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Abstract

Gallium nitride based enhancement-mode high electron mobility transistors (E-HEMTSs)
are allowing power converters achieve power densities and efficiencies beyond what has
ever been possible with silicon MOSFETs. As E-HEMTs facilitate converters with higher
switching frequencies and as unit efficiencies rise, so does the emphasis on having faster and
more efficient gate drivers. The conventional totem pole gate driver dissipates the entire
gate charge every switching transition, is highly sensitive to parasitic inductance, and has
limited control over switching speed. These issues are even greater with E-HEMTs that
are capable of switching in under one nanosecond and have much more sensitive gates than
silicon MOSFETSs. By its very nature, a current source gate driver has control over the
rate of change of gate voltage, facilitating faster transitions with lower hard switching losses,
and because it is derived from an inductance it has the potential of recovering charge stored
in a gate that would otherwise be dissipated. This thesis will introduce and demonstrate
the performance of a novel resonant synchronous gate driver applied to a push-pull Class E

amplifier for wireless power transfer.
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Chapter 1

Introduction

M ODERN culture’s most ubiquitous technology is the metal oxide field effect transistor

or MOSFET. This electronic switch is the primary building block in digital and

power devices, and is found in cellphones and laptops, solar inverters and satellites. The
power MOSFET has been in commercial production for over forty years and today’s state
of the art MOSFETSs are near the theoretical bound attainable. Incremental, cost-effective
improvements in silicon are becoming harder to come by, but gallium nitride is a wide
bandgap semiconductor that is rapidly emerging as a substitute. GaN is enabling power
converters achieve densities and efficiencies beyond what has been possible with silicon. It
is also enhancing the capabilities of today’s 5G networks and facilitating the development
of new technologies e.g. LiDAR and high power wireless charging [2], [3]. In this Chapter a
review of the historical development of the silicon MOSFET, GaN and the high electron
mobility transistors or HEMT's is provided. Finally a comparison is made between state of

the art silicon MOSFETSs and GaN and SiC transistors.

1.1 Historical Context

Silicon became the dominant semiconductor in the second half of the 20th century. Germanium
was initially preferred as it has the highest carrier mobility compared to any other elemental

semiconductor. Bell Labs lead the research on semiconductors and where William Shockley,
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n-type

p-type substrate

Drain

Figure 1.1: Structure of a vertical MOSFET, preferred structure for power applications.

John Bardeen, and Walter Brattain invented the first transistor using germanium in 1947 [4].
In their pure form both silicon and germanium have unstable surfaces which is caused by
surface atoms not having complete outer shells. A high surface potential prevents electrical
fields from penetrating into the crystal and was the bottleneck in the development of the field
effect transistor or FET. The bipolar junction and point contact transistor that Shockley et
al. demonstrated in 1947 and 1948 ingenuously avoided the seemingly intractable problem at
the surface as the active surfaces are sandwiched between one another [4, [].

By 1958 a newly hired Egyptian mechanical engineer named Mohammed Atalla capitalized
on the advanced fabrication techniques that Bell developed for the diffused bipolar transistor,
and solved the surface problem for silicon. He demonstrated the inert properties of its
native oxide, silicon dioxide and developed a manufacturing process for the thermal oxidation
of silicon where a thin layer of SiOy is formed on its surface [4]. SiO2 proved to be an
integral feature of silicon’s reliability as a semiconductor as it formed a stable interface
with the crystal that was not just electrically insulating, but just as importantly chemically
inert with its environment [4]. This was mainly why germanium failed; its oxide was found
to be too reactive for reliable performance [5]. Atalla proposed the FET be built from
“metal-oxide-silicon” - hence its name - and together with his Korean colleague Dawon Kahng,
built the first MOSFET. The MOS revolution as it is known gave rise to the information

age and modern power electronics.
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1.1.1 Growing GaN

Group III nitrides exhibit intriguing physicochemical properties. Wurtzite GaN is a piezo-
electric crystal which gives it a higher elastic stiffness than other compound semiconductors
in group III and IV such as GeAs and ZnSe and which makes it more chemically and
thermally stable [6] [7]. GaN was first grown on sapphire in 1969 and its band gap energy was
discovered to be 3.4eV, three times that of silicon’s [6]. Sapphire resisted high temperatures
and aggressive reactants used during epitaxy, but contacting crystals with different thermal
expansion properties leads to macroscopic defects such as cracks and pits [6].

Much like the bottleneck in the MOSFET, the key to unlocking the power of GaN lied on
its surface. Needed techniques in molecular beam epitaxy evolved in the late 1970s allowing
for a breakthrough in 1986 where depositing a thin layer of the softer AIN was found to
reduce the surface energies between sapphire and GaN [§]. This allowed the reliable seeding
of GaN on unmatched substrates free of cracks and with enhanced electrical and luminescent
performance. Ideally GaN ought to be grown on a GaN substrate but currently free standing
GaN wafers are too expensive compared to the other established substrates until they more
readily mass produced which is practically attainable [9]. Commercialization was spurred by
the intense development that occurred in the race to produce blue and white LEDs which

facilitated its development into RF applications [7, [10].

1.1.2 The High Electron Mobility Transistor

Silicon is unique in that it is the only semiconductor to be fortunate enough to have a highly
reliable native oxide that is used together with a n-doped channel to control drain-source
conduction. Other semiconductors must resort to other techniques to induce the field effect,
and one way in doing so is by creating a heterojunction, which is a junction between different
semiconductors - similar to the original bipolar junction transistor - except a BJT is a
minority carrier device. Takashi Mimura invented the high electron mobility transistor or
HEMT in 1979, intended as a device for microwave applications [I12]. Mimura realized that

contacting semiconductor with different band gaps causes a discontinuity in conduction and
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Figure 1.2: Structure of a GaN/AlGaN enhancement-mode high electron mobility transistor
or E-HEMT. Applying a positive voltage between gate and source enhances the channel,
which can also be done by applying a positive voltage between the drain and gate i.e. negative
voltage between drain and source. Adapted from [11].

valence bands at the surface. Band bending occurs because of the difference in band gap
energies, and a ultra-low resistance two dimensional conductive electron channel (2deg) is
created [I3]. The first GaN/AlGaN HEMT was fabricated and characterized, and had the
added feature over GaAs/AlGaAs that Mimura used, in that it is naturally polarized and
does not require doping [14]. The polarization between the crystals is caused by both the
piezoelectric effect caused by the strained AlGaN as well as the difference in spontaneous
polarization between AlGaN and GaN [I3]. GaN was proven to have excellent semiconductor
properties for next generation high- frequency, power, bandwidth and linearity applications;
the former two properties being particularly important for power applications where they
operate as on/off switches, and the latter for RF application where they are operate linearly
[7]. Table [I| displays some semiconductor properties for silicon, GaN and silicon carbide, the
latter which is another attractive wideband gap semiconductor [I5] [16]. SiC has a higher
thermal conductivity and melting point which also makes it an excellent choice for power
applications. SiC’s excellent thermal conductivity is similar to copper’s at low temperature,
which is three times higher than GaN’s. However at temperatures greater than 150K this
difference is reduced to only 60-70% [17].
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PROPERTY units GAN S1 | S1C-4H
Band gap energy eV 3.4 1.12 3.2
Breakdown voltage MV /cm 3.3 0.3 3.5
Saturated drift velocity | 107 xcm? /s 2.5 1 2
Electron mobility cm?/ Vs 990-2,000 | 1,500 650
Thermal conductivity W/em - K 1.3 1.5 3.8

Table I: Primary semiconductor properties of GaN, silicon and silicon carbide. Adapted from
[11].

The first GaN HEMT was commercialized by Eudyna Corporation in Japan in 2004 [11].
It was a depletion mode (normally off) device and was grown on a SiC substrate. Other
companies joined Eudyna and GaN made an impression in the RF industry. Depletion mode
devices however require negative voltage for turn off which is not an attractive property
for power switches. In 2009 EPC introduced the first GaN on silicon enhancement-mode
(normally on) HEMT or E-HEMT intended as replacements for N-channel MOSFETS,
thereby taking advantage of the mature silicon wafer industry that is already developed [11].
Soon after many other countries joined to produce E-HEMTs on silicon for the power industry

including GaN Systems based in Ottowa, ON.

1.2 GaN E-HEMT

GaN has a higher band gap energy, breakdown voltage, electron mobility and drift velocity
than silicon as shown in Table[[} A higher breakdown voltage means that a semiconductor
can resist a higher voltage per unit length across it, and so it can be miniaturized for high
frequency switching. A higher carrier mobility means it will have lower conduction losses.
While it can resist higher temperatures, GaN has a relatively low thermal conductivity that
is not facilitated by being grown on a non-native substrate and the small packaging required
for high frequency switching. Therefore heat loss management has to be a priority in power

applications. Furthermore, being a superior amplifying device means that GaN HEMTs are
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Drain

Source

Gate

Figure 1.3: LGA package template of GaN E-HEMT by EPC. Alternating the PCB layers
between source and drain increases the exposure of reverse currents causing the magnetic
fields generated to cancel out while also sinking heat into the PCB.

[pH] [m
Ly | La | Ls | Ry | Ra | Rs
So-8 | 2,060 | 480 | 830 | 9.44 | 0.13 | 0.96
LFPAK | 1,640 | 100 | 540 | 0.73 | 0.10 | 0.14
DirectFET | 90 | 440 | 90 | 0.22 | 0.39 | 0.23

GaN LGA 70 70 | 80 | 0.12 | 0.09 | 0.10

Table II: Estimates of package inductance at 1MHz [1].

more susceptible to self-sustained oscillation, which is associated with the power density of
the device relative to its parasitic tank, including input and output parasitic capacitance and
terminal inductance [I§]. And so while wide band gap devices show a promising future for
enhanced switching performance, their integration must exhibit minimal parasitic inductance
and capacitance to tap their properties. Compared to MOSFETs GaN e-HEMT's have:

1. Lower on resistance, which means lower conductance losses.

2. Less package parasitics, allowing for faster transitions and lower switching losses.

3. No reverse recovery charge, enabling efficient and high frequency switching.
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1.2.1 Figure of merit and parasitic inductance

A FET is often judged with its figure of merit (FOM) which is a product of on resistance,
which reflects its conduction efficiency, and gate charge, which reflects its switching efficiency,
given a certain maximum voltage. Figure is a plot of some current E-HEMT's together
with today’s best silicon and silicon carbide MOSFETSs. Parasitic inductance exhibited
by the packaging and layout of these devices, which can be considerable, is not part of the
comparison. Power MOSFETs have a vertical structure to stack a high charge density and
breakdown voltage but this comes at the cost of wire bond surface-mount terminals that
exhibit parasitic inductance as well as an increased gate charge that curtails high frequency
performance [19, 1I]. On the other hand HEMTSs are lateral devices with a planar structure
and so its power density is function of its die area. Such a design is critical for efficient, high
frequency operation as the upper bound of frequency performance is inversely proportional
to capacitance of a FET [7]. Therefore HEMTs exhibit much less parasitic inductance
and capacitance than vertical power devices. Parasitic gate loop inductance is especially
concerning for E-HEMTs as there is much small margin between the gate’s maximum
voltage and the enhancement or turn-on voltage. Drain inductance can be minimized by
interleaving source and drain which reduces the system’s overall inductance through magnetic

self cancellation as shown in Figure [1.3][20].

1.2.2 E-HEMT characterization

Models, parameters and tools used to describe the behaviour of MOSFETSs are used to
analyze and describe E-HEMTs and their dynamics [II]. One major difference is that
E-HEMTSs do not have a body-drain junction that is integral to a power MOSFET’s
vertical packaging, and which also allows it to conduct in the reverse direction. Having a
planar structure avoids the p — n junction and its associated reverse recovery charge which
considerably delays transitions from reverse conduction. An E-HEMT can conduct in the
reverse conduction in what is called self commutated reverse conduction|I1] if the gate to

drain voltage is sufficiently positive i.e. if drain to source voltage is negative. The source
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Figure 1.4: FOM of today’s state of the art silicon and silicon carbide MOSFETSs by Infineon
and TI as well as E-HEMTs. Displayed MOSFETSs include T1I femtofets which
are in LGA packages, Infineon OptiMOS and CoolMOS in red as well as Infineon’s SiC
IMW120R045 that is in green. LV BE-HEMTs by EPC and a 650V by GaN Systems are in
blue. Large dots represent leaded packages while small circles leadless packages (either BGA,
LGA or GaN pX®).

to drain voltage is on the order of 2V and much higher than that of silicon and therefore
should be minimized [I1I]. GaN devices also exhibit both lower parasitic capacitance and
inductance, have a lower gate resistance and threshold voltage its on resistance is negatively

dependant on temperature [11].

1.3 Driving GaN

Switching GaN’s FETs on and off at high frequency requires a power supply capable of
sourcing and sinking energy into the gate at high speed; this is the job of a gate driver
[21]. Gate drivers including the ones used for high frequency GaN HEMTs typically utilize
a totem pole driver which is a half-bridge circuit as shown in figure [I.5} Drivers have a
fast response and strong input amplification, and they have leadless and small packages to
minimize parasitic inductance. The latter is especially important for E-HEMTs that have a

maximum gate voltage margin of less than 1.5V between the recommended enhancement
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voltage. Drivers also have a means for maintaining or regulating gate voltage during the
steady state periods, and have low power consumption to minimize heat loss to what is a
very tight space. Single-chip monolithic GaN solutions have been commercialized as they
allow GaN devices to go beyond the limitations of silicon drivers and PCB and package
parasitics as shown and explained in Figure [22]. Other features of modern high speed
gate drive include:

1. A Bootstrapped supply to drive FETs with floating sources. This includes a bootstrap
diode or synchronized FET and an external capacitor providing a floating power supply
as shown in Figure [I.5] The purpose of the diode is to prevent the capacitor from
discharging once the switching node voltage increases, thereby allowing a gate driver
to be supplied by a floating voltage source [23], 24].

2. Level shifter. The digital input signal is referenced to digital ground, but the FET’s
gate are referenced to power ground or can be floating as highlighted above. Therefore
a gate driver needs to be able to decouple and transform the digital signal input.

3. Dead time tuning through local analog circuitry for high precision for synchronous
switching, which is the time allocated for when both switches are off before a switching

transition is to be completed.

1.3.1 Challenges of the totem pole driver

The conventional totem pole gate driver is made up of two switches, a normally on P-channel
MOSFET (‘pmos’) connected in series with a normally off N-channel MOSFET (‘nmos’),
with the FET’s gate connected in between them, and a voltage source connected between
the sources of the switches as shown in Figure [I.5] The pmos and nmos gates are typically
tied together and connected to a digital interface that includes a level shifter and an further
amplification circuitry to cycle power to their gates. The gate driver receives a digital input
from a high impedance source which switches the driver’s pmos and nmos in a complimentary
fashion. When the logic input is high, the pmos is off and the nmos is on, which connects

the gate to its source thereby discharging it, which turns off the FET. When the input is
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e ° Y
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Figure 1.5: A totem pole gate driver source is made up of a half-bridge and can have separate
pull-up and pull-down resistors which are also referred to as sourcing and sinking resistors,
respectively. These resistors are used to dampen gate ringing as well as to curtail voltage
slew rates to suppress gate voltage rise in complimentary switches. A bootstrapped supply
can be used to operate the switch with a floating source.

low, the pmos turns on which exposes the gate to V.., which charges the gate and enhances
FET’s the channel. Thus the totem pole’s output is a square wave with the gate ideally
trailing in a first order fashion as per its time constant. Examples of commercial multi-MHz
gate drivers for EEHEMT half-bridges are shown in Figure[I.6]

While the totem pole driver remains the topology of the fastest gate drivers, it has several
challenges that can curtail the performance of high frequency switching, and particularly of
wide bandgap devices. [25] concluded that the primary limiting factors of the totem pole
drivers are in its drive resistance, transition times and amplitude of supply voltage. The issues
listed below discuss the topological challenges of the totem pole driver and do not consider
what the semiconductors the driver’s FETs are made from: the situation today is such that
we are using silicon to drive GaN. Thus there is a limitation to the switching speed that can
be properly demonstrated with existing devices, and it might be better to use larger/slower

HEMTs for assessing GaN’s performance to make a fair judgement. [26] used GaN HEMTs
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bootstrap

10 mm

- A
Synchronous FE'T

voltage supply

2.6 mm

Figure 1.6: Scaled images of two half-bridges. (a) “Two-chip" design including two 100V
80 A HEMTs GS61008P by GaN Systems being driven by a synchronous half-bridge gate
driver PE29101 by Peregrine Semiconductor. (b) The bottom view of an integrated flip chip
EPC2152 by EPC containing both a GaN e-HEMT 80V, 12.5 A half-bridge as well as their
GaN-based drivers. A single-chip and monolithic solution minimizes the gate loop circuit
inductance and goes beyond the limitations of silicon. Such a driver will experience high
efficiencies, faster switching speeds and shorter propagation delays.
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in a totem pole configuration to drive SiC MOSFETs with hard switching at high frequency,
and the circuit’s operating frequency was limited by the silicon digital isolator and driver that
were operating on the GaN driver HEMTs. It was shown that ultimately the performance of
GaN HEMTs with the totem pole driver in a hard switching half-bridge topology is curtailed
by the gate driver’s sinking capability [25]. Therefore, monolithic solutions where GaN FETs
GaN FETs such as the one in Figure are capable of performing more efficiently at high

frequency.

1.3.1.1 Limited speed

The totem pole gate driver is a voltage source gate driver in the sense that the switching
dynamics are induced by voltage sources, namely the dc input to the driver and the gate’s
capacitance. The charging and discharging events transitions are nominally of first order and
the gate’s ideal or minimally attainable time constant is 24Cjss, both of which are properties
of the FET, not the driver. The driver’s FET’s also have an on-resistance that contributes
to the time constant, and it may have to be increased to dampen ringing caused by parasitic
inductance. Therefore high frequency totem pole drivers need to be compact and near the
gates they are operating on, but even at their best they have no leverage on accelerating a

switching transition.

1.3.1.2 Gate charge is wasted

During charging, resistance in series with a FET’s gate dissipates an equal amount of energy
to what would accumulate in it. During discharging, the energy that is stored in the gate
is dissipated in the series resistance. The total amount of energy lost in charging and
discharging the gate of capacitance Ciss from a drive supply voltage V. is referred to as a
gating loss and is given by equation All switching losses, including gating losses are

directly proportional to the switching frequency of the converter.

Eg = CissVax (1.1)
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1.3.1.3 Driver Losses

Gating losses make up about only half of the driver’s total losses considering the driver’s
MOSFETS incur their own losses [27]. This include their own gating losses, channel, and
conduction losses, as well as shoot-through losses when both switches are momentarily on
simultaneously. Note that the lower the driver’s turn on and turn off resistance, the higher
the shoot through losses are going to be. Driver losses are proportional to frequency, therefore

they need to be minimal for efficient high frequency performance.

1.3.1.4 Dead time synchronization

Given the driver operates on a single switch, its operation needs to be synchronized with other
complimentary drivers. Tuning needs to be optimal because on one hand having both FETs
on at the same time will cause a shoot-through in synchronous topologies, which damage
the FET. On the other hand, having both switches, which is an event called dead time,
incurs considerable reverse conduction losses. Single and dual output drivers working in a
complimentary fashion can be synchronized digitally by a controller, such as in the EPC2152
shown in Figure b), while synchronous drivers are equipped with on-chip circuitry that
enables for fine on-board tuning of dead time, e.g. PE29101 shown in Figure [L.6[a).

1.3.1.5 Parasitic inductance

PCB loop as well as component packaging exhibit parasitic inductance that presents challenges
to voltage source gate drivers particularly in the source path common to both gate and
drain currents [28] 29]. Alongside the FET’s parasitic capacitance, inductance introduces
resonance that can lead to a voltage overshoot, which is especially problematic for power
GaN HEMTs given the low maximum voltage its gates can tolerate. This is why all high
frequency drivers are fitted in BGA packages and have extremely tight layouts [30, 311 [32].
Having said that parasitic inductance is not so much an inherent challenge of the totem pole
drive as it is a problem of a “two chip" design and integrated solutions such as the one shown

in Figure b), drastically reduce parasitic inductance allowing for operations with higher
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frequencies and lower losses.

1.4 About This Thesis

1.4.1 Thesis Contributions

1. A review of the switching dynamics and challenges of GaN E-HEMTs is provided
through sub-circuit analyses utilizing static E-HEMTs parameters.

2. An introduction to current source drive dynamics and advantages are provided, including
an expression of optimal gate current with respect to minimizing an E-HEMT's loses
including both gate and channel losses in hard switching applications.

3. A novel resonant synchronous gate driver used for complimentary switches is introduced.
Its simulation in the application of a push-pull Class E inverter is provided to show
reliable switching and the capacity of gate energy recovery.

4. A PCB is designed to test the performance of the proposed gate driver to operate
push-pull switches of a Class E inverter that is used in the wireless power transfer of

power from a solar PV module.

1.4.2 Thesis Organization

e Chapter One provides a historical overview of the development of the MOSFET and
the HEMT, and introduces the challenges of driving GaN devices with the conventional
totem pole gate driver.

e Chapter Two describes hard switching dynamics and challenges of high speed switching
of E-HEMTs. It also introduces current source gate drives, their advantages and a
provides review of some of them.

e Chapter Three introduces and analyzes the operation of the novel resonant synchronous
gate driver.

e Chapter Four evaluates the performance of the driver through simulation and optimizes

its performance in the application of a push-pull Class E amplifier.
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Our interests lie on the dangerous edge of things
The honest thief
The tender murderer
The superstitious atheist

—~Robert Browning
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Chapter 2

Literature Review

The totem pole push-pull topology remains the primary choice for driving GaN devices.
Since the 1990s research began on developing gate drives that incorporate a gate’s parasitic
capacitance into a resonant circuit. Such a configuration has the capacity to recover energy
stored in the gate and offers greater control over the rate of change of gate voltage, enabling
faster and more efficient switching transitions. Drivers in general need to be energy efficient,
and have the capacity of operating with a wide duty cycle range. Furthermore, they need to
utilize low inductance values to be able to be integrated effectively with minimal parasitics.
In this Chapter an overview of the latest research into current source gate drivers is provided.

First, analyses of an E-HEMT’s switching dynamics and losses are provided.

2.1 Switching Dynamics

Switching converters transform electrical power by manipulating power flow through inductors
and capacitors using active semiconductor devices. The half-bridge topology, which is used
in the totem pole driver, is also used in many switching converters including the buck
converter, which is shown in Figure 2.1} During the on-state, the inductor is being charged

and load is being supplied by the input voltage source through the active FET, and during
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the off-state, the magnetic energy stored in the inductor continues to supply the load through
the synchronous FET. Switching of the input current at high frequency leads to an averaging
effect through the inductor such that the output has an average dc voltage magnitude that
is proportional to the duty cycle of the high-side switch. Therefore, a buck converter is a
step-down DC-DC converter.

A FET incurs conduction losses as well as switching losses when transitioning between
steady states as illustrated in Figure 2.2 and so the higher the circuit’s switching frequency,
the proportionally greater are the switching losses going to be [21]. A high switching frequency
is desirable because it reduces the required size of reactive components and therefore allows
converters to have lower conduction losses, higher power densities, and faster responses
to disturbances |33}, 34, [35]. Having fast switching transitions is critical in high frequency
applications where a FET’s channel voltage and current experience a simultaneous transition
as illustrated in Figure [36, 37]. Switching losses can be avoided by having current and
voltage transitions not occurring simultaneously, or not occurring at all, which is called soft
switching, and its various waveforms are illustrated in Figure [2.3] This is experienced by
the synchronous switch in the buck converter that is turned on following the turn-off of the
active FET when the switching node voltage is near zero. Therefore it experiences a zero
voltage turn on with much lower switching losses.

The switching behaviour of GaN devices has been extensively studied for a variety of
converters [38, 39, 40, 41, [42]. [43] provided a comprehensive overview and analysis of a
650V 30 A E-HEMT and characterized its performance across a range of voltage, current,
and temperature conditions. An equivalent circuit of the active FET and the current flows
during a turn-on transition is provided in Figure 2.4l The analysis below will describe the
hard switching transitions in a half bridge. It does not consider parasitic inductance which

will be covered in subsubsection [[.3.1.0]
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2.1.

SWITCHING DYNAMICS

Highside/active FET
Lowside /synchronous FET

YY)
= On-time +
‘/out p—
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:

Steady states

Turning on of active FET
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Turn-on transition '
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Figure 2.1: Displacement current during hard switching transitions of the high-side FET in
a buck circuit or a half-bridge. Before the turn-on transition is a dead-time period when
both switches are off and the inductor current is freewheeling in the reverse direction of the
rectifying FET, which is represented by the diode.
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Figure 2.2: Power loss in a FET experiencing hard switching transitions.
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Figure 2.3: Ideal hard switching and soft switching waveforms.
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Figure 2.4: Equivalent circuit of an active eFET of a half bridge during a hard switching
turn-on transition. On the left of the active eFET is the gate driver and on the right is the
output capacitance of the synchronous switch. Adapted from [43].
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2.1.1 Time delay

A model of an active eFET in a half-bridge during a hard switching transition is shown
in Figure [2:4] In the initial phase of a turn-on transition, the gate voltage is rising but is
lower than the FET’s threshold voltage. Therefore there are no changes in drain variables
in this period, hence its name. Performing a KCL around the gate node in Figure [2.4] and
rearranging wrt the rate of change of gate voltage vés leads to the expression in equation
where Cj4 is the input capacitance of the FET, and R¢ is the total series resistance as
expressed in equations and respectively. Because there is change in drain voltage,
the rate of change of gate voltage vés can be expressed using equation and approximated

during the delay period as in equation 2.5

(Vee = vgs)/ R = Clssvys — Coavys (2.1)

Ciss = Cgs + Cga (22)

Rg = Rar + R, (2.3)

oH{thy = 0} = (Vee = 032)/ R 2.4
{0l = 0.t = 0} = Veo/ R i 25

Therefore the gate voltage has a first order response and can be expressed as in equation [2.6
together with the drain- current and voltage as shown in equations and 2.8] respectively.
Vp is the source to drain conduction voltage of the synchronous FET during the its off state.
This is incurred during the dead-time of a half-bridge when both switches are off, and for
GaN E-HEMTs this is approximately 2 V. We can see that the lower the drive resistance,

the faster the gate voltage is going to rise. This delay time can be approximated by using
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the initial drive current and threshold gate charge as shown in equation [2.9}

vgs|{vgs = 0} = Vee (1 — exp (—t/RCiss)) (2.6)
tch =0 (2.7)

Vgs = Vin — Vsw(t) = Vin + VD (2.8)

ta = RaQn/Vee (2.9)

2.1.2 Turn-on behaviour

The voltage reaches the threshold voltage V;;, at which point the FET starting conducting a
channel current that is proportional to the FET’s transconductance g as shown in equation
[2.10] which is assumed to be constant in this analysis. Displacement current of the parasitic
capacitance in Cyq, Cpss and Cogs s begins to flow through the channel as illustrated in Figure
Gate voltage continues to increase, facilitating a larger channel current thereby allowing
for v/, to continue increasing in magnitude. Now part of the gate current is diverted to Cyq

to facilitate the voltage transient. Performing a KCL around the drain node in Figure [2:4]

yields equation [43].

Z.ch = g(vgs - V;fh) (2'10)

leh — 1L = ng(vés - Uélg) - (CdS + CdS,s) ’ U:is (211)

The LHS of equation determines the capacity available for the voltage transition, and the
RHS terms is the total displacement current required to facilitate the transition. The Miller
voltage is the gate voltage that corresponds to the size of the load current not associated
with a displacement current as expressed in equation [2.12] Substituting equations [2.12] and
into yields equation During the initial part of the voltage transition, the value

of (Cyqugs)’ is relatively small compared to the v/, term. Ignoring it yields an approximation
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for the rate of change of the drain voltage [43]. Substituting equation back into
yields an expression for the rate of change of gate voltage as shown in equation 2.16] During
the initial phase of the voltage transition when vy, = V,;,, the first derivative of the gate
voltage is shown in equation Setting equation to zero yields the plateau voltage
where the Miller current is equal to the driver current as shown in equation 2.18] Equation
[2.19 suggests the higher the plateau voltage, the faster the drain transient, and equation

[2.18] suggests that a higher plateau voltage can be achieved with a higher load current.

Vin(ir) = Vin + %L (2.12)
g(vgs - Vm) = ngv;s - U:js : (Coss + Coss,s) (213)
Coss = Lgd + Cds (214)

I _g(vgs - Vm)

'Uds ~ C —|—C (215)
Vee — vgs C d/Ciss
U;s(vgs) = RGCisZ — <Cosj+ Coss,s> 9(vgs — Vin) (2.16)
U;S(VM) = (‘/cc - Vm)/RG  Ciss (217)
‘/c:c""RGCd Coss ng
Ve = vgsl|{vgs = 0} = —— +Ré(gcil/c ))_g (2.18)
g 0ss
min(v),) = —9(Vp = Vi) (2.19)

B COSS + COSS,S

2.1.2.1 Switching losses

There are two sources of energy loss within a FET during a hard switching transition, namely
gating losses incurred in the gate resistance and denoted by F,, and channel losses incurred
from the product of channel current and voltage and denoted by E., as shown in equation
2.20L The energy incurred in shorting all the charge in C,ss and charging Cyess is given by

equations and respectively [44]. Equation expresses the total switching losses

as a function of the drain variables, noting that the energy due to the internal C,ss is not
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reflected in the drain variables. Equation [2.20] expresses the total switching loss with respect

to the load and switching time, which includes the current and voltage transitions.

E=E,+E,, (2.20)
E, = Ciss V2 /ka (2.21)
kg = Ry/(Ry + Ray) (2.22)
\%
Eoss = Cdsvds dvds (223)
0
Vin
quss = / (V;n - Uds)cds dvds (224>
0
ty
Ecn = Epss + quss + Eiv = Eoss + / 1dVds dt (225>
0
Eiv ~ Iload‘/in/Qtiv (226>

2.1.3 Turn-off behaviour

We can see in Figure that the displacement current during a turn-off transition does
not flow through the channel, which means that the E-HEM'T does not have to remain in
the linear region until the voltage transition is complete. Therefore the load current can
transition much more rapidly and the voltage transition is dependant on the size of the load,
but because of the opposite directions of the load and displacement currents, the parallel
channel actually slows down the turn-off transient, thereby causing some IV load losses [43].
Nevertheless the 2deg channel can be rapidly depleted and losses are comparatively much
smaller to turn-on transitions if not negligible. We can see in Figure that the gate voltage

during a turn-off transition has a much smoother first order response.

2.1.4 Double pulse test simulation

A double pulse test circuit is compromised of a half-bridge and an output inductor shorted

to ground, and is used to evaluate a FET’s or a half-bridge’s hard switching performance.
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Figure 2.5: Hard switching transition turn-on and turn-off waveforms.
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PARAMETER CONDITIONS VALUE | UNITS
Transconductance g 30 AV
Gate resistance R, 0.4 Q
Total gate charge @y 3.2
Gate-to-source charge Qs vgs = B0V 0.9
Gate-to-drain charge Qyq ig=11A 0.6 nC
Threshold charge Qqn 0.55
Output charge Qoss vgs =00V, ig=0A 18
Input capacitance Cjgs 339

. Vds — 50V
Reverse transfer capacitance C.g - 3 pF

vgs =0V

Output capacitance Cgs 238
Drain to source resistance Vgs=d V Ig =11A 13.5 m{?

Table I: General parameters for EEHEMT EPC2212, a 100V 75 A e-HEMT by EPC.

Hard switching turn-on and turn-off waveforms of a 50V, 5 A DPT of e-HEMT EP(C2212
are shown in Figure 2.5] and its main parameters are listed in Table [ The driver has a
turn-on/turn-off resistance of Rsoyrce = Rsink = 1.5

We can see that gate voltage increases in a first order fashion and plateaus at 3V, which
correlates with the maximum rate of change in drain voltage of -110 V /ns. Afterwards, the
current supplied by the driver is insufficient to facilitate the Miller effect and charge is pulled
from Cys, causing gate voltage to decrease with a slight slope until the end of the voltage
transition. The FET then enters the ohmic region and the on-resistance decreases as the
gate voltage continues to increase in a first order fashion as described in equation The
true gate voltage is behind the gate resistance and therefore can be estimated from the gate
node voltage using the gate current as shown in equation where vy . is the externally

measured gate voltage, and vy, is an estimate of the real gate voltage.

Vgs = Vgs,e — Rylyg (2.27)

We note that the drain current measurement includes the displacement current of Cygs
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whether or not it is flowing in the channel. We also note that during the Miller period, the
peak drain current lags the peak change in drain voltage, which the analyses in section [2.1.2]
suggests ought to be in-line. However because Cyq is growing as voltage is decreasing and
has a strong double derivative at low values, it effectively causing a delay in the current
response. The Miller voltage is also reflected in the asymmetrical shape in the rate of change
of drain voltage. Figure [2.6] illustrates how the driver’s turn-on resistance and the size of the

load current influence the gate voltage waveform.

2.1.4.1 Turn-on losses

The turn-on energy, is calculated to be 340nJ. If we assume that the drain voltage decreases
linearly for 1ns, then the IV channel loss can be approximated as the area of a triangle as
shown in equation [2:28] which suggests that the channel load losses make up two fifths of

the total switching loss. Load channel losses can be minimized with a faster transition.
1
Eivon = 3 X 50V x5A x 1ns=125nJ (2.28)

2.1.4.2 Turn-off losses

The bulk of the product of drain to source current represents the energy stored in the output
capacitance; as opposed to the turn-on transition when the displacement current of the FET
wasn’t being measured in the first place and the losses associated with C,ss were above
the measured igvgs [45]. We can see that the drain current dips when the voltage begins to
increase towards 5 V. We can estimate the turn-off losses using equation [2:29 which suggests

that the turn-off load losses are 10 times lower than the turn-on losses.

1
Eivoff ~ 5 X 5V x 5A x 1ns = 12,50 (2.29)
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2.1.5 Estimating current rise and voltage fall times

The switching transition incurs channel losses associated with the load during the current
and voltage transitions. This loss is influenced by how long the switching transition takes
and is therefore relevant to optimising gate drive parameters.

Voltage remains constant during the current rise, and the load loss incurred during the
current transition is given by equation Assume that v/, is constant, we can estimate the

load loses as in equation [2.31] Both these equations rely on a constant rate of change in gate

"

gs = 0. The duration of the current transition is inversely proportional to the

voltage i.e. v
transconductance as shown in equation [2.32] Taking a derivative of equation and then
doing a double integral results in the approximation for the duration of the voltage transition

in equation [2.33] The total losses can be approximated as being directly proportional to the

input variables and switching time as expressed in equation

Eri = ILVinti/2 (2.30)
Epy = I1Vinty/2 (2.31)
ti = I/ g, (2.32)
ty = \/m (2.33)
Ep =I1Vin(t;i +t,)/2 (2.34)

2.1.6 Drain transients

E-HEMTs have lower turn-on gate thresholds and parasitic gate capacitance than MOSFETs
making them more susceptible to drain voltage transients as shown in Figure [42, [46].

Drain voltage is subject to a circuit’s operation and is especially challenging in hard switching

28



CHAPTER 2. LITERATURE REVIEW 2.1. SWITCHING DYNAMICS

Towd = 8 A, Vg =50V Ry = 39, Ve =50V
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Figure 2.6: Impact of driver’s resistance and load current on gate voltage during a hard
switching turn-on.

application that experience fast voltage transition, which while reduces switching loss, induce
a greater amount of charge in a rectifying FET as shown, risking shoot-through which has
detrimental consequences. Soft switching applications can also experience drain transients
that are typically accompanied by much greater resonating voltages such as in Class E power
amplifier. Drain (to source) transients impress a current in the drain to gate capacitance
— referred to in datasheets as a reverse transfer capacitance C,.ss — which is shorted to the
source through the gate to source capacitance Cys. We will first model the impact on a drain

transient on a source that is not connected to ground.

2.1.6.1 Transients on an un-sourced gate

Without a path to the source, drain charge will accumulate in the gate as expressed in

equation Substituting this current back into the definition of gate to source capacitance
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Figure 2.7: Impact of drain voltage transient on a synchronous/low-side switch. The faster
the turn-on, the higher the rate of change of the drain-source voltage, thus the more charge
will be transmitted to the gate. The gate has to be sufficiently tied to the source through a
low impedance path (Rg;nx) to sink any energy in the gate avoiding a false turn-on.

yields the scaled current that flows into the gate as shown in equation [2.37]

igs = Cgavyy, = CysVys (2.35)

Ciss = Cgs + ng (236)
CysC

igs = =6 Ll (2.37)

Cyq Cyq
U/s - 791)&8 ~ 79/1}&8 (238)
g Ciss Cgs

Equation [2.38] suggests that the rate of change of the synchronous’ gate voltage is directly
proportional to the rate of change of drain voltage by the ratio of the drain-source to
gate-source capacitance, which is fairly constant for EEHEMTs[11]. In hard switching,
voltage transitions with a magnitude of V;,,, which is the total voltage seen across the FET
i.e. / vfisdt = Vin. Therefore the gate voltage rise is a scaled by the rise in vgs by Cyq /Ciss

0

as shown in equation and using equation [2.35| we can describe the total charge entering
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the gate as in equation [2.40}

C C
AV, = _ng vas dt = C—gdv (2.39)
, CysC
Qur = / igs dt = é 9l (2.40)

For example in a hard switching application with an input voltage of 100 V and Cyq/Ciss = 1%,
the gate voltage will rise by 1V which is well within the range of V;;, for E-HEMTs and
therefore risks shoot-through and needs to be addressed. Note that the rate of change of
drain voltage is not the issue for an un-sourced but rather it is the magnitude of the input
voltage that determines the amount of charge that will ultimately accumulate in the gate,

which can be estimated using equation [2.3

2.1.6.2 Transients on a sourced gate

Positive charge accumulating in the gate needs to be rapidly drained to avoid false turn-on.
A pre-existing negative gate potential can be provided by a negative turn-off voltage to
offset this charge. On the other hand it will increase the drain-source reverse conduction loss
during dead-time. For totem pole drivers this is typically done by connecting the gate to
the source through a low impedance path, represented by R,k as illustrated in Figure 2.7]
which includes the gate resistance. Now a gate current can be directly sourced to ground
as shown in equation , and taking its Laplace and rerranging for vys(s) yields equation
. If we assume that v/, is a constant then we have a first order response as shown in
equation [2.43] which suggests that the gate voltage reaches a maximum over time, and that
the maximum voltage rise is a linear combination of all three relevant variables. Tds can be
approximated using half the peak maximum drain voltage in equation [2.19] Compared to an

un-sourced gate, the magnitude of the input voltage has no effect on the gate voltage rise
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Figure 2.8: Parasitics surrounding a FET and an equivalent AC circuit representing parasitic
capacitance and inductance as current and voltage sources, respectively.
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but rather its the rate of change of the drain voltage that determines the peak gate voltage.

Cgs'Ugs = ng — lgink = ngvds — Ugs/Rsink (241)

_ (ng/Cgs)U&s(S)
0s(8) = Rk Coe

(2.42)

vgs(t) = Raink - Cga - Uy - (1 — e~/ FainiCos) (2.43)

The speed of a drain transient during a hard switching turn-on has to be curtailed such that
the induced gate current in the synchronous switch does not falsely turn-on and cause a
shoot-through. This is why the synchronous FET in a half-bridge is recommended to have a
turn-off resistance that is at least five times smaller than the turn-on resistance of the active

FET.

2.1.7 Parasitic inductance

High speed transitions by GaN devices exhibit high rates of change in drain and gate voltage
and current [29]. Therefore gate drive and power drive circuitry need to be sufficiently dense
to provide minimal parasitic capacitance and inductance [47]. Inductance is influenced by

the transistor’s packaging and its overall integration in the circuit geometry. Given that
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GaN devices are must faster than silicon MOSFETSs, they need to be fitted in packages
with minimal impedance if their high speed capabilities were to be tapped [48|. Parasitic
inductance includes terminal and path inductance between and within the drive circuitry. In
contrast to the analysis we saw earlier in subsection where current and voltage transitions
happen sequentially, parasitic inductance intermingles the current and voltage commutations
[49]. After passing the threshold voltage, the FET begins to conduct a load current at a
rate proportional to its transconductance. Loop inductance will curtail the current rise and
because the FET is operating linearly its gate voltage will be suppressed. During the current
commutation period the current magnitude is controlled by the gate voltage as in equation
The impedance by source-drain inductance can be modelled using a voltage source as
shown in equation [2.44]

vr,s = Lyip = gLsvj, (2.44)

Parasitic inductance curtails the current rise thereby reducing the voltage across the gate.
The drain current is made up of the channel current as well as any current derived from
the gate’s parasitic capacitance that is induced by any changes in drain voltage as shown
in equation [2.45] We can express gate current as a function of drain voltage as shown in
equation [2.46] Gate inductance will detract from the voltage across the gate as shown in

Figure 2.8} and as expressed in equation [2.47]

ip =tch + (Cas + Cyq) - U&S (2.45)
g = gsU;s + ng(U;s — Ugs) (2.46)
Vgs = Ve — Rig — gst;S - ng'; (2.47)

We can ignore gate inductance and use drain inductance to reflect the incremental inductance

in the power loop i.e. Ly =0, Lg > Ly. Converting equations [2.45] [2.46] and [2.47] into the
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Laplace domain and rearranging wrt vgs yields the second order solution [50]:

Vys
TmTg -2+ 7l -s+1

Vgs(s) = (2.48)

Where 7, = gLq,7qr = CyqRy, 77 = R4Ciss + gLs. The underdamped solution is when
Té,, < 47T We can deduce from that that the greater the product of gLpCyqR, the
greater the likelihood for sinusoidal behaviour. The underdamped solution yields the following
gate voltage, drain current and drain voltage, respectively:
sin(wgt)
Vgs(t) = Vee — (Vee — Vi) exp (—t/74) - | cos(wat) + B (2.49)
a'a

ilt) = Vi = Vin) (1= e/ (con(int) + Z202) ) ) (2.50)

WaTqa

2
Vgs(t) = Vi — g(Vee — Vap)wa(Ls + Lq) - e_t/T“(l + < ) sin(wqt)) (2.51)

WaTq

To = 2TimTa! | T (2.52)

v = (1w = (tof2mnr)?) (2.53)

Where Vs main is the gate voltage at the end of the main transition period. The preferred

overdamped solution is when Tg,, > 471c1 Ty, and has the solution:

0gs(1) = Vee = (Vee = Vin)(e™/7om, — e~ (m, — 72) (2.54)
iat) = 9(Vee = Vin) (1 = e™/™1y = ™7or (7 = 7)) (2.5)
Vds (t) = Vin = 9(Vee = Vin)(Lg + La) (e — e77e7,) /(7 — 70) (2.56)
7y = 2rmter/ (7 — (= Atmrcr)'?) (2.57)

7o = 2rm7er/ (76 + (o = Armrcr)?) (2.58)

We can see in Figure the drain voltage dips once the drain begins conducting a current
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Figure 2.9: Hard switching turn-on with considerable parasitic inductance. The circuit
includes a half-bridge of two EPC2001 GaN E-HEMTs with a load current of 0.5 A, input
voltage of 48 V, common source inductance of 100 pH and gate inductance of 1 nH.

through Lg. This means that transition’s voltage differential is lower. Furthermore, the
parasitic inductance enhances the displacement current flow. Both these actions cause a
faster voltage transition, but incur a negative voltage overshoot and oscillation (During a
turn-off transition, the parasitic drain-source inductance prolongs the voltage rise time). At
approximately at ¢t = 9ns when the gate enters the Miller period where it is expected that
the gate voltage will plateau or decrease slightly, the Miller effect is so strong that the gate
voltage returns back to zero until the voltage transition is complete, during which the channel
current is also depleted as the E-HEMT returns to the linear region. After which the voltage

rises again towards V. in an underdamped fashion with a frequency of 1/271/(Lgq + Ls)Clss.

2.2 Current Source Gate Drive

Suppose that a driver that has the capability of cycling power to a FET’s gate with a
constant current as shown in Figure 2.10] Such a driver has more leverage on switching
speed allowing faster transitions and lower switching losses, and because the current source is

based on inductance, it is capable of recovering electrical energy stored in the capacitor that
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is dissipated in voltage source drives. Estimating switching times of current drives is simpler
and more accurate because charge is the product of current and time and charge takes into
account non-linear capacitance. For example, if a FET has a total gate charge of 2nC at its
turn on voltage, then it will take 2ns to cycle the gate with a current of 1A or 1ns with 2 A
as illustrated in Figure(a). A current source driver essentially compresses voltage-charge
relationship as shown in Figure (b), and because its a constant current source, it’s blind
to the supposed enhancement voltage and requires stringent gate voltage regulation, which
is typically provided through diodes. The literature includes several other kinds of voltage
source drivers that are enhancements of the totem pole [51], [52], as well as current source
drivers[53], 541 551 [56]. [57] provided a loss model for resonant drivers including their parasitic

inductance. Other current source gate drivers are going to be reviewed below.

2.2.1 Current source drive advantages

1. High efficiency: current source drivers have inductance that can recover energy stored
in the gate through resonance that would otherwise be dissipated.

2. Optimized and sustained gate current: A conventional drive has an exponentially
decaying gate current profile while a current source driver maintains gate current,
allowing for a faster and more efficient switching process. Leverage over gate current

means a greater degree of freedom when it comes to minimizing hard switching losses.

2.2.2 Minimizing E-HEMT losses

Energy dissipated within a FET is of particular concern because it typically has the highest
temperature and heat flux within a circuit. Thermal management is critical if GaN’s superior
characteristics are to be exploited. There are two sources of energy loss within a E-HEMT,
namely losses in the gate and in the channel as shown in equation On one hand having

a low gate current allows for low gate losses, but on the other hand having a high gate current
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Figure 2.10: (a) Gate current in a current source gate driver (blue) vs voltage source gate
driver. The discharging current is twice the size of the charging current. The areas under the
current curve represents the total gate charge and is equal for both curves. (b) Gate voltage
vs charge for a FET

reduces switching load losses in the 2deg channel. Energy lost in the gate with resistance R,
during a cycle including two transitions is given by equation [2.61] assuming that the gate
current utilized in the turn-on and turn-off transitions are equal. The total time to cycle the
gate, that is to discharge the capacitor from V.. or charge to V.., can be calculated using
equation [2.60] and so the energy wasted in the gate during a cycle is given by equation [2.61
where ()4 is the total gate charge. Losses due to the displacement of Cyss and Cyss 5 are
time-independent and so load losses are the only time-dependant channel losses that the
driver has the capacity of curtailing by providing for a faster transition.The turn-on losses
can be expressed using equation Qsw is the total charge associated with duration of the
current and voltage transitions, ()44 is the gate to drain charge and associated with voltage
transition; (Qys is charge accumulated in the source before a voltage transition including
current transition, and @y, is the charge required to reach the threshold voltage, which is
subtracted because it merely delays the transition and does not contribute to channel load

loss.
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Figure 2.11: Gate voltage during a hard switching turn-on transition using a current source
gate drive. The gate current is interrupted once the gate voltage reaches the turn on voltage
of 5V.

Egw = Ey+ Eg, (2.59)
Ti = Qg/iL (2.60)
E, = 2i7 Rym; = 2iRyQ, (2.61)
Eiv = QswlioadVin/2i (2.62)
Qsw = Qga + Qgs — Qun, (2.63)

The summation of the gate and the turn-on channel losses indicates that there is a current
minima ¢* that minimizes the total losses within the FET expressed in equation [2.64] and
illustrated in Figure [2.12] which also shows that even a conventional drive with no drive
resistance will still not provide an optimal switching performance vis-a-vis EEHEM'T losses.
We can see that the optimal gate current is proportional to the square root of the power
across the switch. This calculation does not consider the gate drive losses, but it highlights

that the gate current that minimizes hard switching losses in a FET is significantly greater
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Figure 2.12: Hard switching loss in a HEMT with respect to gate current in a current source
driver and with respect to k the ratio of gate resistance to total drive resistance in a voltage
source driver .

than what conventional drives can offer.

-k stIload‘/in
V= — 2.64
\/ 10, R, (2.64)

2.2.3 Baseline with conventional drive

We saw that the ideal switching dynamics deviate from first order behaviour during the
voltage transition. We can approximate the switching time as 1.6 R;Cjss/kq [58] where Ry is
the gate resistance, Cjs5 is the input capacitance and kg is the ratio of the gate resistance to
the total drive resistance. On the other hand a current source drive will have a switching
transition as shown in equation [2.60] and so a constant current source drive needs to have a
magnitude as shown in equation to match the speed of a conventional drive. In [5§]

Qsw/Qq is effectively approximated as 80%, which is in line with low voltage GaN B-HEMTs.
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On the other hand, if we want to match the losses of a conventional drive, we can equate

equation with CjssV.2, which yields the current in equation m

st kd‘/cc ~ kd‘/cc

14t >ty = 2.65
it >tk > "5 "V 6r ~ 2n, (2.65)
Ciss V2
L {Ciss V2> B} < -8 cc 2.66
ZL|{ cc 9} 2RgQg ( )

2.2.4 High voltage energy storing

The gate current in a conventional drive is a function of the voltage differential across the
gate. In a conventional driver, the differential’s upper bound is the voltage source magnitude
Vee, which decays in roughly a first order fashion. The initial voltage differential can be
increased by using a higher voltage but from a finite source i.e. a small capacitor. An
inductor is added in series to curtail the initial peak current and to provide resonance. This

is called high voltage energy storing and is explored in [52], 59, [60].

2.2.5 Resonant gate drive with continuous current

In [61] the totem pole driver is modified by adding an inductor in parallel with the gate
as shown in Figure The added capacitor is large and included to remove any bias dc
current, and is not part of the resonant circuit or analysis. The switches operate in the
same complimentary fashion as in a conventional drive except with a dead time to allow for
a gate transition. During the steady states when the inductor is connected to the source
or to ground, its current is increasing or decreasing at a constant rate, respectively. When
both switches are off, the inductor forces a positive or negative current through the gate.

This is the essence of how a current source gate driver works: using a current source that

is not constrained by the dynamics of a voltage differential and can override the parasitic
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Figure 2.13: Resonant gate driver proposed in [6I].

inductance. This driver is simple to design and configure. Its main drawbacks is the high
conduction loss considering the continuous current through the inductor and one of the
switches, which leads to an upper bound on the frequency that the driver will be more energy
efficient than the totem pole. Therefore, the FOM of these switches may have to lean towards
having a lower on resistance compared to their totem pole counterparts, which means it
will not have a superior dynamic performance. Current source drivers with a continuous
inductor current have higher circulating losses, higher inductance, and slower response than

discontinuous current source drivers [62].

2.2.6 Resonant gate drive

This proposed gate drive in [63] is shown in Figure and is another upgrade to the totem
pole driver. An inductor is placed in series with the gate, as well as one diode between the
gate and source that clamps negative voltage and another diode between the gate and V.

to clamp positive voltages beyond the enhancement voltage. Interestingly the position of
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Figure 2.14: Resonant gate driver proposed for GaN E-HEMTs by Longet. al

this inductor is the same as that of parasitic gate inductance which is highly undesirable.
However by tuning this inductance to be in full resonance we can use it to provide a more
stable current providing for a faster transition. Such an under-damped operation can be
described using second order dynamics found in [A.2.2] Because resonance will introduce
voltage overshoot, clamping is required to prevent the gate from being damaged, which is
provided by the diodes. GaN E-HEMT's have lower gate resistances than MOSFETs and
would therefore have relatively higher quality factors. Given a quality factor greater than
give, the time required to cycle power to the gate can be estimated using equation [63].
Note that the transition time no longer depends on gate resistance as in a totem pole gate
drive, but on the LC values instead. The energy dissipated in the internal gate resistance is
given by equation [2.68, where Cjs is the effective input capacitance including the diodes
output capacitance. We can see that the portion of gating losses is divided between the gate

and the resonant LC circuit, which is represented by its characteristic impedance Zy shown
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in equation which also suggests limited control over gating losses in the E-HEMT.

tr = 1/2 \/LCiss (2.67)

R
E,=—"2 ) CsV? 2.68
g <Rg+Zo> ( )

Zo =V L/Ciss (269)
Ipeak = Vee V Cz‘ss/L (270)

. 2‘/::(: _RGt
_ . ilels 2.71
i(t) (4L)Crun — RZG)l/Q exp ( 5T ) (2.71)

Given that E-HEMTs have lower input capacitance, the transition time would be quicker
than in MOSFETs. While resonant transitions can accelerate transitions from 1.5 time
constants to less than a half, its biggest drawback is that the resonant frequency sets the
lower bound of the transition and the resonant inductor has to be large enough to have a

sufficiently high quality factor.

2.2.7 Full bridge with inductor

The discontinuous resonant driver considered previously still behaves as a voltage source
driver in the sense that the transitions are induced by voltage sources. Drivers described as
current source gate drivers have a pre-charged inductor that has relatively more energy than
the gate can accept, and therefore will maintain a high and constant gate current during
a transition. Therefore conduction losses make a considerable portion of a current source
driver’s losses. Installing an inductor at the output a full bridge allows for a current to be
generated discontinuously in either direction as proposed in [54]. A full bridge includes four
switches configured in an H which can be seen as two half bridges sharing a load, and the
gate is connected to one of the legs as shown in Figure [2.15]

Charging an inductor from left to right in order to turn on a gate is done through

switches Q2 and Q3. This causes current to increase at a near constant rate of V,./L. Once

43



2.2. CURRENT SOURCE GATE DRIVE CHAPTER 2. LITERATURE REVIEW

Figure 2.15: Full bridge inductor proposed by Eberle.

the inductor is charged with a pre-determined amount of current, (03 is opened forcing a
current through the gate. Once the gate reaches a voltage equal to V. the body diode of (1
becomes forward biased which diverts the inductor current back to the source. During which
Q1 is softly turned on and conducts the current through its channel with lower losses and
clamps the gate to V.. through its channel. The opposite actions are applied to discharge
the capacitor. The driver was also applied to a synchronous half bridge and the top driver

was equipped was a bootstrapped supply to provide a floating source [64].

2.2.8 Current diversion problem

Current source drivers rely on diodes to provide voltage clamping to prevent the gate from
causing a voltage overshoot. During discharging, there is a voltage differential across the

gate that is proportional to the size of the gate current. The larger the gate current, the
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Figure 2.16: Illustration of the current diversion problem.

larger this voltage differential is going to be. This could be problematic as this could cause
the diode to prematurely accept the inductor current, thereby reducing the gate current and
consequently, the rate of change of gate voltage. This situation is made even more untenable
by parasitic source and gate inductance which subtracts from the voltage across the gate,
causing the current to prematurely divert through the diode. This is referred to as the
current diversion problem, and it can increase the turn-off losses in a high-side FET [65], and
is highlighted in Figure [2.16] To provide a bipolar supply a series of diodes can be connected

in series of diodes that can be used, however this will greater energy losses [60, [67].

2.2.9 Motivation for synchronous resonant drive

One of the main challenge of the conventional totem pole driver operating in a half bridge is
the Miller charge that accumulates following the turn-on of a high-side FET [68]. The driver
has to have a very low impedance path for the low-side gate to absorb drain charge induced
by a transient at the switching node as described in Furthermore the push-pull driver
operates on a single switch, and so requires fine dead time synchronization to minimize the
energy losses when both switches are off. This is especially problematic for GaN devices
that can switch in under 1ns[69]. Operating with accurate dead times at this speed requires
a controller circuit synchronized to a very fast clock with signal traces that have precisely
matched impedance. A resonant synchronous driver can provide an alternative approach to

these challenges by using coupled inductors to synchronise the switching events.
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Figure 2.17: Basic idea of a resonant synchronous gate driver shown operating on a half
bridge.

2.2.9.1 Resonant Synchronous Driver by Yao et. al.

The driver presented in [68] is a resonant synchronous driver that is shown in Figure[2.18] for
a buck converter. The driver consists of five switches and four diodes, as well as a bootstrap
diode to provide for a floating voltage source for the high-side switch. The switching transition
of a resonant synchronous converter begins by discharging a gate. We will start with Sp; on
and describe its turning off process. To initiate discharging, Ss is closed, thereby initiating
a current through Lo that discharges the gate through resonance. The diode of S5 adopts
the inductor current as the gate potential reaches zero. After which Ss is opened and Sj
is closed; the former interrupts the current through Lo reflecting a positive current out of
L; that charges the gate of Si,p, and the latter enhances the voltage rise using the voltage
differential by V.. and clamps the gate during the turn-on state.

When it is time to turn-off Si,p,, S3 is turned off and S4 is turned on with ZCS, the
latter which discharges the gate through resonance similar to Sp,;. And similar to the body
diode of S5, Dy clamps any negative voltage. Sy is then turned off after allowing leakeage
energy to dissipate to have ZCS, which reflects the current. S is simultaneously turned on

which compliments th ereflect current and charges Sy, to V.. An active switch S is used
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Figure 2.18: Resonant synchronous drive by Yao et al. applied to a half bridge.

for freewheeling the inductor current of Sy, rather than a diode so a low impedance path is

provided for the Miller charge.
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Chapter 3

Proposed Driver

3.1 Introduction

The literature review showed that resonant and current gate drivers can facilitate faster
transitions and provide lower switching losses than the conventional totem pole driver. Most
of the studies on gate drivers targeted MOSFETs that have substantially higher gate
resistance and parasitic capacitance than E-HEMTs, both of which limit switching speed
and capacity for gate energy recovery. Therefore it is expected that E-HEMTs have more
to gain from current source gate drives. A new kind of resonant synchronous gate driver
is introduced, analyzed and demonstrated in this Chapter. The driver operates on two
synchronized E-HEMTs as shown in Figure and its ideal waveforms are shown in Figure
Similar to the resonant synchronous driver in [68], the driver uses coupled inductors to
reflect a current to create the synchronized switching action. However the proposed driver
utilizes only six switches and no discrete diodes, and it is more versatile than the drivers
in [68] as well as [63] as it allows for an initial non-zero gate current, thereby allowing fast

switching transitions.
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Figure 3.1: Proposed current source gate driver. For reference we will refer to S and S
as the power FETs. Q1 and @4 are referred to as the high-side FETs, ()9 and Q)5 are the

low-side FETs and Q3 and Qg are the sourcing FETS.
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Figure 3.2: Ideal waveforms of the driver’s output gate currents and voltage waveforms of
the switched gates. The gate discharging and dead time states were enlarged for the sake of
the illustration.

3.2 Operating Principle

A description of the driver’s steady state operation is provided in this section. Operating
states are defined by changes in signals to high-side or low-side FETs, and sub-states describe
distinct intra-state changes. The ON state is defined with the left switch S; conducting.

Below are the states for going from an ON state to an OFF state.

StateI During state I, S; is on, and Sy is off. @1 and Qg are closed /on; the former clamps the
gate of S7 to an optimal turn on voltage V.., and the latter clamps the gate of Sy that

is off to its source. Qg is opened shortly before the switching process begins, preparing
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the gate of S to accept charge following the current reflection between the coupled
inductors at the end of state III.

State Il Inductor charging - Q2 is turned on softly which enables L to be charged from the
voltage source with a magnitude of V.. Current increases linearly at a rate of V,./L.
An increasing current can not be induced between the coupled inductors because of
the body diode of @5 (and Q2 during the complimentary state).

StateIll (1) Discharging of S1’s gate - Q1 is turned off, which diverts the inductor’s current to
pull charge from the gate of S1. Given the relatively larger size of the inductor energy
vs gate energy, current can be assumed to be constant and so the gate voltage’s rate of
change is approximately —i/Cjss where i is the magnitude of the inductor’s current,
Ciss is S1’s equivalent input capacitance including the output capacitance of (3. This
sub-state ends when the gate reaches source potential.

(2) Dead-time - Gate voltage continues to decrease until the body diode of Q3 adopts
all of the inductor’s current. This sub-state can be referred to as a dead-time and
ought to be minimized.

State IV Charging of So’s gate - Q2 is turned off which collapses the current in L;. A decreasing
current causes the current in Lo to increase in the opposite direction, which passes
through the diode of the complimentary low-side FET, @5, thereby charging the gate
of S5 to V. after which current is diverted to the voltage source thereby recovering the
remaining magnetic energy through the diode of Q4.

State V. Energy recovery, and the off state - Q)4 is turned on with zero voltage switching as the
gate has reached V., thereby clamping the gate of S5 to V.., and Q3 is also turned on
softly which clamps the gate of Sy to its source.

State VI Charging of Lo - This state is equivalent to state II described above.

State VII Discharging of So’s gate - This state is equivalent to state III described above.

State VIII Charging of S1’s gate - This state is equivalent to state IV described above.
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Figure 3.4: Current plot and representation of the energy flow of the driver’s coupled
inductors.

State IX Energy recovery and the on-state - This state is equivalent to state V described above.

3.3 Energy Balance

In this analysis we will use the energy conservation principle to estimate the driver’s operating
losses and state variables. The parasitic capacitance of the gates is assumed to be constant,
which is a more reliable assumption if the driver was operated under ZVS conditions.
Nevertheless, time estimates based on gate charge are accurate for as long as it is safe to
assume that gate charge is constant [58]. The power FETs are assumed to be identical and

all complimentary components are identical.
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3.3.1 State II: inductor charging

Q2 is turned on which initiates the charging of the inductor from the voltage source. The
charging current passes through the drain to source resistance of the high-side and low-side
FETs, @1 and @2, as well as the resistance of the inductor as shown in equation in [3.1
During this preset charging interval the system acts as a first order RL circuit with a time
constant of L/Rj2. Because the charging time t15 is much smaller than the circuit’s time
constant, we can assume that the voltage across the inductor remains constant for the period.
And so the inductor current i increases linearly at a rate of V,./L and the current attained
after t1o is given by equation The average inductor current 712 can be estimated as half
the current at t2, therefore the total losses during state II can be given by [3.3] The energy
stored in the inductor at the end of state II is given by [3:4 An increasing current can’t be

induced in the coupled inductor because @5’s diode is reverse biased.

Ri2 = Ron(qy) + Ron(qa) + Ri (3.1)

io = t12Vee/ L (3.2)

E1o = i3R12L/2V,e = t35 (Ve /2L)? Ria (3.3)
By = i3L1/2 = (t12Vee)? /2L (3.4)

3.3.2 State III(1): gate discharging

There are two distinct operating sub-states in this resonating state. This includes ITI(1):
discharging of the gate of S7 to source potential, and I11(2): a dead time period where the

inductor current is freewheeling through the diode of the sourcing FET Q3.

()1 is turned off, which initiate the discharging process. The discharging circuit has a

resistance made up of the gate resistance R, as well as R; and the on resistance of Q)2 as
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shown in equation [3.5] During this period, the inductor current continues to increase as it
absorbs the electrical energy stored in the capacitor, some of which is lost due to conduction
through Rj2. For the purposes of calculating the discharge time, the inductor’s energy gain
as well as the energy lost are safely ignored as they are much smaller than the magnetic
energy accepted from the voltage source. The time required for the inductor current io
to reduce the gate’s potential from V. to source potential is given by equation [3.6, and
the energy lost during the gate discharging process is given by equation [3.8] The inductor
assumes the balance of the energy during the gate discharge. And so the final magnetic
energy can be greater than what was consumed from the voltage source if the energy adopted
from the gate E;ss - given in equation [3.9] - is greater than what was lost in conduction as
shown in equations [3.10] and [3:11] The constant current assumption is reliable considering
the large energy differential between the pre-charged inductor and the charged gate. For the
application of this driver, we are dealing with a gate with a capacitance of 250 pF, and an
inductance of approximately 100 nH. With an inductor current of 1 A, the inductor has x8
more energy than what is cycled to the capacitor. Using the constant current assumption
together with the conservation of energy yielded results with accuracies within 3% of the

resonant model.

Ro3 = Ry + Ras @, + BL (3.5)
t23 ~ Qg/iQ (3.6)
QG = Qg + Qoss,Qg (37)
Eh3 = i5Rogtog = t12Vee Ro3Qq/L (3.8)
VCC

Eiss = Cissvgs d'Ugs (39>
AFs3 = Eiss — Ea3 (3.10)
E3 = Ey + AFEy; (3.11)

55



3.3. ENERGY BALANCE CHAPTER 3. PROPOSED DRIVER

3.3.2.1 To pre-charge or not to pre-charge

Notice that the inductor charging state is not critical and the discharging can be begin with
a zero initial inductor current. The is done by turning the low-side FET on after turning off
the high-side FET, which practically means that the system has no charging time. This is
a suitable feature to have considering conduction losses make up a considerable portion of
the driver’s losses and it can be suitable for ZVS applications that don’t have to necessarily
be optimized for a minimal transition time. With a zero initial inductor current, we can
estimate the time to discharge the capacitor and the energy dissipated during the discharge
using equations [3.12] and [3:13] respectively. Note that to assume fully resonant behaviour,

the quality factor of the inductor, expressed in equation must be greater than five [70].

toy = /2 - \/LCiss (3.12)

R
Fog = <Rgfz> CissV? (3.13)
Z,=+/L/C (3.14)
Q=2rfL/Roys (3.15)

3.3.3 State III(2): dead time

The timing between the opening of ()1 and ()2 determines the time available to discharge a
gate. The difference between the time available and the time it actually takes for the gate
to reach source potential is defined as a dead time, as given by equation [3:16] Q3 adopts
the inductor current as the gate voltage approaches O0V. We can model the I'V loss through
the channel of @3 by using an equivalent resistance Rp, and so the total resistance is given

by equation [3.17 The inductor current at the end of the dead time interval is shown in
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equation [3.18 and the energy dissipated is given by equation

134 = t24 — 123 (3.16)
R34 = Rys @, + Rp + R, (3.17)
1y =13 exp(—t34R34/L) (3.18)
taa Li3
FEsy = / 134 R34 dt = <> (1 — exp(—2t34R34/L)) (3.19)
0

The lower bound on the dead time duration is set by the frequency of the digital clock. For
example if it is expected that discharge to occur in 2ns, but the system can only reliably

operate with a clock cycle of 5ns then the driver is expected to incur 3ns worth of dead time.

3.3.3.1 Complimentary charging during dead time

A decreasing current can be reflected between the coupled inductors. Therefore, during the
dead time the complimentary gate that is soon to be turned on is slowly charged at a rate
expressed in equation where v450 is the complimentary gate voltage, k is the coupling
coefficient, and Cjs; is the equivalent input capacitance of the gate. The losses during this

event can be ignored.
P ki R34
s2 ™
g LCiss

(3.20)

3.3.4 Post state I1I(2): negative gate potential

Actions of state III together with those of State IV incur three types of losses during t45.
The two losses in the original leg connected to Sy are denoted as Al and A2 and the loss in

the second leg is denoted as B1, and thir sum is given by equation [3.21]

Eys = Eys(a1) + Eus(a2) + Eas(p1) (3.21)
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As shown in Figure [3:2] any amount of dead time will lead to a negative potential at the
gate which will ultimately be dissipated through resonance. If we assume that dead time is
long enough to allow for gate to settle at the forward negative voltage of the sourcing FET

then the additional losses for the discharged gate are:

Eys(a1) = CissVii/2 (3.22)

Where Vg is the source to drain voltage of the sourcing E-HEMTwith the freewheeling
current i3. For E-HEMTSs the reverse voltage is about 2V for a current on the order of 1 A.
Any negative potential in the gate has to be dissipated through the diode before the sourcing

HEMTis turned on, otherwise the HEMTwill incur switching losses when it is turned on.

3.3.5 State IV: leakage energy

Q2 is opened, which interrupts the current in L;. This causes a negative di/dt that induces
current to flow out of Ly with strength determined by the coupling coefficient. ¢, is the
current in L1 before opening ()3, k is the coupling coefficient and ii is the equivalent current
transmitted to the coupled inductor after opening Q3 as expressed in [3.23] The energy that

is not transmitted to the coupled inductor is dissipated through resonance and is given by

equation [3.24]

. diy .
iy = —k/od;ldt = kiy- (3.23)
Eusa = (1— KL (3:24)

3.3.6 State IV: charging of complimentary gate

The current flowing through the inductor is passing through the diode of the low-side FET

@5 and can charge both the gate of So as well as the voltage source as illustrated in Figure
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’
V. Ron(qu)
O—tiw—x
RpQu)
i45
Bpgs) Ly g T
[ )
t45(B1)
<l
AVAVAY, ng 1]
Rg Ciss

Figure 3.5: State IV circuit model showing charging of the complimentary gate and voltage
source.

The current initially flows through the gate thereby charging it to V... The current
path is through the gate, Ly and the diode of @5, the latter which will be modelled as a
resistance as shown in equation [3:25] The time required for the gate to reach V.. is given in
equation [3.:26] Because we are charging the capacitor, the inductor current decreases during
this period as it transmits energy to the gate, not withstanding conduction losses that are
incurred. In the discharging case, the conduction losses offset the energy gained from the
gate. In case of charging both the gate and conduction losses reduce the inductor’s energy.
To obtain a better approximation of the the average inductor current, we can consider the
inductor’s energy as the average with and without the gate energy as shown in equations

and The remaining magnetic energy after charging the gate to V. is given by
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equation [3:29]

Ryss1y = Ry + Ry + Rp(qy) (3.25)
tysp) ~ Qa /iy (3.26)
i =\ QEf — Bu)/2L (3.27)
Eys81) = it - Ry5(B1) - tas(pr) (3.28)
E5 = Ep 4+ — Eiss — Eys(B1) (3.29)

3.3.7 State V: recovery of remaining energy

When the gate reaches V.., Q4 is turned on softly, and the remaining current flows through
its channel thereby recovering the remaining magnetic energy. The conduction resistance
for this sub-state is given in equation [3.30] and the behaviour is of a clamped first order
RL circuit with a forced DC input. Such a circuit would have a current response as shown
in equation The charging process is complete when the diode of @5 no longer reverse
biased as shown in equation [3.32} Setting equation [3.31] to zero yields the duration shown in
equation Using the expression for current we can multiply by the conduction resistance
and integrate to yield the lost energy as shown in equation [3.34] where i5 is the inductor

current at the end of gate charging.

Rs6 = RD(Qs) + Rp + Ron(Q4) (3.30)
. _‘/cc .
156 — R756 . (1 — exXp (—(L/R56 . t)) + 15 - €Xp (—(L/R56) . t) (3.31)
156 > 0 (3.32)
Vee/ Rus(B2))
tsg = — -In | - 3.33
7 Rsg (145(31+) — Vee/ Ras(B2)) (3.33)
E56 = ng (1 — eXp(—2t56L/R56)) /2 (334)
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3.3.8 High-side clamping delay

The driver’s control signals ought to be scheduled such that the the converter’s losses are
minimized, including both drive and power losses, as illustrated in Figure [£.4] There are
also some qualitative issues to consider. For example, in our analysis we assumed that the
turn-on of the high-side switch happens at the same time the gate reaches V.., which allows
for ZVS and no reverse recovery loss. However given control signals are operated in discrete
time steps and GaN devices are extremely fast, ZVS may not be achievable or worse, a
gate voltage overshoot can occur due to the large voltage differential across the diode of
the high-side FET. The only practical and safe option to preventing a voltage overshoot
may be to turn on the opposite high-side FET the same time the inductor current is to be
transferred to the gate. While this will incur a hard switching loss, it will avoid damaging
the gate which would have a detrimental consequence on the gate’s operation. Nevertheless,
from the principle of conservation of energy we know that the magnetic energy will still be
recovered as described above. For the following simulation, a constant 2ns delay is inserted

between the opening of a low-side FET and the opening of its complimentary high-side FET.

3.3.8.1 Reverse recovery charge

If the high-side FET is a MOSFET as shown, then it will incur a reverse recovery charge if
the switch is turned on with a current present in the body diode. In other words, reverse
recovery losses are incurred if the gate voltage goes beyond V.., and are avoided if the
high-side switch is turned on under ZVS or even with hard switching as long as the gate

voltage does not exceed V..
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Chapter 4

Driver Evaluation

4.1 Class E Inverter

The proposed driver can be applied to any pair of synchronous FETs, including those in a half
bridge or push-pull configuration. A push-pull Class E inverter was selected to demonstrate
the proposed gate driver, which acts as an inverter that supplies a coil that transmits power
through magnetic resonant coupling to a receiver coil, which is connected to a rectifier as
shown in Figure

A Class E inverter belongs to a family of power amplifiers in the RF communication
industry used in high frequency power amplification [7I]. The class E inverter has an ideal
switching efficiency of unity and is therefore an attractive candidate for power applications
including dc-dec conversion and wireless power transfer [72), [71, [73]. GaN HEMTs are excellent
candidates for power amplifiers because of their high linearity and low parasitic capacitance
and several studies have proven their superior performance over silicon [74) [75], [76], [77, [78].
Several studies have also investigated the performance of GaN devices for WPT utilizing

Class E inverters |79} 80, [81].
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Transmitter Receiver
L L Cs
71 ; Full bridge
12
+
S1 J Cpi
s Cq Lo Cf — Vout

Figure 4.1: Push-pull Class E inverter circuit used to demonstrate proposed driver.

4.1.1 Operation

A Class E inverter can be thought of as an AC current source that is tuned with a series
resonant LC filter [82]. A current develops in the input inductor L when the switch is closed,
and when opened the inductor current resonates with the parallel capacitor Cy causing
voltage to ideally peak to to 3.56V;, before it returns to zero with a zero slope as shown in
Figure [4.2J82]. Therefore while Class E inverters allow for lower losses, they still require
high power devices that can withstand their peak drain-source current and voltage values.
Installing two amplifiers in parallel offset by 180° is referred to as a push-pull circuit, and
it allows a doubling of the AC output and odd order harmonics are avoided [83]. And by
adding a capacitor between the outputs of a push-pull the RMS current through the switches
is reduced [73]. Having a finite input inductance enables ZVS conditions across a wide load
range without requiring closed loop control [84]. However a lower inductance means larger
AC current through the input inductor which increases losses and EMI issues [79]. The first
loop L1C1 acts as an output filter for the inverter, and the second filter LoCy4 acts as an

input filter to the transmitter, and their frequencies are turned to the fundamental as shown
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in equations [4.1] and [£.2] The ideal switching waveforms of a single Class E amplifier are

shown in Figure [£.2]

1
E = L101 = LQCQeq (4.1)

Cgeq = 0102/(01 + 02) (4.2)

4.1.2 Design parameters of a Class E inverter

The design equations of a Class E amplifier can be expressed in an infinite number of ways
as the values of the input inductance and the converter’s duty cycle are not defined [85]. A
comprehensive analysis of a push-pull Class E amplifier operating with a 50% duty cycle is
provided in [86]. The optimal operating setting for a Class E inverter includes ZVS turn-on
as well as zero voltage derivative switching (ZVDS) turn-on, and the design includes the
selection of the size of the reactive components given a resonant frequency. Its modelling
assumptions include [84]:

1. The converter experiences no conduction losses including the power FETs which also
have no dead time or dead time losses. All the DC input is converted into an AC
output as shown in equation [4:3] This assumption will require tuning of the circuit.

2. FET output capacitance is constant, which is fair considering the required capacitance
is typically much larger for frequencies <1 MHz.

3. Output (transmitter) voltage is sinusoidal, requiring a sufficiently high output impedance
compared to the load as shown in equation [£.4] Ip is the amplitude of the output

current, R is the output resistance, Ipc is the input current DC offset, and V}, is the
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Figure 4.2: Normalised waveforms of a push-pull Class E inverter satisfying both ZVS and
ZVDS. The ideal class waveforms are for a purely resistive load i.e. no magnetic coupling or
DC rectification.
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voltage magnitude of the supply.

IER/2 = IpcVin (4.3)

in(wt) = Ipsin(wt — @) (4.4)

The solutions with a duty cycle of 50% are shown in equations and

kp =wLy/R =0.732 (4.5)
kc = wCyR = 0.685 (4.6)
kp = PouR/V;2 = 1.365 (4.7)

Equation suggests that there are only two free design variables between the output
resistance, input voltage and output power. Therefore if all three variables are pre-determined

by the application it will lead to sub-optimal operation which may still include ZVS.

4.1.3 Coupling and transfer efficiency

Wireless power transmission happens through magnetic resonance between a transmitter
and receiver coils. The figure of merit for the coils is given by equation where k is
the coupling coefficient between the receiver and transmitter [87]. The closer the coils are
together, the more k approaches unity. The receiver and transmitter provide an opportunity
for voltage transformation through their turns ratio. The magnetizing inductance is given by

equation and the output capacitance required to provide a DC output with a ripple
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20W solar PV tile

Transmitter and receiver

Input at STC

Open circuit voltage 19.7V
Short circuit current 1.5A
Maximum power point voltage | 17.2V

Maximum power point current | 1.2 A

Maximum power 20W

Tx: 1 MHz Push-pull Class E inverter

Reactive components as per Figure ’Z‘

Ly, Lo 2.6 pH
C1,Cpo 4.7nF
Ly 3.3uH
Ch 7.75nF
Cs 5.75nF
Cle 10nF
Magnetizing inductance L4 SuH
Tx:Rx turns ratio 1.45

Table I: Demonstration board’s main parameters.

Vop.out 18 given by equation [87, [88].

FOM = k\/Q; x Q, (4.8)

Q=wL/R (4.9)

L = kv/I1Lo (4.10)
Iout

Cho= ——2 4.11

¢ 2fAVpp,out ( )
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Driver FET Partno Vg™ | Ras(on) Qq Ciss Die area
Lowside and sourcing | EPC2110(Q; and Q3) | 120V | 110m | 0.8nC | 100pF | 1.83 mm?
Highside CSD25480F3 20V | 132mQ | 0.7nC | 150 pF | 0.47 mm?
Power FET EPC2019 200V | 50mQ | 1.8nC | 250 pF | 1.82mm?

Table II: Main parameters of selected FETs.

Component | Description
S1 and Ss E-HEMT 200V, 10 A EPC2019 by EPC
Q1 and Q4 | CSD25480F3 by TI. Silicon depletion mode pmos.

@2 and Y3 | EPC2110 by EPC. Two E-HEMTs in a single die with their
sources connected together.

Qs and Q¢ | EPC2110 by EPC .

L1 and Ly | CoilCraft SLC7530 100 nH coupled inductor with signal isola-
tion of 25V, DCR 0.125 m¢).

Table III: Driver components selected for the demonstration board.

4.1.4 Solar wireless power transfer

Solar PV technology allows the direct conversion of sunlight into an electrical current and
has been in exponential growth around the world since 2009. PV cells are electrically and
structurally combined into PV modules that are interconnected using robust connectors. DC
wiring equipment including connectors, disconnects, and their associated mechanical fittings,
are the main culprits in solar failures including fires and the cause of spurious arc-fault system
tripping [89] 90, OT], 92, 93]. It is expected that wireless charging can minimize or avoid risk
associated with modular DC wiring and the system’s installation cost by eliminating the
need for an interconnecting bus cable as illustrated in Figure [£.3] A demonstration board
was created to demonstrate the transmission of 20 W from a solar tile and the selected FETs
are shown in Table [[TI} To reduce parasitic inductance, EPC2110 was selected to host a leg’s
low-side FET and sourcing FET. This allows for a compact design around the power switch,

and a minimal inductance between the low-side and sourcing FET, which ensures that the
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Connector

Figure 4.3: A single line diagram sketch of an interconnection of PV modules to a DC bus.
The module on the left is wired to the bus using conductors and connectors and the one
on the right transmits its power to the DC bus by magnetic coupling using a transmitter,
receiver and a rectifier.

gate’s voltage does not considerably fall below 0 V. 3D models of the demosntration board

are shown in Figure- [4.8] [4.9 and

4.2 Simulation Results

A simulation of the circuit was completed in PSIM software which uses static FET parameters
to model switching behaviour. A 50 ps time step was used for all simulation results. The
impact of assuming a constant input capacitance is negligible considering the switches are
operating with ZVS. A model of the power circuit was built as shown in Figure[d.1] The driver
and the power circuit’s parameter are given in Table [[} [, and [[TI] The driver’s charging and
discharging times were manipulated to find minima in driver and channel losses as illustrated
in Figure [£.4] The gating losses incurred by a conventional totem pole driver is shown in
equation [4.12] and is drawn on each plot in Figure [I.5] which displays the results of the

charging and discharging sweeps.

2fCissV? =2 x 1 MHz x 250 pF x (5V)? = 12.5mW (4.12)
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Charging time —»
PsiM model E-HEMT channel

of converter and driver losses

Discharging time ——
-

Figure 4.4: Main gate design variables are sweeped using PSIM to determine the optimal
design parameters that reduce the system’s losses.

The charging and discharging durations were sweeped and the E-HEMT channel and driver
losses were observed. The observed driver losses shown in Figure [f.5] are measured by
integrating the current through V.., and this includes all the losses including inductor’s
conduction losses, dead time, switching losses, negative gate voltage and leakage energy. The
only losses not considered are the gating losses of the control switches which are driven by
a conventional driver and will therefore incur their own gating losses as shown in equation
4.13| Table shows the breakdown of losses of the optimal casd] Figure displays
the waveforms with the optimal settings at nominal conditions as well as with an output
resistance 1000 times greater than nominal to emulate open circuit conditions. p;, n;, and g;
where i = {1, 2}, refer to the gate-source voltage of the high-side FET, low-side FET and
sourcing FET, respectively. Wide waveforms are provided in Figure [£.7]

2f Y CEvery? = 2 x 1MHz x 2 x 250 pF x (5V)? = 25 mW (4.13)

188

'If an activity incurs E nJ losses per cycle, which are assumed to be independent of other cycles, then it
will incur £ mW per MHz of the switching frequency.
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Figure 4.5: Channel and driver losses with respect to charging and discharging times during

nominal operating conditions.
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Low-side channel losses 3.5mW
High-side channel losses +2.4mW

Gating and sourcing channel losses | +1mW

Leakage losses +0.1 mW
Inductor conduction losses ~ O0mW
Leg losses =6.9mW
Driver losses, x2leg losses 13.8 mW

Table IV: Breakdown of driver losses with optimal charging and discharging durations of 0 ns
charging time and 10 ns, respectively.
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Figure 4.6: Drain and gate voltages of optimal settings with Ons charging time and 10ns
discharging time.
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Drain and gate voltages of S; and S
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Figure 4.7: Simulation waveforms of nominal operation including drain voltages, transmitter
and receiver voltages.
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4.2. SIMULATION RESULTS
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Figure 4.8: Top far view of demonstration board, 100 mmx60 mm
76




CHAPTER 4. DRIVER EVALUATION 4.2. SIMULATION RESULTS

QO 0O O
o N O

b (Hr B |

oo @ L0 0 a

IZHISHISIE & 8 8 R & g
CC I R

Q g glull_ll 1 (N (R

oﬁ?o

Figure 4.9: Bottom far view of demonstration board.
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Power FET
S1 and Ss
EPC2019

Lower and sourcing FETs
EPC2110
@2 and )3, and Q5 and Qg
o
{ Upper FET
a' CSD23280F3 P

Q1 and Q4

Figure 4.10: Top close up view of gate driver.
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4.3 Conclusion

The proposed resonant synchronous driver was proven to provide reliable switching and gate
energy recovery. Channel losses are weakly dependant on the driver charging and discharging
durations, and no clear global minima in channel losses was found when sweeping charging
and discharging durations. This is expected given the switches operate with ZVS switching.
The converter still experiences ZVS with no load conditions and without any closed loop
control. However the drain voltage no longer experiences ZVDS and a negative voltage incurs
reverse conduction loss, which increases channel losses by 10 mW or 25%.

Not pre-charging the inductor yielded the lowest driver losses. This is because pre-charge
conduction losses make up a considerable part of the overall losses and their biggest impact
is on minimizing hard switching channel losses which is not possible with ZVS. In the results
of Figure we can see that starting with a zero initial inductor current and allowing
the inductor to discharge the gate for 10 ns, allowed all of the energy to be adopted under
resonant dynamics and incurred essentially no dead-time. A longer discharging duration will
have dissipated more of the absorbed energy, leading to greater losses. Note that the voltage
source provides the balance of the gate energy required through the high-side FET, and so
the driver losses include the gating power required to charge the gate. In Table [[V] we can
see that the energy flowing to the drain of the sourcing FET and to the power gate is 1 mW,
which suggests that approximately (1mW /(12.5mW /2))86% of the gate energy is recovered
and transmitted from one gate to another.

The low-side FET dissipates about 50% more energy than the high-side FET despite
them having similar on resistances. This is because a large portion of the losses in the
low-side FET are incurred during reverse conduction when the complimentary gate is being
charged. Turning on the low-side FET during the complimentary charging states can reduce

this loss but it will double its operating frequency which will double its hard switching losses.
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Chapter 5

Conclusion

Faster and more efficient gate drivers are required to facilitate the next generation require-
ments of high speed synchronous switching of GaN E-HEMTs. A review of the dynamics
and challenges of hard switching of E-HEMTs with the conventional totem pole gate drive
justified the need for another approach to driving GaN devices. Current source gate drivers
have the capacity of providing faster and more efficient operation that can further take
advantage of the superior switching performance of GaN E-HEMTs. A baseline was created
to compare the performance of current source drivers with the conventional driver, and a
review of prominent current and resonant drivers was provided. A novel resonant synchronous
gate driver was introduced and demonstrated to provide energy recovery and stable switching

waveforms in a push-pull ZVS application with a switching frequency of 1 MHz.

5.1 Future Work

1. Investigate whether doubling the frequency of the low-side FETs to enhance the channel
during the complimentary charging states will lead to improved driver performance.
2. Explore adaptive control techniques that tune the driver’s parameters and inverter’s

frequency to minimize reverse conduction losses during dead-time.
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3. Explore the ways a solar’s power-voltage curve can be manipulated to satsify ZVS and
ZVDS.

4. Replace the high-side depletion-mode MOSFET with an E-HEMT, which will have
a considerably faster response and lower losses. This will considerably improve the
switching performance especially for applications that have optimally high gate currents,
such as in the hard switching half bridge topologies.

5. Apply the driver to a half-bridge hard switching topology. By pre-charging the inductor
the driver is expected to significantly reduce the channel load losses, enabling a more
efficient high frequency operation. Furthermore, the sourcing FET can rectify the
drain-gate charge that is induced during the high speed drain voltage transient. It
can do this as described in this thesis by providing a low impedance path through its
channel, or by stretching the driver’s dead-time period to allow the synchronous FET

to accumulate a low enough negative voltage to offset the expected drain charge.
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Appendix A

First and second order models

A.1 Inductor current in LC Model

Vee(s) = sLi — Lig + Ri

_ Lig+ Ve

i(s) = St R Iyexp(—R/Lt)

Inverse laplace:

i(t) = Ipexp(—Rt/L) + L™} [ Vee }

sL+ R

A.2 Natural Response

(A1)

(A.2)

(A.3)

The series RLC model is frequently encountered in the thesis. Below is a description of the

RLC model with an initial inductor current and capacitor voltage. A KVL around the RLC

circuit yields,

di
i—i—vc—H'Rzo

vL+vc+vR:0—>Ldt
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Dividing by L, and substituting charge ¢ = Cv. = di/dt,

+ Eq’ =0 (A.5)

), 4
Tt7671

Converting everything into the Laplace domain. The Laplace of inductor voltage is v (s) =

L(si(s) — i(0)).:

Sa(s) —s4(0) — ¢'(0) + 1

~| =

(sq(s) —q(0)) =0 (A.6)

Rearranging for ¢(s))

q(s)(s®> + Rs/L +1/LC) — q(0)s — ¢'(0) —

Dividing by C' to obtain v..

1 ¢(0)s +¢'(0) + Rq(0)/L

q
_ 9 _ A.8
YT CTC s2tRs/L+1/LC (A.8)
Where ig = ¢/(0) and vy = ¢(0)/C
A.2.1 Forced response of series RLC
in t in
The RHS of the previous equations will now equation some input Vin(t) — Vin(s) . If we

L L

assume the input is a DC source, then vj,(s) = Vi, /s where V, is the magnitude of the

source.
1 Via/Ls +q(0)s + ¢/(0) + Ra(0)/L
- C s2+Rs/L+1/LC

v =

(A.9)

Ql=
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A.2.2 RLC voltage overshoot

Gate transitions can be superficially modelled with an undamped second order RLC system

with solution shown below :

Vgs(t)/Vee = 1 + K - cos(wgt + 0) - exp™ (A.10)
R
Keo b (A.12)
V1= '
1
wo = (A.13)

VIC
it = [ — a2 (A.14)
¢= ];\/f (A.15)

(A.16)

Where R, L, C is the total gate resistance, inductance and gate capacitance, respectively.

The normalized voltage overshoot can be obtained by setting the derivative of dV,/dV.. = 0

Vo _ % - <—<) (A17)

Vee V11— (2

We note that overshoot only exists in an under-damped case, i.e. ( < 1. The upper bound of
the overshoot is 100% for the lowest values . The conditions for this to be true in terms of

gate resistance can be obtained by rearranging Equation

2

JC/L

R> (A.18)
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