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Abstract

Roughly 840 million people, predominately from rural communities in sub-Sahara Africa, still lack ac-
cess to electricity. The direct current (DC) microgrid is an emerging grid infrastructure that meshes
efficiently with DC based technology such as photovoltaics, batteries, consumer electronics, and elec-
tric vehicles. This characteristic of DC microgrids designates them as a preferred solution for new grid
infrastructures in rural electrification applications. In order to establish a DC microgrid, power electronic
interfaces (PEI) are required for regulating power flow and interconnecting different grid components
of the microgrid. In this thesis, the PEI (operating at 200-900 W) connecting a 350 V DC-microgrid to
a solar home system (compatible with USB-C) is investigated. A unidirectional half-bridge LLC con-
verter and a bidirectional dual active half-bridge (DAHB) converter (both utilizing gallium-nitride (GaN)
transistors and planar transformers (PT)) are designed and tested. A working prototype of the half-
bridge LLC converter with a center-tapped secondary is presented and the waveforms at maximum
load and no-load conditions are analyzed. A complete design and efficiency approximation for a DAHB
converter with a center-tapped secondary and active snubber circuits is included. In addition, simula-
tions (in PLECS) of the designed DAHB converter provide waveform results for both the forward and
reverse power flow direction. The results of the work discuss how high frequency operated, half-bridge
isolated DC/DC topologies with GaN transistors and planar transformers are an excellent composition
of technology for these rural electrification applications. The GaN transistor is most effective in a low
voltage (up to 650 V), high performance scheme, and offers inherent benefits which allow for high fre-
quency operation and thus, smaller passive components. Moreover, the effect of current collapse (an
adverse effect in GaN transistors) is discussed and analyzed from a design standpoint. The benefits
of planar transformers in low-medium power (up to 900 W) rural electrification applications and an in-
depth PT design process are presented. Additionally, rural electrification safe extra-low voltage (SELV)
standards require that PT designs must have reinforced (or double) isolation between primary and sec-
ondary windings. Taking this into consideration, two proposed PT configurations using a U-core and
planar E-core, respectively, are compared. The main conclusions of this work aim to bridge the gap for
the design and implementation of efficient DC microgrid variable power output converters for use
in rural electrification applications.

Keywords: Rural Electrification, DC Microgrid, Half-bridge LLC, Dual Active Half-bridge (DAHB), GaN
Switching, Current Collapse, Planar Transformers, Safe Extra-low Voltage (SELV)
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Chapter 1

Introduction

In this chapter, the relevant background for rural electrification and the DC microgrid (a smaller variant
of a direct current (DC) distribution grid) is presented. Furthermore, the motivation for the work is
elaborated.

1.1 Problem Definition: Rural Electrification, Solar Home
Systems, and the DC Microgrid

The large-scale emergence of decentralized renewable energy generation alongside the modern "green
energy” ideologies permeating throughout the political and societal spectrum are setting a new standard
for the future of power and the modernized power grid. When considering the future of power, the
840 million people who have no access to electricity and an additional one billion more who still have
an unreliable electricity connection [1, 2] remain as one of the major concerns moving forward. A
stable electrical connection provides rural communities with the ability to utilize their natural energy
sources, such as solar or wind. As an example, in sub-Sahara Africa, 573 million out of 840 million
people lack electricity [1]. Individuals in these communities typically work as farmers and in hard labor
conditions. Moreover, this group is poverty-stricken and lacks sufficient medical care, education, and
other social welfare. In order for these communities to grow in a positive manner, especially in regard
to education, access to electricity is vital. However, it is still unclear what is the most effective way to
achieve rural electrification and studies are currently being conducted on methods which are based on
new available technology. In order to discuss the pathways towards electrification, it is necessary to
identify the different tiers or steps that are needed in the electrification process. This process takes into
consideration the trend that the power demand required by a user increases over time. This growth
in the electrification process can be visualized by the electrification ladder (presented in [3, 4]) shown
in figure 1.1. Each rung of the ladder represents a different power level that has unique loads and
appliances associated with it. Higher levels represent the increase in the number of appliances, and
therefore, the overall electricity demand.

Three different rural electrification pathways— grid extension, stand-alone solar-based solutions,
such as solar home systems (SHS), and centralized microgrids —are critically examined in [5]. The
results of the study in [5] are developed based the on circumstances seen by the communities with no
access to electricity. Additionally, the study considers current developing technology when proposing
the conclusions. Grid extensions (expanding the national grid’s network to provide electricity access
[6]) are a costly endeavor and this results in an infeasible method for providing electricity to these
communities. However, SHSs are a less expensive and more viable solution. The pathway employing
SHSs can achieve the 5 W, 40 W, and sometimes 100 W tier of electrification but it is only a stepping
stone along the path and is not the ultimate solution.

A DC microgrid has unique characteristics such as energy sharing, inherent plug and play capa-
bility, and its ability to grow over time. In figure 1.2, the architecture of a typical DC microgrid used in
rural electrification is shown. The microgrids are usually centralized with central power generation and
storage. It is important to distinguish that although smaller SHS based forms of these grids do have
a decentralized way of delivering electricity, the most robust and higher power forms of these off-grid

1



2 1. Introduction

0 W unelectrified

Figure 1.1: Conceptual illustration of the electrification ladder. As a household scales up the ladder, the electricity demand- in
Watts (W) -increases through the addition of higher power (or greater number of) appliances [5]

microgrids generally have centralized large-scale PV and battery storage architecture. Centralized mi-
crogrids are a vital part of the electrification process but directly implementing a full grid into a rural
community has many downsides. Most significantly, the cost is high compared to starting with individ-
ual SHSs. Furthermore, an overall demand estimation is needed in the design of a microgrid. This
estimation relies on many assumptions and it is difficult to predict the changes in electricity demand
over time. In order to perfect this process and find the best pathway to electrification, the implemen-
tation of a bottom-up DC microgrid is proposed as the key "missing link” between all of the possible
electrification pathways [5]. The bottom-up characteristic refers to building up in a logical or modular
manner in order to properly account for the overall demand of the community. Additionally, it is more
economically suitable for these communities to have an implementation process that requires multiple
smaller investments versus a single large investment.

( N\
Larger scale generation |
| WA\ &8 |
I |l \\ W // |
wee sy |
\__ 4 & , vy \
| Larger loads |
l
— |
o !

l Larger scale storage }

— — — — — —

Figure 1.2: Diagram of an interconnected SHS-based meshed DC microgrid with additional centralized generation and storage.
The bottom house is shown without an SHS, revealing that purely consumptive houses can join the microgrid.

The modular process begins with an individual SHS for each home. The evolved form of a single
SHS is an interconnected SHS meshed DC microgrid which can be established by the interconnec-
tion of existing SHSs. This form of a DC microgrid is decentralized (represented by the homes and
interconnections on the left side of figure 1.2). These decentralized solutions, can provide on demand
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electricity for lower levels of power as well as enable energy sharing between homes. Conversely, a
centralized grid (with larger photovoltaic (PV) panels and energy storage systems (ESSs)) can grant
consistent higher levels of power proportionate to the 100 W and 400 W load level. In time, when the
national grid arrives, a previously established DC microgrid can readily serve as a ready distribution
grid for communities naturally requiring more power demand as they develop. Additionally, the process
of implementing grid extensions reduces to a simplified electrical connection at the perimeter of villages
because the interior is already interconnected by a DC microgrid.

1.2 Problem Definition: Power Electronics

Power electronics serve as the interface between different components of a DC microgrid. In figure
1.2, each node represents a power electronic interface (PEI). Therefore, it is essential to successfully
implement many DC/DC conversions (occasionally a DC/AC conversion for some loads), with both
unidirectional and bidirectional power flow, to each part of the DC microgrid. These microgrids for rural
electrification work at a 300 - 400 Volt (V) range, typically at a nominal 350 V. Solar home systems
provide power to low power loads in tiers 1 to 2 of the electrification ladder with 12 V battery and 12
V distribution [7]. This SHS operating voltage can vary up to but not exceeding a voltage of 48 V [8].
There are also new emerging connectivity methods like the USB type C load connection. Its inherent
power delivery characteristics allows for the DC/DC power electronic converter to have an adjustable
voltage that can vary from 5-20 V.

The PEls at the PV panel, ESS or battery bank, and high power load are quite similar to the SHS
connections of the DC microgrid. However, the nominal values for the voltage differ from the standard
DC voltage at the SHS-to-DC microgrid connection. In order to facilitate greater tiers of consumption,
these nodes of the microgrid require a higher voltage level because it minimizes the distribution losses.
Furthermore, the voltage level at these nodes often varies depending on series/parallel configurations
(for PV and batteries) and, for the high power loads, it is dependent on the operation voltage of the
appliance which generally is either at 110 V or 240 V.

At the heart of many power electronic devices, there is a transformer. The transformer is responsible
for the stepping-up (or stepping-down) of the voltage. A transformer and its windings of wires naturally
have a unique characteristic called the turns ratio. This ratio is responsible for the gain in the voltage
and current from its input to output (regarded as primary and secondary sides in practice). Transformers
also grant electric isolation between the primary and secondary sides of a switching converter. A planar
transformer (PT) is a contemporary and innovative design of a traditional transformer. Most notably, it
can be recognized by its lack of wires which are replaced by traces on a printed circuit board (PCB).
It is described as planar because these transformers are typically very flat and use specific core types
that are horizontal and flat. The core (generally an iron or ferrite material) makes up the overall shape
of the transformer and is a vital component that allows for the transmission of power from one side
of the transformer to other through electromagnetic induction. It so happens that planar transformers
have unique attributes that mesh well with the type of converters found at PEls in DC microgrids used
in rural electrification.

1.3 Motivation

Historically, DC/DC converters for high power applications, such as wind turbines and electric vehicle
(EV) charging, are rated at 1 kW or greater due to the nature of the loads and the high societal demand
for power. Moreover, alternating current (AC) has dominated as the main form of electricity in power
transmission. This AC infrastructure usually pushes the DC/DC conversions to happen externally via a
converter attached to the load itself. These converters are usually referred to as point of load converters.
Therefore, DC/DC conversion typically finds its main applications in low power, such as power supplies,
and household loads. These applications are typically limited to less than 100 W. Converters designed
for the 200 W to 1 kW range do exist, such as server power supply used in telecommunications [9],
but are usually only used in definitive specialized applications. This category of converter is more
uncommon and less explored in literature compared to the other power ranges of converters previously
discussed.
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However, due to the emergence of the DC microgrid and the movement to provide stable electricity
access to all, a new niche of converters has been brought to light. This class of converter operates
in the 200 W to 900 W range and are specifically designed to work in a decentralized DC microgrid
environment. These converters must also have voltage regulation at the output in order to provide
the correct voltage level to different loads, thereby one converter is used to satisfy all household load
requirements and the grid connection. It is important to mention that converters in rural electrification
fall in this power range but also similar PEI applications at this power level could be utilized in the
modernized hybrid AC/DC grid of the future, presented in [10], to provide the needed DC/DC conversion
in the DC part of the grid.

The motivation for this thesis is to find the best topologies, switching technology, and to create suc-
cessful designs for a unidirectional and bidirectional version of a DC microgrid variable power output
converter. The research specifically focuses on the DC/DC converters that connect a SHS to the DC
microgrid (the connection point is shown in detail in figure 1.3). The Gallium nitride (GaN) transistor is
the preferred switch technology for this application due to its effectiveness in the low voltage (up to 650
V), high performance scenario. GaN transistors have inherent benefits such as zero reverse recovery,
low switch resistance, and low parasitic capacitance which allows for high frequency operation with low
switching losses resulting in smaller passive components. The work also takes into consideration the
unique possibilities available to the design due to the lower power (200 - 900 W) characteristic of these
converters. In addition, the advantages and design of the planar transformer will be explored for these
applications. This research aims to bridge the gap from the standard DC/DC converter of this power
level to a more effective and efficient converter custom-fit for a DC microgrid, especially those used in
rural electrification.

MPPT/Buck Bi-directional Converter \
Block Block

36V 350 V
DC

v
Line

I O
000 000 000 000

USB type C connections

Figure 1.3: A diagram highlighting the node where a point of load converter (a specific type of PEI) connects to the DC microgrid.
This node is comprised of not only the bi-directional DC/DC converter (most relevant for this research) but also to a maximum
power point tracking (MPPT) converter for the solar connection and USB type C compatible connections for the SHS

1.4 Research Questions

1. How can a unidirectional DC/DC converter be designed for the interconnection of a 350V DC
microgrid to individual households for rural electrification that includes high switching frequency
GaN technology?

2. How can a bidirectional DC/DC converter be designed to achieve the same purpose but also with
a higher power rating?

3. How to design a PCB based planar transformer for these two converters and why is a planar
transformer preferred for these applications ?
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1.5 Outline

The report is divided into 7 chapters and is followed by an appendices which contains supporting in-
formation for additional reference. The following list provides the title and a small summary for each
chapter:

Chapter 1: Introduction

 Provides the relevant background for rural electrification and the DC microgrid (a smaller variant
of a direct current (DC) distribution grid) is presented. Furthermore, the motivation for the work
is elaborated.

Chapter 2: Literature Review and Background Information

* Provides the design theory for the main converters used in this research. Alongside the review, an
analytical topology selection process (comparing multiple topologies) is presented. The section
ends with a theoretical overview and analysis of Gallium nitride (GaN) switching.

Chapter 3: Planar Transformers

» Describes the theory and design process for creating a planar transformer. It will conclude by
presenting the benefits of these transformers, especially for the power levels typically found in
rural electrification.

Chapter 4: Unidirectional Half-bridge LLC Prototype Modeling, Design, and Construction

» Provides the complete design process for the unidirectional Half-bridge LLC DC/DC converter.
The process includes simulations, transformer design, thermal considerations, and PCB layout-

ing.
Chapter 5: Bidirectional DAHB Prototype Modeling and Design

* Provides the complete design process for the bidirectional DAHB converter. The process includes
simulations, transformer design, and thermal considerations.

Chapter 6: Results and Analysis

* Provides a summary of the testing results for the unidirectional half-bridge LLC converter and the
simulation results for the bidirectional DAHB converter. Moreover, it will analyze findings, provide
explanations, and give recommendations based on the results.

Chapter 7: Conclusion

* Provides answers to the research questions and the conclusions of the work. Additional recom-
mendations for future work are also included.






Chapter 2

Literature Review and Background
Information

Chapter 2 provides the design theory for the main converters used in this research. Alongside the
review, an analytical topology selection process (comparing multiple topologies) is presented. The
section ends with a theoretical overview and analysis of Gallium nitride (GaN) switching.

2.1 Topology Comparison

The following review is comprised of the more prominent single-stage topologies which permit bidirec-
tional power flow, galvanic isolation, and efficient DC/DC conversion. Two separate converters were
designed for this work; a unidirectional and a bidirectional version.

2.1.1 Buck, Boost, and Buck-Boost Converters
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Figure 2.1: (a) Schematic of a bidirectional (non-isolated) Buck and Boost (b) Schematic of a bidirectional (non-isolated) Buck-
Boost [13]

A boost/buck converter steps up/down a DC voltage from input to output. The circuit operation is
dependent on the conduction state of the switches. During the on state, current within the inductor
increases and the anti-parallel diode in the other switch blocks current flow. In the off state, energy is
transferred from the inductor to the capacitor resulting in a decreasing inductor current. Since current
through the inductor can not instantaneously change, the diode of the switch conducts current [11].
Steady state operation can be characterized as discontinuous conduction mode (DCM) or continuous
conduction mode (CCM). In DCM, the inductor current reaches zero in each cycle however, in CCM,
the inductor current never reaches zero. Duty cycle control is used to adjust and regulate the voltage
output.
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A conventional boost/buck converter (seen in figure 2.1a) is typically non-isolated and can be trans-
formed to operate bidirectionally with the use of switches in place of diodes. Parallel combination of
an inductor and capacitor, typically seen at the outputs of both types of converters, acts as a second
order low pass filter to reduce output voltage ripple. The only variant of these converters that fits the
application niche would be a version that includes coupled inductors in the design in order to provide
isolation. Coupled inductors can be normally coupled or inverse coupled. Inverse coupling allows for a
larger inductance given an inductor of the same size that is normally coupled. The flux adds together
to result in a higher flux with a smaller ripple. Inverse coupling can reduce core losses in the coupled
inductor and allow for a smaller component to achieve the same level of inductance. There are trade-
offs in the design to consider but this section is limited to an overview of different configurations that
can be implemented into boost/buck converters to allow for a more feasible design.

An interleaved version of these converters, in essence, is an exact replica of the converter in parallel
with the original. The benefit of this is to half the current in each inductor while also decreasing the value
of output voltage ripple. An interleaved configuration reduces the size of the passive components and,
in certain scenarios, can reduce price, adverse thermal effects, and surface area of the system. More
information can be found in [12]. The cascading of multiple of converters can also be implemented
in order to increase the overall voltage boost (or reduction) ability of the converter and reduce current
stress [13]. This is when two or more converters are connected in a series-like cascaded formation.

It is rare to find an example of a bidirectional isolated converter that uses the standard boost/buck
set up. One example is the primary parallel isolated boost converter (PPIBC) introduced in [14]. Itis
possible that by using one or more of the aforementioned adjustments alongside coupled inductors, a
converter could be designed for a rural electrification application. However, due to limited literature cov-
erage of a bidirectional version with isolation and the tendency for an increasing number of components
as more functionalities are added, these topologies are limited in this regard.

As for the buck-boost converter (non-isolated version shown in figure 2.1b), this topology is mostly
used in its non-isolated form as a cascaded addition to a more conventional dual active full bridge
switch converter. There are cases such as the buck-boost used in [15] with a coupled inductor. It uses
three active switches along with three diodes. The converter uses both zero-current switching (ZCS)
and zero-voltage switching (ZVS) to reduce losses. A buck-boost converter can operate in the kilo-watt
power range but has multiple passive components because of the need for snubber circuits. There are
some favorable options such as the converter presented in [15] but it remains a less popular topology
choice in literature for bidirectional isolated converters.

2.1.2 Flyback Converter

The flyback converter is one of the most common topologies utilized in low power applications. The
flyback is known for its limitations at medium and high power ranges. This is a result of large ripple
current in Boundary Conduction Mode (BCM) and DCM operation, the increased size of the coupled
inductor, and high voltage stress of the switch. A flyback converter stores energy in the magnetic field
of an air gap in a coupled inductor while the converter switch is conducting. When the transistor turns
off, the magnetic field deteriorates and the energy stored in the air gap is drawn by the output load
of the flyback converter. The flyback converter can be described as two inductors sharing a common
core, in which the widings have opposite polarities.

However, because of the recent advancements in switching technology, there are switch options
that have lower drain to source resistance and higher break down voltages. This has allowed for the
emergence of flyback in the medium voltage range, realistically up to 300 W. A bidirectional DC-DC
isolated version is shown in figure 2.2. It only requires two switches, where one is for active power
flow in one direction and the other works as a diode for rectifying the output. The flyback converter
should be operated in DCM or BCM mode so that soft switching can be implemented. This reduces
the voltage ringing, the EMI, and losses in the switch.



2.1. Topology Comparison 9

[ 4 N:l 2 L ]
™ ™ Vu
Vi C, H C,
o— 9 Jl{_ Jl{_ L . J
S; S,

Figure 2.2: Schematic of a bidirectional flyback converter [13]

The voltage stress on the switch in a flyback is high because it is composed of the input voltage,
the reflected voltage of the output and the voltage spike due to the leakage inductance of the coupled
inductor. Therefore, the switch voltage rating can be derived as Vi, + N * (Voyt + Vrwa) + L di/dt where
Vrwa is the forward voltage drop of the diode and L,di/dt is equal to the voltage due to the leakage
inductance multiplied by the rise in current over time [16].

2.1.3 Forward Converter

The forward converter is a DC/DC conversion topology that uses a transformer and its turn ratio to
increase or decrease the output voltage. It provides galvanic isolation for the load and has multiple
output windings which can be used to simultaneously produce both higher and lower voltage outputs
[17]. The output voltage is determined by the input voltage, transformer turns ratio and duty cycle.
The transformer has same-polarity windings, higher magnetizing inductance, and no air gap which
also signifies that it does not store energy in the transformer [17]. A forward converter passes energy
directly to the output through transformer during the conduction phase of the switch.

The bidirectional version of the forward converter, shown in figure 2.3, utilizes a clamped circuit to
achieve ZVS. There have been hybrid configurations mentioned in literature within the 300 W to 900
W power range. These hybrid configurations are referred to as Forward-Flyback, Push-pull Forward,
and Flyback-Push-pull. In these converters, the primary side of the transformer is derived from one
of the mentioned isolated topologies and the secondary is derived from another, either current-fed or
voltage-fed [13].

The multiple-switch forward converter is an effective topology for applications that require high ef-
ficiency and effective power handling capability for up to 500 W of power. The forward converter is
often compared to flyback because they have similar efficiencies at relatively the same power levels.
The forward converter has a disadvantage due to the presence of an extra inductor on the output and,
additionally, is not well suited for high voltage outputs. The forward converter has an advantage over
the flyback converter when high output currents are needed for the load. Since the output current is
non-pulsating, it is well-suited for applications with currents that exceed 15 A [18].
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Figure 2.3: Schematic of a bidirectional forward converter [13]

2.1.4 Push-pull Converter

In a bidirectional push-pull converter (shown in figure 2.4), current flowing in the transformer primary
is supplied from a pair of switches in a symmetrical push-pull circuit configuration. The switches are
controlled with an alternating on and off signal which results in a transformer current that is periodically
reversed. Consequently, current is drawn from the input line in both halves of the switching cycle.
Push—pull converters have steadier input current, create less noise on the input line, and are more
efficient in higher power applications.

A push-pull topology uses two primary windings to create a dual drive winding. This will utilize
the core of the transformer in a significantly more efficient manner than the flyback or the forward
converters. Moreover, push-pull converters will have smaller filters compared to the forward converters
at the same power level [18]. On the downside, only half of the copper winding is conducting current at
a time, hence increasing the resistance and copper losses compared to a transformer of a similar size.

The leading problems recorded in literature with push-pull converters are unbalanced flux in the
windings and large voltage stress on the switches. Flux in the primary and secondary windings of the
center-tapped transformer (discussed more in chapter 3) can become unbalanced and cause heat-
ing/loss. As for switch stress issues, each transistor must block more than twice the amount of voltage.
There is also the added stress of the voltage spike at the beginning of the cycle due to energy caught in
the leakage inductance of each winding in the center-tapped configuration. Stress on the switch makes
the push-pull an undesirable topology choice for power factor correction (PFC) applications.



2.1. Topology Comparison 11

. ] ] .
S1 S3

Figure 2.4: Schematic of a bidirectional push-pull converter [13]

2.1.5 Isolated Resonant Converters

Resonant conversion is a longstanding topic known for providing converters with high efficiency, high
power density, and smooth waveforms. Resonant converters are based on a "resonant inverter”, which
is a system that converts a DC voltage into a sinusoidal voltage [19]. It then provides this AC signal
or power to a load. A network of switches creates a square-wave voltage that is applied to a resonant
tank which is tuned to the fundamental component of the square wave [19]. The resonant tank will
interact with the fundamental component and react in a negligible way with higher order harmonics, so
that its voltage and current will be predominantly sinusoidal. The tank circuit is characterized by two
reactive elements; the resonant capacitor (C,) and resonant inductor (L,.) which can also be denoted
as L as the series inductance component of an integrated magnetic structure. Different configurations
of C, and L, define the power transfer behavior and classify the type of resonant converter. However,
only a few of the different possible combinations are able to be used in an actual converter. The two
basic structures are the series resonant converter and parallel resonant converter, comprised of one
tank inductor and one capacitor. Multiple resonant elements can be combined to form multi-resonant
converters, such as LCC, LLC, and CLLC converters, to name a few. The main difference between
these converters is the frequency and output voltage gain relationship. In the case of multi-resonant
converters, there are multiple resonant frequency points because of the different interactions between
reactive elements of the tank at specific operating conditions. Another beneficial quality of resonant
converters is the inherent zero-voltage switching capability for the primary side power switches and
(in some cases) soft commutation for the output rectifier [20]. For the context of this thesis, the LLC
converter will be the main resonant topology discussed. A more in-depth comparison of LLC, LCC, and
CLLC converters can be seen in Appendix A.

2.1.6 LLC Converter

The LLC converter is a favored topology for bidirectional power converters. It is known for its high
efficiency, allowing for high switching frequencies, and high power density. The converter has smooth
waveforms for the current and voltage in the tank and EMI emissions are considerably low which results
in loose or flexible filtering requirements. This topology can operate bidirectionally and naturally offers
galvanic isolation which makes it an ideal fit for power electronics in rural electrification. However,
it should be noted that in LLC resonant converters, the output current form factor is generally worse
which signifies that the output capacitor bank is stressed more. Albeit, the stress level is considerably
lower than the output of a flyback converter, but it still remains one of the few real drawbacks of the
LLC topology [19].The typical DC/DC LLC converter is comprised of a switching network (full or half
bridge), then, a tank with two inductors and one capacitor, with the load connected in parallel to one L
(generating the LLC inverter), and followed by rectification. An example of a bidirectional LLC converter
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is shown in figure 2.5. The following information will describe the half-bridge implementation of an LLC
but the transition to a full bridge primary side switching is straightforward with similar behavior.

The rectifier block of the converter can be configured as a center tapped secondary (followed by a
full-wave rectifier) or a normal secondary windings (followed by a full-bridge rectifier). The secondary
configuration of the LLC should be chosen in order to maximize the usage of energy handled by the
inverter stage [19]. The center tapped is the ideal configuration when the secondary side is low voltage
and high current. The conventional version (single-winding) secondary winding is the more efficient
option in a high voltage and low current scenario.
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Figure 2.5: Schematic of a bidirectional LLC converter, where the magnetizing inductance Ly, can also be denoted as L, which
represents the parallel component of inductance in the resonant tank

The input square wave from the half bridge has a DC component that is equal to V;,, /2. The following
equation shows the relationship between input and output voltage of the half-bridge LLC (assuming the
standard 50 % duty cycle of the LLC converter)

V;
Vour = N— @1
where N is the turns ratio of the transformer. The resonant capacitor C,. of the resonant tank appears
in series to the voltage source. Moreover, under steady-state conditions, the average voltage of the
resonant inductor must be zero. Consequently, the input voltage V;,,/2 is applied across Cr which
functions as both a DC blocking capacitor and resonant capacitor.

LLC Converter Resonant Characteristics

The half bridge LLC is defined as a multi-resonant converter and, due to the three reactive elements
in the tank, there are two resonant frequencies related to the circuit. The first resonant frequency is
associated to the operation condition when the secondary windings are conducting. This causes the
inductance L,, to be negligible because it is actively shorted out by the low-pass filter and load (when
there is a constant output voltage applied across the load) [19].

1

B 2m\/Lg * C,

The second resonant frequency is associated to the condition when the secondary winding(s) is an
open circuit. The resonant tank transforms from a LLC to LC because both L, and L, in this situation,
combine into a single inductor:

fr1 (2.2)

1

2/ (Ls + Lp) * C;

fr2 = (2.3)
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fr1 is known as the resonant frequency of the tank where as f5, is generally referred to as the lower
resonance frequency. The ratio between L, to Ly determines the degree of separation between fz,
and fz,. A typical LLC gain curve can be seen in figure 2.6. A larger ratio results in a larger distance
between the two frequencies and vice versa. This affects the frequency modulation and controls of the
converter, thus making L, /L a critical design parameter.
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Figure 2.6: Gain curve for a LLC converter, where F, = fg,

The converter must function in the inductive region. This is the frequency range where input
impedance is inductive. The inductive range is where fz, < f; < fr1 and f; > fz;. Operation in the
inductive region permits that the primary side switches can achieve ZVS, which is integral for efficient
operation of the LLC converter. In the half-bridge LLC converter, the driver circuit powers both MOS-
FETs in the switching leg on and off with symmetrically alternating signals (for the exact same time and
at 50% duty cycle). However, the duty cycle is slightly less than 50% due to a small dead time (z4;)
which is inserted between the turn-off and the turn-on of both switches (also for the complementary
case). The dead time interval is quite important in order to achieve ZVS on the primary side (more
information on ZVS can be found in appendix A). Soft switching operation is dependent on the mag-
nitude of the magnetizing inductance. Therefore, an air gap in the magnetic core of the transformer
is necessary to reduce the effective permeability of the core which results in a smaller magnetizing
inductance [21].

Parasitic Elements and Dead Time

The first parasitic element considered is the equivalent capacitance that is seen at the center point
between the switches of a switching leg. Its presence means that transitions between switches will
take some time to complete and require energy. These transitions are linked to the dead time. The
time it takes for this parasitic switch capacitance to completely charge and discharge determines the
dead time duration. Equation 2.4 shows the method for determining the dead time in a half-bridge LLC
converter (derived in [22]) , where C,,, is the equivalent parasitic capacitance found on a switch data
sheet.

Ly C
Ty = 16% (2.4)
S

This equation is slightly modified to include Cy which is a combination of all parasitic elements that
appear at the half-bridge node between the switches. Cyp is defined in the following equation:

Cyp = Coss1 + Cossz + Cstray (2.5)



14 2. Literature Review and Background Information

Cstray is representative of the capacitance that forms between the MOSFET and heatsink, the inter-
winding capacitance of the resonant inductor, and any other capacitance that appears at the node. C,;
and C,s, are parasitic capacitances associated to each half bridge switch, respectively.

The second parasitic element that is considered is the winding capacitance of transformer windings.
This capacitance, which has a component on both the primary and the secondary sides, is combined
with the inductance of the winding, producing the "self-resonance” of the transformer. In the case of the
half-bridge LLC (where there are secondary rectifiers), the junction capacitance of the diodes adds up
with the winding capacitance producing a slightly lower self-resonant frequency (fsz) [19]. The winding
capacitance can be added to the equivalent circuit model with a single capacitor in parallel to the mag-
netizing inductance (elaborated upon in later sections). Consequently, the presence of this parasitic
capacitance modifies the tank from an LLC to an LLCC. The multi-resonant behavior then results in
3 distinctive resonance frequencies where fy is greater than fz,. Generally, the operating frequency
is substantially lower than fs;r and, when this is the case, the effect of the parasitic capacitance is
negligible on the power transfer in the tank. However, this may not always be the case and under-
standing the power versus frequency relationship when this capacitance is not negligible is important
for troubleshooting LLC converters if fs is close to fz.

Transformer and Leakage Considerations in the LLC Converter

The LLC converter is a topology that collaborates well with magnetic integration. Magnetic integration
is when inductors and transformers are combined into a single magnetic component (usually a trans-
former). This results in a smaller number of components in the system and can enhance the operation
of the converter by reducing the path length/resistances between magnetically integrated components.

The LLC topology requires a magnetic structure with significant leakage which is usually avoided
in conventional transformer design. Various winding configurations can be used to manipulate the
value of leakage inductance such as increasing the space between the windings (a topic which will be
evaluated more in chapter 3). Moreover, integrated magnetic structures have a leakage component
on both the primary and secondary sides, and in the case where there are multiple output windings
or a center tapped configuration, there is a leakage inductance associated to each individual output
winding. Leakage inductance at the secondary carries a current,i,, which produces a voltage drop of
the leakage inductance multiplied by di,/dt. This decreases the expected voltage available on the
secondary winding for a given impressed voltage from the primary side. Additionally, in multi-output
converters, cross-regulation between the outputs will be negativity affected because of the decoupling
effect caused by a component of leakage inductance on each output winding [19].

A voltage drop, caused by leakage inductance, can also be seen in the center-tapped output con-
figuration. During the period where one half-winding is conducting, the voltage seen across the half-
winding is equal to V,,,; + V (in the ideal case) where V; is the forward voltage drop of the conducting
rectifier diode. Continuing with an ideal case, the half-winding will be coupled one-to-one to the non-
conducting half-winding and the reverse voltage across the reversed biased rectifier diode will be equal
to 2(V,ue + V&) [19]. Now, if the leakage inductance of the nonconducting half winding is considered, a
Ly * di,/dt voltage drop adds to V,,; + V. This is reflected to the other half-winding and causes the
reverse voltage across the nonconducting rectifier diode to be increased by L, * di,/dt. This can also
be referred to as the voltage spike caused by leakage inductance.

Lastly, it can be noted that for a single-winding secondary with a diode rectifier bridge, the voltage
applied to reverse-biased diodes of the bridge is not affected by leakage inductance of the winding.
The reason is that the negative voltage of the secondary winding is fixed at -VF externally and is not
determined by internal coupling which is the case in the center-tapped secondary [19].

LLC (Half-bridge): No Load Operation

The capability to operate at no-load is another unique characteristic of the LLC half-bridge converter.
No-load operation is also referred to as "cutoff’ mode and it can occur at frequencies above, below, and
at the f, resonant frequency [19]. In cuttoff mode, the tank current is equal to the current following in
the magnetizing inductance and the current through both output diodes is equal to 0.

In order for no-load operation to occur, the voltage produced across the parallel component of
inductance in the tank (L,) and reflected to the secondary side must be less than the output voltage
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throughout the whole switching cycle. This condition ensures that neither secondary rectifier can be
forward-biased and is mathematically represented in the following equation:

Lp < a* Voyr
Lg+ 1L, — Vin

where a is the voltage gain characteristic of the transformer, full or half bridge configuration, etc. L,

is an critical parameter to consider for no load operation as well as soft switching ability in the LLC. The

tank current circulating in the circuit will be considerably large and this circulation of current will result

in losses. These losses due to circulating current prevent the LLC converter from efficiently operating

at extremely low input power levels. There are proposed methods for effectively reducing the losses in

cutoff mode such as implementing a burst mode or pulse-skipping mode [19]. The average switching

frequency f; will be substantially lowered which will reduce the switching losses and the current in the
tank will be diminished to a negligible level.

(2.6)

LLC Control

Referring to equation 2.1, the essential quantities that characterize the input/output relationship of the
converter are the input/output voltages and turn ratio of the transformer N. There is a second-order
relation to the value of the load current due to the presence of parasitic elements (winding resistance,
forward voltage of didoe, etc...) which causes a voltage drop in the output.

The LLC converter should be operated in the region where the input impedance of the resonant
tank has an inductive nature. The tank tends to have more of an inductive nature as the frequency
increases. This relationship signifies how the control of power flow can be realized by changing the
operating frequency of the converter. The focus for this work will be on power flow control by frequency
modulation. This modulation scheme changes the frequency of the square wave with respect to the tank
circuit resonant frequency while maintaining a fixed 50 % duty cycle. To properly control the converter,
an increased power demand for the load results in a frequency reduction, whereas a reduced power
demand yields a frequency rise.

The preferred operation point (at normal conditions) is at the fz; resonant frequency point where tank
current is maximally sinusoidal (no impedance), has reduced circulating current, and where operation
in CCM minimizes the peak tank current. Operation points in between the f; and fz, resonance
frequencies should be used to handle mains voltage dips and above fz, operation for situations where
there is a light load or overshoot transients in the input voltage [19].

2.1.7 DAB Converter

A dual active bridge (DAB) is a bidirectional, isolated, DC-DC converter with symmetrical primary and
secondary side full bridge (or half bridges) circuits, a high frequency (HF) transformer, DC-link capac-
itors, and an energy transfer inductor. Figure 2.7 shows an example of both a full bridge in (a) and a
half bridge in (b). Other configurations are possible such as the implementation of push-pull circuits
[23]. The reactive network contains an auxiliary inductor (occasionally magnetically integrated into the
transformer) which is connected in series to the high frequency transformer. The DAB converter directly
incorporates the transformer leakage inductance in series with the auxiliary inductance. Furthermore,
the DAB efficiently allows bidirectional power transfer to occur because of the symmetrical structure
of the topology[24]. Other benefits of the topology include inherent ZVS turn-on of switches in forward
and reverse power flow directions and voltage clamping for the switches, hence removing the need for
a turn-off snubber circuit.

The dual Active half-bridge (DAHB) (presented in figure 2.7b) grants the added benefits of a lower
amount of transistors, reduced complexity and number of components for gate driver circuits, and oper-
ation with zero steady-state DC offset of transformer magnetizing current [25]. Another characteristic of
a half bridge LLC is that the magnitude of the half bridge AC voltage is half of the magnitude compared
to a full bridge AC voltage. That is to say, that double the RMS current ratings for each switch on the
secondary side would be needed in order to provide the same power to the output as the full bridge.
Therefore, the DAHB generally is only suitable for usage in lower power applications under 750 W [25].

The half bridge is useful when significant voltage step down is needed. This configuration allows for
potentially half of the turns on the transformer which can be beneficial for certain designs. Moreover, a
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Figure 2.7: (a) Schematic of a bidirectional dual active bridge (DAB) converter (b) Schematic of a bidirectional dual Active
half-bridge (DAHB) converter [13]

DAHB invites collaboration with the push-pull circuit for the secondary side because it is useful for cur-
rent handling on the low voltage side with high current characteristics. The push-pull circuitry attaches
to a center-tapped transformer which has two windings that connect at a center point. These windings
only handle current for half of the switching period. Therefore, the transformer is utilized less efficiently
and greater power handling is required. The push-pull configuration has two low side switches (con-
nected to ground) and each switch requires double the voltage rating compared to that of a normal
half-bridge configuration.

The primary advantages of the DAB converter are a low number of passive components, evenly
distributed currents through the switches, and its soft switching capabilities (which vary depending on
the control modulation strategy). It should be noted that the DAB current waveform depends greatly
on the operating point of the converter. The operating point is defined by the input and output voltage
alongside the desired total output power. The individual modulation strategies, or method of controlling
the converter, have different characteristics and, in some cases, have larger/smaller ranges of ZVS
and high circulating current behavior. For certain operating points, higher magnitude transformers
RMS (DC) currents can result [24].
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DAB Control

There are many modulation strategies for controlling a DAB converter. Those methods with multiple
degrees of freedom and a more complex modulation can yield much higher efficiencies and with a wider
Z\/S operation range including lighter load conditions [24], [26], [25]. In the context of this research
single phase-shift control (SPC) is the modulation strategy of interest due to its ease of implementation
compared to other modulation strategies.

In SPC for DAB and DAHB converters, the primary and secondary side bridges are driven with com-
plimentary square-wave PWM pulses at a 50% duty cycle with a small dead time inserted in between
pulses. The "phase-overlap” or phase shift between the primary and secondary side resulting square
waves is used to vary the output power and determine the direction of power flow (in bi-directional
applications). The direction of power transfer is delivered from leading bridge to lagging bridge. The
square pulses delivered to the bridges create a differential voltage applied across the series inductance
responsible for energy transfer. More energy is stored in the inductor for a larger phase overlap up to
/2. The power transfer equation for a DAB operating in SPC, derived in [27], can be seen below:

WV P2
p— ﬁ@ _ 7) (2.7)

where @ is the phase shift and the transfer ratio is 1:1. The power transfer equation is also depen-
dent on the turns ratio of the transformer. This ratio is chosen based on the analytical model for power
transfer (shown in equation 2.7). The dynamic model describes the power transfer through the switch-
ing node and passive components (capacitances, energy transfer inductor etc...) in the tank which is
presented in [24]. Achieving ZVS is dependent on the resonance between the output capacitance of
each switch and series (auxiliary), leakage, and magnetizing inductances of the tank circuit during dif-
ferent switching intervals and output load conditions. This behavior can be analyzed by using dynamic
equivalent circuit models with harmonic considerations which can be seen in [24]. Further information
regarding the effects of magnetizing inductance and parasitic capacitance on ZVS range can be seen
in Appendix A. ZVS can be realized when the current through one of the complimentary switches is
interrupted during a switching moment. This current (regulated by the energy transfer characteristic
of the auxiliary inductance) then flows through the output capacitor of the switch and is subsequently
forced into the anti-parallel diode of the device. The power transfer behavior in the DAB based on
equation 2.7 is shown in figure 2.8.
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Figure 2.8: Bidirectional power flow characteristics portrayed by a power output versus phase shift relation. d is the power
relationship between input and output [27]

where @ is the phase shift and d is defined for a full bridge in the following equation (factor of 1/2
input voltage for half bridge):

Vout
= 2.
d NV, (2.8)

PI control serves as an effective method for implementing single phase-shift control (SPC). Feed-
back measurements must be incorporated into the design such as the output voltage and current. An
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output voltage error signal is produced based on a reference point selected by the designer. This feed-
back differential measurement is delivered into the Pl control algorithm in order to generate the proper
phase shift in between the PWM signals. The goal of the controller is to regulate constant power while
also achieving zero steady state error.

The drawbacks of SPC, gathered from various literature, are quite consistent. SPC results in high
circulating current in the circuit, which leads to increased i2R conduction losses and higher current
ratings for the components. An additional limitation is that ZVS operation over the entire power range
is possible only when the effective voltage conversion ratio is unity [26], [27]. Otherwise, ZVS is only
available in certain operation modes as can be seen by the soft-switching regions depicted in figure
2.8.

2.2 Topology Selection

The main criteria considered for the selection of the topology is listed below, in order of importance:

+ Transition from Unidirectional (240 W) to Bidirectional (500 W)

+ Compatibility with High Frequency Switching

Cost (Number of Components, Size of Passive Components, etc...)
« Efficiency at 500 W Level

» Surface Area

Table 2.1 presents the design parameters for the prospective converters. The information in this
table primarily considers efficiency at 500 W level. Certain topologies work better with certain out-
put characteristics, such as low voltage and higher currents like the forward converter. Also, some
converters see more losses at higher power levels, such as the flyback topology.

Table 2.1: Overview of the parameters used in the preliminary design of the converters for rural electrification

Max Max
Power Input Voltage Input Current | Output Voltage Output Current
(P) (Vin) (Iin) (Vour) (Tour)
Unidirectional Version 240 W 300-400 V 800 mA 20-30V 10A
Bidirectional Version 500 W 300-400 V 1.67 A 20-30V 20 A

The topology must be flexible to feasibly transition from a unidirectional to a bidirectional version
with minimal changes. In addition, the integration of Gallium Nitride (GaN) transitors is required in
order to actualize high frequency operation and investigate deeper into the benefits of GaN. GaN power
transistors have significantly lower input and output capacitances as compared to silicon transistors of
the same on-state resistance and voltage rating. GaN switching collaborates well with many of the
inherent attributes of the LLC converter. While resonant LLC converters do not suffer from switching
loss, the reduced output capacitance enables higher efficiencies and switching frequencies by reducing
the dead-time soft-switching duration, and reducing converter RMS currents [28].

The flyback has higher losses at the 500 W level and does not function as well at high frequencies
compared to other topologies because it uses the core less efficiently (cost increase due to increased
size and weight for a core as power levels go up). The boost, buck, and buck-boost topologies were
also ruled out of the selection process because they rely on the operating frequency and value of the
inductor to limit the current ripple. If a large step up or step down is needed, the value of the inductance
for a coupled inductor significantly increases. The only solution is to cascade multiple converters to



2.3. Gallium Nitride (GaN) Switching 19

reduce the magnitude of the voltage change or to raise the frequency. Raising the frequency results
in more core losses in the coupled inductor which stores energy and is overall less efficient than a
transformer.

Forward and push-pull converters are both legitimate bidirectional options with potential to operate
in both power levels. The push pull seems to take the edge because it utilizes the core more efficiently
and needs smaller passive components than the forward converter. The switch stresses in the push-pull
are also double of V},, which increases the cost significantly on the high voltage side. Most importantly,
the main concern comes from the transformer and the number of windings needed in order to step up or
down the voltage. Half bridge topologies such as the LLC resonant converter and DAB produce V;,,/2 at
the transformer input which significantly reduces the number of turns needed by the transformer. This
not only reduces leakage but the size of the core, costs, and issues at higher frequency operation. It
should be noted that high output current handling is an advantage of the push-pull topology and this
attribute was taken into consideration for the final design

The half-bridge LLC resonant topology was chosen as the unidirectional version because of its
potential to achieve high switching frequencies, lower switching losses, and for its relationship to trans-
former leakage and magnetizing inductances in the resonant tank. The use of an integrated transformer
reduces the weight and size of passive components in the circuit. A half-bridge configuration was se-
lected in order to utilize the V},,/2 characteristic of the half-bridge so that the turns ratio and number
for turns on the transformer could be reduced. Moreover, the secondary side of the converter was
configured as a center-tapped winding configuration with a full wave rectifier, which is the exact same
as the secondary of a unidirectional push pull converter.

The DAHB converter was the chosen topology for the bidirectional version. The LLC was originally
planned as the topology for the bidirectional version for the above reasons. However, the catalyst for
changing to the DAB topology when transitioning to a 500 W bidirectional version was the complications
in designing the resonant tank for the LLC. Because of the need for reinforced isolation (a requirementin
rural electrification), there will be a higher leakage inductance value in general. This, in combination with
the possibility of having two different tank characteristics in the forward and reverse direction (a result of
a needed turns ratio of around 10), introduced some complications into the design of the tank that could
be avoided with the DAB. The main downside to the DAB is that it needs larger passive components
(DC blocking capacitors and auxiliary inductance) compared to the LLC. The DAB converter, similarly
to the unidirectional LLC, employed a secondary side modeled after the push pull secondary, in order
to have better current handling capabilities at the output.

2.3 Gallium Nitride (GaN) Switching

Gallium nitride is a material used in the manufacturing of semiconductor power devices. Itis the material
used in GaN high electron mobility transistors (HEMT) which is the transistor explored in this research.
GaN is a wide band gap semiconductor (3.4 electron Volts) which results in an intrinsic carrier concen-
tration which is several times lower than the concentration in silicon. Therefore, GaN devices produce
a lower leakage current and can function at higher temperatures. Other attributes of the GaN HEMT
are the high critical electric field and the maximum reachable breakdown of the material which allows
for GaN technology to be effective for high voltage applications. The likelihood of obtaining a specific
breakdown voltage with thinner current drift layers yields a considerable reduction of the on-resistance
(Rasony) of the GaN HEMT compared to a silicon transistor. As a result, more compact GaN tech can
be manufactured, thereby reducing both the dynamic and static losses of the device [29]. The smaller
parasitic capacitances and their locations between the layers in a GaN device can be seen in figure
2.9.

GaN HEMT’s naturally lower output and gate capacitance alongside the GaN material’s high sat-
uration electron velocity allows for high switching frequencies in the megahertz range. The lower ca-
pacitances associated to the GaN transistor minimize gate and switching losses to increase efficiency.
Another characteristic of GaN that increases efficiency, reduces ringing in the switch node, and EMI is
the inherent lacking of a body diode, thereby eliminating the presence of reverse recovery loss. Lastly,
operation at higher frequencies is achievable because of the two-dimensional electron gas (2-DEG)
present in AlGaN and GaN heterostructures [30]. The charge carrier mobility values in 2DEG normally
exceed 1000 cm?V~ts1,
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Figure 2.9: Locations of parasitic capacitance within the cross section of the GaN transistor junction. The graph shows the
magnitude of each of the individual parasitic capacitances [31]

High electron mobility transistors are novel devices and its operation is based on the 2DEG gas
previously mentioned. GaN HEMTs are inherently normally-on devices, meaning, current conducts
between the source and drain electrodes at a zero gate bias voltage (V= 0) [30]. This normally-on or
depletion mode trait is due to the presence of 2-DEG which forms a conduction channel for current to
flow. In the normally-on case, current flow is controlled by applying a negative bias to a Schottky gate
electrode. New GaN techonology has emerged for reliable normally-off (enhancement mode) HEMTs
[29]. Enhancement mode (E-mode) GaN HEMTs have become widely available and the GaN device
of choice in most applications. More can be read in Appendix B about the techniques used to create
enhancement mode GaN transistors.

2.3.1 Reverse Conduction in E-mode GaN HEMT

The reverse conduction path (formed in an E-mode GaN device) is created when current is forced into
the source of an off transistor. A voltage drop (similar to the voltage drop across a diode) is generated
from source to drain when the drain voltage is lower than the gate voltage by the value of the turn-on
threshold voltage. When this condition is met, the 2-DEG is restored under the gate electrode which
creates a channel for current to flow from source to drain. It should be noted that if a negative voltage
is applied to the gate the forward voltage drop of the GaN device will increase by the same amount
of the negative bias gate voltage. There is no reverse recovery (Q,,.) because there are no minority
carriers forming the channel. The device turns off instantaneously as the 2-DEG dissipates.

2.3.2 Layout Considerations for GaN HEMT

Parasitic elements introduced in the layouting become more concerning as the switching frequency
increases. For GaN devices, the common-source inductance L. limits the slew rate of the device’s
drain current. A higher L., will lead to more losses and possibly catastrophic damage to the transistor at
high frequency operation or at high drain currents. The reduction of the gate-to-ground loop has a great
impact on switching performance, especially during turn-off when the GaN gate is pulled down with a
resistor. The resistance value needs to be low enough so that the device does not turn back on when
the drain is pulled high during switching. In addition, reducing the current loops of the switching nodes
will reduce the magnitude of stray inductance and the overall impedance seen by the GaN devices.

A gate driver can be integrated into the package of a GaN transistor which minimizes the L,
thereby reducing limitation on the slew rate. Package integration also reduces gate stress during turn-
off and improves the ability to eliminate a false turn-on scenario. Driver integration gives the designers
freedom to design and implement effective thermal and current-protection circuits into the GaN FETs
[29]. However, this is not always the case because many GaN HEMTs do not come with an internally
integrated gate driver. When an external gate driver is implemented it is important that the gate driver
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is designed to minimize the gate power loop stray inductance between the VDD supply capacitor and
the power devices. This will reduce the gate driver rise time and enhance the driver’s ability to change
current over time (di/dt) [32]. Moreover, the micro-controller (MC) should be on the same ground as
the gate driver and not grounded at the source of the switch where the stray inductance is substantially
larger. This topic will be revisited in the design section of chapter 4.

2.3.3 Current Collapse

In a GaN HEMT, a natural phenomenon called current collapse occurs when the GaN on-resistance
Ra4scony increases during the application of high voltage to the device. The effects of current collapse
on the current voltage (IV) relationship of a GaN HEMT can be seen in figure 2.10. The cause of
this anomaly is due to some of the electrons accelerating under voltage stress and getting trapped
in the crystal or a dielectric film, and/or at the interface between dielectric and semiconductor layer.
The location and density of these traps depend on the device structure and manufacturing process.
When electrons are trapped, negative charges cause depletion of the channel of 2-DEG, resulting in
an increase in Rys,n) and a decrease in drain current I, [33]. During this piling up of electrons, on-
resistance increases continuously as the power device keeps on switching ON and OFF as shown in
figure 2.10.
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Figure 2.10: 1V curve for a GaN transistor where the effects of current collapse can be seen alongside normal IV characteristics
[34]

The effect of current collapse contrives the terminology of dynamic R ,n) Or transient Rgs(ony and
should be taken into consideration when choosing a GaN device. The increase of R (o at higher
voltages can degrade the efficiency of the GaN device, heat up the device, and, eventually, overheat
and destroy the device [35].

2.3.4 GaN vs. Silicon Carbide (SiC) Vs. Silicon MOSFET

The literature review on GaN switching concludes with a brief comparison of the three leading semi-
conductor switches used in DC/DC conversion. Compared to the conventional silicon (Si) technology,
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Figure 2.11: Graph which portrays the comparison between the breakdown voltage and on-resistance of Si, SiC, and GaN

wide-band gap materials such as Silicon Carbide (SiC) and GaN are promising due to their superior
material properties such as high temperature operation, high breakdown voltage and high frequency
operation. Figure 2.11 can be referenced in order to find the best semiconductor for a given application.
This figure is based on a general consensus composed of many academic sources. The figure shows
that Si MOSFET is still dominant in lower, medium and, in some cases, high voltage applications when
operating lower frequency range up to 100 kHz (sometimes 200-300kHz). The low cost, plethora of
different transistor options, alongside efficient operation at these voltage levels make it the obvious
choice for these applications. The silicon technology also includes insulated-gate bipolar transistors
(IGBTs) which can be used in some areas (lower switching frequencies) of the Si application region.

SiC transistors preform better and are more stable at higher temperatures compared to conventional
Si devices. Typically, a silicon carbide transistor has the same performance as a silicon IGBT with
double the current rating. In addition, SiC reverse recovery losses are a mere fraction, around 1%, of
energy losses in silicon due to Q,,- losses [36]. The small Q,.- in SiC permits faster turn-off capability
and, therefore, more efficient operation at higher frequencies. Compared to silicon FETs of the same
rating, SiC transistors have a smaller size and close to half the cooling requirements which reduce the
surface area of a design. However, the cost of SiC is significantly higher than Si and the SiC device
benefits are only a worthwhile investment in higher voltage applications. SiC and GaN technology need
specially designed packaging and gate drivers in order to maximize their advanced operation potential.

The GaN switch is the preferred choice in medium-high frequency and low-medium voltage ranges
which is depicted in figure 2.11. Similarly to SiC, it has special gate drive requirements which result
in higher costs and additional complexities, thereby making it unable to compete with Si in the lower
frequency range. When comparing GaN and SiC, the current collapse phenomenon impedes the ef-
fectivity of GaN at higher voltages (greater than 900 V). In the high voltage and high frequency regime,
the SiC is the better choice.

Figure 2.12a offers an additional comparison between the three semiconductor materials by dis-
playing the relationship between the breakdown voltage of the transistor and the on-state resistance
of Si, SiC, and GaN. Figure 2.12b supports the findings presented in the literature review graphical
overview in figure 2.11. It also provides a brief overview of the different real-life applications that can
be implemented when incorporating the selected wide-bandgap semiconductor into the design.

In conclusion, the GaN transistor is better suited for low-medium voltage range (200-600 V), higher
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Figure 2.12: (a) Comparison between the breakdown voltage and on-resistance of Si, SiC, and GaN [37] (b) Application map for
semiconductor devices based on output power and frequency [38]

frequency and performance applications. In these applications, the transistors manufactured from GaN
material are predicted to be the best replacement for conventional Si based technology. As prices for
GaN HEMTs decrease over time [39], as is projected by EPC (a company specializing ins GaN tech),
investing in GaN switching is currently advantageous because the 600-900 V range covers the con-
verters for electric vehicles (EVs) charging, DC/DC converters in rural electrification, and photovoltaic
inverters (among other renewable energy applications). In the 600 to 900 V range, GaN devices are
expected to overtake Si devices and be in competition or coexist with SiC transistors.

A summary of the benefits of GaN HEMTs for the two converters presented in this research is listed
below:

» Lower on-state resistances yielding lower conduction losses

 Faster devices resulting in less switching losses at a given frequency

* Reduced parasitic capacitance giving less losses when charging and discharging energy
* Less gate charge needed to drive the switch (less losses)

» Smaller devices (compared to Si Fet of same level) using less space on the PCB

» Lower cost (due to HF operation and smaller passive circuit elements)






Chapter 3

Planar Transformers

The following section will describe the theory and design process for creating a planar transformer. It
will conclude by presenting the benefits of these transformers, especially for the power levels typically
found in rural electrification.

3.1 Isolated Transformer Characteristics

Operation at the maximum possible efficiency is one of the fundamental goals of a switched-mode
power converter. Components with loss, such as resistors, are typically avoided in the power stage of
any switching converter. Lossless elements, such as magnetic components (transformer and induc-
tors), switches, and capacitors, are preferred for use in the power stage of these circuits [40]. For the
context of this research, the typical isolation transformer will be the main transformer defined. Isolation
transformers provide galvanic isolation between the AC power lines (mains) and the powered device
[41]. This signifies that there is not a DC connection between the two windings. These transformers
have three main attributes. Firstly, they isolate the secondary from ground (earth). Secondly, they
serve as a voltage and current step up or step down of the line voltages, thirdly, they scale down the
line noise being transmitted from primary to secondary or vice versa. Additionally, the presence of an
air gap in the ferromagnetic core of a transformer allows for the storage of energy in the gap. However,
isolated transformers have non-idealities, such as winding resistance, inter-winding capacitance, and
leakage inductance, which can be depicted in an equivalent circuit model, such as figure 3.1(a). These
parasitic effects can introduce unwanted resistances or behaviors to the power stage of the converter.
Nonetheless, a transformer’s characteristics, even the non-ideal effects such as leakage inductance
(L), can be utilized through different configurations in order to fulfill the needs of the design.

There are different set-ups that can be used when designing the windings. There can be multiple (or
auxiliary) windings, series wired windings, and parallel winded windings. In addition, the center-tapped
secondary (seen in figure 3.1(b)) is one of many configurations that can be integrated into a transformer.
Two separate output voltages, V, and V;, appear with reference to the center point. However, the peak
voltage is twice compared to a single winding output. A single winding output is typically followed by a
full bridge rectifier with 4 didoes in order to achieve AC to DC conversion. However, a center-tapped
secondary only requires half of the diodes (2 in total) to rectify the output. The center-tapped secondary
is advantageous in applications where there is a low voltage and high current characteristic on the
output. The low voltage lessens the magnitude of the double voltage component and the conduction
losses through the diodes (due to the current) are half of what they would be in a full bridge rectifier.

3.1.1 Integrated Magnetic Structures

An integrated magnetic structure can reduce the number of components in the design, therby reducing
the cost, and allowing for the implementation of additional functionalities into a single transformer. In
resonant converter topologies, a resonant tank, which is composed of a resonant capacitor and induc-
tor, must be designed. In some situations, the effect of leakage can be used to replace the resonant
inductor in these converters. This is done by using an integrated magnetic structure. Figure 3.1(b)

25
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Figure 3.1: (a) Circuit model portraying the parasitic elements of a transformer. (b) Equivalent circuit model for a N:1:1 winding
center-tapped secondary transformer for the case where L,;, >> L;

shows an equivalent circuit model of the magnetic elements in a single transformer that has primary
and secondary side leakage components and a center-tapped configuration on the output. All of these
separate magnetic elements, including the leakage and magnetizing inductance, can be integrated
into a single isolated transformer. This equivalent circuit model is also used in the design process to
properly calculate the transfer function and the voltages and currents flowing in the power stage of
the transformer. When transferring parasitic elements in the equivalent circuit across the transformer,
a factor of N2 (or 1/N?) is needed to properly convert the value. The magnetizing inductance (L,,)
represents the inductance value associated to the primary side winding of a transformer. The theory
behind both leakage and magnetizing inductance will be explained in detail in a later section. As pre-
viously mentioned, there is the option to integrate an auxiliary winding into a transformer. This is an
additional winding (isolated from both the primary and secondary windings) which functions similarly
to a supplementary secondary winding. Generally, this type of winding is used in order to establish a
voltage power source for low voltage components in the circuit.

3.1.2 Isolation

In order to ensure sufficient protection from electric shock by eliminating a conductive path between the
primary and secondary, certain standards and regulations are defined by the International Electrotech-
nical Commission (IEC). These standards vary based on the voltage level and area of application in
which the transformer is used. For instance, in rural electrification, there are standards put in place
that require for a transformer to adhere to the Safe Extra Low Voltage (SELV) standard defined in IEC
60364 [8]. The SELV systems must have protective separation such as reinforced insulation, double
insulation or protective screening from all circuits carrying higher voltages [42]. Moreover, the trans-
former cannot be earthed. SELV cables need to be double insulated or wired through plastic conduits
when it is possible that they could come into contact with other circuits. The performance and structure
of the reinforced insulation assures that the system is still safe even if the basic insulation fails. Rein-
forced insulation and double insulation provide the same degree of protection against electrical shock
and guarantee that even if one of dielectric layer fails, the additional layer will sustain the required level
of insulation so that the system or device remains safe.

In order to determine how much insulation is needed to achieve a desired blocking voltage, testing
can be done by applying the maximum DC voltage across the transformer and monitoring the circuit
to see if there is any leakage current drifting across the transformer. The barrier or insulation can be
composed of dielectric materials and air. Each dielectric material (including air) provides voltage block-
ing capabilities for a given thickness, depending on the individual properties of the medium. Therefore,
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when designing an insulation barrier, the designer bases the thickness of the dielectric layer on the
magnitude of blocking voltage required. There are two parameters, clearance and creepage, shown
in figure 3.2, that indicate the needed distances for constructing the transformer when insulated by
air. The clearance is the shortest path between the primary and secondary sides of the transformer
(measured through air), whereas the creepage is the shortest path between the primary and secondary
sides of the transformer (measured along the surface of the insulation).

% Through Air 5

Figure 3.2: An illustration which presents a visual representation of clearance and creepage in a transformer [43]

3.1.3 Planar Transformer Overview

The windings in a planar transformer are tracks or traces of copper on a multilayered printed circuit
board. This copper trace is visible in figure 3.3(a). Each individual layer is separated by an insulating
material, commonly FR4, which is the industry standard insulation material used in PCBs. Unlike the
spiral or helical windings of a conventional transformer, those in a planar transformer are printed on
a flat surface and extend outwards from the center of the core. In figure 3.3(b), the internal make up
of two PCBs, one for the primary and the other for the secondary, are shown in a 3D image. This
representation also depicts how there are different winding configurations per layer, and how they
interconnect through the use of vias (holes filled with copper to interconnect different layers). Figure
3.3 is a typical planar transformer where the core halves can be joined together with tape, glue, or
clamps. There is also a hybrid planar transformer (not shown) that is composed of both integrated
PCB windings and traditional helical windings connected to the surface of the PCB.

Apart from the winding, the core is the other main component of a PT. There are different core types
(soft magnetic materials), such as ferrites, nanocrystalline, and iron based, each with unique properties
that are suited for different applications. Generally, for PTs, the operating frequency is much higher and
ferrites are the preferred core type. This is due to the naturally high resistivity in ferrite cores which
results in insignificant eddy current losses and reduced core losses compared to other materials at high
frequency [46].
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Figure 3.3: (a) Planar transformer made of multilayer circuit boards. The PCB is located around the smaller-sized ferrite E core.
[44] (b) 3D representation of a primary side PCB (left) and secondary side PCB (right) where the start and end of the winding is
shown as well as the different winding configuration of each layer. [45]

3.2 Electromagnetic Theory

In this section, the relevant electromagnetic background theory, pertaining to planar transformer de-
sign, will be explained. The permeability (u), the capability of a material to conduct flux, is a key de-
sign parameter when selecting the transformer core. The permeability is influenced by frequency and
temperature. The permeability of a material drastically drops off at the curie temperature, a material
parameter. It is formulated by the ratio of the flux density (B) to the magnetizing force (H).

B = uH [gauss] (3.1)

The magnetic flux density is the flux divided by the core cross-sectional area, therefore the flux
density can also be formulated as equation 3.2.

B = @ [gauss] (3.2)
Ac
H can be defined as a force per unit length and this force is directly proportional to the magneto-
motive force (mmf). However, the mmf should not be confused with the magnetizing force, H, because
they have a cause and effect relationship. Both are defined in equations 3.3 and 3.4, respectively, and
are derived from Ampere’s law.
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MPL is the mean path length in centimeters, N is the number of turns, and | is the current in Amperes.
Generally, the magnetic circuit (composed of reluctance, flux, and mmf) is used to analyze the circuit
and define the effects from occurrences such as air gaps in the magnetic core. The magnetic circuit is
quite similar to its electrical circuit counter part where the reluctance, flux, and mmf function similarly
to the electrical circuit’s resistance, current, and voltage, respectively. Figure 3.4 provides a visual
representation of the different core parameters including the addition of an air gap. An air gap can be
used to handle the DC flux in the core. It is represented by a large reluctance in the magnetic circuit
and is the main contributor to the change in the permeability of the core. Therefore, when designing a
transformer, it is imperative to consider the effects that the air gap causes to the value of permeability.
U, is the relative permeability which is used to define the conductivity of flux in magnetic materials. The
total permeability is a composition of the materials relative permeability and the permeability of free
space (u,) which can be seen in equation 3.6.
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Figure 3.4: A basic magnetic core with an air gap [47]

K= Urio (3.6)
where y, is equal to 4m * 10‘7%. Now considering the air gap [, we obtain equation 3.7,

Uy
W =

=—"
1+uM—“ZL

(3.7)

The magnetic flux density depends on the current, number of turns, and core parameters. When
designing a transformer, the maximum magnetic flux density B,,,,,, must be determined in order to select
a core which can handle the calculated value. Often the parameters for current and N are fixed based
on the design requirements of the application, therefore, the magnetic flux density is controlled by the
air gap. This conclusion is also described in [47] where it is stated that the flux density is controlled
by the gap, for a given magnetomotive force (which is dependent on the magnitude of the current).
Moreover, by using the above equations, we can generate an expression to show the main design
equation for B and the air gap.

0.47N Ly gy

YPL [gauss] (3.8)

Brax = Ur
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if combined with equation 3.7, then,

0.4nNI
Bnax = —gpr - gauss] (3.9)

Another equation can be formulated for magnetic flux density. The previous equations are displayed
in units of gauss which is equivalent to one ten thousandths of a Tesla. The unit of Tesla can be

expressed as volts seconds per meters squared and the following equation comes in this form and is
useful in the design process.

Vin,max

Bax FAKN [tesla] (3.10)
The variable f; is the switching frequency and the constant K is the waveform coefficient of the AC
signal at the input of the magnetic structure. In switching converters this signal is typically a square
wave and the value of the constant is taken to be 4.44. Equations 3.9 and 3.10 can be compared to
see which situation produces a higher magnetizing flux. The core should be able to account for the
maximum B,,,,. Each transformer winding has a magnetic inductance associated to it. The value for
magnetic inductance is an important design parameter and its effects on the circuit vary with respect

to the topology or application. The fundamental equation to describe inductance is defined as,

t)=1L di 3.1
= ¥ — .
V(O =L+ — (3.11)
from this equation we can deduct that, for a given voltage, the inductance will limit the change
in current over time. Furthermore, the inductance of a transformer is also affected by an air gap or
change in permeability. Current carrying coils generate magnetic flux which is transmitted throughout
the core. The magnetizing inductance L,, is representative of the flux that actually links to the core of
the transformer.

_ HolrN?Ac
MPL
The value of L, will have an effect on the rate of change in the current flowing through the trans-

former. In addition, similarly to the magnetic flux density, the implementation of an air gap will affect
inductance.

Ly [henrys] (3.12)

2
Ly, = % [henrys] (3.13)
lg + T

Many core manufactures also provide an inductance factor abbreviated as A;. This parameter
usually comes in the units of nano-henry per number of turns squared (nH/N?). The designer simply
multiplies A; by the number of turns squared to receive a value of L, (not considering air gap). The
method for designing magnetizing inductance depends on the required L,, for the application and the
size of the air gap. Furthermore, the leakage inductance will always be a smaller fraction of magnetizing
inductance. This should be kept in mind if a specific leakage is needed in the design.

3.2.1 Leakage Inductance

Operation of transformers at high frequencies presents unique design problems due to the increased
effects of core loss, leakage inductance, and winding capacitance [47]. Unlike the magnetizing induc-
tance, the leakage inductance is distributed throughout the windings of a transformer and it represents
the flux that does not link to the core. Each winding has its own degree of leakage inductance which
can be represented as a single parasitic L, as was seen in figure 3.1.

Turn-on voltage spikes are one of the main negative effects due to the presence of leakage. The
energy stored in the leakage inductance can result in a spike that will always appear on the leading
edge of the voltage switching waveform [47]. The energy stored in the leakage can be calculated by
the following equation, note that it will increase with the load.
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Lk(ka)Z
2

The value of leakage inductance often becomes a design parameter in the transformer design pro-
cess. This is the case when the leakage is used as the resonant inductance of the tank in a resonate
converter or if the designer wants to limit the leakage inductance to reduce the unwanted parasitic
effects. There is a general estimation that is used to approximate the value of leakage based on the
magnetizing inductance of the core. However, this can be highly inaccurate and better estimations can
be made based on the core geometry which has a large influence on the value of leakage inductance.
A unique formula must be derived based on the core and the winding configuration and, although the
calculation is fairly accurate, it is not a precise result. The following equation shows a possible leakage
calculation where a, b, and c are winding length, window length, and insulation thickness, respectively,
in cm.

Energy = [watt — seconds] (3.14)

w(MLT)N? Ya _
Ly = T(Z c+ T)(w %) [henrys] (3.15)

This formula also shows that the magnitude of leakage is affected by the number of turns on the
primary. Furthermore, thicker insulation (resulting in fewer flux lines to couple the two windings to-
gether) will increase the value of leakage inductance and is one of the negative effects when the user
is required to implement higher levels of insulation. A larger window length can reduce the magnitude
of the leakage and for that reason planar cores with long, wide, flat geometry have large window length
and naturally reduce the value of leakage in this respect. In general, the leakage can be minimized by
placing the winding of the primary, as close as possible to the secondary winding, using the minimum
amount of insulation. This decreases the average distance between the windings and yields a fraction
of the original magnitude of the leakage. In the case of a planar transformer, where printed circuit board
layers are used, the only way to reduce the leakage inductance is to divide the primary winding into
sections, and then sandwich the secondary winding between them. This process is also referred to as
interleaved windings which can been seen in figure 3.5.
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Figure 3.5: Cross sectional image of a planar transformer with 3 PCBs, a 6:1 turns ratio, and an interleaved winding configuration
where the secondary is sandwiched by the primary

Interleaving reduces the AC losses because it reduces eddy currents in the traces, thereby increas-
ing flux linkage to the core. Interleaving specifically targets eddy currents produced by the proximity
effect (discussed more in detail in section 3.2.4). One last consideration should be given to maintain-
ing a balanced DC resistance between the windings which becomes more of a concern when trying to
interleave the windings. If the distance between the two windings is minimal this can result in unbal-
anced interwinding capacitance potentially leading to EMI issues. This imbalance can be minimized
by increasing the insulation between the primary and secondary windings as much as possible, e.g.
dielectric shield, tape, or auxiliary winding.

In summary, core and winding configurations, formulas, and general approximations can be used
to pinpoint a general value of leakage inductance, but proper measurements should be taken in a lab
setting to determine the leakage inductance and get the exact value. Actual measurement is one of
two best ways to verify the value of leakage and should be done after the transformer or inductor is
manufactured and is physically available for testing. The preferred method to measure the leakage
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inductance will be discussed later in the results (chapter 6). The other method for obtaining a precise
leakage inductance measurement is to use finite element matching (FEM) simulation with an accurate
core and winding model. However, this is beyond the scope of this research. There are always de-
sign trade-offs between the distance separating the primary and secondary, core parameters, winding
configuration, leakage inductance, and parasitic capacitance.

3.2.2 Winding Capacitance

Operating at high frequency presents unique problems in the design of transformers to minimize the
effect of winding capacitance. Transformer winding capacitance has three main negative attributes.
Firstly, it can introduce a premature resonance into the transformer. Secondly, the winding capaci-
tance can produce primary current spikes when operating from a square wave source (which is typical
in converters) and lastly, this parasitic capacitance can permit electrostatic coupling to other circuits. As
can be seenin figure 3.1(a), there are multiple elements of capacitance that constitute the total parasitic
capacitance of the circuit. The capacitance elements C,,; and .. are comprised of the capacitance
between turns, between layers and stray capacitance while the winding-to-winding capacitance is rep-
resented separately as Cy -

Keeping turns to a minimum and increasing the insulation spacing between the primary and sec-
ondary will keep the capacitance to a minimum. In the case where interleaving the primary and sec-
ondary windings is actualized, this minimizes the winding capacitance but it increases the winding-
to-winding capacitance. In general, for design considerations, transformer parasitic inductance and
capacitance have an inversely proportional relation; if the leakage inductance is increased, the capac-
itance will decrease, and vice versa, if the designer increases the parasitic capacitance, the leakage
inductance decreases. The exception is the number of turns. A low number of turns will reduce the
effect of both leakage inductance and winding capacitance.

3.2.3 Fringing Flux

When designing a transformer with an air gap, the designer should take into consideration the fringing
flux factor, which can be seen in equation 3.16.

lg <2W>
Fep =1+ — In| — (3.16)
Ve \lg

where [, is the air gap and W is the length of the core window. If the fringing flux is not handled
correctly, there could be premature core saturation. The fringing effect lowers the reluctance seen in
the magnetic path and therefore increases the inductance of the winding. Furthermore, high frequency
operation enhances the effects of fringing flux and its parasitic eddy currents. Fringing flux can reduce
the overall efficiency of the converter, by generating eddy currents that cause localized heating in the
windings and/or the brackets and due to this concentration of the flux in the magnetic core there are
increased copper losses [48].

The presence of fringing flux can be utilized by the designer to reduce the value of leakage induc-
tance in the windings closest to the air gap. The effect of fringing flux helps bind more flux to the core
around the air gap. Placing transformer windings in this area can reduce the magnitude of the flux that
leaks out of the windings [40]. Therefore, there is a connection to the size of the air gap and the value
of the leakage inductance. This is more-so the case in planar transformers which are known for a low
profile, fewer windings, and a closer proximity between the windings and the air gap.

3.3 Losses

3.3.1 Copper and Conduction Losses
Skin Effect and Proximity Effect

The AC copper losses in a transformer are composed of skin effect loss and proximity effect loss. They
are similar because both effects generate unwanted eddy currents (a result of Farady’s law) in the wire
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or conductor. High frequency operation can increase the magnitude of these effects because of the
natural tendency of current flow. Current flows in the path that yields the smallest expenditure of energy.
At lower frequency, this pertains to the path of least resistance with respect to i2R losses (uniformly
distributed). At higher frequencies, current flows in the path that minimizes inductive energy or energy
transfer to and from the magnetic field generated by the current flow (from [49]). The result of this
behavior is that high frequency current concentrates close to the surface of a thick conductor resulting
in a higher net resistance (higher i?R loss) but minimizes the transfer of energy to the net inductance.
This phenomenon is known as the skin effect. The numerical significance of this effect can be defined
as skin depth (or penetration depth Dy,). Dper is defined as the distance from the conductor surface
to where the current density (and the field, which terminates on the current flow) is 1/e (Euler’s number)
times the surface current density and is defined as,

’ p
D = meters 3.17
pen T[.uoﬂrfs [ ] ( )

where p , for copper, is equal to 2.3x1078Qm and u,. = 1.

The proximity effect is caused by induced eddy currents due to the presence of an alternating
magnetic field of other wires in close vicinity [47]. The existence of eddy currents cause a distortion
of the current density (described above) and this "distortion” is the consequence of magnetic flux lines
that generate eddy currents in the magnet wire which cancel out the main current on one side of the
conductor while simultaneously enhancing the main current on the opposite side. In appendix C, there
are figures that depict this situation in detail.

In summary, regarding the AC copper losses, it is an accumulation of both the skin and proximity
effects. The skin effect is the result of the frequency, trace thickness, and thermal design of the magnetic
component, while the proximity effect is the result of the winding configuration and number of layers.
When calculating the total AC copper loss, the Dowell graph is used (shown in figure 3.6). The graph
produces a value for R, and the total AC copper power loss can be calculated with respect to the
current level.
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Figure 3.6: Dowell Graph where the x-axis is Q = layer thickness / D, and the y-axis is the ratio between R4 and Rpc

For planar transformers, there are generally less layers and there is one standard copper trace
(compared to multiple wire options e.g. litz, massive, etc...). Therefore, the main factors contributing
to AC loss are the frequency and the parameters of the Dowell graph. There is also a consideration
or trade-off between layer thickness and number of layers. Additionally, interleaving the windings, a
natural characteristic available to PTs, reduces the AC resistance (by reducing the proximity effect) but
increases the level of common mode noise [45].
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Conduction Losses

The DC loss component, or conduction loss, of the copper traces is proportional to the magnitude
of current and resistance. The electrical resistance of a conductor is associated to its total length
l,,, cross-sectional area of the trace A,,, and resistivity p. This relation can be seen in the following
equation,

l
Rpc = pAi [ohms] (3.18)
w

Often in planar transformers, each layer can have a different value for thickness, 4,,, and Iw (shown
in figure 3.3(b)). However, as mentioned previously, there should be a balanced DC resistance in all
the windings. This is not the case for the relationship between the primary and secondary windings and
appropriate resistance calculation should be done for each side, respectively, according to the different
winding resistance and current ratings for each side.

The total copper losses can be calculated as follows

Pey = irz;riRAC,pri + i;z;riRDC,pri + i?ecRAC,sec + i?ecRDC,sec [watts] (319)

where R, Rp¢, and the current are considered separately for both the primary and secondary side.

3.3.2 Core Losses

Core losses are composed of hysteresis loss and eddy current loss. When a transformer is completely
magnetized and then afterward demagnetized, the results can be seen in a hysteresis curve. The hys-
teresis diagram, based on DC current, describes the relationship between B and H but it also illustrates
the energy lost in the core. The area inside the curve represents the total loss during one cycle which
also signifies that the loss increases with frequency. As H increases, the flux density B increases along
the curve until the saturation point (B;) is reached. Core saturation causes the losses in the PT to in-
tensify, possibly to a catastrophic degree, if thermal runaway occurs. The hystersis effect can be seen
in figure 3.7.

The other component of core loss are eddy currents which were previously defined when describing
the AC loss component due to the skin effect in the windings. If the core has a lower resistivity this
loss mechanism will be of greater magnitude. It is the result of induced electromagnetic forces (EMF)
on the core which cause circulating currents to flow. The eddy current losses are greater at higher
frequencies.
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Figure 3.7: A typical hysteresis curve [47]

In practice, the core loss can be described in different ways. It can be displayed in a graph of power
loss versus frequency and magnetic flux density or as a constant or variable that is provided by the
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manufacturer (based on a set of testing conditions). In addition, the core loss can be approximated
using FEM simulation. In summary, when it comes to core loss, a designer must be flexible and consider
the method used by the core manufacturer as well as being aware of the constant reliant formulas
derived in literature such as the Steinmetz equation below,

Phys =kp fsa Br[r;lax * Voore [WattS] (320)

Poc = ke fsz Br%tax * Veore [watts] (3.21)

where ky,, k., a, and § are the Steinmetz coefficients which are material parameters and a / § are
generally derived from the B-H hysteresis curve of a material. B,,,, is preferred in the design process
in order to consider the worst case loss scenario. Furthermore, the core losses could be lower or
higher depending on the waveform type (sin ,triangle, etc...) therefore adjustments can be made to the
Steinmetz constants to account for changes in the form factor (harmonic distortion) of the waveform
[50].

3.4 Planar Transformer Design and Construction

3.4.1 Design Process

The design process for a planar transformer varies on the application and requirements of the design.
In order to account for this variability, figure 3.8 illustrates the process in a step-by-step generalized
approach that can applied to a wide variety of different applications, specifically for PTs in power elec-
tronic converters. The flow diagram follows a sequential pattern until the blue highlighted stages. The
early stages of the diagram are comprised of straight-forward calculations based on topology design
equations (such as those presented in chapter 2) and the equations previously defined in the elec-
tromagnetic theory section. Moreover, a "general plan” for the windings are presented as part of the
early process. This is a good practice to ideate geometric requirements for the core. This pre-design
visualization not only assists in the decision for core size but also for the shape of the core (E, U, EQ, R,
etc..). The blue section indicates where the design process embraces a trial and error concept where
there is a loop of steps that repeat until the loss due to B,,,, (from loss curve of core material) is less
than or equal to the desired core loss condition is met. This reiterative process is not always focused
on obtaining the B, loss condition. The designer must be focused on the values and adjustments of
N, Ly, ly, and L, as much as By,,,. Consequently, this is the most lengthy part of the design process
and computational scripts can assist in running multiple scenarios. The final stages of the diagram
are related to finalizing the winding configuration as well as producing the information to implement
FEM and thermal (loss) modeling. The following list is included to present some of the methods and
trade-offs which can aid in the PT design process:

Methods
* Increasing ratio of turns, e.g. 7:1 to 14:2
— Increases total L,,, L, flux saturation level, and resistance of the traces
* Placing multiple cores in series
— Increases the A, flux saturation level, lenght of MLT, and resistance of the traces
» Configuring parallel traces on different layers

— Enhanced current handling capability and reduction in losses (balanced DC resistances of
traces must be maintained)

Trade-offs
* Reduce the number of turns

— Higher core loss, lower saturation level, and lower L,, and L,
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* Reduce the thickness of conductors and insulators
— Higher winding resistance, inter-winding capacitance and less L,
* Increase the window width

— Higher inter-winding capacitance, number of turns, and increased losses due to proximity
effect

Design parameters (based on topology)

Turns Ratio (Npri/Nsec)= Vin. Vout. linmax-

IOUI,I’W’TBXY fS

A 4
Calculate Ly, and approximate Ly ]

J v

Selecting Insulation parameters
Y
Material selection (based on fg): L Based on application standards and L
Bgat, resistivity, Steinmetz constants,
Core loss curve based on B v
(General plan for winding configuration (number\
of layers, auxiliary winding, etc...)
Calculate trace width based on RMS
\_ current, layer thickness )
Y A 4 A 4
. . ( Calculate number of turns N based on R
Choose core size and shape: 2 L and W
A. , mean length of turn (MLT), window > (0 &
area W,, Inductance Factor A J Re-approximate Ly
A /
A 4
3

Re-calculate: By, based on
Imax. N, and A

Adjust air gap size /g (if needed)
(adjust L, and Byhax due to Fringing Flux)

Loss due to Bmax < Desired Loss
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(see loss curve)

4 N

Finalize winding configuration:
Interleaving, interconnections between layers,
start and end point, reduce parasitics and
proximity effect

—YES—> Calculate core loss, copper losses, and
conduction loss

Calculate and verify Ly

- J
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' ™
1.Use computational method to create the traces 1. Calculate Efficiency
2. Accurate FEM simulation can be implemented 2. Thermal Modeling
. J

Figure 3.8: A flow diagram that illustrates the design process for a planar transformer
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3.5 Coding Traces and Layout in Python

Once the design process is complete, the PCBs need to be constructed in order to fit effectively into
the design. A Python script was created to make an algorithm for the traces and KiCAD software is
used for PCB routing. A Python script can be activated through the use of KiCAD’s scripting console.
The process of properly constructing the winding becomes more complex as the number of turns and
layers increases. It is more efficient and reduces the chance of user error (when routing by hand) to
use code to generate the winding.

In order to compensate for a wide variety of different core types and winding configurations, multiple
code blocks were written where each actualizes a different functionality. The final scriptis a composition
of different blocks which are chosen based on the designer needs. The coding blocks and the variables
associated to each block are defined in the following table:

Table 3.1: Table which outlines the individual components or blocks of the Python script. The inner rows share the same variables,
apart from two unique cases which are depicted as such

Block Associated Variables
Core Type (E or U)
1 | Core Core Dimensions (length, width, window length(s), length of leg, width of leg)
Layer (edge cut)
2 | Clockwise Winding (Arc) Leg specification (primary or secondary side)

Layer (4 possible layers)

Thickness of trace

3 | Clockwise Winding (Octagonal) Number of turns

Clearance (between first trace and core- left and right sides)

Scaling Clearance (between subsequent traces for N turns)

4 | Counter-Clockwise Winding (Arc) Vertical Clearance (between first trace and core on top and bottom side)

*** Unique Variables

5 | Counter-Clockwise Winding (Octagonal) | Arc: angle or.degree (a constant fixed at 90) . . ‘
Octaganal: Diagonal length (length of top and bottom side diagonal in trace)

6 | Start/End Adjustments Trace related variables to adjust position of start and end points

In order to connect individual layers, vias must be used. The number of vias used to make a con-
nection is based on the current through the trace. Furthermore, the vias must not break clearance
standards and cannot intersect with other traces on different layers. Therefore, the designer must con-
sider layer connections and the start/end point for both the primary and secondary sides before starting
the code. These connections must be planned before determining the orientation and placement of the
windings. In the case where the planar transformer is designed externally from the main circuit board,
mounting or castellated holes are placed on the edges to make connections between layers and to
connect from the planar transformer to the main board. The paths after the start and end point should
be as short as possible to reduce EMI and the overall DC resistance. An example of an output of the
code is shown in figure 3.9 where the vias were placed by hand.
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Figure 3.9: Traces generated by a python script. An auxiliary winding created with two layers in parallel was extracted from the
primary side and shown on the left

As a last remark, this code can be improved upon with a consolidated, method-based, algorithm,
less reliance on user inputs for adjustments and via connections, and the addition of a graphic user
interface (GUI). The code was developed specifically for this thesis and its main purpose is for drawing
the windings and outlining the core parameters to assist in the overall design process.

3.6 Conclusions and Findings

Due to the decreasing cost of multi-layer PCBs, planar transformers are gradually replacing conven-
tional transformers, especially when smaller sized magnetic components are required (high frequency
and lower power applications) [51]. Therefore, PTs are quite useful for power electronics utilized in
rural electrification because these converters typically fall into this lower power category. The cores’
reduced height (low profile) and greater surface area, when compared to a conventional magnetic core
of equal volume, have improved heat dissipation capabilities [52]. The low profile also is useful when
constructing rack-mount, or portable sized equipment. Alongside these benefits, the cores typically
have a greater magnetic cross-sectional area which enables fewer turns and a reduces the magnetic
flux density for a given current. Thick traces with a reduced path length replace wire wound windings
of the conventional transformer which results in a smaller winding resistance (depends on application).
The winding structure and inclusion of muli-layer PCBs naturally facilitates interleaving and simple in-
terconnections (using vias) between layers. Interleaved winding lowers the magnitude of the leakage
inductance L. Furthermore, interleaving can reduce the proximity effect in the copper traces lowering
the AC winding resistance. However, in inductors and flyback transformers using air gapped center-
legs, certain winding configurations can often result in greater AC winding loss [52].

The windings for planar transformers are manufactured by machines that are both precise and con-
sistent. This results in winding structures with highly controllable and predictable parasitic parameters
and low tolerance cuts. These PTs have superb reproducibility due to the precision of the manufacturing
process. Furthermore, with low cost PCB manufacturing, the overall price compared to a conventional
transformer of the same size is lower and a bobbin is generally not needed for PTs. The final advantage
discussed is the flexibility and capability to adjust the design as needed. The design of the windings as
well as core selection can be easily changed in order to tweak the design parameters. This is a very
useful trait during prototyping or in modular systems that require increasing power handling capabilities
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at each stage. In order to complete the analysis, some of the main limitations of planar transformers,
discovered over the course of the thesis, are listed below:

* Increased footprint area
— larger surface area, for a given volume, when compared to conventional transformer
* Reduced window area

— the window area of planar core is much smaller than the cores used in conventional trans-
formers

« Limited selection of planar cores for shapes other than E-planar
*» Low copper fill

— PCB trace windings have lower copper fill factor about 0.25 where as conventional windings
have around 0.4. This is due to the fact that the windings in PCBs has higher spacing
between turns and dielectric thickness [53]






Chapter 4

Unidirectional LLC Prototype
Modeling, Design, and Construction

This chapter presents the complete design process for the unidirectional Half-bridge LLC DC/DC con-
verter. The process includes simulations, transformer design, thermal considerations, and the PCB
layout.
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Figure 4.1: Basic Schematic for the unidirectional LLC converter where L, = Ly,

4.1 Preliminary Design

The half-bridge LLC was chosen as the converter topology for the rural electrification DC microgrid to
household unidirectional power electronic interface. The basic schematic of the design can be seen
in figure 4.1. The center-tapped secondary side includes rectifying didoes and therefore, there is no
active synchronous rectification. The converter was designed for a resonant frequency fz; of 1 MHz.
The input voltage range is 300-400V, settling at a nominal value of 350 V. The output voltage range

41
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is 20-30 V, which is an uncommon output voltage range that is specifically for this rural electrification
application. This converter is part of a modular solar home system (containing USB-C connections for
loads). The maximum operation voltage of USB type C power delivery is 20V which signifies that the
converter output should never drop below 20 V. This converter is the component of the modular system
that interconnects a SHS to a DC microgrid. The batteries in the solar home system, depending on
the state of charge (SoC), have a voltage that can range from 21 (when batteries are empty) to 28.5V
(fully charged).

The schematic in figure 4.1 depicts a split resonance capacitor on the primary side. This is a
slight variation of the typical half bridge LLC where the two capacitors are connected in parallel to
the switches. If each capacitor has a value of C,/2, they add together so that the capacitance of the
resonant tank is equal to C,.. This is implemented in order to mitigate the current stress into two equal
capacitors and reduce the initial imbalance in the rise volts-seconds applied to the transformer during
the start up. The currents through the switches remain unchanged and the configuration will decrease
the stress of the input capacitor and the input differential mode noise [19].

The main half-bridge LLC design equations are adapted from [19], [22], and [54]. The turns ratio
of the transformer is determined based on the desired input to output ratio. It should be noted that
the turns ratio is different than the number of turns on the primary and secondary sides, respectively.
Generally, N is defined as N; /N,.

1
Vour = EN * Vin 4.1)

Next, the desired total power is determined to be 240 W, as defined in the design parameters of
table 2.1. After determining the total power, the output load range can be determined. Figure 4.2 shows
the equivalent circuit model used as a reference in the design of the half bridge LLC converter.
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Figure 4.2: Equivalent circuit model for an LLC resoanct tank where L,,, >> L

The values of C, and L, were selected based on obtaining fz; while meeting the requirements of
equation 2.2. Moreover, the value of L, depends on the transformer design. The approximations for
L, presented in chapter 3 were used to pinpoint a leakage value. The value for C, was adjusted based
on the predicted leakage and its total stored energy. L,, is determined from the f3, (equation 2.3),
the desired Ly4¢i0 (Lp/Li), the number of turns, and dead time (time needed for ZVS to occur) based
on equation 2.4. The magnitude of the air gap (required in a HF LLC converter) also factors into the
value of L,,. The value of L,,:;, should be determined to meet the requirements of the application
and the desired frequency range of operation. A higher L,.,;;, separates the two resonant frequencies
over a wider frequency range and has small conduction losses due to smaller circulating currents. A
smaller L,4;:;, Yields a narrow range for frequency modulation and the output gain will rapidly change
with a small frequency adjustment. Additionally, the smaller ratio will have higher circulating currents
and more losses.

R,. is the load impedance reflected over the transformer to the primary side. There is a square
wave waveform coefficient of 8/ to produce a more accurate approximation of the impedance.

8 Rload
2" TN

ac —

(4.2)

Where R;,,q varies depending on output load requirement. With a completed equivalent circuit
model, the quality factor (Q) at different loads and the transfer function of the resonant tank can be
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derived. The following equation defines the quality factor which is representative of the magnitude of
reactive power in the tank.

P 4.3)
= * —_ -
RaC CT

A high Q means that there is significant current circulating (the reactive power is high) resulting in
a large phase shift between waveforms in the power transfer. At a smaller Q, the waveform overlap
duration (the phase of external energy re-circulation) is smaller which means there is less reactive
energy and an improved energy transfer process (less losses). This value is important when diagnosing
the operation points where the designer can expect higher circulating currents. The size of the air gap,
and therefore magnitude of L,,, will effect the magnitude of circulating current. If the magnetizing
inductance decreases, the circulating current will climb to higher peak values.

The transfer function, derived using Kirchhoff’s current law in the circuit of figure 4.2, is presented
below:

Vout _ Zm * Ry
Vin (Zk + ZCT') * (Zm + Rac) + (Zm * Rac)

(4.4)

where Z,,,, Z.,, and Z,, are the Laplace transforms of the impedance L,,,, C,, and L;, respectively. This
transfer function is used to plot figure 4.3 which portrays the gain versus frequency curve used in both
the control and design process.

BCM LLC, Lm = 50 uH, Lk =10 uH, L ratio = 5, RL varying

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
Frequency in MHz (f_ = 1MHz)

Figure 4.3: Gain curve for the designed LLC converter, where fz; = 1 MHz and the black dotted line represents the maximum
gain of the system which would be the worst-case-scenario if V;;, was 300 and Vout needed to be 30 V

The input and output capacitances of the half-bridge LLC converter are determined based on the
amplitude of the ripple voltage seen at the input and output, respectively. The duty cycle, load current,
and switching frequency (f;) are the main factors that affect the magnitude of the input voltage ripple
[55]. The value for capacitance must be designed to tolerate the maximum energy that is received from
the power transfer. Ceramic capacitors are selected because of the low equivalent series resistance
(ESR). The design considers the maximum limits as well as transients seen which can boost the out-
put ripple. The document presented in [55] provides an in-depth explanation for the input and output
capacitor selection process referenced for this design. The following formulas were used to determine
the minimum value for input/output capacitances in order to produce an output voltage ripple (V,x—pk)
of 1% of the nominal 24 V output voltage.
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_ lLk-pk)
Cin(min) = BFVorr (4.5)

Iyt *dc(1 —dc)
fs * Vok—pk

Where i, ,k—pk) is the current ripple in the series inductance component of the tank and dc is a 50%
duty cycle. The remaining parameters needed to complete the design are the value for the currents
seen in the primary tank and at the output of the center-tapped transformer. Mathematical approxi-
mations for DC current can be obtained from the P=VI relation for the input and output but it does not
account for the value of circulating current that can increase the overall current flowing in the tank. The
following two equations, referenced from [54], provide an additional estimation for the RMS current
value of the primary and secondary side currents in the tank for a half bridge LLC converter.

(4.6)

Cout(min) =

0.25 * Ve
Irms(tank) = 2 4.7)
(VN * Rigaa) | (N REpqaT? /1) + 47
V3V,
Lrms(sec) = ﬁ \/ 12m* + ((5m2 — 48)N*R}, 4 T¢ /L3n) (4.8)
oa

Where N = N,,; /N, and T is the switching period. A MATLAB script was created for the calcula-
tions in the design. A complete summary of the numerical results are presented in table 4.1. All of the
values are based on the design process described above and in the LLC section of Chapter 2.

Table 4.1: All of the parameters used in the preliminary design phase and for simulating the converter

Preliminary Design Resonant Tank Control
Parameter Value Parameter Value Parameter Value
Vin (range) 300-400 V Ly 10 uH T4t (min dead time) 17 ns
Vin(nominal) 350V Ly 70 uH Duty Cycle 50 %
lin (max) 800 mA Lyatio 7 fs gain of 2 425 kHz
Voue (range) 20-30V C, 2.5nF
Vout(nominal) 24V Limstank) | 1.46 Ay Input/Output Capacitance
Loyt (max) 10A Lenscsec)y | 947 Apms Parameter Value
N Primary 10 turns fr1 1 MHz Cin 2.2 uF
N Secondary 1turn fr2 355 kHz Cout 22 uF
R;(nominal) 20 R, 162 Q

4.2 Transformer Design

The planar transformer was designed based on the process outlined in-depth in the flowchart presented
in figure 3.8. The methods and formulas used to determine many of the important design parameters
for the PT are highlighted in chapter 2 but the choice of the core and winding configuration due to safe
extra-low voltage SELV requirements will be discussed thoroughly in this section.

The SELV regulations required for applications in rural electrification denote that there must be
sufficient isolation between primary and secondary side windings. In the IEC 60364 [8] SELV stan-
dardization document, in order for a transformer to have sufficient isolation (through air) at a primary
side operation voltage of 420 V with up to 2500 V of mains transient voltage, 4 millimeters of clear-
ance and 5 millimeters of creepage are needed to obtain reinforced isolation. These isolation related
parameters are considered when determining the appropriate size for the core, specifically, a large
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enough window area to allow for sufficient clearance. The recommended trace widths for the primary
and secondary side were also considered to select the core. The transformer required 10 primary side
turns each of which can handle up to 1 A of current. The secondary side required 2 windings, 1 for
each center-tapped winding, with maximum of 10 A of current. The KiCAD software has a built-in trace
width calculator based on the layer, temperature rise, and current level expected.

The final aspect that was considered for the core selection was the expected leakage inductance.
The overall goal was to design a PT that had 10 uH of leakage using a common winding configuration
(not interleaving). The winding configuration, 10 turns in total, split over 4 layers (1 on top, 3 on each
of the remaining 4 layers), is shown in figure 4.4.
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Figure 4.4: Layout of the planar transformer for the unidirectional half-bridge LLC converter. The top layer (red), primary side
(left), includes 2 parallel traces creating an auxiliary winding and one primary turn (out of the 10 required turns). The secondary
side is a center-tapped configuration with 2 turns, each containing one inner layer in parallel in order to increase current handling.

Journal article [56], a well referenced guide which compares core types and magnitude of leakage,
describes the well-known planar E-core as the best core for minimizing leakage only when interleaving
is implemented. If the windings are wound in a conventional manner (as seen in figure 4.4 where
primary and secondary are not interleaved), the leakage inductance is less in core types, such as
the U-core, where the leakage is 2.4 times lower compared to planar E. This numerical ratio is only
valid for a certain testing scenario but the reason for this, in general terms, is that there are thinner
windings and shorter length of a turn in the U core compared to the planar E-core. The planar E-core
is known for its low profile with a large surface area compared to a U-core of the same volume. In
conclusion, the U-core was selected as the core type for this PT because it allowed for a conventional
winding configuration where the primary and secondary can be adequately isolated. Furthermore, a
high number of turns would produce significant leakage for the resonant tank inductance, but it would
be a leakage of lesser magnitude compared to that of a planar E-core. The U-core also has a greater
height and the air gap location (with respect to the windings) can be used to manipulate the value of
leakage inductance. Due to the presence of the fringing effect, the primary side leakage inductance
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can be minimized by placing the primary windings (or PCB) near the air gap. This gave the design
a bit of leeway for adjusting the value of leakage by utilizing the ample space available in the vertical
window when changing the PCB location with respect to the air gap.

The transformer core in the LLC converter, especially for high frequency applications, has an air gap
to reduce the value of L,,. ZVS is dependent on a relatively large magnetizing current. This current
must flow into the anti-parallel diode of the switch during the dead time to allow for ZVS. Equation
3.13 was used to determine the length of the air gap. The following table includes the relevant design
parameters for the planar transformer:

Table 4.2: The relevant design parameters for the half-bridge LLC planar transformer. The PCB layer thicknesses are 0.035 mm
and 0.0175 mm for the outer and inner layers, respectively.

Core Parameters Winding Parameters

Parameter Value Parameter Value
ly (air gap) 0.5 mm Ly primary) 880 mm
Acore 4*40.6 pm? Lw(secondary) 180 mm
MPL 83.4mm Width innerprimary) 0.6 mm
A, 3180 nH/T? Width oyter primary) 0.3 mm
Clearance 4 mm Width secondary) 4.75 mm

Creepage 5mm

4.3 Simulation

Simulations were done in LT Spice for the unidirectional half-bridge LLC converter. The simulation was
modeled with reference to the schematic shown in figure 4.1 and the values defined in table 4.1. A
proper model for the GaN switch was downloaded from the GaN Systems website and other consid-
erations such as, input impedance from cables, leakage inductance on the secondary side, and input
and output capacitance are taken into account. An overview of the LT Spice simulation can be seen
in appendix D. Lastly, a start-up circuit (designed to handle the powering of the micro-controller for the
first few moments of operation) was simulated and designed in LT Spice.

4.4 Losses and Efficiency

An efficiency calculation was completed based on the design for the unidirectional half-bridge LLC
converter. In order to produce a useful approximation, the following calculation is based on a steady-
state 200 W operating condition at f; equal to 1 MHz which is close to the maximum projected load of
240 W. The first loss component considered was the switching loss. It was assumed that ZVS turn-on
would be achieved in steady state and that the main switching loss components would be conduction
losses through Rps(on), dead time losses (F;;) (more so at lower frequencies), gate charge loss (Pyq¢e),
and loss from the gate driver IC (P;iver). Apart from the gate driver loss, each loss mechanism is
multiplied by two for each switch in the half-bridge. The following formulas were used for calculating
the switching loss and the conduction loss formula is generalized for all cases.

Peona = II%MS *R (4.9)

Where Iy is the current flowing through the conductor and R is the resistance

Pt = Vaiode * Irms * Tae * 2 (4.10)

and where V;;,4. is the forward voltage drop of the diode in the switch.

Pgate = ante * Vgate * f (4.11)
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Pariver = Vin(driver) *Iec (4.12)

Where I.. is the supply current for the gate driver. Transformer losses are discussed in-depth in
chapter 3. There are conduction losses in the windings (one component based on DC resistance and
the other on AC resistance) and a core loss component. The losses due to AC resistance account for
the proximity and skin effect in the copper. Independent conduction loss calculations are done for the
primary and secondary windings, using equation 4.9, and they are added together. The core loss is
derived from graphs provided by the manufacturer. Further information on these loss mechanisms can
be obtained in chapter 3.

There are two Schottky diodes on the output and the losses for these components are comprised
of conduction, reverse recovery (P..), and reverse leakage current Py (,jc) losses. Similarly to the
parameters used to calculate switching losses, the parameters used for diode losses can be taken
from the datasheet of the component in question. Furthermore, it is important to mention that the 50 %
duty cycle control of the half-bridge LLC equally splits the stress on secondary rectifiers with respect
to both reverse voltage and forward conduction current. Therefore, there is equal loss on each diode
and the loss calculation can be done for a single diode and then multiplied by 2 for the total loss. The
following formulas were implemented in order to calculate the diode losses:

Ber = Ipic * Try * Vewa * fs (4.13)

where 7,.,. is the length of time for the reverse recovery to finish and V,,, is the forward voltage drop
of the diode.

PLk(rev) =dc * Vout(max) * ILk(rev) (4.14)

Where dc is the duty cycle and I, ;¢ is the reverse leakage current in the diode. The conduction
losses in the diode are significant and can be calculated with equation 4.9. There are also conduction
losses associated to the two shunt resistors included in the design of the half-bridge LLC converter. The
final loss component in the analysis are losses in the power circuitry and this can be calculated from
datasheet parameters and the rated current expected to be flowing through components (in steady-
state). A 1 W approximation was taken for this loss component and it also compensates for any addi-
tional non-ideal losses that can occur in real life. Table 4.3 includes all of the values for each source of
loss in the design.

Table 4.3: The individual loss components for all of the major sources of loss in the design. These values are calculated for the
200 W power operation condition where the input and output current are 0.8 Agys and 8 Arpy s, respectively.

Transformer Losses Switching Losses Diode Losses Power Circuity and
Shunt Resistor Loss
Parameter Value Parameter Value Parameter Value Parameter Value
Core 2.25W Conduction | 0.212 W Conduction 6.4 W Shunt 0.047 W
(primary)
Conduction 143 W Tqe (dead | 0.64 uW Qrr (reverse 0.01W Shunt 0.224 W
(primary) time loss) recovery loss) (secondary)
Conduction 1.75W Gate Driver | 0.144 W Reverse Leakage 03w Power 1W
(secondary) Current Circuitry
Gate Charge | 0.03 W
TotalLoss: | 5.43W | | Totalloss: | 0.386W | | Totalloss: | 671W | | Totalloss: | 1271 W

Diode rectification conduction loss makes up the majority of the system losses. Transformer losses
also contribute a significant amount to the total losses. P,s;(t0ta1y Can be calculated by summing all of
the column loss totals (of table 4.3) together. The final efficiency calculation based on design parame-
ters was completed using the following equation:

_ 200W — Ploss(total)
NHB-LLC = 2000

«100 (4.15)
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Equation 4.15 yields an efficiency approximation of 93.1% at 200 W power and a 1 MHz switching
frequency.

4.5 Thermal Considerations

The results from the efficiency approximation show that the most significant component of power loss
are the output rectifier diodes. A thermal calculation shows that the package temperature of the diode
could get up to 100 degrees Celsius at 10 A of current, especially in a steady state situation. This
calculation takes into account a large thermal copper pad that was integrated into the bottom layer on
the secondary side. Its purpose is to help dissipate some of the heat of the rectifying didoes in high
load conditions. The design has adequate space for a 10 x 8 mm heat sink in case the thermal pad is
not sufficient to dissipate the heat.

Assuming ZVS and accounting for the small parasitics and no reverse recovery in the GaN HEMT,
the switching losses do not need any additional consideration. Losses in the power, measurement,
and other sub-module circuity should be minimal because of the low current level in these circuits. In
the power circuitry, efficiency integrated circuit (IC) or chip technology is used such that losses are
minimized. The remaining loss components are the windings and core of the planar transformer. The
core losses shown in table 4.3 suggest the losses will not yield a high level of heating. As for the
windings, they are designed to effectively handle the rated current levels; 1A for the primary and 10 A
for the secondary.

4.6 Gate Driver and Layout Considerations

Figure 4.5: PCB layout for the unidirectional half-bridge LLC converter where the traces and footprints are shown. The red,
yellow, pink, and green coloration depicts which layer the trace or footprint is on and they refer to the top, first inner, second
inner, and bottom layers, respectively.

The placement of components on a PCB depends on the common mode noise, differential mode noise,
and circulating current paths while simultaneously minimizing the total surface area of the PCB. Every
application has unique configurations and present different current loops within the circuit. It is impor-
tant to minimize these current loops because a longer path adds additional impedance to each con-
nection. Stray inductance is a leading issue because this creates electromagnetic interference (EMI)
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and it delays the current by introducing a di/dt relation to the path. Another cause of EMI is insufficient
clearance between components. Figure 4.5 shows the PCB layout for the unidirectional half-bridge
LLC converter. The common mode and differential mode noise paths are shown in appendix D. These
loops were minimized as much as possible (seen in figure 4.5) to reduce adverse effects.

The routing of traces primarily depends on thermal characteristics (current handling), avoiding EMI,
and limiting overall impedance when interconnecting different components. For this design, each of
the 4 copper layers are responsible for a different type of trace (with occasional exceptions). The
top layer (red) is the signal layer and where the components connect to the PCB. The second layer
(yellow) contains the ground plane(s) and is where the ground exists for the whole PCB. The circuit has
a primary side ground and an isolated secondary side ground where the split between the two grounds
is centered through the clearance between the primary and secondary windings of the transformer.
The third layer (magenta) is the power layer. Similarly to the ground layer, large copper planes are
implemented in order to carry the required power, generally 3.3 V, to different parts of the PCB. The
bottom layer (green) is mostly used for thermal planes (to dissipate heat) and to help create paths
(connected by vias) that are not possible in the signal layer.

When choosing the width of the trace, the total current flowing between the two components of
interest must be considered. Signal traces have low current but are sensitive to noise and should be
routed, with appropriate clearance, from noisy components. Power circuitry can have larger currents
and may need thicker traces. Datasheet referencing is a good way to check the maximum current
that the IC or component will conduct. Power traces are responsible for conducting high, system-level,
currents through the circuit and care should be given that these traces or planes do not cross-over or
receive additional EMI from other sources.
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Figure 4.6: Layout of the GaN switches and gate driver designed to avoid any additional stray inductance from ground loops of
current.

MO} JUSLIND

In chapter 2, the GaN HEMT was presented as well as the strict requirements that must be ac-
knowledged when designing the gate driver circuit and its supplementary components. GaN switches
can operate at high frequencies making them extremely susceptible to noise. This also applies to the
gate driver circuitry. The component placement and routing for the power loop, switch—-node, and the
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current loops within the gate driver IC are critical design requirements for GaN. Moreover, components
that are most sensitive to noise must be placed as close as possible to the driver IC.

For the given application, the power dissipation of the driver and the resulting junction temperature
was verified to be within the operational temperature range. Secondly, a multi-layer PCB must be used
for GaN applications because the application of isolated ground/return planes must be included. In the
half-bridge GaN, there are two gate output signals; high and low. The design requires that they must
be electronically isolated from one another, the high side must be isolated from the switching node,
and the low side isolated from the system ground. Therefore, two dedicated copper return planes are
needed (for the high and low side gate driver outputs) to properly configure a HF compatible circuit.
Figure 4.6 presents a cut-out image of the gate driver, GaN switches, and the resonant capacitors.
Additionally, the isolated return planes, component placement with respect to the gate driver IC, and
traces connecting components can be seen. A cut in the primary side ground plane was included in
order to direct current flow in a specific pathway from the input to the ground of the switching node.

4.7 Additional Modules and Controls

The half-bridge LLC converter contains multiple sub-circuits that support its operation. Powering cir-
cuitry, measurement circuitry, and a WiFi module, with supporting components, are included in the
design. The input voltage V;,,, output voltage V,,;, voltage of the resonant tank V;,,, and voltage of
the auxiliary winding V,,,,, are the voltage measurements collected. Furthermore, the input current I;,,
and the output current I,,,,; are also measured with analog-to-digital (ADC) pins of the microcontroller.
These measurements function as inputs to a proportional-integral (Pl) feedback control responsible for
the converters operation. The control algorithm produces the correct V,,,; based on V;,, using measure-
ments provided by a feedback line (composed of optocouplers and op-amps circuits).

The power circuity is comprised of 3 buck converters (a 12 V and two 5 V step-down conversions
from a 25 V source), two LDOs to provide 3.3V, a start-up circuit using a depletion mode MOSFET, and
an auxiliary winding in the planar transformer. The design for each individual sub-module followed the
same process of limiting current loops and reducing EMI. Furthermore, the datasheets for many of the
IC’s provide sufficient information to successfully design the circuits. Lastly, an input current limiting
circuit was included in-between the line input and the input capacitors. This circuit was designed at
DC-Opportunites R&D and its design is outside the context of this thesis. It was implemented in order
to provide protection from an inrush of current during the start-up of the converter.

The controls for the half-bridge LLC converter require a PI controller but also overcurrent protection
must be provided. This is to ensure that the converter never enters a capacitive mode of operation.
Overcurrent protection also protects the circuit from excessive currents flowing in the transformer, res-
onant tank, switching node, and through the rectifier didoes at the output. Soft-start is another attribute
added to the controls. Potentially destructive currents can flow into the circuit during start up and the
soft-start control uses a high switching frequency (1.5 times f,) for a limited time interval to limit the
current rise in each cycle.



Chapter 5

Bidirectional DAHB Prototype
Modeling and Design

Chapter 5 presents the complete design process for the bidirectional DAHB converter. The process
includes simulations, transformer design, and thermal considerations.

5.1 Preliminary Design
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Figure 5.1: Basic Schematic for the bidirectional MDAHB converter

The dual active half-bridge converter was selected as the converter topology for the DC microgrid
to SHS bidirectional power electronic interface. A schematic of the design is presented in figure 5.1.
This converter is designed for the same application as the unidirectional half-bridge LLC converter
described in chapter 4. Therefore, it is designed for the same input (300-400 V) and output voltage
(20-30 V) ranges. However, the bidirectional DAHB converter is rated for 500 W and requires twice
the current handling capability compared to the unidirectional version of chapter 4. The secondary side
of this converter is a version of the push-pull or center-tapped secondary. In place of rectifier diodes,
there are two MOSFET switches to preform active synchronous rectification in the forward direction
and form a switching node for DC to AC conversion in the reverse direction. There are additional snub-
ber circuits positioned in parallel to each secondary side switch. The main purpose of these snubber

51
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circuits is to safely dissipate any energy stored in the leakage inductance of each center-tapped wind-
ing. Voltage spikes on the output waveform of the transformer can put unwanted stress on the output
and reduce efficiency. Thus, it is critical to limit the value of leakage inductance on the secondary
side to keep the value of the snubber capacitor smaller and reduce the magnitude of voltage spikes.
The capacitors Cspyp1 and Csnqup2 Were selected based on the amount of energy stored in the leakage
inductance which is determined in the transformer design section. The secondary MOSFET switches
were chosen to have 100 V drain to source voltage. The values of the leakage, snubber capacitance,
and parasitic capacitance of the MOSFET can form a resonance. The design of the snubber leg takes
into consideration its resonance in order to reduces its effects on the output waveform.

Equation 4.1 defines the input/output voltage relationship of a typical isolated half-bridge converter.
This relationship applies to the DAHB primary which is the same as the primary side of the unidirectional
half-bridge LLC converter. The only difference between the primary side of the two converters, is that
a higher quality GaN HEMT (GS66504B by GaN Systems) with a 15 A drain current is used for both
switches in the half-bridge. This switch was selected because of its superb hard-switching performance,
low parasitics, and to compensate for the current collapse effect.

The design of a DAB converter depends on the modulation or control strategy. For the DAHB con-
verter in this design, single phase shift control was selected as the modulation strategy. A modulation
strategy with more degrees of freedom (duty cycle of primary, secondary, etc...) can allow for a wider
operation range of soft switching. Single phase-shift control (SPC) is most efficient at larger loads and
for a limited voltage range. The soft switching area of operation can be widened by reducing the par-
asitic capacitance of the switch (shown in figure A.2 of Appendix A). Low parasitic capacitances and
less losses during hard switching are additional benefits of the GaN HEMT in a DAHB. The magnitude
of magnetizing inductance, L,,, also affects the ZVS range. A smaller magnetizing inductance results
in a increasingly lagging load which is a needed condition for ZVS. The downside for decreasing L,,, is
less efficient utilization of the transformer. If the application requires efficient switching at lightly loaded
conditions, lowering L,,, can be useful. However, a large L, with no air gap in transformer of the DAHB
is preferred. A larger L,, allows for the main energy transfer element in the tank to be the series induc-
tance component, L, which is comprised of the auxiliary inductance, L,,,,, and equivalent inductance,
Ly, of the transformer. The following equation is a modified half-bridge version of equation 2.7 which
characterizes the power transfer of a DAHB modulated with single phase shift control.

VugVourt N P2
PDAHB:%*(CI)_?) (5.1)
Where P, 445 is the total power of the DAHB, V5 = V;,,/2, ® is the phase shift in radians, f; is the
switching frequency, and N is the turns ratio. This equation, the load requirements, and desired ZVS
range determine the value of L,,. The value of f; is also based on equation 5.1 and should be lower
in order to reduce the magnitude of hard switching losses. It has a direct relationship to the energy
transfer time and can limit the total power of the system. The number of turns and corresponding turns
ratio is derived from equation 5.1. The process for selecting N becomes more complex depending on
the modulation scheme and the tank configuration. Furthermore, the value for N is determined from the
needed voltage step down/up from the transformer to achieve the desired output voltage. In general,
the design for a single phase shift control DAB converter is a trial and error process with equation 5.1.
The following two equations (adapted from [27]) define the maximum and minimum currents that occur
in the primary side tank.

Vup * 2@ — ) + (NTtVpyt)

i (max) = Anfil, (5.2)
. —1tVyp + N( — 20)Vpy¢
ly(min) = 4nf.L, (5-3)

Current limits are considered in order to select the value of series inductance, design the windings,
and select the core of the planar transformer. Figure 5.2 presents the phase versus power relationship
based on equation 5.1. The d parameter represents the different input and output relationships that
can happen due to the input and output voltage ranges. The power transfer in the DAHB occurs from
leading bridge to lagging bridge. The control for the bidirectionally can be seen in the figure. The
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first quadrant represents power transfer in the forward direction, whereas the third quadrant shows the
power transfer characteristic in the reverse direction.
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Figure 5.2: Phase versus power relationship based on equation 5.1. d is the input to output relationship N * Vout/Vyp where
VHB = V;, /2. d = 0.85 is the nominal 350 V input and 25 V output relationship

Additionally, figure 5.2 portrays the phase and output voltage relationship for a PI controller. The
phase change will effect the output power and, consequently, the magnitude of output voltage and
current. If a 20-25 V output voltage range is desired, the converter operates at a lower power level in
order to drop the voltage. The value for input and output capacitance is the last consideration in the
preliminary design. A characteristic of DAHB converters is to maintain a stable voltage at the input
capacitor midpoint. Input capacitors C;,,; and C;,, of figure 5.1 function as both input and DC blocking
capacitors. A series blocking capacitor reduces the effect of voltage bias (when primary and secondary
side are unbalanced). The input and output capacitances were calculated using equations 4.5 and 4.6,
respectively. A MATLAB script was created for all of the calculations in the design. A complete summary
of the numerical results are presented in table 5.1. All of the values are based on the design process
described above and in the DAB section of chapter 2.
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Table 5.1: The parameters used in the preliminary design phase and for simulating the DAHB converter

General Design Power Transfer Phase Shift
Parameter Value Parameter Value Phase Power
Vin (range) 300-400 V Ly 5uH /2 (90°) 511 W
Vin(nominal) 350V Laux 30 uH /4 (45°) 377 W
iy (max) 6.62 A fs 200 kHz /8 (22.5°) 220 W
iz, (min) -6.62 A
Vyut (range) 20-30V Input/Output Capacitance Control
Voug(nominal) 25V Parameter Value Parameter Value
Loyt (max) 25A C; 30 uF Tt (dead time) 100 ns
Loyt (min) 16.7 A Cout 150 uF Duty Cycle 50%
N (turns ratio) 6
5.2 Transformer Design
2.0000
S
©
2.0000
11.3000:
(a)
38.0800
Layer Winding Configuration
1 (pcB1) Primary 1 (P1) & Auxiliary
winding
2 (pcB) Parallel secondary 1 (S1')
3 (pcB1) Primary 2 (P2)
4 (pcBa) (Empty)
1 (mainecey | Secondary 1 (S1)
2 vainec) | Primary 3 (P3)
3 (mainece) | Primary 4 (P4)
4 (vainecy) | Secondary 2 (S2)
1 (pce2) | (Empty)
2 (PcB2) Primary 5 (P5)
3 (pce2) Parallel secondary 2 (52")
4 (pce2) Primary 6 (P6) & Auxiliary
winding
(b) (c)

Figure 5.3: (a) Complete cross-sectional area of the DAHB PT (including relevant core dimensions in mm) (b) Zoom-in of the
cross sectional area of the left most window of the planar E-Core (in order to view the winding configuration) (c) Explanatory
table for the layers and winding configurations



5.3. Simulation 55

The planar transformer was designed based on the flowchart presented in figure 3.8 and the formulas
provided in chapter 2. The design for the PT follows the same aforementioned SELV standards that
were used when designing the PT of the unidirectional converter. However, instead of a U-core, a
planar E-core is used in the bidirectional converter design. It is projected that using a planar E-core
with interleaved primary and secondary windings (which meet reinforced isolation clearance require-
ments between layers) will yield a lower leakage inductance than a U-core with a conventional winding
configuration. Moreover, the limited selection of U-cores further hinders its usage because often the
needed core size is not available. Therefore, a new planar transformer design, with reduced leakage,
is proposed.

A cross-sectional image of the planar transformer is shown in figure 5.3. The design will have 6
primary side turns interleaved with 2 secondary side turns, one for each center-tapped winding. Three
multilayered (4 layers) PCBs are used in the design. The main PCB has a 2 oz copper weight for the
top and bottom layers in order to handle the maximum 25 A of current that could flow on the secondary
side in the worst-case scenario. The primary side windings must handle a peak current of 6.5 A (seen
in table 5.1). A primary winding on an inner layer (0.5 0z) needs a width of 11 mm to meet the current
handling requirement. The 2 external PCBs have conventional layer thicknesses (1 oz for top and
bottom and 0.5 oz for inner layers).

The medium between all primary and secondary windings is the FR4 printed circuit board insulation
material (not air). Therefore, in order to achieve reinforced isolation at a primary side operation voltage
of 400 V with up to 2500 V of mains transient voltage, 0.12 millimeters of clearance and 5 millimeters of
creepage are needed. The solder mask (0.01 mm thick) on the top and bottom layers does not provide
sufficient clearance between adjacent PCBs. Therefore, the layer on the external PCB that is adjacent
to the main PCB is empty to provide the correct clearance. The electric strength in kV/mm and the
inner composition for a conventional market PCB can be seen in Appendix D.

The winding configuration allows for a single turn per layer which reduces the leakage and the
proximity effect in the windings. In addition, there is only one case where a path on the PCB’s surface
links a primary and secondary winding. This exception is the auxiliary winding, which is located on
the the top and bottom most layers of the three PCB configuration. This is the only point where the
creepage must be considered. The following table includes the relevant design parameters for the
planar transformer.

Table 5.2: The relevant design parameters for the bidirectional DAHB planar transformer where the core is ELP 38/8/25 core
with |-core and 3C95 material

Core Parameters Winding Parameters
Parameter Value Parameter Value
Ly (air gap) 0 mm Ly (primary) 574.8 mm

Acore 2*194 um? Lw(secondary) 185.6 mm
MPL 43.6 mm Width inner primary) 11.1 mm

AL 9600 nH/T? Width oyterprimary) 3mm
Ly, Ly 400 pH, 5puH Min Widthsecondary) 6.9 mm
Bmnax 170 mT

5.3 Simulation

Two PLECS simulations were created for the bidirectional DAHB converter. One to simulate forward
conduction of the converter and the other for the reverse conduction case. The simulations were mod-
eled in reference to the schematic shown in figure 5.1 where the component values are defined in
table 5.1. Models for the GaN switch and secondary side MOSFETs were downloaded from the GaN
Systems and Infinion websites, respectively. In Appendix D, the forward condition simulation can be
viewed.
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5.4 Losses and Efficiency

Multiple loss mechanisms are considered in the bidirectional DAHB efficiency analysis. The efficiency
approximation is based on a methodology presented in [57].

HV Primary Side GaN HEMT Losses

The high voltage side GaN switches are assumed to be operating in ZVS steady-state operation with
a medium to high load. The same assumption is taken for the final efficiency approximation, but ther-
mal consideration is given for the case where the primary side high voltage (HV) switches are hard
switching. A double pulse simulation test was used to model the turn-on and turn-off switching loss (at
different currents and voltages). The results of this simulation (based on the GS66508P PSpice model
by GaN Systems) can be seen in [57]. A concrete trend is visible; the turn-on energy is much higher
(around 5 times more on average) than the turn-off energy. An approximation is done for the switching
loss on the HV side (Psyzvy) due to turn-off loss (P, s uyy) using the following equation:

Psw(HV) = Poff(HV) = fo * (Eoff(measured) — Eoss) (5.4)

where E, is the energy stored in GaN parasitic capacitance and E, ¢ fmeasurea) 1S based on the
results of the double pulse simulation test presented in [57]. The turn-on losses are assumed to be
5 times the turn-off losses in order to see if hard-switching (at lower loads) would cause a high level
of heating and thus, need for additional thermal handling capability. The conduction losses and gate
driver losses are calculated using equations 4.9 and 4.11, respectively.

LV Secondary Side Si MOSFET Losses

Low voltage (LV) side switching losses in the Si MOSFETs are analyzed with the same methodology
used above. A double pulse simulation test was done in order to obtain an approximation for the turn
off energy at a given drain current. The switches are assumed to be operating under ZVS conditions in
steady state conduction. Equations 4.9, 4.11, and another form of equation 5.4 (used for determining
the turn-off losses (P, fr(.v))) Where the drain current [, is used to calculate the total switch loss of the
LV secondary side Si MOSFETs.

Psw(LV) = Poff(LV) =fo* Eoff(measured) *1g (9.5)

Active Snubber Losses

The active snubber has yet to be discussed from a control standpoint. This will be elaborated on in
section 5.6. In short, the snubber switch is turned on to release energy stored in the snubber capacitor.
When this occurs, the current will resonate from zero, thus resulting in a snubber switch which has soft
turn-on. The turn-off switching loss (Ps snup)) (Presented in equation 5.6), conduction loss, and gate
driver loss are the loss mechanisms considered in loss calculation for the active snubber.

Psw(snub) = Poff(snub) = Vv + Vav/n) * Qoss * fs (5.6)

Transformer and Inductor Losses

The losses in the planar transformer windings and core are calculated using the same methodology
defined in chapter 3. The losses of the auxiliary inductor, similarly to the planar transformer, are wind-
ing loss and core loss. The DC resistance of the inductor is based on its geometry provided by the
datasheet.
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Results of Efficiency Analysis

The efficiency estimation is based on a 500 W steady state condition where the input voltage is 350 V
and the output voltage is 25 V. The individual loss components can be seen in table 5.3. Dead time
losses (based on equation 4.10) are negligible in most cases but included to show that the small dead
time will not be a factor for the efficiency. Moreover, losses due to the gate driver, powering circuitry
(including LDOs), sense resistors, and other components of the system (not included in table 5.3) are
estimated to be 3 W.

Table 5.3: The individual loss components for all major sources of loss in the DAHB design. These values are calculated for the
500 W system power where the input and output current are 1.42 Agpys and 20 Agy s, respectively. The losses are multipled by
2 to represent the total loss for both switches

Transformer Losses & HV Switching Losses LV Switching Losses Active Snubber
Inductor Losses (Primary side GaN) (Secondary side Si) Losses
Parameter Value Parameter Value Parameter Value Parameter Value
Core 49W Conduction 0.42W Conduction 3.8W Conduction 3.1W
Conduction 0.51W Tqr (dead 8 uw Tqr (dead time 4.4 uw Tqr (dead 3.2 uWw
(primary) time loss) loss) time loss)
Conduction 2.96 W Gate Charge | 0.02 W Gate Charge 0.05 W Gate Charge | 0.01 W
(secondary)
Inductor 1.01W Turn-off 0.06 W Turn-off 0.8W Turn-off 0.83 W
{core + winding)
Total Loss: | 9.38W | ‘ Total Loss: | 0.51W ‘ | Total Loss: ‘ 4,65 W | ‘ Total Loss: | 3.94 W

The transformer losses make up the majority of the system losses. LV side Si MOSFET and snubber
switching losses also contribute a significant amount to the total losses. Py t0tqr) Can be calculated
by summing all of the column loss totals (of table 5.3) and the 3 W of supporting circuitry losses to-
gether. The final efficiency calculation based on design parameters was completed using the following
equation:

500W — Ploss(total)

NpaHB = S00W

Equation 5.7 yields an efficiency approximation of 95.6% at 500 W power and a 200 kHz switching
frequency.

«100 (5.7)

5.5 Thermal Considerations

The results from the efficiency approximation show that the most significant components of power loss
are the low voltage secondary side switches (due to the high conduction losses) and the transformer.
Furthermore, the HV primary side switches, when hard switching, will have higher loss and heating in
the switching node. A more accurate load analysis needs to be conducted in order to determine if a heat
sink is needed for these 2 primary switches, but it will likely not require a heat sink. The secondary side
(low voltage and high current characteristic) will have a heat sink but the primary side may only require
the presence of thermal pads because of the GaN transitor’s ability to have low switching losses even
in hard switching operation. Ultimately, the process for the thermal design can only be completed in the
PCB layout phase. Information such as, available space, thermal pad area, and component placement
factor into the decision for a secondary side heat sink.

The transformer is the highest loss mechanism in the design. The core loss approximation is a
worst case value based on the maximum flux density that the core can allow. The core will also be
exposed to air and this will help with heat dissipation. In addition, the secondary side windings have
significant heating, where up to 3 W of power dissipation will be required. The presence of a secondary
side heat sink should remove any issues surrounding heating in the secondary side windings.
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5.6 Additional Modules and Controls

Powering circuitry, measurement circuitry (with a feedback line), a WiFi module (with supporting com-
ponents), two gate drivers, a digital isolator, an in-rush current limiting circuit, and a start-up circuit are
included in the design. These modules are designed in the same manner and based on the verified
working sub-modules of the unidirectional half-bridge LLC converter.

The control of the primary HV side GaN HEMTs and secondary LV side Si MOSFETs have already
been explained in-depth. SPC, for a dual active half-bridge, requires two sets of two complementary
PWM signals that have a phase shift between each pair. The leading and lagging relationship between
the two sets of signals determines the forward or reverse operation direction for the bidirectional control.
The control of the active snubber has three goals; to switch on the snubber in order to discharge
the snubber capacitor, suppress the voltage spike from the leakage inductance by providing a path
for the energy in the leakage to flow during dead time, and reduce the turn-off current by injecting
reverse current into the main Si MOSFET. All three of these goals can be achieved by using a single
complementary pulse, which is long enough to successfully discharge the snubber capacitor every
cycle. A complementary pulse means that the snubber switch is turned on when the adjacent main
LV side switch is turned off. This can be seen in figure 5.4, as the non-dead-time pulses for S,, and
S34- The anti-parallel diode of the Si MOSFET provides a path for the leakage current to flow when
the switch is off. Therefore, the control of the snubber does not require a dead-time pulse to switch
on. As a last remark, a single pulse is not a complex addition to the overall control scheme thus, the
STM32-GO0 series 48 pin microcontroller by ST (rather than the G4 with enhanced resolution and timer
peripherals) is used in this application.
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Figure 5.4: Steady-state gate pulse waveforms of the 6 switches (defined in 5.1) of the DAHB in reverse conduction mode [57]

5.7 Schematic

The complete design of the DAHB bidirectional converter, including all sub-circuits, can be seen in
figure 5.5. The completed schematic with all components associated to footprints is presented. The
next step is to begin the PCB layout for the converter however this was not completed for this thesis.
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Chapter 6

Results and Analysis

This chapter will summarize the testing results for the unidirectional half-bridge LLC converter and
the simulation results for the bidirectional DAHB converter. Moreover, it will analyze findings, provide
explanations, and give recommendations based on the results.

Planar
transformer

Secondary side Output Schottky

Microcontroller Primary Sifje Resonant diodes
power circuit (2

buck converters)

capacitors
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GaN Vouts loue S€CONdary

In-rush current ) [
: 3 il nput .
Viny Veank, lin Primary limiting half-bridge p't side measurement
side measurement circuit SARACIDS eireiiiis
circuits

Figure 6.1: Hardware Overview of the Unidirectional LLC converter. Dimensions 120 mm x 70 mm
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6.1 Unidirectional Half-bridge LLC Converter

A hardware overview can be seen in figure 6.1. The figure highlights the important circuit components
in the final working design. It should be noted that some adjustments and component changes have
been made to the final product after testing the device.

6.1.1 Measuring the Leakage Inductance

The values for leakage and magnetizing inductance are integral in order to finalize the design and con-
figure the controls. These values should be verified when the designer makes their own magnetic com-
ponents. This is often the case for planar magnetics. The following three distinctive configurations were
used in the testing process: both diode outputs short-circuited, only one diode output short-circuited to
ground, and the no load condition (secondary side component of leakage disappears). Each configura-
tion produces a different resonant tank equivalent circuit. This produces three equations, one for each
configuration, and allows for the solving of three unknown variables (leakage inductance of the primary
Lyri, magnetizing inductance L,,, and leakage inductance of the secondary L,..). The entire process is
done assuming that C, is known (based on designer choice) and that the parasitic capacitance (diode
junction capacitance, switch parasitic capacitance, etc...) components are negligible.

To find the resonant frequency, the converter is operated with a 25 V input testing voltage and the
resonant capacitor voltage is closely monitored. By carefully adjusting the switching frequency, a reso-
nant frequency becomes visible within the voltage waveform of the resonant capacitor. An oscilloscope
measurement of the resonance in the C,. waveform gives the resonant frequency. The last step is using
equation 2.2 for fz, to find the total value of the inductive component for each of the three configuration.
The resonant frequencies (fz; and f,) and the gain versus frequency relationship for the controls can
be determined after obtaining the value of L,. The following table shows the final tank configuration
and relevant parameters.

Table 6.1: Measured component values (and relevant parameters) of the resonant tank after solving for leakage inductance
components

Parameter | Value Parameter | Value
Lpri 22 uH (o 8 nF
Lsec 6.1 uH fr1 336 kHz
L 62 uH fr2 187 kHz

Lratio 2.2

This result is notable because leakage inductance is much higher and L, 4, is much smaller than
the values calculated in the design phase. There will be limitations in the system due to forced operation
at frequencies lower than 1 MHz (see value for f,.) in order to operate around the resonance. A larger
value for leakage inductance forces the resonant frequency to drop. It also sets a limit to the value of the
resonant capacitor. As the value of C, increases, the resonant frequency will decrease. Furthermore,
a lower switching frequency corresponds to a greater time period for current conduction in each cycle
resulting in a larger average value of current on the primary side windings.

6.1.2 Accurate Equivalent Circuit Model of the Tank

The approximations for the equivalent circuit model used during the design phase were found to be no
longer valid, due to the small ratio between leakage and magnetizing inductance. The reduced ratio
between the inductances does not allow for the series component of leakage to slide out in front of
the magnetizing inductance. Figure 6.2 shows the actual equivalent circuit model which represents the
tank behavior seen in the final version of the converter.

Testing yielded an additional discovery; effects on the output voltage gain due to the presence of the
winding resistance (both an AC and DC component) from the primary and secondary windings of the
transformer. The components of resistance are depicted as R,,,; and R, shown in figure 6.2. These
resistance components are often overlooked in the typical gain curves provided throughout literature. In



6.1. Unidirectional Half-bridge LLC Converter 63

Ly, Rgec

Cr Ryri
i—H—’WV ——TO00

; R(ZC

<

5
h
3

o7 &

Figure 6.2: Actual equivalent circuit model for the unidirectional LLC converter where Ly, is the equivalent leakage of the primary
and secondary added in series

real applications, the effect of this resistance can reduce the expected output gain at a given frequency.
Furthermore, this effect will be more noticeable as R,., representative of the proximity effect and skin
effect, changes with frequency.

The final gain versus frequency curve based on the transfer function calculated from the equivalent
circuit model is presented in figure 6.2. The effect of the series resistance is included in (a) but notin (b)
to show the significance of the drop in voltage gain for a given frequency. The frequency versus maxi-
mum primary current relationship is shown in figure 6.4 for perspective on the current value in the tank
(on the primary side). This figure shows the relationship between the value of L,, and the magnitude
of the primary tank current and how the current increases as the f3, is approached. These graphical
results specifically characterize the power transfer behavior of the final version of the converter.

BCM LLC, Lm =62 uH, Lk =28 uH, L ratio = 2.2, RL varying BCM LLC, Lm =62 uH, Lk =28 uH, L ratio = 2.2, RL varying
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Figure 6.3: (a) Actual gain versus frequency curve for the unidirectional LLC converter (b) Ideal gain versus frequency curve (not
considering series resistance components) for the unidirectional LLC converter
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BCMLLC, RL =2 ohms, Lk =28 pH, Lm varying
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Figure 6.4: This graph shows the primary side current vs frequency for increasing values of L,,. The load resistance is fixed to
2 Q, which is the value of the load resistance in full load operation. The input and output voltage (taken at their nominal values
based on V;;, = 350 V ) were used in the calculation

6.1.3 Current Collapse in GaN HEMT

The GaN transistor selected for the LLC converter was the GS-065-004-1-L from GaN Systems. This
is the lowest tier version of the 650 V enhancement-HEMT series with the capability for conducting
up to 4 A of drain current. In the early testing of the converter there was often catastrophic damage
to the GaN switches at high voltages. Figure 6.5 is an oscilloscope capture of a moment leading to
catastrophic breakdown where the V,;; across the bottom switch begins to fall off, in this case, around
25V from 300 to 275 V.

Current Collapse in GaN HEMT
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Figure 6.5: Waveforms taken from the results which show the effect of current collapse in a GaN HEMT before catastrophic
breakdown occurs

Figure 6.5 shows how the value of R44(or) is dynamically changing within each cycle. The capacitor
of the bottom switch starts discharging prematurely because not enough current can flow through the
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top switch towards the end of the on time. Electrons accelerating under high voltage stress are trapped
in the interface between the dielectric and semiconductor layers and in other impurities in the device
structure, building up over time. This effect decreases the electron mobility and creates a larger resis-
tance for the current flow. The effect worsens as the voltage increases, and eventually V;, drops all
the way to O prematurely in the cycle resulting in catastrophic breakdown. In order to solve this issue,
so that operation at 350-400 V is possible, an 8 A version of the switch with a higher current rating and
lower Ryson) is used. This solves the issue and the effect of increased temperature and premature
voltage drop off disappears. It should be noted that current collapse is present in all GaN e-HEMTs and
to avoid adverse effects at high voltages the designer must compensate for this effect and choose a
transistor with current handling that is significantly greater than the maximum current through the switch
calculated in the design phase. A higher system voltage signifies that the gap between the currents
should be greater.

6.1.4 Experimental Waveforms

Experimental waveforms where V. =330V,V_ =22V,1 =0A,f_=15MHz
n out out S
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Figure 6.6: Experimental waveforms at no load where V5 and Vs are the voltages of the bottom side switch in the half-bridge
and V. is the voltage across the resonant capacitors. The output voltage V,,; is approximately 22 V at V;;,, equal to 330 V

The waveforms for the half-bridge LLC operating at no load are shown in figure 6.6. The results show-
case the high (1.5 MHz) switching frequency enabled by GaN HEMTs, and present clear waveforms
typically associated with LLC converters. High switching frequencies are preferred for small and no
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load demands, in order to limit the circulating current in the tank. Moreover, ZVS turn-on for the pri-
mary switches is verified because the V¢ waveform goes high after the V;; voltage of the bottom side
switch falls towards 0. This is also confirmation that the LLC tank is properly designed. No-load oper-
ation is not an intrinsic property of the LLC resonant converter (like ZCS for the secondary rectifiers)
[19]. It can only be realized with the correct design of the tank circuit (based on equation 2.6) and is an
important test to verify the design and planar transformer.

In figure 6.7, the results at full load (150 W) can be seen. In waveform (d), the peak current value in
the tank is higher than 1 A. This is a higher peak current than was expected in the design phase. The
voltage waveforms (a) and (c), V;s and Vg respectively, of the bottom switch are demonstrating soft
switching. The resonant capacitor voltage waveform (b) is phase shifted due to a high load demand.
The sinusoidal behavior of V., is distorted because, as the load increases, the voltage in the capacitor
at the beginning of the conduction cycle becomes more and more negative (due to increasing negative
charge). The resonant capacitor waveform in steady-state operation is half of I/,, which is the expected
voltage across a half-bridge LLC resonant tank.

Additionally, the converter is operating at 375 kHz (slightly above the resonant point depicted in
figure 6.3a) and the output voltage gain is around the expected value of 18 V. The output voltage will
be smaller than the ideal case due to the voltage drop caused by resistance of the winding and the
voltage drop due to the presence of leakage inductance on each center-tapped winding.

Experimental waveforms where Vin =330V, Vou
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Figure 6.7: Experimental waveforms at full load (7.5 A) where Vg5 and Vs are the voltages of the bottom side switch in the half
bridge and V., is the voltage across the resonant capacitors

The thermal behavior of the LLC converter at a 150 W load can be seen in figure 6.8. The converter
was designed for 240 W, however due to high temperatures in primary side windings, the maximum
load current that the converter can safely handle in steady-state operation is 7.5 A. The temperature of
the primary side windings can been seen climbing up to 90-100 degrees Celsius. The rectifier diodes
on the output also heat up (as expected) to around 80 degrees Celsius in steady state operation. The
switches, due to lower frequency operation and ZVS, stay around 40 degrees Celsius. The gate driver
temperature (seen as the small temperature peak on the left side of figure 6.8) settles at around 55
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degrees Celsius.
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Figure 6.8: Thermal Behavior at a 150 W load I,,; = 7.54

6.1.5 Testing Setup
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Figure 6.9: Picture of the verified working test set up for the half bridge LLC converter: 350V input and 24 V output to a SHS
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Figure 6.9 is an actual DC microgrid to solar home system setup that would be seen in a rural elec-
trification application. The figure depicts how an input from the DC microgrid (350 V) connects to a
solid state protection device before connecting to the unidirectional LLC converter. The 350 V line runs
through the protection device and the output of the circuit breaker will provide power as long as no
faults are detected. The converter, when provided with 350 V, starts up on its own (without an external
power supply for the supplementary circuitry) and the converter successfully provides 22 V to a small
output SHS load.

6.1.6 Discussion of Limitations

Ata 150 W load, the measured efficiency of the converter (based on input and output IV measurements)
is 90.2%. This is three percent less than the efficiency calculated for a 200 W load case in the design
phase. In the experimental setup for the 150 W load test, the converter conducts a load current of 7.5
A which is only 500 mA less than the average current of the system (8 A) for a 200 W load at a nominal
25V output voltage. The lower efficiency is a result of the relationship between the primary side current
and both the 335 kHz resonant frequency and output voltage gain requirement.

The 25 uH of leakage inductance forces the resonance in the tank to have a frequency much lower
than 1 MHz. In order to compensate for this, the converter operation needs to be at a lower frequency
(close to the 335 KHz resonance) which results in a higher tank current. By referring to figure 6.4,
the primary side current increases as the frequency decreases (in the inductive region) thus putting
more stress on the primary side windings. When considering a small or no load condition, the negative
effects resulting from higher reactive power and circulating current in the tank will be worse at lower
frequencies.

The magnitude of the output voltage is dependent on the input voltage and frequency of operation.
In addition, achieving a certain output voltage gain requires that the frequency modulation can, in some
cases, go lower than the resonant frequency (as can be seen in figure 6.3). In other words, in order
to have an output voltage in the 25-30 V range, the frequency of operation would need to decrease
below the resonance, thus further increasing the heating in the primary side windings. The impedance
parameters of the planar transformer, winding resistances and leakage inductance, further decrease
the expected output voltage and additional compensation from voltage gain is required .

An effective way to alleviate the stress on the primary windings is to reduce the air gap in the
transformer such that it limits the rise in current over time at lower frequencies. Furthermore, depending
on the desired output voltage of the system, the frequency and value of load will change. If a 25-30 V
output voltage is required the converter can only operate at a limited load (less than 150 W). If a 20
V output is required, the load can increase up to 150 W. These are the operating conditions that must
be upheld for the unidirectional half-bridge LLC converter to properly and safely function. The main
limitations of this converter are due to the design of the planar transformer. All of the issues stemmed
from the significantly large leakage inductance (25 uH) that appeared in the actual transformer which
significantly deviated from the predicted value in the design phase.

6.1.7 Recommendations

A re-designed planar transformer with a smaller leakage component will allow for operation at higher
frequencies, eliminate issues regarding high currents in the primary side, and support a widespread
operation frequency range for controlling the output voltage. Secondly, if GaN switches are used, the
design and GaN HEMT selection should account for the effect of current collapse. A GaN switch with a
larger drain current rating (8 A or greater) should be used for this converter. Lastly, in order to drastically
improve the efficiency, active synchronous rectification should be implemented into the secondary side
by replacing the Schottky diodes with switches.
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6.2 Bidirectional DAHB Converter

The results for the DAHB converter consist of the simulation results and the discoveries made during
the design of the planar transformer.

6.2.1 Simulation Waveforms

The forward mode simulation (which can be seen in figure D.5 of Appendix D) functions as expected
based on the design parameters. Figure 6.10 shows the waveforms for V,;; and V; of the primary side
HV bottom switch. Moreover, the inductor current i; and output voltage are shown. Operation at a
power of close to 490 W is shown in the yellow waveform and the ripple is large because the value of
output capacitance was lowered to speed up the simulation.
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Figure 6.10: Simulation results for forward operation at steady-state where V;,, =350V, Vs =27 V, Iyt = 18 A, fs = 200 kHz,
and ® =m/2

The simulation uncovered a resonance which appeared between the leakage inductance of the
center-tapped winding and the snubber capacitor. The value of the snubber capacitor was raised in
order to reduce the effect of this resonance on the voltage and current of the secondary side transformer
output. A larger snubber capacitance can handle more energy which gives the approximation for the
leakage on the secondary side some "room for forgiveness” such that if the leakage is higher than
expected the capacitor will be large enough to store the extra energy. An additional test, regarding the
dead time turn-on pulse for the snubber circuit, was conducted using the simulation. It was concluded
that the pulse is not needed because the energy stored in the leakage can flow through the anti-parallel
diode of the snubber switch into the capacitor.



70 6. Results and Analysis

The simulation for the reverse operation case (presented in figure 6.11) also functions as expected.
For reverse operation mode, the waveforms for V,; and V; refer to the secondary side LV bottom Si
MOSFET voltages. The resonance between the leakage and snubber capacitance can been seen in
the V;, waveform. This can result in an applied voltage of up to 2V,,,; when the switch turns-off. The
inductor current remains the same in both situations where the peak value is at 5.8 A. Lastly, the power
is slightly lower in the reverse operation case, around 475 V on average. The capacitance of the DC
blocking capacitors was reduced in order to speed up the simulation resulting in a ripple. The output
power is slightly lower than the forward operation case because the input to output voltage relationship
is slightly different (e.g. V,,; = 27 vs V;,, = 25 V in the reverse scenario). The small variations in the
output power due to the IV relationship can be seen in figure 5.2.
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Figure 6.11: Simulation results for reverse operation at steady-state where V;;, =25V, Vyr =345V, I,y = 1.4 A, f5 = 200 kHz,
and ® =m/2

6.2.2 Planar Transformer Design

A new design for a planar transformer was proposed; one that considers the SELV standards for rural
electrification as well as a small value for leakage inductance. It is proposed that a planar E-core
with interleaved windings (which have sufficient clearance between primary and secondary) will yield
a smaller leakage and less proximity effect losses than a U-core with a conventional winding structure.
However, the reinforced insulation planar E-core PT design presented in figure 5.3 can only be used for
applications where the HV side is 400 V or smaller. If a bipolar DC micro-grid is used, the transformer
could see up to 800 V. This would require a different design with a new winding configuration and
possibly a larger core. For higher voltage clearance applications, only some layers could be used
because of the limited 0.18 mm width of pre-preg layer in between inner and outer layers. In conclusion,
the PT shown in figure 5.3 presents a SELV design (with minimize value of leakage compared to other
configurations) that can be effectively used in rural electrification applications with a DC micro-gird
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operating up to 400 V.

6.2.3 Recommendations

This is a complete design up to the PCB layout phase. However, an accurate approximation for the
ZVS range in both the forward and reverse operation cases is needed. Additionally, if operation in light
load is required for a long period, the stress on the primary side and secondary switches should be re-
evaluated for the duration of this period. Single phase shift control, although the easiest DAB control
algorithm to implement, does have a smaller ZVS range and high circulating currents. As it is currently,
it is assumed that the converter will primarily operate at medium to heavy loads at 300-400 V input.
Additional thermal consideration should be given to the light load operation scenario with hard switching
for both the primary and secondary sides. If soft-switching is necessary at light load conditions a more
advanced modulation scheme should be investigated.






Chapter 7

Conclusion

The final chapter, presents answers to the research questions and the conclusions of the work. Addi-
tional recommendations for future work are also included.

7.1 Answering Research Questions

How can a unidirectional DC/DC converter be designed for the interconnection of a 350V DC mi-
crogrid to individual households for rural electrification that includes high switching frequency
GaN technology?

A 240 W unidirectional half-bridge LLC converter with a push-pull center-tapped secondary was
successfully designed, manufactured, and tested. The GaN HEMT was observed under different
operation conditions. The presence of GaN transistors allowed for an effective half-bridge LLC
design that has small passive components (due to HF operation) and low switching losses (due to
low parasitics, low R4s¢,n), @nd no reverse recovery). The resonant inductance was magnetically
integrated into the design by using the leakage of the transformer. The half-bridge is a useful
switch configuration for the converter in order to halve the output voltage, thereby reducing the
needed turns ratio of the transformer to achieve a low output voltage range (20-30 V). Additionally,
the LLC’s small size, wide ZVS range of operation, inherent ZCS on the secondary side, ability to
conduct no-load operation, and flexible frequency modulation for voltage adjustment designate
it as an efficient and cost effective topology for the interface between a DC microgrid and solar
home system.

How can a bidirectional DC/DC converter be designed to achieve the same purpose but also
with a higher power rating?

A 500 W bidirectional dual active half-bridge converter with a push-pull center-tapped secondary
side (including additional active clamping circuitry) was successfully designed and simulated.
The GaN HEMT is selected as the primary side switch in order to reduce losses in hard switching
conditions. Moreover, the low parasitics of the GaN transistor increase the ZVS range which
is somewhat limited due to the single phase shift control modulation (which has ZVS operation
at medium to high loads but hard switching at lower loads). An auxiliary series inductance was
externally implemented into the design to function as the energy transfer mechanism of the DAHB.
The low voltage, high current, characteristic of the secondary side meshes well with the push-pull
center-tapped secondary. This configuration reduces the stress on the secondary side switches
and there are also active snubber circuits to protect the main secondary Si MOSFET switches
from voltage spikes caused by the leakage inductance of the center-tapped winding. The DAHB
was selected instead of the half-bridge LLC due to the complications that arise when controlling
a bidirectional LLC and its dependence on the leakage of the transformer. The DAHB has larger
passive components and requires an external inductor making it a bit more costly, however, unlike
the LLC, the control is not as sensitive to the planar transformer leakage and other parasitics. The
transition into the DAHB yields a converter which has high efficiency, flexible/easy-to-implement
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single phase shift modulation, ZVS on primary and secondary sides, and low component count.
The DAHB is as an efficient topology for the bidirectional 500 W interface between a DC microgrid
and solar home system.

How to design a PCB based planar transformer for these two converters and why is a planar
transformer preferred for these applications?

An in-depth process for designing a planar transformer (PT), based on both literature review
and past design experience, is a result of this work. Two planar transformers, which meet the
safe extra-low voltage (SELV) requirements for rural electrification, were designed for the unidi-
rectional and bidirectional converters, respectively. The unidirectional version PT consists of a
U-core, a conventional winding configuration with an auxiliary winding, and an adequately iso-
lated primary and secondary. The bidirectional version PT is composed of a planar E-core, an
interleaved (single turn per layer) winding configuration with an auxiliary, and uses the FR4 ma-
terial between layers to provide sufficient isolation between the primary and secondary windings.
The value of leakage, voltage insulation limits, and performance for both SELV compliant PTs
were investigated.

Planar transformers are preferred for this rural electrification (200-900 W) application because
they can achieve low leakage values, which is a necessity in high frequency applications. Addi-
tionally, these PTs have flexibility for design changes, low cost (only core needed), improved heat
dissipation capabilities, a low profile and less proximity effect losses due to less turns per layer
(crucial for HF applications).

7.2 Conclusion

The main conclusions of this work aim to bridge the gap for the design and implementation of efficient
DC microgrid variable power output converters for use in rural electrification applications in the low-
medium power (200-900 W) regime. It is concluded that high frequency operated, half-bridge isolated
topologies with GaN HEMTs and planar transformers are an excellent composition of technology for
these applications. The GaN HEMT is clearly the best switch in the low voltage high frequency range,
providing less losses, smaller passive components, and a smaller device size. The planar transformer,
allows for flexible designs with predictable integrated leakage inductance, improved heat dissipation,
and can be a less expensive alternative to conventional transformers available for purchase.

Converters

The two converters designed in this thesis are fitted for a unique application niche; SELV compliant
200-900 W isolated converters for rural electrification. This is a relatively unexplored area for power
electronic converters. Moreover, the unconventional output voltage range (20-30 V) is tailored to al-
ways provide sufficient power for USB-C connections (20 V) while also providing up to 30 V for battery
charging requirements unique to the design.

The half-bridge LLC with a push-pull (diode rectification) secondary is an effective topology choice
for a unidirectional PEI between a DC microgrid and solar home system. The half-bridge LLC with
GaN HEMT successfully operates at a high switching frequency thus yielding smaller values (less size
and cost) for the passive components. The unidirectional converter presented in chapter 4 works at
no load and up to 150 W simply by providing 300-400 V to the input of the converter. In addition,
the converter has been successfully tested in a verified DC microgrid real-life application scenario
where the input to the converter comes from a solid state protection device and it provides output to
a SHS load. The bidirectional DAHB converter with a center-tapped secondary and active snubbers
is a favorable topology choice for a bidirectional version of the PEI between a DC microgrid and SHS.
GaN transistors are used to raise the efficiency and to allow for hard switching operation. The converter
presented in chapter 5 has been successfully simulated in both forward and reverse conduction modes.
Furthermore, a worst-case calculation was completed for an approximated efficiency of 95%.
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Planar Transformers

Two unique planar transformers were designed; a PT with a U-core and conventional windings for the
unidirectional (10 A max) converter and a PT with a planar E-core with interleaved windings for the
bidirectional (20 A max) version. The SELV standards for rural electrification, specifically the double
isolation requirement between primary and secondary traces, limit the possible configurations typically
used in planar transformers. After extensive literature review and testing of the U-core version of the
PT, it was concluded that the U-core has higher leakage and primary side losses, due to the proximity
effect, in comparison to the planar E-core with interleaving (reduces leakage) and only a single turn
per layer (reducing proximity effect). The preferred planar transformer design for a 400 V maximum
DC microgrid with up to 2500 V of transient blocking is the planar E-core with interleaved windings.
However, if the voltage were to increase, for example in a bipolar DC microgrid which can reach up to
800 V, the clearance between layers in an industry-standard multi-layer PCB would not be sufficient to
meet SELV standards. If the maximum voltage level increases, the U-core would be the preferred PT
for the application and the designer needs to give extra considerations for a higher leakage inductance
and proximity effect loss (especially in HF applications).

GaN Switching

GaN ftransistors are the favored switch for low voltage and high frequency applications which corre-
sponds to the operation characteristics of the rural electrification application in this thesis. The inherent
characteristics, such as zero reverse recovery, low R ,(on), and low parasitic capacitance allow for
high frequency operation with low switching losses. In all GaN HEMT applications, careful considera-
tion must be given to the parasitics introduced in the layout of the gate driver and switching node. The
GaN switch is sensitive to parasitics (especially source stray inductance) and this sensitivity increases
as the frequency of operation increases. In this thesis, the effect of current collapse, which results in
a dynamic Rys(on) that increases as the voltage increases, limits the current handling capability of the
transistor. The conclusions made during the testing of the GaN transistors used in the unidirectional
converter convey that the maximum rated drain current of a GaN HEMT will be lower at higher volt-
ages. Therefore, extra compensation for drain current must be given when implementing GaN HEMTs
to a design. Moreover, the quality (often proportional to price) and generation of the GaN HEMT also
affects the degree of the current collapse. Newer models with reduced parasitics and created with
better crystal epitaxy technique will see reduced effects from current collapse. In general, the GaN
switch should allow for roughly double the maximum current expected in the design and the higher the
voltage the more prominent the effects of current collapse will be. Another solution to current collapse
is to configure GaN transistors in parallel so that the current is mitigated equally among the switches.
This will not reduce the effect of current coallpse but it will reduce the current stress on each switch,
especially as the dynamic R 5(on) increases.

7.3 Recommendations

The following recommendations are provide for future work:

1. Active rectification should be included in the unidirectional half-bridge LLC converter to signifi-
cantly raise the overall efficiency and reduce heating on the secondary side. Moreover, a planar
transformer with a smaller leakage is needed to allow the converter to operate at high frequency
and full (240 W) power.

2. A single phase shift modulation scheme has a limited ZVS range in DAHB which invites the use
of GaN switching to reduce the effects of hard switching. If a different modulation method is used,
with multiple degrees-of-freedom, the ZVS range many extend for most of the operation scenario.
In this case, the presence of GaN would not be worth the cost because a Si MOSFET would be
just as effective at 200 kHz in a soft switching condition. A more in-depth investigation should
be done on the ideal modulation scheme (complexity vs. efficiency), the effect that the selected
scheme will have on ZVS operation, and the choice for using GaN HEMTs or conventional Si.
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7. Conclusion

3. Throughout the work, the implementation of GaN switching and investigation of the most effective

planar transformer design were prioritized over the total cost of the converter. Moreover, some
of the supporting circuitry (micro-controller, buck converters, LDOs, etc..) may be more costly
than is required for a working design. In rural electrification, and when placing a product on the
market, cost becomes a priority in the design. More consideration should be given to the cost of
the final products and careful evaluation should be done on the effectiveness (efficiency vs. cost)
of GaN transistors in both designs as they are one of the more costly components, especially in
comparison to conventional silicon switches.

. Arrural electrification case study could be organized in order to verify the optimal power (300-900

W) that is needed for these converters. If a household climbs the electrification ladder up to the
point where connection to a DC microgrid becomes feasible, what loads do these households typi-
cally use and when is a unidirectional preferred over the bidirectional? More information regarding
the application would help the design and research to progress towards the optimal solutions.



Appendix A
Soft Switching

A1 ZVSinlLLC

ZVS is beneficial for GaN switching because there is a reduced energy needed to drive the half-bridge
because of the absence of Miller effect at turn-on. Furthermore there is a reduction in, needed gate
charge, noise, and EMI, thus minimizes filtering requirements. In order to achieve ZVS in the switches
of a half-bridge LLC converter in all operation scenarios, two conditions must be met:

1. In a high load scenario, the tank current needs to have the same sign as the impressed voltage
at the switching moment. Secondly, the current must be high enough so that the C, capacitor
energy transition at the half-bridge node is finished. Additionally, the current direction cannot
reverse before the end of the dead-time (important to choose an appropriate dead-time).

2. In a no-load condition, the tank current at the instance of switching (same sign as the impressed
voltage) needs to be high enough to complete the half-bridge node energy transition within the
dead-time period.

In conclusion, a minimum current will always be needed in order to achieve ZVS. The minimum
current in the worst-case load scenario can be fixed for the primary side but it will be at a cost to the
efficiency. When considering lighter or no load conditions, current needs to circulate in the tank to active
ZVS. This means that reactive energy is required in this scenario even if no current or active energy
is being delivered to the output. Furthermore, when considering a larger load, the value of the current
determines the turn-off and conduction losses of the half-bridge switches. This relationship usually
sets the power limit for the converter and which switch the designer will implement. More in-depth
information on ZVS in the half-bridge LLC can be found in [19].

ZCS in secondary switches

An inherent attribute or property of an LLC resonant converter is zero current switching (ZCS) in the
secondary side rectifiers. ZCS occurs at both turn-on and turn-off of the switch (if active rectification is
done). During a turn-on moment, the initial current always starts at zero and ramps up slowly over time
(presence of inductor di/dt). This results in a negligible forward recovery loss. Lastly, during a turn-off
moment, the rectifiers become instantly reverse biased (because the forward current is zero) and the
reverse recovery process never occurs.
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A.2 ZVS in DAB

Figures A.1 and A.2 show the effects of magnetizing inductance and parasitic capacitance, respectively,
on the ZVS range in a DAB converter. The variable Kin figure A.1 is directly proportional to magnetizing
inductance L,,.
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Figure A.1: Effect of magnetizing inductance on the ZVS range in a DAB converter [27]
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Figure A.2: Effect of parasitic capacitance on the ZVS range in a DAB converter [27]

Figure A.3 is an additional DAB power transfer characteristic graph (similar to figure 2.8) which also
includes the distinctive IV relationships at different load resistances.
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A.2.ZVS in DAB
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Figure A.3: Effect of parasitic capacitance on the ZVS range in a DAB converter [27]






Appendix B

Supplementary Information for GaN
Switching

B.1 GaN Normally ”off” Transitors

Figure B.1 shows the cross-section of an enhancement mode GaN HEMT. The enhancement mode
fabrication process begins using silicon wafers. Aluminum Nitride (AIN) is grown on the silicon to
provide a thin layer such that a gallium nitride hetero-structure can be grown on top of this layer. Lastly
an AlGaN thin layer is grown which forms a permeable interface between the AlGaN and GaN layers.
This interface generates the 2DEG which is filled with electrons with a high mobility. To turn-on the GaN
HEMT, a positive voltage is applied to the gate just as is done in an enhancement mode N-MOSFET.[58]
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Figure B.1: Structure of an enhancement-mode GaN HEMT [58]

B.2 Paralleling GaN Transistors

When high current handling is required by a GaN HEMT paralleling GaN Transistors can be done in
order to reduce current stress on the switch, help with the current collapse effect, and raise the efficiency
(i%R losses). The goal for placing GaN transistors in parallel is to merge the multiple Ras(on) Parameters
for each switch together so that it appears as a single, lower resistance,switch that can handle more
current. In order to successfully parallel devices, careful consideration should be given such that each
switch shares equal current and equally share losses. Furthermore, if there is unbalanced parasitics
within the switches this can cause issues, especially at higher frequencies. As is discussed in the gate
driver layout section of chapter 4, common source inductance and all current loop inductances should
be minimized. Additionally, if source inductance is introduced to the GaN switch, each switch must
have the same amount of source inductance in order to be balanced and conduct current equally. [59]
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Appendix C

Supplementary Information for the
Magnetics Section

Figure C.1 is an excerpt from [47] of two figures that depict eddy currents in a copper wire. This
phenomenon offers an explanation for the current behavior caused by the skin and proximity effects.

External Flux, ¢

Internal Flux, §

Main Current, |

Magnet Wire

Figure 4-26. Flux Distribution in a Magnet Wire.
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Magnet Wire Cross Section

Note: The main current shown in the center

is being distorted by the eddy currents. The
eddy current enhances on one side, and causes
crowding on the other.

Main Current Direction

Flgure 4-27. Eddy Currents Generated in a Magnet Wire.

Figure C.1: Diagram presenting a visual representation of eddy currents in a copper wire [47]
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Appendix D

Supplementary Information for the
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Chapter 4 Design

Figure D.1 presents the schematic/simulation created in the LT spice for the half-bridge LLC unidirec-
tional converter
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c5 c1 GaN_LTspice_GS-065-004-1-L_L1V3P1

IL

4.2y 3.4pn .
" ss 1 K1L3L2141
M JAeidicinles toa loe o 19 fas ' 250 Le
350 3301 330 330n [ 330n [330n [330n [330n [330n
Rser=0.011 L3 0.000
60, 11)c3 [c12
| L mL R1
@ D 6.8p[4.7p] 1000 2
T3.42n GaN_LTspice_GS-065-004-1-L_L1V3P1
s
4 D3 RB205T-90
é RB205T-90 é

«tran 1000

o

Figure D.1: LT Spice simulation for the half-bridge LLC unidirectional converter

Full-bridge vs Half-bridge

Figures D.2 and D.3 from [60] show the paths for differential and common mode noise currents in the full
bridge and half bridge, respectively. These loops were carefully considered during the PCB lout phase
in the unidirectional half-bridge LLC version of the converter. A full bridge is preferred in higher power
applications. The maximum output voltage of the full-bridge converter is double that of a half-bridge
converter. In order to achive the same power on the input and ouput, double the current is needed on
the secondary side of the half-bridge [60].
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Figure D.2: Differential and common-mode currents in full bridge circuit [60]
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Figure D.3: Differential and common-mode currents in half-bridge circuit [60]

Chapter 5 Design

The typical multi-layer PCB configuration and the properties of the FR4 insulation material were critical
in the design of the planar transformer for the bidirectional DAHB converter. The electric strength of
FR4 PCB material is 30-39 kV /mm and the industry standard pre-preg (pre-impregnated) epoxy is 32
kV /mm [61], [62]. The inner composition for a conventional market PCB can be seen in figure D.4.
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Figure D.4: Inner composition for a conventional market PCB with measured values. Where the core is FR4 material and prepeg
(pre-impregnated) is fiberglass impregnated with resin [61], [62]

Figure D.5 presents the schematic/simulation created in the PLECS for the bidirectional DAHB

converter.
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PLECS simulation for the forward conduction bidirectional DAHB converter
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