector is implemented by hardware and then calibrated to obtain
the relation between peak current and delivered current. Moreover, the
voltage of each cell is measured, in order to obtain the power of every
cell.
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Figure 5.32: M2BF converter control scheme.

In addition, control signals of switches are enabled or not depending
on the power flow and the enable function. In this first control strategy
approach, an enable function that results on the highest efficiency is
implemented. Thus, the number of connected cells is selected in terms
of the required power. The impact of number of cells on the system
efficiency is analyzed hereafter.

It has to be noted that the enable function can be defined for dif-
ferent system parameters. Indeed, multiple loads and sources can be
controlled independently, as for DC-PDS systems [see Figure 5.2(a)].
Moreover, in the case of ESS operating with series connected cells [see
Figure 5.2(b)], enable function is designed in terms of the State of charge
(SoC), being possible to perform an integrated active balancing of cells,
as in the active equalizer presented in [166].

5.5.2 Performance evaluation

Once the M2BF architecture is described, power converter performance
is evaluated for the specifications of Table 5.3. Figure 5.33(a) shows
a de-de M2BF with active clamp switches (Sc1,i, Sc2,;i) and clamping
capacitors (C;). The same switches configuration is implemented in
both sides as the power can be delivered in both directions.

Figure 5.33(b) shows the voltage that C; has to withstand and the
current of the primary side (i1,). Negative leakage current is allowed
on the primary side, due to clamping circuit.

Moreover, considering primary to secondary power flow, switching
transitions of power switches are analyzed in Figure 5.34. ZVS of pri-
mary switch s,1,1 is achieved due to active clamp. Besides, Figure 5.34

153



CHAPTER 5. GAN DEVICES TOPOLOGICAL EVALUATION

Table 5.3: M2BF cell electrical specifications.

Description Value Unit
Input voltage - Vi ; 24 \Y%
Output voltage - Va3 24 \%
Output current - Io; 5 A
Current ripple - A 0.2
Transformer ratio -n 1
Transformer auxiliary ratio -naux 1.2
Switching frequency - fs 300 kHz
Semiconductor characteristics Value Unit

Case-to-heat-sink resistance Rip,c—h 4.5 °C/W
Junction-to-case resistance Ryp j—c 0.3 °C/W
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Figure 5.33: M2BF converter based on GaN devices, with two primary
and secondary side cells and active clamp: (a) topology scheme and (b) key
waveforms, Cr voltage and Ly, current.

shows the switches control signals considering a power flow from pri-
mary to secondary side and enabling only one cell on each side.
Primary main switch s1,1 is switching with a duty ¢ while switch
Sp2,1 and clamping switch sq; 1 toggles complementary to spi,; with a
defined dead-time tq;. A minimum dead-time of 45 ns is defined, consid-
ering the analysis presented in Section 2.3, characteristics of the selected
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Figure 5.34: Power switches transitions of M2BF, including its "body
diodes" conduction instances.

LV GaN devices (EPC2034 [161]) and driver delay times. Besides, anti-
series switches s,1,1 and s,2,1 are continuously conducting according
to enable function due to the free-wheeling conduction instances. The
same control sequence of anti-series switches is applied if the current is
flowing from secondary to primary side, i.e. switching with sy2; and
continuously with s,9 ;.

GalN devices performance

Power losses distribution is evaluated, adapting the power losses esti-
mation method proposed in Section 3.4 to flyback switching waveforms.
Figure 5.34 shows switching waveforms of each switch that conform the
M2BF. Soft-switching operation is achieved operating near to resonance
frequency f.. ZVS operation of main switches of primary and secondary
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sides is achieved along with soft turn-on of clamping switches. In addi-
tion, conduction instances of the "body diode", i.e. dead-time, have to
be also considered.

Figure 5.35 shows the power losses distribution of each switch. As-
suming a power flow from primary to secondary side, primary side
presents main switch, auxiliary switch and clamp switch losses. On
the contrary, secondary side cell only presents main switch and aux-
iliary switch losses. The use of active clamp reduces switching losses
relevance, being negligible even operating at 300 kHz, as a consequence
of reduced turn-off losses.

It is worth to pointing out that the use of two anti-series device
as main switch increases total conduction power losses. In near future
monolithically integrated GalN devices will be possible, with signifi-
cantly lower on-state resistance than two devices in anti-series [165],
reducing conduction losses.

The use of GaN devices in this topology allows to reduce conduction
losses and switching losses, due to the low turn-off losses. However,
dead-time losses of synchronous devices needs to be considered, as an
important part of synchronous device losses.

In addition, Figure 5.35 compares power losses distribution of a
M2BF operating with single cell and two cells, for a primary to sec-
ondary power flow of 120 W. Comparing both variants, conduction and
dead-time losses are reduced while switching losses increase when con-
sidering two connected cells. Then, depending on the impact of conduc-
tion, dead-time and switching losses, the optimal number of connected
cells will be different. Thus, the performance in terms of power losses of
the converter is experimentally evaluated, in order to define the optimal
number of connected cells for various load currents.

5.5.3 Experimental validation

This section presents the power cells of the GaN-based M2BF. The
power cell is composed of a power board and a conditioning board, as
it is depicted in Figure 5.36. The power converter is based on LV GaN
devices resulting in a power module with reduced size.

The presented power module is configured to operate as a syn-
chronous buck converter, in order to validate the performance of LV
GaN devices operating at high-switching frequency. The analysis pre-
sented in Section 2.5 is used to define gate driver circuit, achieving
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Figure 5.35: M2BF cell power losses distribution based on GaN devices
(120 W): (a) connecting one cell on each side and (b) connecting two cells
on each side.

a Vgs without exceeding maximum allowed voltage and without false
turn-on [see Figure 5.37(a)].

The buck converter operates in hard-switching mode, with reduced
current ripple, as it is depicted in Figure 5.37(b). Experimental mea-
surements of power losses are presented in Figure 5.38, achieving a good
agreement between theoretical and experimental measurements. Low
switching losses are achieved, even operating in hard-switching mode.
Moreover, although anti-series switch is implemented, the use of GaN
devices results on low conduction losses. However, dead-time losses im-
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Figure 5.36: GaN-based M2BF power cell consisting of power and condi-
tioning board.
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Figure 5.37: Experimental waveforms of LV GaN devices working at
high-switching frequency in hard-switching mode (300 kHz/6 A: (a) gate-to-
source voltage (Vgg) and (b) drain-to-source voltage and inductor current
(L)

pact is higher, due to high-switching frequency. Therefore, it is crucial
to reduce dead-time conduction instances. Once the performance of
the power module has been evaluated working as buck converter, the
performance working in M2BF configuration will be presented in future
works [163].
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Figure 5.38: Experimental validation of LV GaN devices performance
working at high-switching frequency in hard-switching mode (300 kHz/6 A).

5.6 Conclusions

Design optimization routine presented in Chapter 4 and power losses
model of Section 3.4 are applied to different power converter topologies,
in order to evaluate the application of GaN devices. Single-cell and
multi-cell topologies are analyzed working at different operation modes.

Regarding single-cell, synchronous buck converter is evaluated,
defining the most optimal design for medium power range (2.5kW).
The use of GaN devices for commonly used synchronous buck converter,
results on ultra-efficient solutions operating in hard-switching (>99%).
Besides, when power density is the most restrictive design aspect, GaN-
based converters allow to reduce power converter size (>20kW/1).

In addition, resonant operation of GaN devices is analyzed. Different
operation regions of the resonant converter are evaluated. Capacitive
region presents low power losses even operating at hard-switching. The
impact of switching losses for such low current are not relevant for
GaN devices at medium switching frequency (>70kHz). Inductive zone
present iZVS and ZVS zones. In these zones, GaN devices losses are
reduced. However, it has to be noted, that dead-time losses need to be
considered when operating at high switching frequencies (>120kHz).

Referring to multi-cell converters, HV and LV applications are eval-
uated, on a MMC and on the novel M2BF. However, in the case of
the MMC it is not a clear benefit of working with GaN devices at
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high switching frequencies for low fundamental frequency. The increase
of the switching frequency does not result on a reduction of the con-
verter volume. Moreover, when working at lower switching frequencies
it has been demonstrated that GaN achieves similar performance than
Si. Nevertheless, when operating at higher fundamental frequency, such
as for high-speed MVD, GaN devices will reduce the switching losses
impact. On the contrary, M2BF appears as a suitable topology for GaN
devices characteristics. The low conduction losses of GaN devices and
the low impact of turn-off losses result on high efficiency even for high
switching frequency (300kHz).
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Conclusions

6.1 Conclusions and Contributions

Considering the novelty of GaN semiconductors and the challenges of
implementing this technology on power electronics, the most suitable
operation conditions of GaN-based power converters are presented in
this thesis. The presented results are verified by simulations or/and
experimental measurements for a variety of conditions.

For that purpose, the most differential characteristics of GaN de-
vices have been defined, proposing different solutions for implementing
GaN-based power converters. Gate driver circuit has been analyzed
along with the dead-time control strategy and thermal limits. In the
following step, this analysis has been applied to a GaN-based power con-
verter, evaluating different operating conditions. Moreover, a general
power losses model has been proposed, with a ZVS losses estimation.
The analysis is experimentally validated, achieving a good agreement
between experimental and theoretical results.

Once the performance of GaN devices has been evaluated, the im-
pact of operating with GaN devices has been analyzed at power con-
verter level. Indeed, design optimization routine has been presented,
analyzing the impact of design variables, such as switching frequency
or current ripple. The objective of this optimization has been to define
the most efficient and compact solution. Thus, different cooling sys-
tems have been evaluated, along with capacitors and inductors. Then,
this analysis is applied to various topologies, in order to analyze the

161



CHAPTER 6. CONCLUSIONS

potentiality of GaN devices operating at different configurations.

The performance of GaN-based power converters has been evalu-
ated for single-cell and multi-cell converters. On the one hand, single-
cell non-isolated synchronous buck has been analyzed, obtaining high
power density (>20kW/1), maintaining high efficiencies (>98%). More-
over, isolated resonant converter has been also evaluated, achieving low
power losses even operating in capacitive region, i.e. hard turn-on.
On the other hand, high-voltage and low-voltage multi-cell systems are
analyzed. For the high-voltage application a GaN-based MMC is ana-
lyzed, achieving a high efficiency over a wide output load. Regarding
low-voltage multi-cell converter, a novel concept of mutli-port flyback
has been proposed, i.e. M2BF. This topology presents high controlla-
bility, being possible to connect/disconnect cells depending on system
requirements. Therefore, the high performance of GaN devices on this
application range has been demonstrated.

The conclusions and contributions of this work are divided between
main and other contributions.

MAIN CONTRIBUTIONS:

» Comprehensive analysis of GaN semiconductors charac-
teristics, that define the design considerations and chal-
lenges.

Refer to publications: [a].

GaN semiconductors present lower overall conduction resistance
even compared to Si Super-junction devices in the range of 600 V.
Moreover, GaN has lower output capacitance along with lower
gate charge requirement than its counterparts. These character-
istics results on lower switching and driver losses.

However, special attention must be devoted when designing the
gate driver to avoid false turn-on and exceeding the maximum al-
lowable gate voltage. The gate driver is analyzed defining the gate
resistances and voltages for a suitable operation of GaN devices.
Considering the diode like gate behaviour of some GaN devices,
current controlled gate driver design is also analyzed.

In addition, even if GaN devices have a negligible reverse recovery
free-wheeling conduction, power losses generated in these conduc-
tion instances are higher than for Si or SiC MOSFETs. Therefore,
dead-time conduction instances are analyzed, defining the mini-
mum dead-time in order to reduce losses related to free-wheeling
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conduction periods. Furthermore, an asymmetrical dead-time
control is proposed reducing the high impact of dead-time losses.

Detailed analysis of hard- and soft-switching operation,
including the losses of incomplete soft-switching transi-
tions.

Refer to publications: [a] and [f].

The performance of semiconductors is evaluated with a general
analytical model that can be adapted to different topologies. In
this case, the analysis is focused on a well-known synchronous
buck converter. The great difference between turn-on and turn-
off energies, along with low conduction resistance of GaN devices
leads to low power losses, even for hard-switching operation mode.
The effect of operating at different current ripples and switching
frequencies has been evaluated for a 2.45 kW power converter with
parallel-connected devices.

On the one hand, the increase of the current ripple, ensuring ZVS,
reduces power losses of semiconductors for high-switching frequen-
cies (>40kHz). Nevertheless, the relevance of GaN devices swit-
ching losses is low when considering full converter performance.
On the other hand, the use of parallel devices results on lower
power losses up to high switching frequency <150 kHz.

Thermal limits improvement based on heat-spreading
materials and parallelization of various devices.
Refer to publications: [b],[g] and [h].

Thermal cooling limits are analyzed and the use of heat-spreading
materials is proposed. The increase of thermal pad through high
thermal conductivity heat-spreading materials results on the en-
hancement of cooling capability. Besides, paralleling GaN devices
will be essential for medium/high power converters, in order to
distribute power losses through larger dissipation area.

Furthermore, considering the thermal cooling limitation of small
size GaN devices, three cooling configurations are analyzed, for
two different packages and including heat-spreading materials.
Only comparing the thermal performance of both packages, top
side cooled device is better than bottom side cooled one. However,
the use of bottom cooled configuration with Cu inlay, increasing
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the thermal pad, and better TIM material improves the cool-
ing performance in comparison with the top cooled configuration.
The use of parallel devices and heat-spreading materials overcome
thermal cooling limitations of GaN devices. It is demonstrated
that the use of heat-spreading material can increase cooling capa-
bility by 56%. Hence, the use of heat-spreading materials will be
essential when designing GaN-based power converters to increase
the dissipation capability of GaN semiconductors.

The potentiality of GalN devices is analyzed in detail for
various applications. This analysis includes single-cell
and multi-cell topologies, defining the enhancement and
limitations of implementing them with GalN devices.
Refer to publications: [c],[e], [i], [i] and [k].

Single-cell and multi-cell topologies are analyzed working at dif-
ferent operation modes. Regarding single-cell, a synchronous
buck converter is evaluated, defining the most optimal design for
medium power range (2.5kW). It is demonstrated that the use of
GaN devices for a commonly used synchronous buck converter,
results on ultra-efficient solutions operating in hard-switching
(>99%). Besides, when power density is the most restrictive de-
sign aspect, GaN-based converters allow reducing power converter
size (>20kW/1).

In addition, GaN devices performance is analyzed operating in
resonant converters. Different operation regions of the resonant
converter are evaluated. As the impact of switching losses for
low current is not relevant for GaN devices at medium switching
frequency (>70kHz), low power losses are achieved even operating
in the capacitive region, i.e. hard-switching turn-on. Otherwise,
inductive zone presents soft-switching turn-on. In these modes,
GaN devices losses are reduced. However, it has to be noted,
that the impact of dead-time losses need to be considered when
operating at high switching frequencies (>120kHz).

Referring to multi-cell converters, HV and LV applications are
evaluated, on a MMC and a M2BF. In the case of the MMC,
there is not a clear benefit on working with GaN devices at high
switching frequencies when operating with low fundamental fre-
quency. The increase of the switching frequency does not result
on a reduction of the converter volume, as a consequence of the
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high impact of the capacitor size of each sub-module. Neverthe-
less, when operating at higher fundamental frequency, such as
for high-speed medium voltage drives, GaN devices will reduce
the switching losses impact. On the contrary, M2BF appears as a
suitable topology for GaN devices characteristics. M2BF provides
high controllability of multiple inputs and outputs, being possible
to adapt the number of connected cells to the requirements of the
system. It has been demonstrated that the low conduction losses
of GaN devices and the low impact of turn-off losses result on high
efficiency even for high switching frequency (300kHz), achieving
a reduced size.

OTHER CONTRIBUTIONS:

» Power losses model and experimental measurement
method are proposed and validated.

Considering the characteristics of semiconductors, power losses
are estimated and thermally measured on an experimental proto-
type. A steady-state calorimetric measurement method is pro-
posed for the experimental estimation of GaN switches power
losses at power converter level.

» Design optimization routine for analyzing different oper-
ation conditions in order to define the optimal converter
design for GalN semiconductors.

Approximation models of cooling systems, capacitors and induc-
tors are presented. Then, the impact of operating conditions on
the volume and losses of these components is evaluated, defin-
ing the most optimal solutions in terms of efficiency and power
density.

» New common-mode modulation techniques are evaluated
for three-phase inverters with dc-link referenced to out-
put filter.

Refer to publications: [d].

List of Publications
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6.2 Future Work

During this thesis, the potential applications of GaN devices have been
defined, modeling the performance of components that conform a power
converter and validating these results experimentally. However, there
are some issues and interesting research works to perform related to
GaN devices and GaN-based power converters:

» High-bandwidth instrumentation: During this thesis, the measure-
ment of current and voltages was a controversy when validating
the performance of power converters. It would be interesting to
analyze different measurement strategies, achieving high-accuracy
with low distortion and high-bandwidth.
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High-speed protections: Considering the high-switching capability
of GaN devices, the use of high-speed protections will be inter-
esting. Moreover, when opening the system in case of failure the
high free-wheeling conduction losses need to be considered.

High-frequency magnetics: In this work approximations and sim-
plifications related to inductor design have been applied. How-
ever, with a more detailed analysis of the design of high-frequency
magnetics lower converter overall volume will be achieved.

Megahertz operation range: One of the most interesting work will
be the evaluation of the accuracy of the presented model on MHz
operation range. In this switching frequency range, the impact of
dynamic on-resistance, dead-time losses and output capacitance
losses plays a key role as addressed in [167].

Bidirectional switches: The performance analysis and design is-
sues of bidirectional GaN devices could be an interesting work
for near future research works. As it has been previously men-
tioned, the lateral structure of GalN devices allows to develop
bidirectional switches without an excessive increase of the conduc-
tion resistance. This characteristic will be interesting for different
topologies, such as for Neutral-Point Clamped Converter (NPC)
or the proposed M2BF.



Chapter 7

Conclusiones

7.1 Conclusiones y Contribuciones

Debido a la novedad de los semiconductores de GaN y los retos que
supone implementar esta tecnologia en la electrénica de potencia, en
este trabajo se presentan cudles son las condiciones éptimas en las que
aprovechar al maximo las ventajas de estos dispositivos. Los resultados
que se presentan han sido verificados mediante simulacién y validados
experimentalmente para diferentes condiciones de trabajo.

Para ello, las principales caracteristicas de los dispositivos de GaN
han sido subrayadas, proponiendo métodos de diseno. Se ha analizado
el diseno del driver, junto con la eleccién del tiempo muerto y los limites
térmicos. Este andlisis se ha aplicado a un caso de estudio concreto en
el que se han evaluado diferentes modos de operacién. Ademas, se
presenta un modelo de perdidas completo para estimar el rendimiento
de los semiconductores incluso operando en ZVS. Este modelo se valida
experimentalmente, obteniendo poca diferencia entre los resultados del
modelo y los obtenidos experimentalmente.

Una vez se ha analizado el rendimiento de los dispositivos de GaN,
se analiza el impacto de estos a nivel convertidor. Ciertamente, se
ha propuesto una rutina de optimizacién para analizar como afectan
los diferentes parametros de disefio al rendimiento del convertidor. El
objetivo de esta rutina es la de obtener la mejor soluciéon en términos
de densidad de potencia y eficiencia. Se analizan ademas diferentes
sistemas de refrigeracién, capacidades e inductores.
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Por consiguiente, este andlisis de aplica a diferentes topologias,
definiendo la potencialidad del GaN para diferentes configuraciones.
Se analiza el rendimiento de los convertidores basados en semiconduc-
tores de GaN considerando convertidores de una sola celda y multicel-
das. Para los de una sola celda se obtiene alta densidad de potencia
(20kW /1), manteniendo altas eficiencias, para un convertidor reductor.
Ademas, se analiza el rendimiento de los dispositivos de GaN traba-
jando en resonancia, obteniendo reducidas pérdidas incluso operando
en la zona capacitiva (encendido en conmutacién dura). En cuanto
las topologias multicelda, se analiza un MMC para aplicaciones de me-
dia/alta tension (>600 V), consiguiendo alta eficiencia incluso a baja po-
tencia. Por otro lado, se analizan los beneficios de utilizar convertidores
multicelda en aplicaciones de menos tensién. Para ello se propone la
topologia M2BF, que permite una alta controlabilidad. El rendimiento
de esta topologia basada en semiconductores de GaN resulta en re-
ducidas pérdidas de conmutacién, incluso trabajando a 300kHz. Las
contribuciones y conclusiones de este trabajo se dividen entre las con-
tribuciones principales principales y otras contribuciones.
CONTRIBUCIONES PRINCIPALES:

» Analisis exhaustivo de las caracteristicas de los semicon-
ductores de GalN, definiendo los retos de implementar
esta tecnologia.

Ver publicacion: [a].

Los semiconductores de GaN presentan una menor resistencia de
conduccién, incluso comparandolos con los semiconductores de Si
en el rango de 600V. Ademas, los GaN tienen menor capacidad
parasita de salida junto con menos requerimientos de puerta que
sus competidores, en el rango de 600V. Estas caracteristicas re-
sultan en menos pérdidas de conduccién, conmutacién y de driver.

A la hora de disenar el circuito del drive se ha de prestar espe-
cial atencion en la tensién maxima permitida por puerta y evitar
falsos encendidos. Se analiza el circuito de driver, definiendo una
seleccidon optima de resistencias de puerta y tensiones apropiadas
para los dispositivos de GaN. Asimismo, se analizan tanto drivers
controlados en tensién como en corriente.

Por otro lado, a pesar de que los semiconductores de GaN no
tienen un diodo en antiparalelo en su estructura, permiten la
conduccién inversa en abierto con un recubrimiento inverso de-
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spreciable. Sin embargo, las pérdidas generadas por conduccién
inversa son relevantes. Por lo tanto, se analiza como reducir estas
pérdidas reduciendo el tiempo muerto al minimo y proponiendo
un control del tiempo muerto asimétrico.

Anadlisis detallado de los modos de operacién duro y
suave, incluyendo las pérdidas de la conmutacién dulce
incompleta.

Ver publicaciones: [a] y [f].

EL rendimiento de los semiconductores es evaluado a nivel conver-
tidor con la propuesta de un modelo general que se puede adaptar
a diferentes topologias. En este caso en particular, el anélisis se
valida en un convertidor reductor sincrono. La gran diferencia en-
tre perdidas de encendido y de apagado junto con la baja resisten-
cia de conduccion de los dispositivos de GaN resulta en reducidas
perdidas globales. Se analiza el efecto de trabajar con diferentes
rizados y frecuencias de conmutacion paralelando dispositivos en
un convertidor de 2.45 kW.

Por un lado, el aumento del rizado, asegurando ZVS, reduce las
pérdidas totales para frecuencias de conmutacion superiores a los
40kHz. Por otro lado, el uso de dispositivos en paralelo permite
reducir las pérdidas hasta frecuencias inferiores a 150 kHz.

Mejora de los limites térmicos de los semiconductores de
GaN usando materiales de alta conductividad térmica y
el paralelado de varios dispositivos.

Ver publicaciones: [b],[g] y [h].

Se analizan los limites térmicos y se propone el uso de materiales
de alta conductividad térmica. El aumento del area de disipacién
de los dispositivos de GaN, mediante estos materiales permite una
mejora considerable de la capacidad de disipaciéon. Ademas, el uso
de dispositivos en paralelo resulta esencial para convertidores de
media/alta potencia, para poder distribuir las pérdidas sobre un
4area mayor.

Ademaés, considerando las limitaciones del reducido tamafio de
los dispositivos de GaN, se analizan tres métodos de disipacién
diferentes para dos empaquetados distintos. Solo comparando los
empaquetados, el dispositivo que se refrigera por arriba presenta
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una solucién mejor que la del dispositivo que se refrigera por de-
bajo. Sin embargo, el uso de una configuraciéon refrigerada por
debajo que incorpora cobre en las capas interiores del PCB (Cu
inlay), permite aumentar el drea de disipaciéon reduciendo el im-
pacto del reducido tamafio de los dispositivos de GaN. Por otro
lado, se demuestra que el uso de materiales de alta conductividad
térmica para mejorar el sistema de refrigeracion aumenta la ca-
pacidad térmica en un 56% para las soluciones analizadas. Por lo
tanto, se demuestra que el uso de dispositivos en paralelo junto
con materiales de alta conductividad térmica resulta indispens-
able para mejorar el disefio de convertidores basados en GaN.

La potencialidad del uso de dispositivos de GalN es anal-
izada. Este analisis incluye topologias de una sola celda
y multasela, definiendo las mejoras que aportan los semi-
conductores de GaN.

Ver publicaciones: [c],[e], [i], [i] v [k].

En cuanto a los convertidores de una celda, se aplica la rutina de
diseno a un convertidor reductor convencional, para definir clara-
mente los beneficios de implementarlo con semiconductores de
GaN. Se demuestra que el uso del GaN permite trabajar a frecuen-
cias méas altas consiguiendo altas eficiencias (>99%). Ademas,
cuando el requerimiento de disefio mas restrictivo es el tamano,
el uso del GaN permite conseguir altas densidades de potencia
(20kW/1)

Por otro lado, se ha analizado el rendimiento de los semicon-
ductores de GaN trabajando en un sistema resonante, evaluando
diferentes zonas de operacién. Como el impacto de las pérdidas
de conmutacién es reducido, trabajando en frecuencias de con-
mutaciéon en torno a los 7T0kHz se consiguen pérdidas bajas a
pesar de trabajar en modo capacitivo, es decir conmutacién dura.
De lo contrario la zona inductiva presenta iZVS y ZVS. En es-
tos modos de operacién las pérdidas se reducen pero al trabajar
a mayor frecuencia de conmutacién (>120kHz) las pérdidas del
tiempo muerto cogen mayor impacto.

En cuanto a los sistemas multicelda, se analizan aplicaciones de
alta (>600V) y baja tensién (<200V), en un MMC y el M2BF,
respectivamente. Em el caso del MMC, no esta claro que los
dispositivos de GaN aporten un gran beneficio. El trabajar a
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alta frecuencia no supone un gran beneficio para el MMC, ya
que si se trabaja con una frecuencia fundamental baja (50 Hz) el
impacto del volumen de los condensadores de cada submédulo es
el méas relevante. En cambio, en aplicaciones que trabajan con una
frecuencia fundamental alta, como los motores de alta velocidad,
aumentar la frecuencia de conmutacién si que seria interesante y
los semiconductores de GaN reducirian el impacto de las pérdidas
de conmutacion.

Por otro lado, se propone el convertidor M2BF, con el que se con-
sigue alta controlabilidad de multiples entradas/salidas. Se de-
muestra que las reducidas pérdidas de conduccién y conmutacién
de los dispositivos de GaN permiten una alta eficiencia incluso
para aplicaciones multicelda de baja tensién trabajando a alta
frecuencia de conmutacién (>300kHz). Ademas, el trabajar a
alta frecuencia de conmutacion con reducidas pérdidas resulta en
un convertidor compacto.

OTRAS CONTRIBUCIONES:

» Modelado de pérdidas y metodologia de medida validada
experimentalmente. Considerando las caracteristicas de los
semiconductores, se estiman las pérdidas y se mide el salto de
temperatura en el prototipo experimental. Se propone un método
de medida de régimen permanente que mide la diferencia de tem-
peratura entre el radiador y el ambiente.

» Rutina de optimizacién analizando diferentes modos de
operacién, definiendo el convertidor optimo basado en
dispositivos de GaN.

Se utilizan modelos de aproximacion para diferentes sistemas de
refrigeracién, capacidades e inductancias. Con estos modelos se
analiza el impacto del volumen y las pérdidas de los diferentes
componentes definiendo asi la solucién mas eficiente y de mayor
densidad de potencia.

» Nueva técnica de modulacién aplicada a inversores trifasi-
cos con el dc-link referenciado al filtro de salida.
Ver publication: [d].
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7.2 Trabajo Futuro

Durante esta tesis, se han definido las aplicaciones potenciales de los
semiconductores de GaN, mediante modelado del rendimeinto de los
componentes que forman un convertidor de potencia, validando estos
resultados experimentalmente. Sin embargo, existen ciertas areas de
investigacién interesantes a explorar relacionadas con los dispositivos
de GaN y los convertidores basados en GaN

>
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Intrumentacion con alto ancho de banda. La medida de tensién y
corriente de los convertidores basados en GaN ha supuesto cier-
tos problemas, a la hora de validar el rendimeinto de los conver-
tidores. Seria interesante analizar diferentes metodos de medida,
consiguiendo alta precisién, con poca distosiéon y alto ancho de
banda.

Proteciones de alta velocidad. Considerando la capacidad de con-
mutacion a alta velocidad de los dispostivos de GaN, resulta im-
prescindible el uso de protecciones de alta velocidad, en caso de
necesitar protecciones. Ademads, a la hora de abrir el sistema en
caso de fallo, se ha de analizar el impacto de la conduccién por el
"diodo" en antiparalelo.

Magnéticos de alta frecuencia. En este trabajo se aplican aprox-
imaciones y simplicaciones relacionadas con el disenio de induc-
tancias. Sin embargo, se precisa de un andlisis més detallado del
disefio de magnéticos de alta frecuencia pudiendo conseguir red-
cuir el tamafio del convertidor.

Operacion en el rango de megahercios. Uno de los trabajos mas
interesantes a realizar serda evaluar la precision de los modelos
presentados trabajando en el rango de megahercios. Para altas



7.2. TRABAJO FUTURO

frecuencias de trabajo, el impacto de la resistencia dindmica, el
tiempo muerto y las pérdidas de la capacidad de salida aumenta
[167].

Semiconductores bidirecionales. El uso de dipositivos bidire-
cionales de GaN puede ser un punto de interes para futuras in-
vestigaciones. Cémo se ha mencionado en este documento, la
estructura lateral de los dispostivos de GaN, permite desarrollar
dispositivos de GaN bidirecionales con una resistencia de conduc-
ci6n reducida. Esta caracteristica es interesante para el desarrollo
de convertidores como el NPC o el M2BF propuesto en este tra-
bajo.
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Appendix A

Approximation models

Approximation models are proposed based on updated commercial
data, identifying the benefits of working with high performance GaN
devices. The presented approximation models are suitable for general
optimization routines, reducing long convergence times as it is proposed
in [134] for medium frequency high-power converters.

Figure A.1 shows a general flow chart applied to approximation mod-
els. First the commercial database is loaded, differing between different
technologies or types of devices. Then, the design space is defined ac-
cording to the characteristics of the components, obtaining D, number
of design options. Once the design space is identified the mapping of
entire solutions is performed obtaining the losses and volume of each
possible configuration. Finally, approximation models of the most suit-
able Pareto selection is performed in terms of losses or/and volume. In
Section 4.1.4 the Pareto selection procedure is explained in more detail.

This approximation procedure is applied to cooling solutions and
capacitors, while inductors are obtained from scaling laws presented
in the literature [168]. Although the presented models are based on
simplifications, they are accurate enough to describe the performance
at power converter level.

A.0.1 Cooling system

Cooling system sizing is dependent on power losses. In this case, losses
of power switches are obtained from the model presented in Section 3.4
for a half-bridge configuration. Then, the required heatsink thermal
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Figure A.1: Proposed general approximation model applied to commercial
database of different components that conform a power converter.

resistance Ry hs can be calculated as follows:

Rihvs = (Ths — Ta)/Pa1 (A1)

being Ths = ,I},max - (Rthj,c + Rthc_hs) . Pd,l .
where Py is related to power losses across a single device, thermal
network resistances are obtained with (2.34) and total power losses are
calculated in Section 3.4.

Besides, total losses Py 1 are distributed between high-side and low-
side switches for the half-bridge configuration. Thus, for the half-bridge
configuration both devices losses need to be considered in order to ob-
tain the maximum Py ;

Py;1 = max(Pys1, Pas2)- (A.2)

Thus, two limits are defined: the maximum losses related to a single
device and total power losses. Then, the heatsink volume is approxi-
mated based on commercial database and Rynns. A relation between
the volume and required Ryp s is obtained for different cooling tech-
nologies.
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Natural convection model

Database of natural convection heatsinks depicted in Figure A.2 is con-
sidered. The approximation model is obtained from the solutions with
the lower volume and Ry, 1s relation. This work adapts the equation
presented in [169] for cooling system volume estimation, which results
in

Volys nat. = 0.728 - Ry L2 [dm?). (A.3)
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Figure A.2: Thermal resistance versus volume of commercially available
natural convection cooling heatsinks, with a minimum achievable resistance

Rth,hs,min:043DC/W .
A good correlation related to best heatsinks is achieved as it is shown

in Figure A.2.

Forced-air model

As in the case of natural convection heatsinks, the volume is estimated
with the approximation (A.4), based on the curve fitting applied to
commercial database of forced-air cooling solutions.

VOlhs air — = 0.055 - Rthlhl;l [dm?)} (A4)

Figure A.3 shows that the correlation fits with commercial data even for
different fan configurations: external fan (LA 9/200 24V) and integrated
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Figure A.3: Thermal resistance versus volume of commercially avail-
able forced-air cooling heatsinks, with a minimum achievable resistance
Rt}l,}ls,min:()'loc/w .

fan (3-151504UFJA), among others. Integrated fan solutions, mainly
used for consumer electronics, are presented as compact solution with
relatevily low Rip ns for compact GaN-based solutions.

Liquid cooling model

In the case of liquid cooling heatsinks, equation (A.5) is obtained from
database information to estimate their volume.

Vols tiq. = 0.0894 - Ryt [dm?] (A.5)

Commonly, for this configuration custom solutions are designed.
Hence, in this case less commercial liquid cooling solutions are found,
in comparison to other cooling configurations. However, good fitting is
achieved, as it is depicted in Figure A 4.

Therefore, one of these commonly used cooling technologies is se-
lected depending on the required Ry, ns, system complexity and volume
constrain.

A.0.2 Capacitors

Capacitors are used in power converters with mainly two different ob-
jectives: dc-link or output filter, and resonant capacitors. The required
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Figure A.4: Thermal resistance versus volume of commercially avail-
able liquid cooling heatsinks, with a minimum achievable resistance
Rth,hs,min:O'OSOC/W .

capacitance for each variant is defined:

» Dc-link or filter capacitors: Power converters usually need dc-link
and filter capacitors in order to regulate and maintain a constant
voltage. Considering specifications of power converters, such as
maximum allowed voltage variation or the attenuated frequency,
the required capacitance can be defined. Solving the general ca-
pacitor current formula (A.6) the minimum capacitance is calcu-
lated with (A.7), which fulfills voltage ripple (Av,), expressed as

per-unit.
. dv
i.(t) =C - o (A.6)
ic(t)
¢= Afi\/ (A7)

being i.(t) the capacitor current which is related to the converter
topology.

Then, the capacitance can be defined for the maximum allowable
current on the capacitor I, for a period 1/f

I,
> muvid A
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> Resonant capacitors: In resonant converters capacitors are used

to conform the resonance tank in order to reach soft-switching
operation. Thus, the capacitance is defined by the resonance fre-
quency f, and resonant elements, e.g. L — C. Considering a
series-resonant converter with an inductor L, the capacitance C.

is obtained with 1

In addition, a second condition, related to the capacitor peak volt-
age (Vc,) is defined in [134], as there are infinite combinations of
L, and C;. The peak voltage is obtained developing the integral of
a sinusoidal current from the general capacitor current expression

(A.6).
Ic eak
Ve, = P25, A.10
o= (A.10)
being I. pear the peak current and w; its pulsation. High capac-
itance values are preferred in order to reduce the stress of mag-
netics components [142].

Technologies

Mainly three capacitor technologies are predominant in power electron-
ics [170,171]: aluminum electrolytic, film and ceramic. Table A.1 sum-
marizes a comparison of these capacitor technologies, identifying the
most relevant characteristics of each technology.

» Aluminum electrolytic capacitors: These capacitors present re-
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duced cost and large capacitance per unit volume. However, the
commercially available voltage rating of this technology is limited
to lower than 650 V [170] and they present relatively high losses in
comparison with other variants [170]. These features make then
attractive for high-current and low frequency applications.

Film capacitors: One of the most beneficial characteristic of this
technology is the reduced internal resistance (ESR) and low par-
asitic inductances (ESL) but the energy density is much smaller
than for electrolytic capacitors [171]. Hence, the losses related
to film capacitors can be neglected but the volume has a great
impact on the converter performance. Thus, film capacitors are
suitable for applications with high surge currents, e.g. snubber,



or/and high-frequency applications, with an availability for any
voltage range [170]. However, the internal structure of these de-
vices can result on a great variation of the capacitance with the
frequency [171].

Ceramic capacitors: Ceramic capacitors feature high energy den-
sity and low losses but with high cost per stored energy. Moreover,
they often present a reduction of the capacitance with respect to
frequency and voltage, as occurs for film capacitors. Neverthe-
less, novel capacitors with low capacitance variation have been
recently presented [172]. Then, ceramic capacitors are suitable
for high-frequency applications and are also available in almost
any voltage rating.

Table A.1: Comparison between aluminum electrolytic, film and ceramic

capacitors
Characteristics Aluminum Film Ceramic
Capacitance High Medium Low
Ripple current Medium High High
ESR High Low Medium
10x,15x ESR of Films <2mf 2x ESR of Films
Frequency Low High High
High Low Medium
Energy /Volume 475.65J /dm?® 0.68J/dm? 2.52J /dm®
. Low High Medium
Energy/Cost 0.54J/€ 13.68 uJ /€ 0.29 uJ /€

Losses and Volume models

Considering characteristics presented in Table A.1, models of capacitors
are defined for each technology. Power losses are obtained with (A.11)
for the ESR characteristic of different technologies, neglecting these
losses for ceramic capacitors, as a consequence of relatevily small ESR.

Pcap = ESR - I s (A.11)

where the ESR is obtained from the lower ESR of the analyzed data
aluminum electrolytic capacitors, as it is depicted in Figure A.5.
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Figure A.5: Aluminum capacitor data of ESR and volume (gray) and
considering best performance data (blue) for the model.

Regarding the capacitor volume, data of different capacitor tech-
nologies is evaluated considering the most optimal capacitors for the
approximation model. Then, the volume of capacitors can be approxi-
mated as a function of the capacitor energy (1/2-C - V?) with (A.12),
which is obtained from data of real capacitors presented in Figure A.6.

Volgap =2 - C? + a1 - C+B1-V+v-C-V+7 (A.12)

being «, B and ~ the constants related to the voltage and capacitance.
This approximation serves as scaling approximation when higher energy
is required.

A.0.3 Inductors

Besides power losses of semiconductors and its impact on thermal man-
agement, the inductive components are the main cause for losses in
converters. Regarding inductors, they are mainly employed to limit the
current ripple (Ai - I1,) and for resonant circuits. Moreover, inductors
storage energy (A.13) between different operation modes.

1
E:§~L~12 (A.13)
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Figure A.6: Capacitor volume approximation constant for various capac-
itor technologies: (a) aluminum, (b) film and (c) ceramic.

Therefore, considering the general equation of an inductor voltage
(v, = L-di/dt), the inductance L can be defined for an inductor voltage
VL, a Ai, a switching frequency fs and a current [

%3

In addition, the resonant inductance L, is obtained for the resonance
frequency f;, considering and LC resonance tank (A.9).

An inductor is typically constructed with a core where wires are
bounded, as it is depicted in Figure A.7. Different core and winding
technologies are described briefly in order to define the most suitable
configuration for GaN-based power converters.
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Figure A.7: Example of inductor geometry for an E-type core.

Core

Soft magnetic materials are widely used in power electronics, such as
ferrite, iron powder and amorphous or noncrystalline soft magnetic al-
loys [168]. Amorphous and nanoncrystalline alloys present the higher
saturation flux density, along with relatively low hysteresis losses in the
case of nanoncrystalline. However, amorphous alloys present high hys-
teresis losses. Besides, the availability in terms of shapes and sizes of
these cores is very limited in comparison with ferrite or iron powder.
Ferrite shows low flux density with low losses while iron powder presents
high flux density with high losses.

Regarding ferrite cores, different materials are preferred depending
on the switching frequency [173]. In this case, the core for operating
at switching frequency from 10kHz to 1 MHz is selected, i.e. N87 core
[173].

Winding

The most commonly used winding materials for power inductors are
solid cooper, litz wire and foil windings. The selection of winding tech-
nology can be determinant regarding high-frequency losses but it is
outside the scope of this thesis. Then, a low processing time approxi-
mation model is used for the estimation of losses and volume impact,
based on high frequency litz wires.
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Losses and Volume model

In the literature inductor design has been widely discussed defining
models with high complexity [15]. However, simplified models based on
scaling laws proposed in [168,174] have been adapted during this work
for a first approximation of inductor characteristics.

Inductor volume (Volr,) can be approximated considering the area
product AP, which is related to the core geometry: window winding
area Ay, and core cross-sectional area A, [168] (see Figure A.7).

AP =A.- Ay
Lo 8/7 (A.15)
where AP = ( L - Toms - Tpk >
Bmax'Kt' \/ku'AT

where Bpax is the maximum flux density in the inductor core; K is
48.2-10%, based on typical values of different core types and sizes [168];
ky is the winding factor (0.6-0.8) and AT is chosen as 60°C.

Then, Voly, is obtained from (A.15) and kj, inductor volume con-
stant, which is derived from the inductor geometry [168].

Vol, = AP% -k, (A.16)

being kp, related to the core geometry [168]. Moreover, other inductor
design parameters such as the core volume V. and inductor surface area
Ay can be obtained from AP approximations presented in [168].
Considering the calculated AP, the core with the higher AP value
closest to the calculated with (A.15) is selected from manufacturer
database [173]. After selection of the core, the required air-gap I, in
the magnetic flux path is obtained considering the energy stored at the
inductor Ey, (A.13):
L — Evr - o
8T Rp2 A
B2 A

max

(A.17)

where the reluctance of the magnetic path is calculated, assuming that
the permeability of the core is much higher than vacuum:

l
R=—% A.18
Ac * Mo ( )

Then, inductor losses are estimated, obtaining core and winding
losses for the required number of turns (N = v/L - R). On the one hand,
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the improved General Steinmetz Equation (iGSE) is used in order to
calculate core losses per unit of volume (W/m?)(A.19)

Pcore = ki : |AB|ﬁ : fga . [6170‘ + (1 - 5)170(] (Alg)

where § the duty cycle, AB is the peak-to-peak flux density (A.20) for
a voltage Vj, a, 8 are Steinmetz parameters and k; is approximated as
it is presented in [168].

Vi-é

AB= 1"
fs'N'Ac

(A.20)

Analyzing P, losses, tendencies can be deduced, based on Stein-
metz parameters for fixed V;, A. and 9:

Pcore%|AB|ﬁ'fsa’QjN7ﬁ'fsaiB (A21)

where the core losses are reduced while switching frequency increases
for a < . Moreover, core losses reduce with N number of turns.

On the other hand, winding losses are estimated with (A.22), for a
high-frequency litz wire.

4’pw'lw
- d2 - np

Pygq = I?

rms

(A.22)

being I, winding length related to core geometry, d,, diameter, n, num-
ber of wires in parallel, and py, the resistivity of the conductor at the
operation temperature [168].
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