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Abstract

With electromagnetic compatibility (EMC) standards becoming increasingly rigorous,
the requirement to improve electromagnetic interference (EMI) mitigation in power con-
verters becomes essential during the design stage. Supplying and distributing power
in radio astronomy applications is no exception. Strict EMC limits are specified to
ensure the radio telescope will operate free from unwanted EMI. Although commercial
and military EMC standards define strict compliance limits, future radio astronomy
projects, such as the Square Kilometre Array (SKA) radio telescope, have more strin-
gent EMC requirements, which ensure the performance of the radio telescope is not

limited.

Power supply solutions for radio astronomy must be radio-quiet, and research efforts
consider EMI mitigation techniques at the power or control stage of the power con-
verter. Applications such as communications and defence also require adherence to
strict EMC requirements. Furthermore, modern power converter design emphasises
EMI mitigation and EMC compliance due to the proliferation of noisy and sensitive
electronic equipment and the increasing demand for reliable electronic systems. One
significant contribution is the desire for power converters to operate at higher switching
frequencies to achieve miniaturisation and increase power density, inherently generat-
ing more EMI. The high-frequency EMI signals are generated within power converters
by the rapid change in voltage and current levels when semiconductor devices undergo

switching transitions.

Novel EMI mitigation techniques become critical to the power converter design pro-
cess to ensure compliance with EMC standards of continually increasing stringency.
Many technical and computational design considerations, including novel approaches,
must be applied to power converters when considering EMC compliance for radio as-
tronomy applications. A comprehensive understanding of power converter EMI gen-
eration mechanisms and mitigation techniques is required. This dissertation presents
a comprehensive review of EMI mitigation techniques in power converters, identifying

suitable techniques for radio astronomy applications. The summary concerns multiple
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EMI mitigation techniques, including conventional design techniques, power circuitry
specific mitigation approaches, and control system strategies. Additionally, the thesis
contextualises the scope of EMI mitigation for radio-astronomy applications by pre-

senting the SKA EMC requirements as an example.

EMI attenuation is not a straightforward process. Therefore, the review of EMI mit-
igation techniques provides a framework for designing low-EMI power converters. A
systematic design methodology is presented, which provides an approach for develop-
ing low-noise power converters that target high-frequency EMI attenuation using novel
techniques to produce shaped switching transitions. The systematic approach synthe-
sises known strategies with new insights for achieving shaped switching transitions,
providing valuable background information for radio astronomy design engineers and
engineers facing similar technical challenges in other fields. Crucially, the design strat-
egy presented helps identify and bridge the gap between power converter design and

stringent EMI requirements for radio astronomy applications.

The logistic function introduced in this dissertation is another infinitely differentiable
function with temporal characteristics that can be manipulated for low-EMI appli-
cations. Time and frequency-domain analysis are presented, including time-domain
waveform synthesis and an analytical Fourier series derivation of a logistic shaped wave-
form. The analysis demonstrates that suitably defined temporal characteristics achieve
significant spectral roll-off. Furthermore, an EMI performance comparison with trape-
zoidal, sinusoidal, and S-shaped transitions is presented to demonstrate the suitability
of logistic-shaped functions for low-EMI applications where high-frequency EMI atten-

uation is required.

A simulation study and prototype of a low-EMI half-bridge capable of undergoing
logistic-shaped switching transitions to achieve high-frequency EMI mitigation is pre-
sented. The research demonstrates that waveform shaping technology can be achieved
using pulse width modulation switching control in a half-bridge converter. The compu-
tational modelling initially demonstrates the feasibility of the waveform shaping tech-

nology and the suitability of the control algorithm.

The half-bridge prototype is a novel topology that employs gate-drive control of both a
power MOSFET and current injection MOSFET. The gate-drive control allows for the
respective on-state drain-source resistance of the MOSFET to control the amount of
current conducted, which allows the voltage across the capacitors connected in parallel
to the power MOSFETS to generate a logistic shaped switching transition. The exper-

imental and computational results demonstrate that a low-EMI half-bridge prototype
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can produce logistic shaped switching transitions to verify the control system strategy
and demonstrate EMI attenuation. The novel topology and approach improve research
efforts provided in the literature by providing a shaped transition that is better suited
for low-EMI applications and reducing output waveform quantisation and discontinu-

ities.

Although there are notable improvements, there are still practical limitations that are
identified and studied in this dissertation. The waveform modelling, circuit simulation,
and prototyping have identified the precision required to achieve the steep spectral
roll-off expected in the mathematical treatment of logistic-shaped switching transi-
tions. The research has identified temporal characteristics of the logistic function that
will provide the steep-roll off and what is required theoretically. However, practical
limitations in the digital control circuity hinder the steep-roll off from being achieved.
The shaped switching transitions still provide EMI mitigation, and the noise reduction
is substantial compared to typical hard-switching power converter waveforms. The
research outcomes provide a platform for continued investigation focusing on power
converter design, including shaped switching transitions for high-frequency emissions

attenuation.
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Symbols

Symbol Description Units
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CHAPTER 1. INTRODUCTION

1.1 Introduction

The design of modern power electronic devices emphasises compliance with electromag-
netic compatibility (EMC) standards for several reasons. One major contributing factor
is that power electronics are beginning to operate at higher switching frequencies to
achieve miniaturisation and increase the power density. Consequently, the high opera-
tional switching frequency generates considerable levels of electromagnetic interference
(EMI), which increases the likelihood of failing to meet EMC standards. Although com-
mercial standards such as CISPR [1] and MIL-STD-461F [2] place strict emission limits
to ensure compliance, future radio astronomy applications, such as the Square Kilome-
tre Array (SKA) radio telescope, have far more stringent EMC requirements [3], which
stipulate the tolerable emission levels. Demonstrating compliance with the SKA EMC

requirements ensures the performance of the radio telescope is not hindered [4, 5, 6].

With EMC standards becoming increasingly stringent, the need to further mitigate EMI
in power electronic devices becomes a critical factor early in the design stage. Supply-
ing and distributing power in radio astronomy applications such as the SKA project is
no exception, with unprecedented sensitivity levels setting the EMC standard to ensure
the radio telescope will operate free from unwanted EMI. The Murchison, in Western
Australia, will be the host site of the SKA-low, where the environmental conditions
and remote location make photovoltaic (PV) systems with battery energy storage a
prospective power supply solution. Power electronic devices within PV-Battery sys-
tems and the power and signal distribution system of the SKA must be radio-quiet,
and extensive research efforts focus on EMI mitigation techniques at either the power

stage or control stage of the power converter.

The research project primarily targets power converter design and mitigating EMI at
the source. Understanding how EMI is generated is a significant project driver, which
seeks to understand the high-frequency behaviour of power converters. From a com-
putational perspective, this dissertation extends on the shaped transition modelling
presented in the literature and introduces a logistic shaped switching transition capa-
ble of producing steep spectral roll-off. Additionally, the temporal characteristics of the
logistic function and shaped waveforms in general capable of producing steep spectral
roll-off are identified. Furthermore, computer simulations and a prototype of a novel
half-bridge power converter capable of producing logistic shaped switching transitions
are presented. The novel topology and control strategy improves on techniques pre-
sented in the existing literature by reducing the quantisation and discontinuities present
in the shaped waveforms, contributing to high-frequency spectral content. Additionally,

the prototype extends the technology beyond implementation in a single semiconductor
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device to a power converter using conventional Pulse Width Modulation (PWM) and

operating under a constant load.

A primary objective of the research project is to mitigate high-frequency emissions
generated by power converters between 50 MHz and 500 MHz, which encapsulates the
SKA-low frequency range between 50 and 350 MHz. Power supply and distribution
for the SKA-low require several design trade-off assessments between design require-
ments. Major project requirements include low antenna power levels distributed over
a large site area, high energy availability, high efficiency, EMC compliance, 30-50 years
project lifetime, increased system reliability and cost-effective solutions. All these major
project requirements are not complementary, and a trade-off assessment will determine
an optimised balance. The primary focus of this project is to provide power converter

design recommendations and solutions considering the sensitive emissions requirements.

This research project presents computational studies and a prototype of a low-EMI
half-bridge power converter that produces switching transitions capable of following
a reference logistic function that targets high-frequency emissions attenuation. Com-
pared to the EMI performance of trapezoidal, sinusoidal, and S-shaped transitions, the
proposed logistic-shaped transitions presented in this project are expected, theoreti-
cally, to exhibit a steep roll-off in the spectral content, which is necessary for low-EMI
outcomes. Conventionally used in population growth modelling [7], a logistic profile has
been identified in this research project as a suitable candidate for low-EMI power con-
verters. The temporal characteristics of the logistic function, such as the growth rate,
can be selected for optimised EMI attenuation by maximising high-frequency spectral

content roll-off.

A prototype half-bridge power converter capable of undergoing logistic shaped switching
transitions is presented in this dissertation. The half-bridge prototype circuit consists of
two n-channel power MOSFETSs connected in series between a voltage source. Addition-
ally, capacitors are placed in parallel with the MOSFETSs since the inherent drain-source
capacitance of the MOSFETs is insufficient to control the drain-source voltage. The
proposed half-bridge utilises current injection circuitry to ensure a smooth transition
in the MOSFET drain-source voltage during the second half of the transition. The
injection circuits, consisting of a power supply and an added injection MOSFET, are
connected in parallel to the added drain-source capacitance. Injected current is required
to provide waveform shaping, which starts when the reference logistic profile reaches
half the waveform amplitude. The injection circuit will divert current from the added
drain-source capacitance, ensuring the voltage derivative of the MOSFET is identical

to the voltage derivative of the reference logistic-shaped waveform. The combination of
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the injection circuitry and parallel capacitors provides smooth shaped transitions that

reduces signal quantisation.

An in-depth understanding of MOSFET transients during changes in the MOSFET
gate-drive is required to understand the gate-drive initialisation, control command se-
quencing, and gate-drive profiles necessary to provide smooth low-EMI switching tran-
sitions. As such, the proposed control strategy can control the output voltage of a
MOSFET to follow a logistic-shaped reference profile. Understanding the conditions
that cause a MOSFET to operate within the cut-off, saturation, and ohmic regions
and the expected transient response times of the MOSFET to applied gate voltages
within the regions is crucial to the successful shaped switching control. The MOSFET
operational regions assist with initialising the control, whereas the expectation of the

transient response time determines when to apply the gate-drive signals.

The novel control system of the prototype system achieves waveform shaping by con-
trolling the gate-drive of the MOSFET for the first half of the transition, combined
with a current injection circuit to control the second half of the transition. The current
injection is activated by a second MOSFET, allowing the same control strategy to be
applied to both the power MOSFET and the current injection circuitry. Careful con-
sideration of the timing of the gate-drive control and current injection allows for the

switching transition of the prototype to follow a logistic-shaped reference.

This research project has demonstrated that power converters can undergo logistic-
shaped switching transitions for applications where high-frequency electromagnetic dis-
turbances are undesirable. Additionally, this is the first time the technology has been
implemented using current injection technology. Furthermore, this novel technology
has been prototyped using a half-bridge power converter, which has been designed
and tested to operate under no-load and constant load conditions using a conventional
Pulse Width Modulation (PWM) switching scheme. The improved novel control strat-
egy combined with a half-bridge power circuit topology extends the capability of the
shaped switching transition technology beyond a single semi-conductor switch, and it

confirms the suitability of the technology for low-EMI power converter applications.

The critical considerations for a successful design approaching the theoretical spec-
tral roll-off of a logistic transition are the parallel capacitors, injection circuitry and
gate-drive control of the power MOSFETS and injection circuitry MOSFETS. The im-
mediate application for low-EMI power converters is radio astronomy, and more specif-
ically, the SKA-Low. However, low-EMI power systems are required more broadly in

any radio-sensitive application where EMC non-compliance risks the safe, reliable, and
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efficient operation of electrical and electronic systems. As such, applications can ex-
tend to military, communications, and medicine where stricc EMC standards apply.
Demonstrating that a power converter can be designed with controlled, shaped switch-
ing transitions is favourable for the SKA-low and other applications where stringent
EMC standards are specified. The research project has produced the following key

outcomes:

e Identification of optimised shaped switching transitions for low-EMI
applications: Computational modelling and circuitry simulation has developed
an understanding of the temporal characteristics of switching transitions, which
has identified logistic-shaped transitions to be suitable for EMI attenuation. Fur-
thermore, careful definition of the logistic reference profile removes signal dis-
continuities observed in the literature. Additionally, the circuit simulations have
developed the control strategy required to ensure the prototype circuit will pro-

duce low-EMI switching waveforms.

¢ Prototype development of a low-EMI power converter with a control
strategy to shape switching transitions: By developing a control strategy
for logistic-shaped transitions, EMI is reduced at the source. Prototyping a low-
EMI half-bridge has demonstrated the waveform shaping technology within power
converters is possible. Additionally, the novel inclusion of the current injection
circuitry and parallel capacitors reduces signal quantisation observed in the lit-
erature, which is a significant practical limitation in EMI attenuation for shaped

transitions.

e Analytical Fourier series for power converter PWM: A set of Fourier
series for power converter PWM switching undergoing shaped transitions has
been derived. The set of Fourier series provides the analytical spectral content of
both a DC-DC converter and a DC-AC converter considering both conventional
PWM and randomised PWM. The derivations were verified by comparing the
spectral content of a time-domain waveform using a discrete Fourier transform

(DFT).

e Power design for radio astronomy applications: Crucially, the design strat-
egy and prototype design and implementation presented in this dissertation help
identify and bridge the gap between power converter design and stringent EMI

requirements for radio astronomy applications.

This introductory chapter provides background context and justification for this re-
search project. Initially, the project background of the SKA, mainly the SKA-low,
with particular relevance to the power supply requirements and associated technolog-

ical challenges in the context of EMC, is covered. Additionally, a chapter by chapter
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breakdown of the thesis, and outline of the intellectual contributions are presented.
Furthermore, the anticipated emission limits of the SKA-low are presented to provide
context regards the stringency of the SKA-low EMC standard.

1.2 Thesis Structure

There are 6 chapters covering the research topics addressed in this dissertation.

Chapter 1 is the introductory thesis chapter, which justifies undertaking the research
objectives and presents relevant background information. This chapter commences
with the project introduction and intellectual contributions. Subsequently, the chapter
introduces the research project, which is primarily motivated by the technological chal-
lenges faced by the SKA-low. The introductory chapter provides a project summary
of the SKA-low and presents relevant background information, which provides context

and a framework for the research presented in this dissertation.

Chapter 2 presents a literature review of EMI mitigation techniques in power electronic
devices, considering radio astronomy applications. Firstly, the chapter summarises con-
ventional EMC design techniques for power converters. Following this, a comprehen-
sive review of EMI mitigation techniques applied to the power circuitry and control
circuitry is presented. A review of EMI mitigation techniques in power converters
considering radio-astronomy applications is presented. The chapter concludes with a
design methodology for low-EMI power converters considering shaped switching tran-
sitions. The design methodology offers a systematic approach for developing low-noise
power converter technologies for the SKA-low based on advancing and improving cur-
rent research presented in the literature. The literature review identifies the intellectual

contributions of previous studies, which is the research framework for this dissertation.

Chapter 3 presents a comprehensive numerical assessment of the spectral content of
switching transitions in power electronic devices. The analytical Fourier series of hard
switching waveforms for DC-DC converters is presented, providing a point of compari-
son for low-EMI shaped transitions, addressed in the remainder of the chapter. Initially,
a summary of analytical spectral modelling in various literature sources is provided.
Following this, an analytical derivation of trapezoidal, S-shaped, sinusoidal and logistic
switching transitions is presented, which can be assessed for EMI mitigation. In ad-
dition to S-shaped switching transitions, infinitely differentiable switching transitions
are identified as being best suited for EMI mitigation. Sinusoidal and logistic shaped

switching transitions are studied in this chapter, and how their temporal characteris-
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tics are critical for EMI mitigation. All the shaped transitions are numerically assessed
using an EMI metric, spectral bounds and spectral roll-off to determine the EMI per-

formance of each shaped switching transition.

How shaped switching transitions are accomplished in a half-bridge power converter is
presented in Chapter 4. Firstly, a summary of the conventional hard-switching PWM
half-bridge is presented to provide a basis for comparison to the half-bridged shaped
transition prototype. The overview includes the device structure and physical operation
of a MOSFET, which provides the fundamentals for the current-voltage characteristic
and the modes of operation. Subsequently, the transient response of MOSFET during
turn off is presented. Next, an overview of the prototype half-bridge circuit is pre-
sented alongside a simplified circuit, which explains the critical operational concepts
without the detailed control considerations. Subsequently, a detailed breakdown of all
the low-EMI half-bridge modes of operation and the essential control aspects for low-
EMI applications is presented. Lastly, the chapter concludes with circuity simulations
of shaped MOSFET switching transitions with the inclusion of MOSFET switching
transients and parasitic components through the utilisation of component SPICE mod-
els. The MOSFET switching transients allow the circuit components to be modelled
in the switching waveform transitions, consolidating the mathematical treatment of

shaped switching transitions with a half-bridge power converter.

Chapter 5 presents the low-EMI prototype design and implementation. Initially, the
detailed design of the half-bridge power circuit is presented. Next, the half-bridge
control system implementation is presented, which explains the detail of the shaped
waveform control strategy. An overview of the error detection and feedback control for
the gate-drive is presented for the power and injection MOSFET control. Lastly, the
chapter concludes with a section covering the laboratory assessment and performance
verification. A measurement set-up and methodology is presented, followed by all lab-
oratory measurements of the half-bridge low-EMI prototype producing an S-shaped,
sinusoidal-shaped and logistic-shaped waveform for comparison. The hard-switching
waveforms are also measured and included in the comparison. Additionally, a spectral
comparison of all the generated shaped waveforms and hard-switching waveforms is

presented.

Chapter 6 presents the prototype improvements and continued research works based
on the outcomes of the prototype development. Firstly, all prototype improvements
and ongoing research topics are presented, including improved circuitry efficiency, au-
tomated control of the auxiliary branch, improved control architecture, identifying the

maximum switching frequency, and shortest transitions time achievable with the shaped
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transitions technology. The chapter also presents continued modelling, including com-
putational spectral content modelling for DC-AC inverters and randomised PWM with
logistic shaped transitions for DC-DC converters and DC-AC inverters. Lastly, the

discussion and conclusion sections for the thesis is presented.

1.3 Intellectual Contributions

The intellectual contributions of this research project are identified in this section. A

high-level description of the intellectual contributions are itemized as follows:

e Identification of optimised shaped switching transitions for low-EMI applications,

which include logistic-shaped switching transitions.

o EMI modelling of shaped switching transitions of DC-DC converters for a detailed

comparison of EMI mitigation.

e Analytical Fourier series derivations of a generic shaped transition function for
both DC-DC converter and DC-AC inverter PWM and randomised PWM.

e Modelling, designing and prototyping of a novel low EMI half-bridge power con-

verter with a control strategy to produce shaped switching transitions.

e The development of EMI design strategies for low-EMI power converters consid-

ering radio astronomy applications.

The modelling, designing and prototyping of low-EMI power converters capable of pro-
ducing shaped switching transitions lends itself to numerous intellectual contributions.
Detailed computational modelling of shaped transitions and circuit simulations of a
low-EMI half-bridge power converter provides the generation mechanisms of EMI, in
particular how the temporal characteristics of switch transitions can influence high-
frequency EMI. Understanding the switching nature of semiconductor switches and the
time-domain properties that affect high-frequency EMI mitigation is sought through
an analytically derived Fourier series. A more in-depth understanding is obtained by
developing computational modelling of S-shaped, sinusoidal-shaped and logistic-shaped

switching transitions and the associated harmonic content.

The consolidation of MOSFET switching transient models with the numerical shaped
transitions provides practical design aspects of the half-bridge prototype design for EMI
attenuation. Identifying the operational regions of the MOSFETs and the key parasitic
components that dominate the transient response of a MOSFET are key constituents

in defining the expected transient response times when the gate-drive of a MOSFET
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is being controlled. Understanding the operational regions is pivotal for initialising
the control, where the anticipated transient response times based on major parasitic

components determine when to apply the gate-drive signals.

Furthermore, the research project has developed EMI attenuation strategies intended
for radio astronomy applications. The levels of sensitivity and the operational frequency
band of the telescope (50 — 350 MHz) create technical challenges that are not conven-
tionally addressed by power converter design and power converter EMI mitigation.
The significance and innovation of this research project stem from the development
of a low-EMI half-bridge power converter with a novel shaped switching transitions
control strategy. Additionally, the prototype outcomes present new insights for achiev-
ing shaped switching transitions in power converters, which has the potential for steep
spectral content roll-off and, therefore, high-frequency EMI mitigation. The prototype
efforts provide valuable background information for SKA-low design engineers and engi-
neers facing similar technical challenges in other fields. Therefore, this research project
provides a comprehensive theoretical and practical understanding of mitigating EMI
at the source of emissions generated by power converters. Crucially, the design strat-
egy presented helps identify and bridge the gap between power converter design and

stringent EMI requirements for radio astronomy applications.

1.4 List of Publications

A collaboration agreement was formed as part of this dissertation between Curtin Uni-
versity and Balance Utility Solutions. A licence agreements between both parties has
been executed and the research outcomes of this dissertation contain patentable con-
cepts. Therefore, journal articles have not been published since the intellectual property
will be released into the public domain. However, journal articles have been drafted,
which will be published once the license agreement permits. An overview of the two

drafted articles is presented as follows:

Journal Article 1: Electromagnetic Interference Mitigation in Power Electronic De-

vices and Considerations for Radio Astronomy

e This manuscript presents a review of EMI mitigation techniques in power convert-
ers considering radio-astronomy applications, followed by a design methodology
for low-EMI power converters considering shaped switching transitions. The de-
sign methodology presents a systematic approach for developing low-noise power
converter technologies for the SKA-low. While this article presents a high-level de-
sign approach for low-EMI power converters, the methodology synthesises known

strategies with new insights for achieving shaped switching transitions, provid-
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ing valuable background information for SKA-low design engineers and engineers

facing similar technical challenges in other fields.

Journal Article 2: Reducing Electromagnetic Interference in Half-Bridge DC-DC

Converters for Radio Astronomy Applications

e This manuscript presents a computational study and prototype of a low-EMI
half-bridge capable of undergoing logistic-shaped switching transitions to achieve
high-frequency EMI mitigation. Compared to the EMI performance of trape-
zoidal, sinusoidal and S-shaped transitions, the proposed logistic-shaped transi-
tions provide steep roll-off, necessary for low-EMI outcomes. Both computational
and laboratory results demonstrate that the proposed half-bridge circuit with lo-

gistic shaped transitions achieves EMI attenuation.

1.5 Providing Power to the Square Kilometre Array

The SKA will be the world’s largest and most sensitive radio telescope, with the tech-
nology and capability to make discoveries in many areas of radio astronomy [4]. The
SKA project will revolutionise radio telescope technology and deepen humanity’s un-
derstanding of the Universe. Developing a state of the art radio astronomy facility
will ensure the SKA plays a significant role in the progression and advancement of
critical areas of astrophysics and cosmology. The capabilities of the SKA allows for a
large number of many important and new astrophysical observations to be made. The
primary scientific drivers of the SKA include the cradle of life, pulsar and black hole
surveys, cosmic magnetism, galaxy evolution and cosmology, Epoch of Re-Ionisation
(EoR), the dark ages, and will have the capabilities to explore the unknown and make

new scientific discoveries [4, 8, 9, 10, 11].

The host site of the SKA Low-Frequency Aperture Array (SKA-low) is the Murchison
Radio-Astronomy Observatory (MRO) in Western Australia is shown in Figure 1.1,
which provides a radio-quiet location free from artificial electromagnetic disturbances.
The radio telescope will operate between 50 MHz and 350 MHz and comprise ap-
proximately 128,000 radio antennas during Phase 1 of construction. Power supply
considerations based on EMI impact will be limited by the availability and cost of
the technology required [12, 13], which is necessary to ensure the radio antennas do
not become susceptible to generated EMI. Furthermore, the remote location and envi-
ronmental conditions of the Murchison make renewable energy systems a prospective
power supply solution for the SKA-low. DC-DC converters and DC-AC inverters are
major power conversion constituents of renewable energy systems and must not gen-
erate undesirable electromagnetic disturbances. Furthermore, EMC compliant power

converters are required to provide power at suitable voltages to the radio-antennas.
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Power supplies will be installed as close as 1 m to the nearest antenna, which requires a

comprehensive understanding of EMI generation mechanisms within power converters.

Australia ] T

|
» sMurchison ‘
S Radio-astronomy. ’

Figure 1.1: Geogrpahical location of the SKA-low site at the MRO.

The majority of the collecting area of the SKA-low will be situated within a dense core
approximately 5 km wide. However, the entire array will span a much more extensive
region. SKA-low Phase 1 will extend roughly 100 km in width, whereas Phase 2 is
anticipated to extend as far as ~3000 km considering the furthest baselines [11]. A
representation of the SKA-low layout is depicted in Figure 1.2, where a single dot rep-
resents 256 antennas, referred to as a Field Node. The core of the SKA-low consists of a
dense array of antennas approximately 3 km in diameter, connected to sparse antenna
spiral arms extending up to 50 km from the centre of the core. The sparsity of the
spiral arms increases proportionally with distance from the core, making Field Nodes

become increasingly more remote the further they are from the centre.
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Figure 1.2: SKA-Low Radio Telescope topology.

The power supply considerations for the SKA-low faces numerous technical challenges,
requiring the power system design to meet stringent EMC, availability and reliabil-
ity requirements. Low EMI systems are vital in radio-astronomy applications, where
radio-antennas cannot become susceptible to electromagnetic noise, which impacts the
performance of the antennas trying to detect faint radio signals in the distant Universe.
The main power supply requirements that are pivotal to the success of the SKA-low

are:

e Identify a cost-effective power supply and distribution solution [14].

e Supply low voltage power to the antennas over the large SKA-low site area [14].
e Maintaining high energy availability above 99.5% [15, 16].

e SKA-low reliability and maintainability requirements [15, 16].

e Generating low levels of EMI that the radio antennas cannot detect [3].

e Adherence to the SKA-low power quality standards [17].

e Ensuring the power generation and distribution solution operates over the entire

50-year project lifetime [14].

A detailed trade-off assessment of the above-listed requirements will provide the opti-
mised outcome since not all requirements complement each other. For example, meeting
EMI and energy availability requirements can be achieved with additional system costs.
PV arrays with energy storage have been identified as a possible power supply solu-

tion for the SKA-low remote Field Nodes along the spiral arms of the radio telescope.
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The remote location of the MRO is not dissimilar from rural or remote settlements,
making PV technologies viable candidates for a stand-alone solar power supply. PV
panels need to be characterised considering the radiated emissions generated by solar
modules to become a feasible power supply for the SKA-low. Although it is not a
research objective for this project, PV panels are known to exhibit antenna charac-
teristics [18, 19, 20, 21, 22, 23, 24, 25, 26, 27]. Furthermore, the power supply and
distribution solution include rectifiers and DC-DC converters that are required to con-
vert power to suitable voltage levels needed to power all the radio antennas. All power
converters must be carefully designed to mitigate EMI since the high-frequency semi-

conductor switching components generate electromagnetic noise.

The SKA is currently in the precursor prototyping phase and the system-level design,
focusing on solar power generation and the power and signal distribution (PaSD) to
the antennas. The solar power generation investigation considers a stand-alone PV
system with battery energy storage and AC distribution to the point of connection to
the PaSD system for a single Field Node. An overview of the power system topology is
shown in Figure 1.3. The system topology identifies where power conversion is required
throughout the PV battery and PaSD system with indicative voltage levels and distance

to the nearest antenna.
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Figure 1.3: PV-Battery system and PaSD overview.

Prototyping and testing of the PV system rely on EMI filtering and shielding technolo-
gies, both having cost implications. Similarly, the PaSD prototyping efforts explored
the feasibility of a commercial off the shelf (COTS) power supply, combined with a
custom-designed supervisory control and data acquisition (SCADA) system capable of
monitoring and controlling groups of eight antennas. The prototyping efforts for the PV
battery system and PaSD system showcase the numerous trade-off assessments made
with each prototype. The EMI design and control methodologies within the PaSD and

PV battery systems consider technological and cost challenges associated with EMI
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attenuation. Therefore, extensive EMI mitigation and characterisation are the critical

research areas of this project and are further discussed in the remainder of this thesis.

1.6 SKA-Low Electromagnetic Compatibility Standards

1.6.1 Electromagnetic Interference

This section presents an overview of EMI generated by electrical and electronic devices,
particularly power converters. EMI is the adverse effect of noisy circuitry on nearby
electronic components, and modern electronic design emphasises mitigating EMI due
to the proliferation of noisy and sensitive electronic equipment and increasing demand
for reliable electronic systems. Additionally, circuitry design should ensure minimal
electrical noise contribution and immunity to the surrounding electromagnetic environ-
ment, which is known as EMC and is a crucial design objective for the SKA-low. An
electronic device satisfies EMC requirements if it does not cause interference to other
systems, is immune to emissions generated by other systems, and does not interfere
with itself.

Emissions are defined as conductive or radiative signals. Conventionally, conducted and
radiated emissions are categorised by frequency bands where conducted emissions are
usually generated between 10 kHz and 30 MHz and radiated emissions are generated
beyond 30 MHz. Furthermore, conducted emissions are classed as either differential-
mode (DM) or common-mode (CM) emissions. DM emissions conduct through a power
converter through interconnecting leads connected to the source or load in the power
converters. CM emissions flow in the same direction into and out of a power supply,
returning to the source through a common ground. Radiated emissions are generated
by the interconnecting leads and power converter circuitry, which act as transmitting
antennas. The radiated emissions generated by power converters are created by the
switching frequency, and the electrical length of the radiating element in the circuit, loop
area created by any conducting paths, and the operating circuit voltages. The electrical
length of the conducting path and the loop area can be minimised to mitigate radiated
emissions generated by power converters. Considering the control of power converters,
switching schemes and control strategies can be developed to mitigate emissions at the

source of noise, which is the focal point for this dissertation.

1.6.2 Unprecedented levels of Sensitivity: SKA-Low EMC Requirements

All electrical and electronic equipment must meet stringent EMC requirements to be
deployed on-site for the SKA-low. Mitigating EMI is crucial to the success of the
SKA and will strongly influence the design of electrical equipment to prevent the SKA
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radio telescope making false detections. Currently, the SKA-low EMC compliance re-
quirements are not comprehensive and lack clarity regarding verifiable and repeatable
test methods that will demonstrate that the emissions generated by a device under
test (DUT) comply with the emission limits. The SKA-low EMC standards are estab-
lished to set the threshold limit values where the required sensitivity performance is
maintained to ensure no EMI will disrupt the performance of the telescope. The SKA-
low EMC standard adopts the ITU-R.769.2 International Telecommunications Union
(ITU) Recommendation [28] to determine the emission protection levels for the radio
telescope, based on the interference power that would cause errors in the signals ex-
pected to be detected by the SKA-low. The emission protection levels limits are also
expressed as an equivalent electric field strength since EMC test facilities are calibrated

to either commercial or military EMC standards to detect emissions as electric fields.

The SKA-low EMC standard adopts the CISPR 22 class B [1] and MIL-STD-461F [2]
standard test procedures and limit values, which provide accepted test methods. The
adopted EMC standard procedures are not entirely sufficient as the measurement reso-
lution bandwidths (RBW) and measurement distances specified in the EMC standard
differ from the SKA-low EMC standard. Therefore, conversion factors account for
differences in the RBWs and measurement distances. The SKA-low EMC limits are 80-
100 dB less than MIL-STD-461F RE102 emission limits at a 1 m distance to the nearest
antenna, presenting a worst-case. The level of sensitivity is below the noise floor of EMC
test facilities, which makes testing and verification per the SKA-low EMC standard dif-
ficult. It is expected that multiple stages of shielding and filtering are required, which
will add size and cost to the system design. In addition to quantifying shielding effec-

tiveness, other power converter EMI mitigation techniques should be similarly assessed.

Developing novel test methods and new technologies to satisfy the SKA-low EMC re-
quirements should also be considered. The frequency range of the SKA-low provides an
onerous challenge for power converters since the switching behaviour of power convert-
ers generates broadband emissions caused by switching harmonics, which can span the
entire frequency range of the SKA-low. If considerations are not made to the design of
the power electronic devices, there will be difficulties adhering to the stringent SKA-low
EMC standards. Conventional solutions such as lowering the switching frequency and
increasing switching transition times reduce EMI but can have detrimental effects on

converter efficiency, size and cost.

1.6.3 Proposed SKA-low EMC Standards

For the telescope to perform a specific measurement, it is calibrated to a particular

measurement bandwidth and sweep time. These measurements are categorised as a
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narrow band or broadband measurement and set a sensitivity requirement, which are
determined based on the most sensitive measurement at each frequency. This section
provides a numerical assessment of the proposed SKA-low EMC requirements and rep-
resents the limit values as an electric field strength compared to the MIL-STD-461F
RE102 limit lines and measurement procedure. Major power supply components for
antennas will generate EMI within proximity to the radio receivers. Therefore, iden-
tified sources of EMI are assessed assuming a 1 m distance from the antennas. For
devices such as PV-battery systems, correction factors for 100 m, and 400 m distances
can be applied to consider the adjusted emission limits for installations at a greater
distance from the nearest antenna. As specified in the SKA-low EMC requirements [3],
the PSD of broadband signals using a bandwidth of 1% of the central frequency, and

the PSD of narrow band signals using a 0.001% of the centre frequency is shown in

Figure 1.4.
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Figure 1.4: SKA-Low continuum and spectral line PSD protection levels.

The threshold level of a radiating device at a distance r to the nearest antenna is
defined as the maximum effective isotropic radiated power (EIRP) at the RBW set by
the central frequency. The EIRP assumes the emissions are detected by the antenna

through a 0 dBi side-lobe gain, given by:

A 2
EIRP = PSD + log,, (RBW) 4 101log;, <W> (1.1)

Where the last term in the equation is the free space path loss, r is the distance between
the emissions culprit and receiving antenna, and A is the wavelength of the transmitted
signal. The following equation calculates the electric field strength limit at a distance,

d, between the emission culprit and the measuring antenna:

James Buchan 16



CHAPTER 1. INTRODUCTION

Eupuy/m = EIRP — 20logy (d) +104.8 (1.2)

Lastly, when the RBW of the receiver, RBW,t, is greater than the RBW of the trans-

mitted signal, RBW,., a compensation factor is applied, which is given as:

B re
CF = 1010g10 <R W f)

RBW.., (1.3)
When the detected emissions are narrowband, the RBW of the receiver is narrower
than the transmitted signal, and a correction factor is not required. One emission limit
is considered for simplicity, which is the minimum permitted transmitted power from
either the broadband or narrowband signals at each frequency. The correction factors
that are applied to compare the SKA limits to MIL-STD-461F is shown in Fig. 1.5.
Since the SKA-low emission limits are defined considering the distance between the
EMI culprit and the nearest antenna, the worst-case SKA-low electric field strength
limit values at 1 m are shown and compared MIL-STD-461F RE102 limit less 80 dB
to demonstrate the stringent emission limits defined by the SKA-low EMC standard.
The approach for EMC compliance is cumbersome since multiple stages of shielding
and filtering are required, adding size and cost to the system design, which advocates

for novel power converter EMI mitigation techniques to be considered.
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Figure 1.5: SKA-Low EMC emission limits considering a 1 m, 100 m and 400 m distance
from the nearest antenna. The MIL-STD-461F RE102 limit less 80 dB is included for

comparison.
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1.7 Power Converter EMI Mitigation

The proposed SKA-low EMC limit values presented in Figure 1.5 outline the strin-
gent sensitivity levels required to maintain the sensitivity of the radio telescope. The
emission limits advocate for power converter EMI mitigation techniques that provide
emissions attenuation beyond 50 MHz. The semiconductor switches within power con-
verters generate considerable levels of conducted and radiated EMI due to the high-
frequency content of the rapidly changing voltage and current waveforms. The sharp
edges on the switching waveforms generate high dv/dt and di/dt and, when analysed
in the frequency domain, show the harmonics that contribute to the conducted and
radiated emissions generated. Understanding the generation mechanisms of EMI is an
essential aspect of this project since it will provide a fast and accurate prediction tool.
There is no universal approach to predict the EMI in power converters since an accu-
rate description of the propagation path is complex and challenging. Focusing on the
source of the generated EMI has merits since reducing electromagnetic disturbances at

the source will reduce the EMI regardless of the propagation path.

The switching scheme significantly contributes to the conducted EMI, which can be ex-
acerbated by the frequency-dependent parasitic components that resonate. In typical
EMI studies of power converters, the frequency range of interest does not often extend
past 10 MHz. In standard applications, the EMI issues with power converters can be
constrained to a conducted emissions problem, where the frequency range of interest
is below 30 MHz. Additionally, although power converters beyond 30 MHz generate
detectable radiated emissions, there often is not a desire for novel technologies to be
developed to achieve compliance as only a small amount of attenuation is required, if
any, to meet commercial EMC standards such as CISPR. However, in the context of
the SKA-low EMI requirements, these emissions are a significant issue that must be

addressed for the telescope to operate as intended.

Novel methods must be applied in conjunction with traditional methods such as filtering
and shielding to achieve significant EMI mitigation within power converters. Novel tech-
niques to mitigate EMI generated by power converters include topology design [29, 30],
randomised or spread spectrum switching [31], soft-switching [32] and shaped pulse
transitions [33]. These techniques reduce EMI and, therefore, the dependency on fil-
tering and shielding, reducing the size and cost of the COTS EMC solutions required
to meet the SKA-low EMC standard. Generated noise can be suppressed if the switch-
ing transitions times of the semiconductor switches within the power converters are
increased [34]. However, this is detrimental to the power converter efficiency, and low

EMI should be ascertained without considerable losses. Shaped transitions achieve low-
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EMI by mitigating high-frequency harmonics without increasing the transition times
of the switching waveform. Therefore, switching losses are reduced compared to slowed
switching transitions that are implemented to mitigate EMI. The following chapter
presents a comprehensive review of EMI mitigation techniques, particularly methods

that are suitable for radio astronomy applications.
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CHAPTER 2. EMI REDUCTION TECHNIQUES IN POWER CONVERTERS

2.1 Introduction

This Chapter presents a comprehensive review of EMI mitigation techniques and design
recommendations for power converter designs considering radio astronomy applications,
which are also applicable in communications and defence requiring low-EMI power con-
verters. EMI mitigation techniques for power converters are categorised as conventional,

power circuitry techniques, and control techniques and are shown in Figure 2.1.

| EMI Mitigation Techniques |

L | o
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Figure 2.1: EMI mitigation techniques for power converters.

Typically, aspects of a power converter, which are significant sources of EMI and in-
hibit the power electronic device from complying with emissions standards, can broadly
be categorised as either an emission generated during switching transients or due to
parasitic components that are an artefact of non-ideal circuitry components. Con-
ventionally, IGBTs and MOSFETs are semiconductor devices and generate harmonics
that contribute to the conducted and radiated emissions generated by power converters.
During switching instances, rapid dv/dt and di/dt are generated, caused by the sharp
edges of the switching waveforms. Additionally, parasitic components form resonant
frequencies contributing to significant peaks in EMI and ringing during switching. Of

particular interest to the SKA-low are the high-frequency emissions generated beyond
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30 MHz, which are considered a hindrance to the performance of the SKA-low and
must not exceed the emission limit values set by the SKA-low EMC requirements. Ad-
ditionally, emissions below 30 MHz are still considered to ensure the equipment under

test (EUT) is EMC compliant across all frequency ranges.

Conventional techniques applied to mitigate EMI include electromagnetic shielding,
EMI filtering, grounding, ferrites and PCB layout optimisation. EMI filtering tech-
niques mitigate conducted EMI and are categorised as either passive [1, 2, 3, 4] as
shown in Figure 2.2(a), or active [5, 6, 7] as shown in Figure 2.2(b). Similarly, con-
ducted emissions are mitigated by ferrites and chokes [8, 9]. Lastly, PCB design tech-
niques are applied to reduce radiated emissions in power converters by adopting layout
optimisation techniques [10], reducing switching loop inductance [11], reducing loop
area size [12], loop area orientation [13], and electric field propagation [14]. Although
these techniques are well documented and effectively mitigate EMI, multiple stages of
attenuation using conventional techniques, or a combination of conventional and novel

techniques are expected to be required to comply with the SKA-low EMC standards.

| —
Boost
DC Zij o0st
Supply DC-DC

Converter

DAEF
3 Controller

Amplifier

Figure 2.2: EMI filters, including (a) A novel LLCL filter topology used in a single
phase grid connected PV inverter [3]|, and (b) Active EMI filter implemented using
sensing circuits, injection circuitry, ADC sampling, DAC output circuitry and digital

control [7].

Firstly, a summary of power circuitry EMI mitigation techniques of power converters,
including snubber circuitry, parasitic elimination, paralleling techniques, noise cancel-
lation, and novel power converter topologies, is presented. Following this, an overview
of power converter control techniques for EMI mitigation is presented, including unique
inverter PWM techniques. Afterwards, the Chapter discusses power converter EMI mit-
igation techniques suitable for radio astronomy applications, including soft-switching,
novel power converter topologies, spread-spectrum switching strategies, and shaped
switching transitions targeting high-frequency emissions attenuation. The two latter
methods target EMI mitigation at the source with power converter control techniques.

Furthermore, conduction losses must be reduced during low-EMI switching transitions,
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requiring soft-switching techniques and high-efficiency topologies. Lastly, a strategic
approach outlining novel mitigation strategies for power converters for shaping switch-
ing transition, which achieves high-frequency spectral roll-off, is presented. The design
approach presented provides the framework for the research objectives presented in this
dissertation and helps identify and bridge the gap between power converter design and

EMI requirements for radio astronomy applications.

2.2 Novel EMI Mitigation Strategies

Novel techniques to mitigate EMI in power converters are categorised as techniques
applied to the power circuitry or control circuitry. Power circuitry techniques to at-
tenuate EMI include modifying the circuitry topology or adding auxiliary branches. In
addition to common approaches such as PCB layout, EMI filters and ferrites, power
circuitry design considerations such as adding snubbers and clamps can also reduce
EMI. Emissions generated by power converters are reduced by including noise com-
pensation schemes in the circuit or eliminating parasitic effects. Similarly, balancing
techniques are implemented to cancel out CM generated noise. Paralleling approaches
such as interleaving can be implemented to reduce ripple current and, therefore, DM
emissions. Control circuitry techniques are categorised as either a PWM scheme or a

gate drive control strategy.

Snubber circuits limit switching stresses and overshoot, which reduces EMI by allowing
semiconductor switches to operate under zero-current or zero-voltage conditions and
are classified as passive [15, 16, 17, 18, 19, 20] or active [21]. An example of a loss-
less passive snubber circuit implemented in a boost DC-DC converter is presented in
Figure 2.3. Furthermore, computational modelling of snubber designs further improves

EMI mitigation by identifying causes of EMI in the design process [22, 23].
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Figure 2.3: Lossless passive snubber circuit implemented in a boost DC-DC con-
verter [19].

Parasitic components introduce resonant frequencies, which can be attenuated using
a coupled inductor and capacitor circuit [24] or split leakage inductor windings [25].
Alternatively, common-mode (CM) noise signals are mitigated using cancellation tech-
niques, which is achieved by either creating symmetrical circuits with balancing tech-
niques [26, 27, 28], or with active techniques that measure CM noise currents and inject

out of phase noise signals to mitigate CM emissions [29, 30].

Power converter topologies have been investigated to understand their impact on gen-
erated EMI, which typically involves modifying the circuitry by changing the number
of active switching and auxiliary components, which are applied to the full-bridge [31,
32, 33], multi-level [34, 35], and neutral point clamped (NPC) inverters [36]. Low-EMI
studies by means of modifying the H-bridge topology [33], and alleviating CMV with
the NPC inverter used in PV applications [37], is presented in Figure 2.4(a) and Fig-
ure 2.4(b), respectively. Similarly, circuitry modifications are also applied to various
DC-DC converter topologies, including the multi-level buck converter [38], buck-buck-
boost (B3) [39] and the CukZeta [40].
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Figure 2.4: Low-EMI studies by (a) modifying the H-bridge topology [33], and (b)
alleviating CMV with the NPC inverter used in PV applications [37].

Control circuitry EMI mitigation techniques are pulse width modulation (PWM) tech-
niques or gate drive control strategies. Various PWM switching scheme studies perform
quantitative comparisons between PWM techniques to assess EMI performance [41, 42,
43]. Additionally, novel strategies are implemented, which target reducing CM emis-
sions by eliminating CM voltage variations and reducing CM leakage currents [44, 45,
46, 47, 48, 49, 50].

The EMI mitigation techniques previously discussed have various drawbacks when con-
sidering applications for the SKA-low. For instance, the PWM techniques are hard-
switching approaches, which are undesirable for high-frequency emissions. Further-
more, filtering, shielding, snubbers, cancellation and elimination strategies acknowledge
that EMI is already generated and attempts to attenuate the existing noise signals.
Therefore, it is necessary to consider EMI mitigation techniques such as shaped pulse
transitions and randomised PWM, which mitigates EMI at the source. Furthermore,
conduction losses must be reduced, supporting the implementation of soft-switching
strategies and high-efficiency topologies. Hence, attempts made to achieve EMI miti-

gation whilst maintaining adequate converter efficiency is desirable.
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2.3 EMI Mitigation Techniques for Radio Astronomy Applications

2.3.1 Soft-Switching

Conventional power converter switching schemes are hard switched, which produce
rapid changes in voltage and current, and as power converters are operated at higher
frequencies, switching losses and high-frequency emissions are increased. The draw-
backs of hard switching techniques are circumvented by implementing soft-switching
techniques, which simultaneously improves the operating efficiency of power convert-
ers and mitigates EMI by reducing dv/dt and di/dt during switching transitions. The
inherent reductions in switching conduction losses are only applicable to high power ap-
plications since extra auxiliary components that enable soft-switching also increase the
overall conduction losses. Another drawback to soft-switching is the inclusion of addi-

tional auxiliary components, making the design and control strategy more complicated.

One common approach to soft switching is resonant switching, where resonance is
invoked in the switching transition by including resonant inductors and resonant ca-
pacitors in the circuitry. Although resonant switching power converters can reduce
switching losses and EMI, high-value voltage and current peaks are generated, which
increases conductive losses and requires components to have higher voltage and current
ratings. Resonant converters also require variable frequency control, which involves
complex control circuitry. Furthermore, the auxiliary branches responsible for ZCS or

ZVS switching remain in the circuit continuously and contribute to system losses.

Resonant switches combined with PWM are quasi-resonant power converters that avoid
frequency modulation and are categorised as either zero-voltage switching (ZVS) or
zero-current switching (ZCS) converters. Soft-switched PWM converters have similar
waveforms to conventional PWM, with the main difference being reduced EMI during
switching transitions. Soft-switched PWM converters will invoke resonance in a con-
trolled manner, which is only required just before and during a switching transition to
create the ZCS or ZVS condition.
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Figure 2.5: Soft-switching full-bridge inverter with an LC auxiliary circuit [51].

ZCS techniques combined with snubber circuits demonstrate that the EMI of a single-
phase inverter is reduced whilst also increasing efficiency through a straightforward
configuration requiring fewer active switching devices and passive components [52].
Additionally, a novel technique for a full-bridge single phase inverter using an LC
auxiliary circuit to generate resonance is proposed, which charges and discharges the
snubber capacitor under ZVS conditions to demonstrate high efficiency and a simpler
EMI filter design [51], shown in Figure 2.5. Similarly, an auxiliary soft-switching boost
converter that allows the inverter to operate under ZVS is added to a full-bridge in-
verter providing improved efficiency, reduced EMI and low voltage stress [53], shown
in Figure 2.6. Resonant circuits can be placed on the output of full-bridge inverters
to provide ZVS and improved efficiency [54]. ZCS conditions are also met using the
full-bridge topology to provide improved efficiency and reduced EMI where the control
methodology allows zero crossings of the resonant current by introducing a phase shift

between inverter arms [55].

'DC Source | Resonant Boost Converter |Full Bridge 1

[

Figure 2.6: Soft-switching full-bridge inverter with an auxiliary soft-switching boost

converter [53].
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Aside from conventional topologies such as the full-bridge, numerous studies have
been performed on the Transformer-less Photovoltaic (TPV) inverters. A novel soft-
switching TPV combining traditional PWM with pulse-amplitude modulation is pro-
posed, which improves efficiency and reduces EMI by implementing a ZCS turn-on
through a resonant bridge and turn-off via a snubber circuit [56]. ZVT-TPV inverters
have been studied, with the main focus being on the H6-1 topology using resonant
tanks as shown in Figure 2.7 and a comparative study between the hard switching
equivalent [57]. It outperforms the ZVT-HERIC, ZVT-H5 and ZVT-H6-II consider-
ing efficiency and EMI by achieving zero CM leakage current under ZVS conditions
with two resonant tanks and clamping the free-wheeling paths to maintain a constant
CMV [57].

Similar to the ZVT literature presented by Xiao et al. [57], ZCT-TPV inverters have
been studied, with the main focus being on the ZCT-H6-I topology [58]. ZCT resonant
tanks are added to the main high-frequency switches, consisting of an auxiliary switch,
resonant inductor and capacitor, which allows the ZCS and TPV topology to reduce
EMI. As with [57], additional topologies are introduced, including the ZCT-HERIC,
ZCT-H5 and ZCT-H6-1T [58].
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Figure 2.7: Soft switching techniques applied to the H6-TPV inverter topology utilising
ZVT [57]. The main power circuitry is shown in black and the auxiliary circuitry to

provide soft-switching conditions is shown in grey.
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Although ZVS and ZCS can circumvent the drawbacks associated with hard-switching,
soft-switching techniques have their performance shortcomings such as high voltage
and current stress, circulating energy, parasitic ringing and hard switching auxiliary
branches, where the two latter drawbacks are detrimental to EMI performance [59].
Comparative assessments of hard switching and soft switching techniques demonstrate
the reduction in high frequency conducted emissions [60]. However, EMI reduction
is marginal, as shown in studies performed on the ZCT fly-back converter [61]. Soft-
switching techniques combined with shaped switching transitions presented in Sec-
tion 2.3.3 are expected to provide a trade-off between the two techniques, where
soft-switching will improve switching losses, and shaped transitions will provide high-
frequency EMI mitigation. A preliminary study comparing the ideal transition of a
logistic shaped transitions with logistic shaped transitions, where a portion of the tran-
sitions undergoes soft-switching, is presented in Chapter 6. The spectral comparison
provides insight into the expected trade-off in performance considering continued re-

search efforts and the shaped waveform technology applications.

2.3.2 Spread Spectrum Modulation Techniques

Novel methods applied in conjunction with traditional methods achieve the best EMI
suppression outcomes, which are achieved by implementing a switching control strat-
egy. For instance, controlling how and when the switch is operated can have a desired
outcome for EMI reduction. Frequency domain analysis of fixed frequency PWM de-
termines the harmonic spectral peaks that significantly contribute to EMI. Random
frequency modulation achieves EMI reduction, whereby the switching frequency is var-
ied according to a randomised signal. EMI mitigation is achieved since the switching
instances are no longer occurring periodically, which do not generate peaks in the emis-
sions when analysed in the frequency domain. The randomised switching frequency
spreads the emission over the entire frequency range, therefore reducing EMI. One
drawback to the randomised approach is that the random switching frequency adds
complexity to the design since the component selection is frequency-dependent. Al-
though randomised modulation strategies are favourable for EMI mitigation, design
drawbacks include complexities associated with sizing inductors and capacitors with

randomised switching frequencies.

In addition to random frequency modulation, the duty cycle and pulse position can also
be randomised to reduce EMI in buck converters, as shown in Figure 2.8. Implementing
the randomised modulation strategies with a field-programmable gate array (FPGA)
shows that the randomised duty ratio significantly reduces conducted emissions [62].

Similarly, a computational study performed up to 108 MHz on randomised PWM tech-
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niques such as randomised duty ratio, random carrier frequency modulation with fixed
duty or variable duty cycles, demonstrated the two former strategies are preferred for
low EMI applications in DC-DC converters [63]. When tested per EN55011 Class B,
a chaotic switched-mode power converter reduced peak emissions by 25 dB and 22 dB

for conducted and radiated emissions respectively [64].
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Figure 2.8: Randomised modulation strategy [63].

Similar to randomised PWM strategies, spread-spectrum harmonics are achieved from
chaos control modulation schemes, known as chaos control with parameter modulation
and chaotic PWM control. The latter is typically favourable since it adopts the well-
known PWM strategy implemented with additional programmable chaotic signals. The
ripple magnitudes are also programmable, providing the desired outcome that circum-
vents one of the significant drawbacks of chaotic parameter modulation. Additionally,
chaotic switching using a logistic-map PWM is shown to reduce emissions compared
to a hard-switched counterpart [65]. Furthermore, the EMI performance of various
chaotic mapping approaches, including the circle, logistic and tent maps, was assessed
by comparing with the PSD of each approach, demonstrating that a chaotic map with
a kurtosis closest to a uniform distribution provides the best outcome for EMI reduc-
tion [66].

A novel chaotic switching scheme for a boost converter has been developed to reduce
EMI, which uses two reference currents to create an upper and lower bound refer-
ence signal, where increasing the lower bound reference reduced ripple [67]. Addi-
tionally, EMI is reduced up to 23 dB by adopting a pseudo-random clock generation
scheme, which varies the switching frequency between 1.74 MHz to 2.84 MHz in 128
steps [68]. Furthermore, both analogue [69] and digital [70] chaotic modulation strate-

gies are shown to reduce emissions when compared to hard switching.
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A chaotic sinusoidal-PWM (SPWM) switching scheme that chaotically alters the switch-
ing frequency within a predetermined range considerably reduces the EMI [71]. The
chaotic SPWM technique is utilised in TPV full-bridge inverters, experimentally ob-
serving the THD and EMI reduction [72]. Multi-level inverters are known to generate
low levels of EMI, which are further reduced by implementing a pseudo-random carrier
modulation scheme [73]. Furthermore, a novel randomised modulation technique is
implemented using a digital signal processor where a saw-tooth waveform acts as the
reference, and a randomly varied high-frequency triangular waveform is the carrier is

implemented to study reductions in generated EMI [74].

Lastly, spread-spectrum switching schemes and soft-switching techniques are combined
by implementing a soft-switched auxiliary circuit branch and a chaotic carrier on a
PWM boost converter, as shown in Figure 2.9, to fine-tune the output ripple, which
significantly reduced EMI compared to hard switching [75]. Pseudo-random modula-
tion and ZCT are combined in the ZCT flyback isolated DC-DC converter topology,

demonstrating a reduction in EMI [76].

Figure 2.9: Chaotic modulation of a soft-switching DC-DC converter [75].

Although spread spectrum techniques demonstrate EMI mitigation through reduced
harmonic spectral peaks, the techniques have an inherent drawback since each switching
instant is still hard-switched, which is undesirable for high-frequency EMI mitigation.
Randomised PWM (R-PWM) strategies should be combined with shaped switching
transitions to reduce further the spectral contribution of a switching waveform. Both
techniques are complementary since the R-PWM will produce a spread spectrum out-
come, whereas the shape transition will produce high-EMI mitigation, and in the case of
a logistic shaped switching transition, substantial high-frequency roll-off. A preliminary
study comparing the ideal transition of a logistic shaped switching transition with ran-
domised logistic shaped switching transitions is presented in Chapter 6. Furthermore,

the following section presents a literature review of shaped switching transitions.
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2.3.3 Shaped Switching Transitions

EMI mitigation is achieved by shaping the switching transition of a semiconductor
switch with precise gate-drive circuitry. Rather than adjusting the amplitude and fre-
quency of the PWM carrier signal, a control strategy is implemented to precisely shape
the switching transitions of a semiconductor switch to achieve desirable EMI atten-
uation. These control strategies can be combined with conventional PWM switching
techniques, with the additional transition shaping control initiated during each switch-

ing transition.

Conventionally, EMI is suppressed in power converters when the transition times of the
semiconductor switches are increased [77]. However, it is detrimental to the power con-
verter efficiency, and EMI attenuation should be achieved without considerable power
losses. Shaping waveforms is beneficial for efficiency and EMI mitigation since EMI
is reduced without increasing the transition times of the switching scheme [78]. This
section provides a summary of studies presented in journal articles considering shaped

switching transitions and EMI mitigation.

The switching transitions summarised in this section include trapezoidal, S-shaped, si-
nusoidal and Gaussian-shaped transitions. Naturally, the progressions presented in the
literature seek to further reduce EMI by finding ideal shaped transitions with the tem-
poral characteristics that favour EMI mitigation, which progress towards shaped pulse
transitions that are infinitely differentiable. These waveforms are ideal for applications
where a trade-off between efficiency and low-EMI is necessary. Shaped transitions
achieve low-EMI outcomes through high-frequency harmonic mitigation without con-
siderably increasing the switching waveform transition times. Therefore, the switching
losses are reduced compared to hard switching applications, which achieve EMI miti-

gation with significantly longer switching transitions.

The basis of the analytical modelling provided for EMI at the source is obtained in [79]
and [78], which provide analytical Fourier series to predict the harmonic spectra of hard-
switching and S-shaped waveforms, respectively. The theory behind the S-shaped pulse
transition describes the third derivative of the waveform as a pulse train, which allows
for the spectral content to be analytically derived from time-shifting and differentiation
properties of the Fourier series [80]. A switching transition with a fixed transition
time can have many unique S-shaped transitions, which are synthesised from temporal
characteristics of the S-shaped function and the first, second and third-order derivatives,
which is inherently beneficial for reducing switching losses and EMI mitigation [78].
Naturally, subsequent research efforts expanded on the concept of exploring higher-

order derivative pulse trains, which can further reduce EMI [81, 82].
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Features from the first to the fourth derivative were studied to investigate the effects
time-domain characteristics of the switching waveform have on the harmonic spec-
tra [81]. The harmonics can reduce by 20n dB per decade, where n is the highest
derivative. Although the roll-off is only verified up to the fourth derivative of a switch-
ing transition, there will be a limit to the roll-off that higher-order derivative pulses
can achieve. Computational results of infinitely differentiable waveforms such as a
Gaussian-shaped transition is presented in [82, 83|, which provide significant harmonic
spectral roll-off and, therefore, high-frequency EMI attenuation. Infinitely differentiable
waveforms can provide maximum EMI mitigation at the source since the waveform and
all of its derivatives are smooth. However, only specific shaping of the waveform will

yield the desired low-EMI outcome.
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Figure 2.10: Feedback control for shaped transition applying AVC [82].

The most recent literature on low-EMI switching transitions summarises research out-
comes, which primarily focus on control system development and circuitry design to
achieve shaped transitions to mitigate high-frequency harmonics. Implementation of
shaped pulse transitions has been demonstrated through iterative learning control via
active control of the first and second derivatives [84], shaped transition modelling ap-
plied to resonant circuitry [85, 86], active voltage control (AVC) of Gaussian-shaped
waveforms [82, 87] shown in Figure 2.10, and closed-loop gate control with on-state

resistance compensation [88] shown in Figure 2.11. One drawback when implementing
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the gate-drive control to shape transitions is the signal quantisation observed in [82, 88|
by digitising the control system. The gate-drive control system adds high-frequency
harmonics generated by the clock signal of the digital processor used, which is an un-

desirable result when high-frequency emission reduction is required for the SKA-low.
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Figure 2.11: Feedback control for shaped transition applying closed-loop gate control

with on-state resistance compensation [88].

Low-EMI shaped transition should be identified, such as Gaussian-shaped waveforms
that provide steep spectral content roll-off, which is desirable for high-frequency EMI
mitigation [82, 83, 87, 88]. However, there are limitations in the modelling and im-
plementation, such as high-frequency spectral content caused by waveform disconti-
nuities [82, 83, 87|, or signal quantisation generated by the digital gate-drive control
system utilising on-state resistance compensation [88]. Logistic pulse transitions are
studied, extending the ideas of infinitely differentiable shaped switching transitions
and the appropriate control circuitry. Although these functions, like Gaussian wave-
forms, are asymptotic, they are derived such that the waveforms equate to the desired
amplitude for shaped rising transitions, which circumvents waveform discontinuities.
The mathematical treatment of the logistic waveform and assessment of the harmonic

content to analyse EMI is provided in the following Chapter.
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2.4 EMC Design Strategy Recommendations for the SKA-Low

Although the techniques summarised seek to reduce EMI in power converters, novel
mitigation strategies should be selected based on the amount of attenuation required
to meet the SKA-low EMC limits. Typically, the outcomes presented in the literature
demonstrate EMI mitigation compared to a worst-case switching noise scenario like
hard-switching. The mitigation strategies, whether applied to the power circuitry or
control strategy, will seek to demonstrate compliance with CISPR22 Class A or Class
B limits and compare emissions to hard-switching. Given that the SKA-low emission
limits are approximately 100 dB less than MIL-STD-461F RE102, compliance will be
achieved with multiple levels of shielding and filtering with a device that is CISPR22
compliant. A mitigation strategy must be adopted to comply with the SKA-low EMC
standard, such as logistic-shaped switching transitions targetted at achieving consider-
able attenuation beyond 30 MHz

The modelling and prototype design presented in subsequent chapters achieves logistic
shaped transitions capable of producing high-frequency spectral content roll-off within
a power converter. The novel design approach primarily addresses actual circuit imple-
mentation concerning logistic shaped waveform realisation. The modelling and proto-
type design improves signal quantisation and waveform discontinuities to reduce high-
frequency EMI. Signal quantisation and waveform discontinuities are the primary im-
pairments preventing the theoretical roll-off observed in Gaussian and logistic-shaped
transitions. Additionally, measurement techniques are presented to reduce noise in the
measured waveforms. The design and measurement recommendation presented in the
remainder of this section defines a staged approach to achieve the steep spectral con-
tent roll-off observed in the theoretical mathematical treatment of shaped switching

transitions.

2.4.1 Logistic Shaped Switching Transitions

Infinitely differentiable shaped transitions presented in the literature, like Gaussian-
shaped switching transitions, provide excellent spectral content roll-off, which is de-
sirable for high-frequency EMI mitigation. Firstly, additional mathematical functions
suitable for EMI mitigation are identified to understand better the time-domain char-
acteristics that influence high-frequency spectral content roll-off. The logistic functions
belong to a class of Sigmoid functions and are typically used in population growth pre-
dictive models [89]. The logistic function is defined by its growth rate, a temporal char-
acteristic selected for optimised EMI mitigation through steep spectral content roll-off.
Gaussian and logistic functions are asymptotic, and therefore introduce discontinuities

when used to synthesise shaped reference waveforms, which are not favourable for high-
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frequency EMI mitigation. The transitions should have suitably defined asymptotes to
ensure the reference waveforms are created to avoid discontinuities. Expanding on the
set of infinitely differentiable waveforms suitable for EMI mitigation, a more in-depth
understanding of the time-domain characteristics that yield optimised emissions atten-

uation is ascertained.

In the case of a shaped rising transition, the logistic function asymptotes are defined
so the transition will start at zero and reach the signal amplitude at the end of the
transition. Furthermore, signal quantisation effects should be avoided where possi-
ble, and a more in-depth understanding of MOSFET transients can be applied, which
avoids introducing unwanted high-frequency harmonics caused by digital clock signals.
A comprehensive understanding of the MOSFET output drain-source voltage transient
response to precisely controlled gate-drive will produce smoother transitions. Consid-
ering the noise introduced to the power circuitry through signal quantisation generated
by digital control circuitry, the amount of attenuation achieved will be limited. Addi-
tionally, other factors such as parasitic components and propagation paths will limit
the amount of practically achieved attenuation. The analysis of the spectral content

provides a basis for making informed estimates considering the expected emission levels.

2.4.2 Proposed Power Converter Topology

Next, a circuit topology and control strategy is presented to reduce signal quantisa-
tion effects where possible. Additionally, a more in-depth understanding of MOSFET
transients during changes in the MOSFET gate-drive is required to understand the
gate-drive initialisation, control command sequencing, and gate-drive profiles required
to provide smooth low-EMI switching transitions. The proposed half-bridge utilises
current injection circuitry to ensure a smooth transition in the MOSFET drain-source
voltage during the second half of the transition. Additionally, capacitors are placed in
parallel with the MOSFETs since the inherent drain-source capacitance of the MOS-
FETs is insufficient to control the drain-source voltage. The combination of the injection
circuitry and parallel capacitors provides smooth shaped transitions that reduce signal

quantisation. The circuit topology and control strategy is presented in Chapter 4.

2.4.3 Circuit Simulation Approach

Simulations of the proposed half-bridge circuit identify what is required to produce
shaped transitions. Additionally, the simulations identify the MOSFET characteristics
that are pertinent to the shaped waveform control. SPICE models of the intended
MOSFETS to be used in the power converter should be modelled to define the expected

transient response of the MOSFET accurately. Feedback control can be simulated us-
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ing MATLAB and LTSPICE to determine the gate-drive signals and the precise timing
of each MOSFET that will produce a logistic-shaped switching transition. The critical
information expected to be obtained from the MATLAB and LTSPICE modelling will
be the expected gate-drive profiles, the timing and sequencing of each MOSFET, and
the requirements for initialising each MOSFET. The latter is essential when prepar-
ing the injection MOSFETs to reduce any transients and delay the injection circuit.
Therefore, a smooth transition between the power MOSFET and injection MOSFET
control ensures the waveform control remains as smooth as possible at the mid-point.

The circuit simulations are presented in Chapter 4.

2.4.4 Prototype Development

A prototype of the half-bridge is required to verify the waveform shaping technology.
Additionally, the technology will be integrated with an operational power converter,
demonstrating suitability for PWM switching schemes and operability under constant
load. Additionally, the selection of analogue to digital converters (ADC), digital to
analogue converters (DAC), and microprocessors (u-processors) is critical. Selecting
ADC, DAC, and p-processors must ensure onerous high-frequency noise is not gener-
ated. However, ADC and DAC resolution and the p-processor clock speed are critical
for control accuracy. Therefore, a trade-off exists between the control system accuracy
and the noise floor introduced by the digital circuitry, which depends on the intended
application. Additionally, analogue circuitry control would mitigate signal quantisation
effects. However, the digital control circuit is initially required since the p-processor is
programmable, which offers flexibility during prototype development. The prototype

design and implementation are presented in Chapter 5.

2.4.5 Measurement and Verification Challenges

Lastly, measurement approaches are required to verify the low-EMI performance of
the shaped switching transitions. The approach should reduce noise that is introduced
during the measurement of the shaped transitions. Since oscilloscopes are used to per-
form time-domain measurements and frequency domain measurements, it is difficult to
verify the steep roll-off of a logistic shaped transition since the oscilloscope bandwidth
is limited by the measurement signal-to-noise ratio created by the quantisation of the
ADC in the oscilloscope [90]. Since MOSFET switching is periodic and random noise
is present in measurements, time-domain averaging is a suitable technique to reduce

noise introduced by the measuring equipment.

Although averaging techniques are necessary to remove measurement equipment noise,

the time-step required to perform frequency domain analysis on the shaped transi-
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tion switching signals will be less than 100 ns to reach frequencies beyond 100 MHz.
A shaped switching transition occurs over microseconds, whereas switching frequen-
cies of power converters occur over 10-100ms. Therefore, measurement approaches
are time-consuming and relatively data-intensive to sample the waveform with <100ns
time-steps and average the switching waveform over an entire switching period. Ad-
ditionally, oscilloscopes that simultaneously perform both time and frequency domain
measurements may be cost-prohibitive at the level of accuracy required. The prototype

laboratory measurement is presented in Chapter 5.
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CHAPTER 3. SPECTRAL CONTENT OF SWITCHING TRANSITIONS

3.1 Introduction

This Chapter provides the theoretical background and spectral content analysis of
various hard switching and shaped switching transitions. The progression from hard-
switching waveforms, shaped waveforms presented in the literature, and eventually
logistic shaped transitions to show the improvements in EMI reduction at high fre-
quencies is presented. Analytical techniques are explored and developed to model
the interference spectra generated by DC-DC converter PWM waveforms undergoing
logistic shaped switching transitions. Additionally, analytical expressions of various
waveform Fourier series are summarised from various literature sources to provide a

basis for comparison.

Furthermore, this Chapter summarises the methodology developed to numerically as-
sess the harmonic spectra and identify the ideal switching transition shapes for EMI
mitigation. The literature review on shaped switching transitions has identified that
infinitely differentiable pulse shapes are best suited for low-EMI applications, typically
for high-frequency EMI mitigation. However, not all infinitely differentiable shaped
transitions are well suited for low EMI applications, as demonstrated in this Chap-
ter, such as sinusoidal-shaped transitions. As presented in the literature and extended
upon in this dissertation, infinitely differentiable Sigmoid functions appear best suited
for EMI mitigation as steep spectral content roll-off is observed at high frequencies.
Infinitely differentiable pulse shapes, namely the logistic transition, is identified to be
best suited for EMI mitigation at the source. One key time-domain characteristic of
the logistic function is the growth rate, which produces a steep spectral roll-off essential
for high-frequency EMI mitigation. Throughout this dissertation, the growth rate is
also interchangeably referred to as the steepness parameter or the k-value. Key EMI
performance metrics, which are used to analyse the spectra of various waveforms, is the
EMI metric [1], spectral bound (or spectral envelope) and the roll-off of the harmonic

spectra.

An overview of the numerical assessment of the spectral content produced by hard-
switching and shaped switching transitions, including the Fourier series, EMI metric,
spectral bound, and roll-off, is initially presented. Next, the spectral modelling of
various shaped switching transitions undergoing typical PWM switching schemes in
DC-DC converters is presented. The modelling provides an overview of the temporal
characteristics and analytical Fourier series of all hard-switching and shaped switching
transitions considered for comparison, including the logistic-shaped transition. Lastly,
numerical spectral comparison of hard-switching and shaped switching transitions, in-

cluding the harmonic spectra, EMI metric, spectral bound, and roll-off, is presented.
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3.2 Numerical Assessment of Shaped Switching Transitions

3.2.1 Fourier Series Techniques

The Fourier series coefficients in the complex form is given by:

— l T —i2mnt/T
Cp = F(t)e dt (3.1)
T Jo

Where, f(t) is the switching waveform over the interval [0,7]. The amplitude of spec-
tral content is determined by taking the magnitude of C),,. Conversion to dBuV, is

performed as follows:

The waveforms analysed in this section can be categorised into either finitely differen-
tiable or infinitely differentiable, which determined the analytical Fourier series method
adopted to derive the harmonic contribution of the waveform. Firstly, the approach to
determine the analytical Fourier series of a finitely differential waveform is discussed. If
the n-th derivative of the switching waveform is expressed as a pulse train, then specific
properties of the Fourier series can be utilized to determine the spectral content of the
waveform [2]. For example, the second derivative of the trapezoidal shaped switching
waveform and the third derivative of the S-shaped switching waveform produce pulse
trains. The Fourier series properties considered include the impulse function, linearity,
time-scaling, and differentiation. The Fourier series of a time-shifted impulse function

is given by:

Cp =+ / - 5(t —7)e ISt gy = L o=2inmfr (3.3)
Y A T

The differentiation property of the Fourier series is given by:

aWi) &

Tark Z (j2n7rf)kcn€2jnwft -

n=—oo

The first step to determine the analytical Fourier series of a finitely differentiable wave-
form is to continue differentiating until a pulse train is produced. Following which,
the Fourier series of pulse train can be calculated with the time-shifting, linearity, and
impulse properties of the Fourier series. For the best outcome considering low-EMI,
the waveform should be symmetrical, which will allow for the Fourier series of the pulse
train to be simplified. After the expression is simplified, the differentiation property

is used to compute the Fourier series of the waveform. Section 3.3.1 and Section 3.3.2
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present an example for a hard-switching square wave and a trapezoidal waveform, re-

spectively.

Lastly, the approach to determine the analytical Fourier series of an infinitely differ-
entiable shaped transition is presented, which is derived for this dissertation. The
methodology utilizes the piecewise representation of the waveform presented in this
Section. Note that care must be taken when defining the shaped transition to ensure
the piecewise representation of the waveform remains continuous, which is necessary
for EMI mitigation. In this case, the linearity and time-shifting properties are applied
to the piecewise representation of the waveform to determine the analytical Fourier se-
ries. The piecewise representation of a switching waveform with an arbitrarily shaped

switching transition r(t), is expressed as:

f&)=r(), 0<t<m
flt)=A, w<t<T (3.5)
fWy=A—r(t—71), 7<t<7T4+m
f(t)=0, T+ <t<T

Where 7 is the pulse-width, T is the waveform period, and 7 is the waveform transition
time. For a piecewise function, consisting of an arbitrarily shaped function r(¢), during

each transition, the Fourier series of each piecewise function is expressed as:

“r), v
B(t) T A —z27rmt/Tdt
T+Tt . (36)
T / _ T 7_)) e—zQﬂnt/Tdt
D(t Oe 7127rnt/Tdt
W=7/,

The total expression is given by:
S(t) = A(t)+ B(t)+C(t) + D(t)

= 1/Tt T(t)e—iQWnt/Tdt_i_ 1/T Ae—i27rnt/Tdt
T Jo T Js, (3.7)
1 T+t . 1 T+T¢ .

+ f/T Ae—zant/Tdt _ T/T T(t o T)e—ZQWnt/Tdt

The time-shifting and linearity properties can be applied to each individual term in the
Fourier series expression. Note that D(t) is A(t), which has been y-axis inverted and

time-shifted. Therefore the Fourier series properties can be applied such that:

D(t) = —e /T A1) (3.8)
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Additionally, B(t) and C(t) can be combined since they are both integrals of the am-
plitude, A:

1 T . 1 T+T¢ .
B(t) +C(t) == Ae—2mnt/T 4 + - / Ae—12mnt/T 4

T/,
;r-‘rT (3'9)
— l tAefiQTrnt/T
T )
Similarly, the time-shifting property can be applied to B(t)+ C(¢):
1 T+Tt 1 T+Tt .
T (B(H)+C(1)dt = Ae 72 /T gy
™ T (3.10)
_ oi2mm /T A —i?ﬂnt/Tdt
e T /0 e
The result is defined as E(t):
1 /7 ,
E(t) = ~ / Ae=#2mt/T gy (3.11)
T Jo
Therefore, the simplified representation of C), becomes:
Co = (1= e727/T) A(t) + &2/ T (1) (3.12)
Where:
— 1 T —i2mnt/T
At) = T r(t)e dt
0 (3.13)

1 /7 .
E(t) _ T/O Ae—sznt/Tdt

Therefore, the analytical Fourier series representation of the piecewise arbitrarily shaped
switching transition is expressed as two terms: the shaped function, r(t), and ampli-

tude terms. An example of this approach is presented in Section 3.3.4 and Section 3.3.5.

Additionally, a discrete Fourier transform (DFT) can be utilised if the waveform syn-
thesis is discretised with equally spaced time-steps and a sufficient sampling rate to
compute the spectral content at the upper-frequency limit. In MATLAB, the DFT is

computed using the fast Fourier transform (FFT) algorithm.

3.2.2 EMI Metric for Harmonic Spectra Comparison

The EMI metric originally defined in [1] is adopted to assess the harmonic spectra
of numerous shaped pulse transitions. The EMI metric calculates the total power
dissipated in a 50 2 impedance for a given frequency range, or equivalently, harmonic

numbers. The total power dissipation is calculated using the following equation:
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ng ‘/; 2
Ptot = Z R|
i=n1 (3.14)
1= ﬁ ng é
fe’ fe

Where V; is the harmonic voltage, R is 5012, and f, is the switching frequency. The
frequency range over which the total dissipated power is calculated is set by f; and fo.
Note that the EMI metric depends on the selected bandwidth and, therefore, can be
used for particular applications if required. For instance, the frequency ranges used in

this analysis align with the frequency range of the SKA-low.

3.2.3 Spectral Bounds and Roll-Off

In addition to calculating the harmonic spectra and EMI metric, spectral bounds and
roll-off of the shaped transitions offers a more in-depth and comprehensive comparison
between shaped transitions when considering EMI. The peak envelope of the spectral
content is determined to ascertain the spectral bound of the harmonic spectra. The
signal envelope in MATLAB is used to determine the peak envelope. The signal roll-off
of the spectral bound is determined by:

 Ay— A

es(f)

Where A; and A, are subsequent spectral bound amplitudes, which occur at f1 and fs,

AR (3.15)

respectively. Note, the frequency points f; and fo differ from the frequencies defined
in Equation 3.14.

3.3 Spectral Modelling of DC-DC Converter Switching Transitions

This section provides the theoretical background and spectral content analysis of various
hard switching and shaped switching transitions. A progression from hard-switching
waveforms, shaped waveforms presented in the literature, and eventually logistic shaped
transitions to demonstrate EMI mitigation improvements, particularly at high frequen-
cies, is presented. Analytical techniques are explored and developed to model the
interference spectra generated by DC-DC converter PWM waveforms. Where possible,
analytical expressions of various waveform Fourier series are presented and provide a

basis for comparison.
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3.3.1 Hard Switching Harmonic Spectra Approximations of Switching Tran-

sitions

In DC-DC converter applications, the commonly used PWM waveform is the asymmet-

ric square wave. An example of the square wave with a 50% duty cycle, d, is shown in

Figure 3.1.
A
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Figure 3.1: Square waveform.

Since the first derivative of the square wave is two impulse functions, the Fourier series

of the derivative of the square wave is the sum of both impulses. The first impulse occurs

at t = 0 with amplitude A, and the second impulse occurs at t = 7 with amplitude — A,

therefore:

(1

1 1. A sin (énon) —jrawgr
(1) — A= A—ednwoT _ A \e ) 0

¢/ = e = Jnw e 2 3.16
" T T T %non ( )

1 )

Applying the differentiation property of the Fourier series, ¢, = jn—wocg , the magnitude

spectrum becomes:

(1
A7 Sin (§nw07> —inwgr
Cn - 7176 2

T SNWOT

(3.17)
Where A is the signal amplitude, 7 is the pulse-width, T is the waveform period, wg
is the fundamental angular frequency, and n is the harmonic number. The harmonic
spectrum of an example square wave is provided in Figure 3.2. The waveform is synthe-
sized using the following parameters: f. = 10 kHz, A= 1V, d = 50%. The harmonic
spectrum of a trapezoidal, sinusoidal, logistic and S-shaped transitions are presented
in the remainder of this sub-section. Following this, the spectral content of the various

shaped transitions are compared in Section 3.4.2 and Section 3.4.3.
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Figure 3.2: Harmonic spectra and spectral bound of a square waveform.

3.3.2 Trapezoidal Switching Transitions

When considering the realistic behaviour of switching transitions, slew rates can be
considered. The slew rates approximate transient behaviour of switching transitions,
where the resultant behaviour is trapezoidal. Moreover, the trapezoidal waveforms
are used to reduce EMI, where the switching transition time is controlled to reduce
unwanted EMI [3]. For hard-switched DC-DC converters, the transition time of the
waveform is short relative to a controlled trapezoidal-shaped switching transition. An

example of a trapezoidal waveform is shown in Figure 3.3.
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Figure 3.3: Trapezoidal waveform.
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The remainder of this section provides an example of the calculation approach for the
trapezoidal pulse train with a unique rise (7,.) and fall time (7;). The second derivative

can be expressed as a series of impulses, therefore:

e—jnwo[T+(Tr—Tf)/2] + lée_jnwo [r+(rrt7s)/2] (318)

@ 1A 14 1A
c ———
" Tr, T T s T s

By considering Euler’s equation:

/% = cosf + jsing
e 9% = cosh — jsinf (3.19)
e/ — 799 = (cosh + jsinh) — (cosh — jsind) = 2jsing

The expressions can be simplified and expressed in terms of sinc(z) functions:

D) = ji (nwy)? e~ Imwomr/2gminwor/2 (sinc <;nwo7'r) eI™0T/2 _gine (;nwOTf> ej"w07/2>
™

(3.20)

Applying the Fourier series differentiation property, the impulse train can be trans-

formed to the Fourier series of the trapezoidal switching waveform. Recalling:

1 2
(jnwo)? (jnwo)?

Therefore:

Cp = —jie_j"“’“”/26_]'”“’07/2 (sinc (;nwon> eIMwoT/2 _gine (;nw07f> e_j"on/Q)
™

(3.22)

Considering the magnitude spectrum of the Fourier Series and re-calling that |e?| = 1:

A

™

Cp =

1 . 1 )
(sinc <2nw07'r> eI"w0T/2 _gine <2nw07'f> ejnw07/2> ’ (3.23)

Where A is the signal amplitude, 7 is the pulse-width, T" is the waveform period, wgy
is the fundamental angular frequency, and n is the harmonic number. The harmonic
spectrum of an example trapezoidal waveform is provided in Figure 3.4. The waveform
is synthesized using the following parameters: f. = 10 kHz, A= 1V, d = 50%, 7. =
Tf =T =5 us.
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Figure 3.4: Harmonic spectra and spectral bound of a trapezoidal waveform.

3.3.3 S-Shaped Switching Transitions

S-shaped pulse transitions can be derived analytically since the waveform is finitely

differentiable and can be represented mathematically as a pulse train. Properties of

the Fourier series can be applied to derive the analytical Fourier series of the S-shaped

waveform, including linearity, time-shifting, and differentiation.

S-shaped waveform is shown in Figure 3.5.
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Figure 3.5: S-shaped waveform.
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Since the third derivative of the S-shaped waveform consists of eight time-shifted im-

pulses, the analytical Fourier series for the S-shaped, as provided in [1] is given as:

T . TN . Tr — Tr(dv/dt) \ . Tr(dv/dt e - Tr(dv/dt)
Cp = Afsmc (nw02> sinc (nwOTT(U/)> sinc (nwor(v/)> ((37”“’0 2

2 2
(3.24)
Where A is the signal amplitude, 7 is the pulse-width, T is the waveform period, wg
is the fundamental angular frequency, 7, is the waveform rise time, 7,.(4,/q) is the
derivative rise-time, and sinc(x) denotes sin(x)/x. Note that the Fourier series assumes

symmetry therefore therefore 7. = 77 and T,(qv/ar) = Tf(dv/dt)-

Similarly, higher-order shaped transitions that are finitely differentiable to yield a pulse
train can also be analytically represented in this manner [4]. Only S-shaped waveforms
are included in this dissertations as a point of comparison to a sample of infinitely dif-
ferentiable waveforms such as the sinusoidal waveforms, which represents soft-switching
power converter waveforms and logistic-shaped transitions. The logistic waveforms sig-
nificantly improves EMI mitigation and spectral content roll-off compared to S-shaped
transitions and soft-switching waveforms. Additionally, logistic shaped transitions are

comparable to Gaussian-shaped transitions presented in the literature.

The harmonic spectrum of an example S-shaped waveform is provided in Figure 3.6.
The waveform is synthesized using the following parameters: f.= 10 kHz, A= 1V,
d=50%, . =5 us.
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Figure 3.6: Harmonic spectra and spectral bound of a S-shaped waveform.
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3.3.4 Sinusoidal Switching Transitions

Sinusoidal-shaped switching transitions are included in this thesis for two major rea-
sons. Firstly, they are representative of soft-switching resonant waveforms. Secondly,
they demonstrate a class of infinitely differentiable waveforms that are not adequate for
high-frequency EMI mitigation. Although a sinusoidal-shaped waveform is infinitely
differentiable, the temporal characteristics are like an S-shaped waveform (see Fig-
ure 3.5) and, therefore, does not provide additional EMI attenuation. An example of a

Sinusoidal-shaped waveform is shown in Figure 3.7.
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Figure 3.7: Sinusoidal-shaped waveform.

Since the waveform is infinitely differentiable, the method to determine magnitude
spectrum is given by Eq. 3.12 and Eq. 3.13. The equation for a sinusoidal shaped

transitions is given by:

r(t) = %A (1 —sin (Z_Zt - g)) (3.25)

The complete Fourier series expression is therefore:
= _ (—M) l/’rt 1 _1 . E _E (_M)
S(t) (1 e T ) 7/ 2A 2Asm Ttt 5 =)t

Solving for A(t):

e —i27nt |7 —i2mnt ([ n m_my\_ 2 (r_m T
A(t) = % ZT;T; Ot c 7 (thgi(22§;tt)<ﬂl%i1; (2 i )) Ot] (3.27)
Tt Tt
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Solving for E(t):

E{t)=——e 1" (3.28)

0
The harmonic spectrum of an example sinusoidal-shaped waveform is provided in Fig-
ure 3.8. The waveform is synthesized using the following parameters: f. = 10 kHz, A

=1V,d=50%, 7 =5 us.
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Figure 3.8: Harmonic spectra and spectral bound of a Sinusoidal-shaped waveform.

3.3.5 Logistic Transition to Mitigate High Frequency Harmonics

The following equation defines the generalised logistic function:

L-W
fO)y=w+ (Ot Qe F )T (3.29)

Where W is the value of the lower asymptote, L is the value of the upper asymptote, k

is the steepness parameter or growth-rate, ¢ is the time the logistic function reaches the
mid-point of the function, C' is typically a value of 1, @ is related to f(0), and v impacts
the point where maximum growth occurs. The growth rate, k, of the logistic function is
a key temporal characteristic for EMI mitigation. Appropriate selection of the growth-
rate can achieve the desired spectral roll-off. Additionally, symmetrical waveforms are
desirable for low-EMI, therefore C, Q and v take the value of 1. Additionally, % is

defined as half the transition time 74/2. The simplified logistic equation is therefore:

L-w

f)y=w+ )

(3.30)
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The upper and lower asymptotes of the logistic function must be determined from
initial conditions to circumvent discontinuities in the switching waveform. The logistic
function must be zero at the start of the transition and reach the waveform amplitude,
A, at the end of the transition considering a waveform undergoing a rising transition.
Therefore, the logistic transition must reach equate to f(t) = 0 V and f(ry) = AV,
which is determined by equating the upper and lower asymptotes of the waveform
from initial conditions. By making the substitutions of a =1+ 6_%, B=1+ ek%, the

asymptotes,W and L, can be solved for:

aA(B-1)
L= 5 (3.31)
aA
W=— 5 a (3.32)
Substituting and simplifying gives:
aA 15}
t) = -1 .
1) f—oa | (1+eht="/2) ] (333)

The falling transition is similar to the rising transition, except the logistic shaped
transition is reflected about the y-axis. Therefore, the expression for the falling logistic-

shaped transition is:

1) = ﬁa—A o L+ek§—n/2> - 1] (3:34)
)
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Figure 3.9: Logistic-shaped waveform.
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An example of a logistic shaped switching waveform is shown in Figure 3.9. Since the
waveform is infinitely differentiable, the method to determine the magnitude spectrum

is as follows. Considering r(t) as a logistic equation:

aA I}
=5, [1 e FE—m/2) 1} (3.35)
A(t) and E(t) are therefore given by:
Aa m B —i2mnt)T
A(t) = / [ - —1}e 2mnt/T gy
_ “k(i—72/2)
T(B—a)Jo [14e7himn (3.36)

B(0) =2 [ aeemr
T Jo
Firstly, re-writing A(t) gives:

Aa T Be~i2mt/T [ —

Solving for the integral terms only, the terms inside the square brackets become:

Tt Tt

iTe—iant/T

—iBTe—i2mnt/T [_1 Py ({17 i27rn/T] g i27TZ/T; _ek(tn/2))]

2mn k 0 2mn 0
(3.38)
Where o Fy ({1,1 — ’i}"} 12— Zi}’"ﬁ —eh(t=mt/ 2)) is a hyper-geometric series. Similarly,
E(t) can be solved for the integral limits:
A [T ) A i Te—12mnt/T Ti
E(t) — T/O Ae_ZQﬂ—nt/T — TZeT (339)
0

Therefore, expressions for A(t) and E(t) are given as:

Tt

A(t) = _%T:'(f;ia) <Bei2ﬂ-nt/T 4R ({17 z’27rZ/T] g iQWZ/T; _ek(tn/Z))] 0
_ o—i2mnt/T Tt)
0 y
E(t) = %ef&wnt/T 0
(3.40)

The harmonic spectrum of an example logistic-shaped waveform is provided in Fig-
ure 3.10. The waveform is synthesized using the following parameters: f. = 10 kHz, A
=1V,d=50%, 7w =5 us.
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Figure 3.10: Harmonic spectra and spectral bound of a logistic-shaped waveform.

When considering the logistic waveform, one observable characteristic is the steep roll-
off that can be achieved with appropriately selected growth rates. The growth rate
parameter, when varied, creates a noticeable difference in spectral characteristics. The
roll-off will peak for a particular k-value that is influenced by the transition time and
amplitude of the waveform. The roll-off is not steep for low k-values as the waveform be-
comes more comparable to S-shaped transitions or even trapezoidal shaped transitions
if the k-value is low enough. Higher k-values are not favourable for EMI-mitigation as
the dv/dt in the logistic region increases and closely resembles a square wave. Select-
ing the right k-value will ensure the best roll-off and high-frequency spectral content

mitigation is achieved.

Lastly, higher k-values increases the low-frequency EMI and causes the steep roll-off to
occurs at higher frequencies. Increasing low-frequency content is not desirable as the
total harmonic distortion is increased, which is a power quality issue that needs to be
addressed. Therefore the growth-rate must be suitably selected considering both low
and high-frequency impacts. The effects of the growth-rate on the spectral content of

logistic shaped transitions is presented in Section 3.4.3.

3.4 Comparing the EMI of Shaped Switching Transitions

3.4.1 Modelling Methodology Overview

This section outlines the computational modelling approach that was developed to

compare the harmonic content of various-shaped transitions. The modelling approach
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demonstrates the capability of a logistic-shaped transition to mitigate EMI and achieve
steep spectral roll-off. The intended outcome of the modelling approach is to recom-
mend typical waveform shapes that mitigate EMI and is properly-suited for the SKA-
low radio telescope. The modelling performed is aligned with the half-bridge switch
leg circuit design, which considers transition times and capacitor sizes intended to be
implemented in the prototype development. Previous modelling studies presented in
the literature on shaped transitions identified that infinitely differentiable switching
transitions are best suited EMI mitigation, typically at high frequencies due to well

suited temporal characteristics.

An outline of the modelling methodology developed to compare the spectral content of
numerous shaped transitions is presented. Shaped transitions are synthesised and anal-
ysed using comparable transitions times, waveform amplitudes, and switching frequen-
cies. The computational study allows for a comparison of different shaped waveforms
such as the trapezoidal, sinusoidal, S-shaped, and logistic shaped switching transitions.
Additionally, the analysis allows temporal characteristics, such as the growth rate of
the logistic waveform, to be studied to ascertain the best EMI attenuation considering
the SKA-low.

A MATLAB script has been developed, which computes the harmonic spectra, spectral
bound, roll-off and EMI metric of a shaped transition. Firstly, all modelling parameters
are defined, which includes all common time and frequency domain modelling parame-
ters such as switching frequency, waveform duty cycle, maximum harmonic frequency,
waveform amplitude and transition time. Additionally, shaped transition specific pa-
rameters such as the logistic growth rate the S-shaped derivative transition times are
also defined. The rise and fall transitions are calculated and combined into a single
PWM waveform following the initialisation of the computational script. Lastly, the har-
monic spectra for each transition are computed, then the EMI metric, spectral bound
and roll-off are calculated. All modelling results are provided in the following section

for comparison. A complete overview of the modelling approach is provided as follows:

e Set-up all modelling parameters

Synthesise all shaped waveforms for a given switching frequency and duty cycle

Compute the harmonic spectra for each waveform

Determine the spectral bound and compute the roll-off for each transition

Calculate the EMI metric for each predefined frequency range
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3.4.2 Spectral Comparison of Shaped Switching Transitions

The synthesis of an S-shaped waveform is described in [1], where the third derivative
of the waveform can be represented as a pulse train, which provides the basis for de-
riving the Fourier series. The study utilised time-shifting and the derivative properties
of the Fourier series [2] to ascertain the spectral content of an S-shaped waveform.
Additionally, the S-shaped function can be determined by continually integrating the
third-derivative pulse train until the function is provided. Alternatively, the Fourier
series is dependent on the transition times of the S-shaped waveform and the transi-
tion times of the derivative of the waveform. The trapezoidal, sinusoidal and S-shaped
transitions are shown in Figure 3.11, as depicted by the black, red, and blue traces,
respectively. For representation, the transition times are exaggerated to demonstrate

the waveform shaping.

1 1 1 1 1 1 1 1 I
Trapezoidal

—Sinusoudal [}
—S-shaped

Amplitude

Time

Figure 3.11: Time-domain waveform synthesis of trapezoidal- sinusoidal- and S-shaped

transitions.

A spectral comparison between the square wave, trapezoidal, sinusoidal, and S-shaped
switching transitions is presented in Figure 3.12. Each transition is synthesised using
the following parameters: f. = 10 kHz, A =1 V, d = 50%, 7w = 5 us. For each
waveform plotted, the EMI metric from 100 kHz-1 MHz, 1-30 MHz, 30-500 MHz, and
the SKA-low frequency range of 50-350 MHz is presented in Table 3.1. Additionally,
the minimum amplitude and corresponding frequency and maximum spectral roll-off

and corresponding frequency is resented in Table 3.2.
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Figure 3.12: Spectral comparison between the square wave, trapezoidal, sinusoidal, and

S-shaped transitions. The spectral bound of each switching transitions is also shown.

Table 3.1: EMI Metric and of the square, trapezoidal, sinusoidal, logistic and S-shaped

transitions for various frequency bands.

0.1-1 MHz 1-30 MHz 30-500 MHz 50-350 MHz

Unit dBm dBm dBm dBm
Square -10.42 -20.09 -34.98 -37.60
Trapezoidal -11.66 -38.27 -82.74 -89.29
S-shaped -11.12 -38.59 -114.46 -125.63
Sinusoidal  -11.21 -41.90 -117.38 -128.48
Logistic -10.65 -26.84 -306.78 -308.69
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Table 3.2: Minimum spectral amplitude and maximum spectral roll-off of a square,

trapezoidal, sinusoidal, logistic and S-shaped transition.

Frequency Minimum Frequency Maximum
Amplitude Roll-off

Unit MHz dBuV MHz dB/dec
Square 500 16.08 0.12 24.76
Trapezoidal 500 -46.82 0.56 49.85
S-shaped 500 -112.34 1.21 67.27
Sinusoidal 499.97 -107.91 1.30 66.44
Logistic 377.48 -242.09 24.05 611.69

3.4.3 Logistic-Shaped Switching Transitions

Logistic-shaped transitions with varying growth rate parameters are shown in Fig-
ure 3.13. The plot demonstrates how the shape of the logistic profile can be changed
with the growth-rate parameter. The growth rate is a critical temporal characteristic
of the logistic function, which can be utilised for high-frequency spectral content mit-
igation. Note that as the steepness parameter approaches zero, the logistic transition
represents a trapezoidal waveform, and as the steepness parameter approaches infinity,

the logistic transitions represent a square wave.
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Figure 3.13 provides a sample of logistic shaped transitions with two extreme cases
of a trapezoidal and square-wave-like transition being produced from low and high
growth rates selected for a transition time of 5 us. The intended application influences
the desired growth rate, and considerations to the amount of high-frequency signal
attenuation and the targeted frequency range should be considered. For the SKA-low,
frequencies beyond 30 MHz are most important, and therefore the logistic waveforms
should be shaped to ensure emissions beyond 30 MHz generated by switching waveforms

are alleviated.
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Figure 3.13: Logistic-shaped transitions with varying growth-rate parameters. Wave-
forms like the trapezoidal (black trace) and a square wave (grey trace) are produced

by using growth rates of 1 x 10° and 2.8 x 10%, respectively.

The harmonic spectral content of a logistic-shaped transition for varied growth rates
is shown in Figure 3.14. Each logistic shaped waveform is synthesised with 7. = 5 us,
fe=10 kHz and 50% duty cycle. As shown in the plot Figure 3.14, the growth rate can
be selected to provide a required amount of roll-off and for the roll-off to be achieved
before a particular frequency. For example, a growth rate of 10 x 10% will achieve max-
imum roll-off before 10 MHz, where as a growth rate of 2.8 x 10% achieves maximum
roll-off around 200 MHz.
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Analysis of the spectral bound ascertains the ideal logistic waveform shaping by quanti-
fying the minimum harmonic amplitude and the maximum signal roll-off. The minimum
spectral amplitude, maximum roll-off and frequency where maximum roll-off occurs are
characterised as a function of the logistic growth rate as shown in Figure 3.15(a), Fig-
ure 3.15(b), and Figure 3.15(c) respectively. As shown in Fig. 3.15, the minimum
spectral amplitude is obtained between 1.2 x 107 and 1.6 x 107. Furthermore, growth
rates ranging between 1.5 x 107 and 2 x 107 achieve maximum spectral content roll-off.
A growth-rate of 1.5 x 107 is best suited for high frequency mitigation below 30 MHz,
since the spectral content is minimised and the steepest roll-off is achieved at the lowest

frequency compared to other suitable growth-rates.
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Figure 3.14: Harmonic spectral comparison of logistic-shaped transitions with different
growth rates. Waveforms like the trapezoidal (black trace) and a square wave (grey

trace) are produced by using growth rates of 1 x 10° and 2.8 x 102, respectively.
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Figure 3.15: Logistic waveform spectral content analysis showing (a) minimum spectral

amplitude, (b) the maximum roll-off, (¢) frequency occurrence of the maximum roll-off.

James Buchan 73



CHAPTER 3. SPECTRAL CONTENT OF SWITCHING TRANSITIONS

A spectral comparison between the trapezoidal, S-shaped, and logistic-shaped transi-
tions is presented in Figure 3.16. Each transition is synthesised using the following
parameters: f. = 10 kHz, A =1V, d = 50%, v = 5 us. Table 3.1 presents the EMI
metric in various frequency bands for each waveform. Additionally, refer to Table 3.2

for the minimum amplitude and maximum spectral roll-off of each shaped waveform.
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Figure 3.16: Spectral content and the spectral bound of a trapezoidal, logistic and

S-shaped switching transition.

Although a sinusoidal shaped transition is infinitely differentiable, the shaped transi-
tions do not achieve steep spectral roll-off as observed with a logistic shaped switching
transition. Figure 3.17 presents the switching transitions and the derivatives of an
S-shaped, sinusoidal and logistic transition. Notably, the derivative of the sinusoidal
and S-shaped switching transitions are similar. Of particular importance is that the
derivative is not smooth at the start and end of the sinusoidal and S-shaped switching
transitions. Therefore, the second derivative of the entire waveform for both the sinu-
soidal and S-shaped switching transitions are discontinuous at the start and end of the
sinusoidal and S-shaped switching transitions. Conversely, the derivative of the logistic
shaped switching transition is smooth. The smoothness of the entire waveform is a
critical feature for achieving steep spectral content roll-off. Therefore, the number of
continuous derivatives necessary to achieve roll-off or EMI attenuation can be defined

depending on the EMI mitigation requirements.
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Figure 3.17 demonstrates that it is not only sufficient for the shaped transition to be
infinitely differentiable, but the entire waveform also needs to be smooth. Therefore,
it is crucial to ensure the shaped switching transition function is defined such that it
is smooth at the start and end of the shaped switching transition. As presented in
Section 3.3.5, defining the upper and lower asymptotes of the logistic function based
on the initial condition to ensure the function is smooth at the beginning and end of
the shaped transition is necessary for achieving steep spectral roll-off. Therefore, the
ideal theoretical best outcome for steep spectral content roll-off is a smooth waveform
with infinitely continuous derivatives. However, there are practical limitations, such
as waveform discontinuities and signal quantisation, restricting the amount of spectral

content roll-off that can be practically achieved.
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Figure 3.17: (a) Shaped switching transitions and (b) the corresponding derivatives of

a sinusoidal, logistic, and S-shaped switching transition.

3.5 Practical Limitations of Waveform Shaping

Currently, the modelling presented in this Chapter provides the spectral content of ide-
alised logistic shaped switching transitions, which are expected to provide steep spec-
tral roll-off in theory. However, there are practical limitations, which will hinder the
amount of EMI mitigation that is achieved. Two significant limitations which introduce
high-frequency spectral content are signal quantisation and waveform discontinuities.
These limitations are observed in the literature with high-frequency spectral content
was caused by waveform discontinuities [5, 6, 7], and signal quantisation generated
by the digital gate-drive control system utilising on-state resistance compensation [8].
Signal quantisation persists where digital control circuitry is required. Waveform dis-
continuities exist when there are errors between the shaped reference waveform and

output shaped waveform of the circuit, or the shaped transition is not smooth.
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3.5.1 Signal Quantisation and Waveform Discontinuities

The spectral content of an ideal logistic shaped switching transition and a logistic
shaped transition that is quantised with 12-bit, 16-bit and 20-bit resolution is presented
in Figure 3.18. The resolution of the quantised waveform introduces a noise floor,
which limits the EMI mitigation at high frequencies. High-resolution is preferred for
low-EMI applications, but it may be cost-prohibitive. Worth noting is Figure 3.18
presents a worst-case scenario where the digital control applies signal quantisation
directly to the output waveform, similar to the outcomes presented in [8]. For each
waveform plotted, the EMI metric from 100 kHz-1 MHz, 1-30 MHz, 30-500 MHz, and
the SKA-low frequency range of 50-350 MHz is presented in Table 3.3. Additionally,
the minimum amplitude and corresponding frequency and maximum spectral roll-off

and corresponding frequency is resented in Table 3.4.
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Figure 3.18: Harmonic spectra of a logistic shaped transition that is quantised with
12-, 16- and 20-bit resolution.
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Table 3.3: EMI Metric and of an ideal logistic transition and a logistic shaped transition
that is quantised with 12-, 16- and 20-bit resolution.

0.1-1 MHz 1-30 MHz 30-500 MHz 50-350 MHz
Unit dBm dBm dBm dBm
Ideal -10.65 -26.84 -306.78 -308.69
12-bit -10.65 -26.85 -89.84 -91.57
16-bit -10.65 -26.85 -112.63 -114.55
20-bit -10.65 -26.84 -135.81 -137.57

Table 3.4: Minimum spectral amplitude and maximum spectral roll-off of an ideal

logistic transition and a logistic shaped transition that is quantised with 12-, 16- and

20-bit resolution.

Frequency Minimum Frequency Maximum
Amplitude Roll-off
Unit MHz dBuV MHz dB/dec
Ideal 365.98 -241.93 23.48 608.70
12-bit 497.78 -36.01 6.34 139.51
16-bit 420.06 -58.25 8.18 187.37
20-bit 466.18 -81.46 10.08 236.16

The prototype presented in this dissertation seeks to limit the effects of signal quanti-

sation, where the output of the digital control is only applied to the gate drive, which

is quantised. Therefore, the transient response of the controlled MOSFETs and the

parallel capacitor will smooth the output waveform, limiting the quantisation impacts

of digital circuity. More details of the prototype design are presented in Chapter 4 and
Chapter 5.

James Buchan

7



CHAPTER 3. SPECTRAL CONTENT OF SWITCHING TRANSITIONS

A computational investigation was performed to determine the expected improved EMI
mitigation, when the impacts of the quantisation caused by digital circuity are reduced.
A logistic shaped transitions during the first 30 mV and 300uV of a 1 V transition is
presented in Figure 3.19(a) and Figure 3.19(b) respectively. The initial portions of
the transition present an ideal logistic transition, 16-bit quantised logistic transition,
and a smoothed transition. The smoothed transition provides a high-level estimate
of the expected smoothing of the gate-drive quantisation as the MOSFET undergoes
a transient response. The smoothed transitions is created by applying a fifty-point
moving average filter to the 16-bit quantised waveform. Figure 3.19(b) shows the

smoothed transition does not differ significantly from the ideal logistic transition.
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Figure 3.19: A logistic shaped transitions during the first (a) 30 mV and (b) 300uV" of
a 1V transition.
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Figure 3.20: Derivative of a logistic shaped transitions during a (a) complete rising
transition and (b) during the first 400ns of the shaped logistic transitions when the
transition is starting to increase.

Additionally, the derivative of the ideal logistic and fifty-point moving average logistic
transitions is presented in Figure 3.20. The entire derivative during a rising transition
in Figure 3.20(a) shows the derivatives are similar in value during the entire transi-
tion. However, Figure 3.20(b) shows the derivative of the fifty-point moving average
logistic transition is not smooth. The fifty-point moving average logistic transition is
representative of actual circuitry implementation, which is expected to have practical
limitations caused by digital control circuity, errors in the control system caused by
resolution of digital-to-analogue and analogue-to-digital converters, and measurement

noise introduced by oscilloscopes.
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Figure 3.21: Harmonic spectral estimate of a logistic shaped transition with a quantised
gate-drive signal (blue) compared to an ideal logistic shaped transition (red) and 16-bit

quantised logistic waveform (black).

The spectral content comparison between the ideal logistic shaped transition, 16-bit
quantised logistic transition and fifty point moving average logistic transition is pre-
sented in Figure 3.21. Although the fifty point moving average logistic transition
presents an improvement compared to the 16-bit quantised waveform, the impairments
and limitations in achieving the desired spectral roll-off is attributed to the derivative of
the fifty point moving average logistic transition not being smooth. Although smooth
waveform with infinitely continuous derivatives are desired, the computational estimate
of the expected circuit implementation demonstrates the limitations that exist, which

hinder the spectral roll-off from being achieved.

Additionally, the impacts of signal discontinuities on the harmonic spectra of a logistic
shaped waveform is presented in Figure 3.22. An ideal logistic shaped switching tran-
sition and logistic shaped transitions with a 1 mV, 1 ¢V and 1 nV discontinuity are
presented. For each waveform plotted, the EMI metric from 100 kHz-1 MHz, 1-30 MHz,
30-500 MHz, and the SKA-low frequency range of 50-350 MHz is presented in Table 3.5.
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Furthermore, the minimum amplitude and corresponding frequency and maximum
spectral roll-off and corresponding frequency is resented in Table 3.6. The disconti-
nuities provide insight into the amount of precision that is required to achieve the
spectral roll-off that is observed in an ideal logistic-shaped transition. A small disconti-
nuity of 1 nV is anticipated to provide a 100 dB difference from the ideal logistic shaped
transition. Note that the noise floor provided by the ideal logistic shaped transition is
a MATLAB limitation caused by standard double-precision floating-point arithmetic,
which is limited to 16 significant digits.
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Figure 3.22: Harmonic spectra of a logistic shaped transition with discontinuities in-
troduced.
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Table 3.5: EMI Metric and of an ideal logistic transition and a logistic shaped transition
with 1 mV, 1 ¢V and 1 nV discontinuities.

0.1-1 MHz 1-30 MHz 30-500 MHz 50-350 MHz

Unit dBm dBm dBm dBm
Ideal -10.65 -26.84 -306.78 -308.69
ImV -10.65 -26.85 -91.72 -94.32
1uV  -10.65 -26.84 -151.72 -154.32
InV  -10.65 -26.84 -211.72 -214.32

Table 3.6: Minimum spectral amplitude and maximum spectral roll-off of an ideal logis-

tic transition and a logistic shaped transition with 1 mV, 1 ¢V and 1 nV discontinuities.

Frequency Minimum Frequency Maximum
Amplitude Roll-off
Unit MHz dBuV MHz dB/dec
Ideal 377.48 -242.09 24.05 611.69
1mV 500 -40 6.02 120.98
1uV 500 -100 10.40 278.30
1nV 500 -159.96 14.83 361.33

Furthermore, the impacts of signal discontinuities on the harmonic spectra of a sinu-
soidal shaped and trapezoidal shaped waveform is presented in Figure 3.23 and Fig-
ure 3.24, respectively. Given that both the sinusoidal shaped and trapezoidal shaped
waveform do not achieve steep spectral roll-off like the logistic shaped switching tran-
sitions, the magnitude of the discontinuities are larger before the spectral content is
hindered by introducing a noise floor to the spectral content. For the sinusoidal shaped
switching transitions, the harmonic spectra considering a 1 mV, 100 ¢V and 10 ¢V
discontinuities are presented. Additionally, 100 mV, 10 mV and 1 mV discontinuities

are considered for the trapezoidal shaped waveform.
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Figure 3.23: Harmonic spectra of a sinusoidal shaped transition with discontinuities
introduced.
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Figure 3.24: Harmonic spectra of a trapezoidal shaped transition with discontinuities
introduced.
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For each ideal and discontinuous waveform plotted, the EMI metric from 100 kHz-
1 MHz, 1-30 MHz, 30-500 MHz, and the SKA-low frequency range of 50-350 MHz is
presented in Table 3.7 and Table 3.8 for the sinusoidal and trapezoidal shaped transi-
tions, respectively. Additionally, the minimum amplitude and corresponding frequency
and maximum spectral roll-off and corresponding frequency is resented in Table 3.9

and Table 3.10 for the sinusoidal and trapezoidal shaped transitions, respectively.

Table 3.7: EMI Metric and of an ideal sinusoidal transition and a sinusoidal transition
with 1 mV, 100 ¢V and 10 u4V discontinuities.

0.1-1 MHz 1-30 MHz 30-500 MHz 50-350 MHz

Unit dBm dBm dBm dBm

Ideal  -11.205 -41.902 -117.38 -128.48
1mV -11.192 -42.007 -92.042 -94.444
100uV -11.203 -41.913 -114.74 -115.64
10uV  -11.204 -41.903 -118.62 -131.73

Table 3.8: EMI Metric and of an ideal trapezoidal transition and a trapezoidal transi-
tion with 100 mV, 10 mV and 1 mV discontinuities.

0.1-1 MHz 1-30 MHz 30-500 MHz 50-350 MHz

Unit dBm dBm dBm dBm

Ideal -11.657 -38.267 -82.744 -89.289
100mV -10.364 -33.896 -51.742 -54.352
10mV  -11.521 -38.01 -71.743 -74.574
1mV -11.644 -38.246 -82.674 -89.154
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Table 3.9: Minimum spectral amplitude and maximum spectral roll-off of an ideal

sinusoidal transition and a sinusoidal transition with 1 mV, 100 4V and 10 pV discon-

tinuities.
Frequency Minimum Frequency Maximum
Amplitude Roll-off

Unit MHz dBuV MHz dB/dec
Ideal 499.97 -107.91 1.30 66.44

1mV 254.28 -33.99 9.06 207.57
100uV 98.56 -79.45 1.30 66.45
10uV 32.41 -57.98 30.01 306.79

Table 3.10: Minimum spectral amplitude and maximum spectral roll-off of an ideal

trapezoidal transition and a trapezoidal transition with 100 mV, 10 mV and 1 mV

discontinuities.
Frequency Minimum Frequency Maximum
Amplitude Roll-off
Unit MHz dBuV MHz dB/dec
Ideal 500 -46.82 0.56 49.85
100mV 500 -45.28 0.57 50.10
10mV 500 -20.40 0.56 50.00
1mV 500 -0.04 0.52 46.99
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Regardless, the level of precision from hardware implementation is speculated to be hin-
dered by the selection of ADCs, DACs, and p-processors used in the power converter
prototype. Although the theorised roll-off is not expected to be achieved, the waveform
shaping is improved compared to hard switching and provides additional attenuation
compared to the shaped switching transition implementations presented in the litera-
ture. Selecting ADC, DAC, and p-processors must ensure onerous high-frequency noise
is not generated. However, ADC and DAC resolution and the p-processor clock speed
are critical for control accuracy. Therefore, a trade-off exists between the control sys-
tem accuracy and the noise floor introduced by the digital circuitry, which depends on
the intended application. Additionally, analogue circuitry control would mitigate signal
quantisation effects. However, the digital control circuit is initially required since the

p-processor is programmable, which offers flexibility during prototype development.

3.5.2 Considerations for Circuitry Implementation

The gate drive control of the half-bridge prototype will allow for the drain-source volt-
age of the MOSFET to track a logistic waveform. A capacitor is connected in parallel
to the power MOSFETs, which is sized based on the load demand of the system. For a
transition targeted at achieving low-EMI, the entire transition is controlled. Therefore,
the current is completely transferred to the capacitors. For a logistic shaped transi-
tion, this is when the derivative reaches a maximum, which occurs when the voltage
has reached half of the waveform amplitude. Therefore a relationship exists between
the maximum derivative and the maximum current diverted through the capacitor.
Available capacitor values and their expected tolerances place a design constraint on
the allowable logistic shaped reference profiles. At the point where all current is trans-
ferred to the capacitor, the voltage profile is linear and the waveform derivative has

reached a maximum. Therefore:

ic = Cmax (d;’f) (3.41)

Where:

dvgs d A kek(t=mr/2)
Vs _ Loy = 2 (56 (3.42)

dt %T( )= 08—« (ek(tffr/2)+1)2

The logistic modelling must be performed in accordance with the operating conditions
and circuitry component selection of the half-bridge prototype. Although theoretical
modelling should be performed to identify the ideal shaped switching conditions for
low-EMI, it is unlikely that the circuit can be designed to be shaped exactly per the

logistic reference function and the desired growth rate.
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It may not be possible to have a manufactured capacitor sized exactly to match the de-
sired k-value. Additionally, there are also error tolerances of the capacitor to consider.
Instead, capacitor values should be selected and the k-values should be calculated.
For example, capacitor values of 68 nF, 47 nF and 33 nF correspond to k-values of
6.12 x 10°, 8.86 x 105, and 12.26 x 105, respectively.

The critical design information required for the modelling process regarding ideal wave-
form shaping is the size of the capacitor to ensure all current transfers at the middle of
the drain-source voltage transition. In later chapters of this dissertation, the auxiliary
branch sequencing and gate-drive profiles for the power MOSFETs and current injec-
tion MOSFETs is presented for ideal transitions both computationally in Chapter 4
and for an FPGA presented in Chapter 5 for the prototype implementation.
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CHAPTER 4. SHAPED SWITCHING TRANSITIONS IN MOSFETS

4.1 Introduction

This Chapter presents the theoretical framework and systematic approach to achieving
shaped switching transitions in a half-bridge power converter. Firstly, an overview of
a half-bridge DC-DC converter utilising hard-switching PWM is presented, which pro-
vides a comparison to the half-bridge prototype capable of undergoing a shaped switch-
ing transition. The intent is to present how MOSFETs are typically used as switches
in power converters, compared to a carefully controlled approach to produce shaped
switching transitions. Furthermore, an overview of the device structure and physical
operation is presented, which provides the fundamentals for the current-voltage charac-
teristic and the operational modes of a MOSFET. Following this, the turn-off transients
of the MOSFET is presented, with simulation outcomes using the same MOSFET in-
cluded in the low-EMI half-bridge prototype.

Next, an overview of the half-bridge circuit is presented alongside the sequence of
gate-drive signals, which provides an overview of the control philosophy without de-
tailed control considerations. Following this, an overview of all the low-EMI half-bridge
modes of operation and critical control aspects is presented, outlining how the circuit
can produce shaped switching waveforms. Additionally, the control algorithm is pre-
sented, which details how the error signal between the expected output voltage and
the actual voltage is used as feedback to correct the gate-drives of the power and injec-
tion MOSFETs to follow the desired shaped switching transition. Lastly, the chapter
concludes with simulations of a half-bridge DC-DC converter capable of undergoing
shaped switching transitions. The simulation modelling uses MOSFET SPICE models
to simulate the MOSFET switching transients, allowing the circuit components to be
accurately modelled during shaped switching transitions. The circuit simulations of a
half-bridge DC-DC converter using MOSFET SPICE models and the presented con-
trol algorithm consolidates the mathematical treatment of shaped switching transitions

presented in Chapter 3.

4.2 Half-Bridge DC-DC Converter and MOSFET Transients

4.2.1 Overview

The half-bridge topology is utilised in DC-DC power converter applications [1, 2]. A
circuit schematic of a half-bridge DC-DC converter connected to a constant load I, is
shown in Figure 4.1(a). The switching sequence of the switching MOSFETs and the
idealised drain source voltage, vgs, waveform of the bottom switching MOSFET, T5
is shown in Figure 4.1(b). Note that the output MOSFET waveform is presented in

Figure 4.1(b) instead of the converter output voltage and current waveforms to provide
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a comparison to the prototype half-bridge presented in later sections of this Chapter.
The typical hard-switching approach invokes a rapid change in the gate-drive voltage
to allow the MOSFET to be quickly turned off or on, which is desirable for reducing
conduction losses. When turning a MOSFET off, typically, the gate-drive voltage is
rapidly changed from a high on-state voltage Vo to a low off-state voltage Vi, which
can be zero or negative. The drain-source resistance of the MOSFET is, therefore,
increased as quickly as possible to turn the MOSFET off. The switching and control
strategy is the opposite approach to the low-EMI prototype, where the gate drive is
slowly and carefully controlled to produce a shaped drain-source voltage, vgs, of the
MOSFET. Therefore, the drain-source resistance of the MOSFET is slowly varied to

obtain the desired shaped waveform.
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Figure 4.1: Half-Bridge DC-DC (a) circuit topology and (b) control signal sequencing.

4.2.2 MOSFET Transients
4.2.2.1 Overview

The basic principle of a MOSFET is that the gate-source voltage, vy, can control the
drain-source current, i4s, to be operated as a controlled source or a switch. MOSFETs
are used in power converters as a switch. However, when designing power converters
for low-EMI applications, the MOSFET is used as a controlled source and a switch.
As such, a fundamental understanding of the MOSFET characteristics is required. Ini-
tially, the structure of the MOSFET and the physical operation is presented. Following
this, the transient and high-frequency behaviour of a MOSFET during a turn-off tran-

sition is presented.
The characteristics of a MOSFET play a critical role in controlling a MOSFET to

following a reference profile for shaped switching transitions, where knowledge of the

structure, physical operation and transient response of the MOSFET is required to
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determine the gate-source voltage, vys, and gate-source current, iy4s, that is required to
generate the required output voltage waveform. This section presents an overview of the
MOSFET, including the physical structure, simple operation, terminal characteristics,
circuit models, transient response, and high-frequency behaviour. The information
provides the framework for the circuit modelling and control strategy discussed in later

sections.

4.2.2.2 Device Structure

As an overview, the structure of the n-type MOSFET will be discussed. The n-type
MOSFET is manufactured on a wafer of silicon, which is a p-type substrate [3]. Fur-
thermore, two heavily doped n-type substrates are synthesised, creating the source and
drain regions of the MOSFET in the p-type substrate. An insulating silicon dioxide
layer is grown on the substrate surface between the source and drain, and a metal
layer is placed over the top to form the MOSFET gate. Additionally, metal contacts
are placed on the source, drain and substrate regions. As such, the MOSFET can be
treated as a three-terminal device: the gate, source, and drain. A voltage is applied
to the gate to control the drain-source current, if the circuit is permitting. A cross-

sectional diagram of an n-type MOSFET physical structure is shown in Figure 4.2.

Source (S) Gate (G) Drain (D)

. Vetal Channel Region

L

[ ] Oxide Layer (SiO,)
I n-type substrate

[ ] p-type substrate

Body (B)

Figure 4.2: Cross-section of an n-type MOSFET physical structure.
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4.2.2.3 Physical Operation and Current-Voltage Characteristics

When a positive vy, is applied across the gate, a depletion region is formed, which is
filled with the negative charge of the acceptor atoms and attracted electrons of the drain
and source regions. An applied vgs which exceeds the MOSFET threshold voltage, Vi,
causes a sufficient negative charge to build up, causing current to conduct if a suffi-
cient voltage is applied across the drain-source of the MOSFET, Vpp. Furthermore,
the gate and channel region create a parallel-plate capacitor, producing an electric field
that controls the amount of charge in the channel. The charge accumulation determines
the channel conductivity and, therefore, the current flowing through the channel for an

applied VD D-

The current is negligibly small for instances where v4s equals Vyy, since the channel is
only just formed. As vys begins to exceed Vi, more electrons are attracted into the
channel, which is analogous to an increase in channel depth, resulting in a reduced
channel resistance. For a small vgs, proportionality exists between vys and i4s, and

current will conduct for any vgs—Vjp, which is known as the ohmic region.

When vy, is held constant such that vgs > Vjp,, a voltage drop is present along the
channel, increasing from 0 to vgs. The channel depth is varied, being thicker at the
source end and thinner at the drain end. As vy, is increased further to a point where
Vgs = Vgs—Vin, the channel depth at the drain approaches zero and is tapered, and the
relationship between vgs and 74, is non-linear. At this point, for any increase in vgs, i4s
does not increase further, and the MOSFET has entered the saturation region. There-
fore, for instances where vgs > vgs—Vip, the MOSFET is in the saturation region, and
for instances where vgs < vgs—Vip,, the MOSFET is in the ohmic region. For any value
of vgs, where vgs > Vi, there is a unique vg, at the boundary between the ohmic and

saturation regions.

Understanding the MOSFET terminal characteristics is essential for the design of power
converters and is of particular importance for low-EMI circuit design. The MOSFET is
operated in the cut-off and saturation regions in power converter applications, moving
quickly through the ohmic region while switching as quickly as possible. A MOSFET
will operate in either the cut-off, ohmic or saturation region under the following condi-

tions:

o Cut-off: vy <V
e Ohmic: vgs < vgs—Vip,

e Saturation: vgs > vgs—Vin
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An in-depth understanding of the ohmic region is important for the half-bridge pro-
totype design presented in this Chapter. In the ohmic region, an applied vgs and vy
will give a unique drain-source voltage/current characteristic. Alternatively, this can
be considered as a unique resistance for each vy and vgs combination. To operate a

MOSFET in the ohmic region vgs must be greater than Vi, and vgs < vgs—Vip.

To characterise the MOSFET i4,, a portion of the gate is considered as an infinitesimal
strip distance, x, from the source. The effective voltage between the gate at the point x,
forms a strip of gate capacitance with stored electron charge. The voltage, vys, produces
an electric field along the channel, causing the electron charge to drift towards the drain,
forming a resultant drift current, ¢, where i = —ig;. Performing an integral over the

length of the channel gives the following equation for i4s in the ohmic region [3]:

. W 1
ias = 25 | (vgs = Vi) vas = 503, (4.1)

For the MOSFET in the saturation region, igs becomes [3]:

. grsW

ias = “57 (vgs = Vi)’ (4.2)
Where gy, is the transconductance of the MOSFET, L is the channel length, and W
is the channel width. In the ohmic region, the quadratic term can be ignored if vy, is
sufficiently small, giving a linear relationship for the resistance of the MOSFET [3]:

Vds L
rge = -3 — 4.3
ds lds [QW (Ugs - V;f) Uds] ( )

The n-channel MOSFET current-voltage characteristic for various curves of ig; as a

function of vy is presented in Figure 4.3.
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Vgs4

VgsS

Vgsz

Vgsl
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Figure 4.3: i4s as a function of vgs curves of an n-channel MOSFET. Note vgs1 > Vip,.

The conditions for the linear resistance equation requires vy, to be constant and vy, to
be sufficiently small. The device structure, physical operation and drain-source current-
voltage characteristics provide a basic understanding of how the MOSFET operational
characteristics vary depending on the vy, and vy, that is applied. The key characteris-
tics are the combination of applied vgs and vgs set the rqs of the MOSFET. Essentially,
the MOSFET operates as a variable resistor. Therefore, applying the correct voltage
profile to the gate of a MOSFET will allow for vgs to be controlled given a certain ig4s.
To accurately define the behaviour of the MOSFET, an understanding of the transient
response and high-frequency behaviour of the MOSFET is required.

The operational requirement of the low-EMI prototype is to control the output vgs of a
MOSFET to follow the desired reference profile. Knowing the MOSFET can operate as
a variable resistor identifies one part of the solution to the problem. The next critical
aspect is to understand how the MOSFET responds to changes in vgs. The transient
response, and more importantly, the time delay between applying the gate signal and
getting the desired output vgs, needs to be understood. The delays in the transient
response will differ depending on whether the MOSFET is in the cut-off, ohmic or
the saturation region. The following sections address the transient and high-frequency
behaviour of a MOSFET, using an equivalent circuit to explain the response of the
MOSFET to changes in gate voltages.
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4.2.2.4 Transient Behaviour: Parasitic Components and Equivalent Cir-

cuit

Due to the physical structure of the MOSFET, parasitic components inherently ex-
ist. The major parasitic components of a MOSFET include the resistances of the bulk
material and the contacts. Additionally, the inductances of the leads and capacitance
of junctions and connections should also be considered. The parasitic components of
a MOSFET are essential when considering the transient response and high-frequency
behaviour of the MOSFET. Correctly identifying the parasitic components of a MOS-
FET is critical for waveform shaping since the control of a power converter to achieve a
desired shaped switching transition relies on a relatively slow and controlled transient
response of a MOSFET.

This Section presents a simplified analytical solution to the turn-off transients response
of a MOSFET. The key equations to explain the gate-source current iy, gate-source
voltage vys, drain-source voltage vgs, and drain-source current igs throughout various
stages of the transient responses are presented. The key equations identify the major
parasitic components that dominate the transient response of a MOSFET during turn-

off.

The major parasitic components include the gate-source capacitance, gate-drain capac-
itance, drain-source capacitance, source lead inductance, drain lead inductance and the
internal gate resistance. During turn-off, energy in the lead inductances is dissipated.
The MOSFET equivalent circuit with the major parasitic components is presented in
Figure 4.4. Each major component included in the equivalent circuit is described in
Table 4.1.

d
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Figure 4.4: MOSFET equivalent circuit.
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Table 4.1: Description of major parasitic components in the MOSFET equivalent cir-

cuit.

Symbol ID Description

Vbp Input voltage (constant DC)
Vy Gate drive voltage

L Source inductance

Ly Drain inductance

R, Internal gate drive resistance
Ryq External gate drive resistance
Cys Gate-source capacitance

Cya Gate-drain capacitance

Clys Drain-source capacitance
Ciss Cys +Cya

Coss Cgs+Cga

The basic operation of a MOSFET is achieved by controlling the drain current with
the gate voltage. The time taken for vgs to respond to a change in vy, is depends on
the time taken to establish a change in the number of carriers in the inversion layer

and the transition time of the carriers along the length of the channel [4].

The transient response of a circuit is typically performed by solving the physical equa-
tions describing the behaviour of the device alongside an equivalent circuit model [5,
6, 7, 8]. However, considering the transient response of a MOSFET, matching the
non-linear device characteristics [9, 10] to the terminal characteristics of the equivalent
circuit is complicated [11, 12, 13, 14, 15]. For power MOSFETS, this typically is not
an issue since the applications are low frequency, and the parasitic components limit
the operation of the MOSFET at high frequencies. The typical transient response of
a power MOSFET occurs over 10s of nanoseconds compared to a switching frequency
occurring over 10s to 100s of microseconds. The dominant parasitic components and
the transient response provides some general context for realising shaped switching

transitions.
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The transient response discussed in the remainder of this section outlines the turn-off
sequence of the MOSFET. An analytical solution to the turn-off transients is presented,
making simplified assumptions and considering only the major parasitic components of
the MOSFET that dominate the transient response. Accurate and detailed solutions
require computational resources, as is the case with this research which utilises SPICE
simulation software and MOSFET SPICE models to simulate the transient response of
a MOSFET with a controlled gate-drive.

4.2.2.5 Turn-off Transients

The sequence of events for a MOSFET turn-off for a hard switching scenario is presented
in this section. The intent is to explain the natural transient response of the MOSFET
to a rapid drop in vgs, which initiates the turn-off sequence. When achieving low-
EMI, the turn-off sequence is still initiated. However, precise control is implemented
to manipulate the transient response of the MOSFET where necessary. The turn-off
sequence identifies the key parasitic components that influence the transient response
of a MOSFET, which are required to be understood when controlling the gate-drive of
the MOSFET for shaped transitions. The turn-off sequence can be described in four

stages:

1. Initial turn-off sequence and delay time
2. Increasing drain-source voltage
3. Decreasing drain-source current

4. Voltage turn-off ring.

During the initial turn-off sequence, when the gate voltage is dropped towards the
MOSFET V;p, the gate-source and gate-drain capacitances are discharged. The gate
voltage remains greater than V;,, and i4s continues to flow through the MOSFET and is
therefore still on. This initial stage is the delay stage, where v, and can be modelled as
a discharging capacitor. The time constant is characterised by the external and internal
gate resistances and the internal gate-source and gate-drain capacitances. Initially, the
MOSFET is assumed to be on where vgs = Van, iq = 1o, v4s = 0. To initiate the
transition, the gate-drive voltage is rapidly changed from Vg to Vi, causing Cys and
Cyq to start discharging. The time taken for vy to reduce from Vg to Vip+1,/g5s is

the turn-off delay time 74. The gate-source voltage decays according to [4]:

vgs = Vau — Var)exp(—t/14) + Var (4.4)

James Buchan 98



CHAPTER 4. SHAPED SWITCHING TRANSITIONS IN MOSFETS

Where:

g = (Rga+ Rg)(Cya+Clys) (4.5)

This phase ends when vgs = Vip, + 1o/ g5s:

Veu —Var 1 (4.6)

‘/th +Io/gfs - VGL
Once the gate voltage falls to the Miller voltage of the MOSFET, vy begins to increase.

T4 = Tgln [

During this stage, v4s will begin to increase while v, remains fairly constant at the
Miller voltage, which also known as the plateau region of the MOSFET. During this
stage of the transition, the MOSFET is depleting its stored charge to turn off, and vy,
starts to increase. During this portion of the turn-off sequence, Cyq is non-linear and
will begin to decrease as the MOSFET vy, increases. During the next phase of the
turn-off transients, once vy, reaches Vi, +1,/g ts, it Temains constant and vy, increases
towards Vpp. While vy, is below Vpp, the full load current flows through the MOSFET.

Therefore i4s and vy remain constant. The increase in vgs can be described using [4]:

_ Io+gfs(VT_VGL)
Cys+[1 +grs(Rs + Rg)]ng

After a certain amount of time, the next stage of the turn-off sequence will begin,

Vds t (4.7)

where 745 will begin to decrease, after vgs has reached Vpp. During this stage, vgs will
overshoot Vpp to a value V. By the end of this stage, i4, is zero, and vy, is below Vjy,.

The equations for 4, is [14]:

ds :gfs(vgs_‘/th) (48)

In this stage, the gate capacitance discharges and vy approaches Vi exponentially

with the time constant 7, [7]:

Ve = (Io n Vw) o (t—t2)/y (4.9)
9fs

Where t9 is when i45 begins to decrease. During the final stage of the turn-off transient
response, the gate voltage has fallen to V51, and vgs will typically oscillate. The major
components contributing to the oscillations are Ry, Lg, Cgs, and Cgq. At the beginning

of this stage, vy, is equal to Vy, which occurred at at 75 during the previous stage. vgs
defined by [4]:

vgs = Vpp + [Va— Vpplexp(—t/74)coswqt (4.10)
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Where:

and

(4.11)

(4.12)

_ 1 (Rd)2
“Wd=\T.00 \2L,

To demonstrate the turn-off transients of a MOSFET undergoing hard-switching, a
half-bridge DC-DC converter is simulated using LTSPICE. The half-bridge includes two
n-channel Infineon irfp150n power MOSFETs and a constant 10 A load. The irfp150n
MOSFETs are imported into the simulation as SPICE models, which are analytical

MOSFET models used to describe the behaviour of the semiconductor device in circuit

simulations [16]. The major parasitic components included in the MOSFET model

are summarised in Table 4.2. The turn-off transient response of an n-channel irfp150n

power MOSFET is presented in Figure 4.5, which demonstrates the first three stages

of the turn-off transients, which are the initial delay when v is reduced, increase in

v4s, and decrease in 4.

Table 4.2: MOSFET equivalent circuit description of major parasitic components.

Parameter Value Unit Parameter Value Unit
\%5%5) 100 A% Jfs 14 (8)

Iys 42 A Ciss 1900 pF
Rps(on) 36 m{) Coss 450 pF
Vy 420 A% Ly 5.0 nH
Vin, 2.0 \Y Lg 13 nH
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Figure 4.5: LTSPICE simulation results of MOSFET vs,igs,v4s waveforms during turn-
off in a half-bridge DC-DC converter using irfp150n SPICE models.

The remainder of this Section presents the prototype half-bridge that is designed to
generate shaped switching transitions. The gate-drive control strategy is outlined and
compared to the hard-switching half-bridge discussed in this section, to identify how
MOSFETs are controlled differently to conventional power converter switching strate-

gies.

4.3 Shaped Switching Transitions in a Half-Bridge DC-DC Converter

4.3.1 Half-Bridge Circuit Overview

A prototype design and control philosophy of a half-bridge power converter capable of
producing logistic-shaped switching transitions is presented in this section. The half-
bridge shaped switching transition process intends to force the half-bridge midpoint
voltage to follow a shaped low-EMI voltage reference waveform. The additional cir-
cuitry required to deliver the low-EMI logistic shaped switching transitions includes
the current injection circuits for the top and bottom MOSFETSs, the auxiliary branch,
and the gate current injection circuit for each half-bridge MOSFET.

An overview of the half-bridge circuit is presented in Fig. 4.6, which includes two n-
channel power MOSFETs with parallel capacitors connected in series between a voltage
source. The injection circuits are connected in parallel to each power MOSFET, which

consists of a power supply capable of delivering up to 10 A, and a MOSFET that
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includes gate-drive control circuity to provide the required amount injection current
for waveform shaping. Additionally, the half-bridge circuit includes an auxiliary branch
with a smoothing inductor, L., that is connected to the mid-point of the half-bridge.
When the auxiliary branch is operated, the current will begin to ramp such that the
14s of the MOSFET undergoing waveform shaping is compensated. Correct timing and

operation of the auxiliary branch will ensure the I, + I4,, = 1 pu criteria is met.

4
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Figure 4.6: Half-bridge prototype equivalent circuit.

The half-bridge differs from the AVC for IGBTs [17], and closed-loop gate control with
on-state resistance compensation [18] approaches presented in the literature by includ-
ing current injection circuitry to provide waveform shaping and parallel capacitors.
The capacitors ensure the MOSFET vy, is controlled since the current in the capac-
itors controls the MOSFET duvg,/dt. The on-state resistance compensation approach
introduces quantisation in the vg4s that causes high-frequency EMI, which the injection

circuity and parallel capacitors circumvent.

The injection circuit will draw current away from the capacitors, such that duvgs/dt
is identical to the reference logistic-shaped waveform. At 0.5V}, the current in the
capacitors reaches a maximum, which is 0.51,. The injection circuit must be capable of
diverting current away from both capacitors and therefore compensating vys as required.

The following equation describes the injection current:

dvgs
dt

iinjection = Io -2C (413)
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The intention is to get vy, to fall to a value that is slightly larger than the Miller plateau
region of the MOSFET and over a time scale that is longer than the natural transient
response time to invoke slower transients for low-EMI applications. A controlled fall in
vgs will cause the Cyq and Cys to discharge, and the change is significant enough to cause

enough stored charge in the MOSFET to be depleted to cause the vgs to increase slowly.

In addition to slowing the initial turn-off stages, the intermediate stage of the MOS-
FET turn-off can also be precisely controlled. As previously discussed, the vgs will
begin to increase when vy, decreases below the Miller plateau region in response to a
rapid drop in the gate drive voltage. The rapid decrease in vy is from a predefined
high-state (Vi) to a predefined low-state (Vir,), where the MOSFET is known to be
off. In the intermediate regions where the MOSFET vy, increases and the 74, decreases,
controlling the v, between the Miller plateau region and V}, is critical for shaping the
vgs of a MOSFET.

For gate voltages above the Miller plateau region, the MOSFET is on, and vgs and 744
do not change. Similarly, for a vgs below Vi, the MOSFET is off, and vg4s and igs do
not change either. When controlling vgs during turn-off, it is important to note the

following characteristics:

o A slow duvgs/dt where vy, is just below the Miller plateau region will invoke a slow

transient response. In other words, the dvgs/dt will be slow.

o A fast dvgs/dt where vy, is reduced to below or near V4, will invoke a fast transient

response. In other words, the dvgs/dt will be fast.

o A slow dvgs/dt for changes in vgs values ranging between the Miller plateau region
and Vy;, will invoke a slow transient response. However, there is a point where all
the MOSFET charge becomes entirely depleted, and the MOSFET will be OFF.

e Conversely, a fast dvg/dt for changes in vgs values ranging between the Miller

plateau region and Vy;, will invoke a fast transient response.

All modes of operation are discussed throughout the remainder of this section. In
the operation of the switching half-bridge with added drain-source capacitance on the
power MOSFETSs, in each switching transition, one power MOSFET is gradually turned
off, and then the other power MOSFET is eventually turned on at the end of the tran-
sition. The power MOSFET undergoing a controlled turn-off from the beginning of the
transition is the a-MOSFET. The power MOSFET turned on at the end of the transi-
tion is called the B-MOSFET. To designate which MOSFETs are being controlled, the
controlled power MOSFET is the a-MOSFET, and the controlled injection MOSFET
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is the S-injection MOSFET since it is connected in parallel to the S-MOSFET. The
a- and B-MOSFET identification is used throughout the remainder of this dissertation
to explain the various modes of operation, discuss the simulation results, explain the
control system implementation using the FPGA and discuss the laboratory results. To
summarise, the a-MOSFET is:

e The bottom MOSFET in a rising transition of the half-bridge mid-point voltage.

e The top MOSFET in a falling transition of the half-bridge mid-point voltage.
Similarly, the -MOSFET is:

e The top MOSFET in a rising transition of the half-bridge mid-point voltage.

e The bottom MOSFET in a falling transition of the half-bridge mid-point voltage.

In this control implementation, the injection circuit is only used to inject current to
displace current in the S-MOSFET, and so is called S-injection MOSFET. There is no

a-injection occurring in this control implementation.

4.3.2 Demonstrating Performance with a Simplified Circuit

A simplified circuit is used to illustrate the desired behaviour of the half-bridge switch-
ing. Although this circuit does not take into account the transient responses of the
power and injection MOSFETSs, it assists in identifying the timing required of the vari-
ous elements in the circuit. The simplified circuit is shown in Figure 4.7, which replaces
the power MOSFETs with variable resistors and the injection circuit with ideal cur-
rent sources. Additionally, the auxiliary branch MOSFETs are replaced with an ideal

switch.
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Figure 4.7: Simplified half-bridge circuit.

Considering a falling transition of the midpoint voltage, the simplified circuit undergoes
a shaped transition by varying R;, which causes V,,, to start decreasing. The transition
commences with the following initial conditions: Irt = lj0ad, Irp = 0 A, Ry = 10 mS),
Li=0A,Vi=0V,I,=0A, Ry=huge, V, =V}, Iouz = 0 A, Spur = off. Note that Ry
is denoted as a ‘huge’ resistance, which is substantially large enough to cause negligible
current to conduct, which represents a MOSFET being off. Following which, R; is
increased such that the voltage waveform V; changes to follow a reference profile. As

Ry is increased, C; begins to charge, while Cp begins to discharge.

For an ideal logistic transition, which considers that the maximum derivative of the
logistic transition that is limited by the value of C; and Cj, will increase R; such that
all the current has diverted to both capacitors by the time V; reaches half the waveform
amplitude, 0.5V;. Once all the current has transferred to the capacitors (0.51;,qq4 down-
wards in C; and 0.5I;,,4 upwards in Cj), at the mid-point voltage V;,, the injection
circuit will commence to offset the current in C; and Cj, allowing V}, to start reducing
its slope to follow the desired logistic-shaped transition. It is imperative that the in-
jected current I, should allow the voltages across the capacitors to be shaped. Once I

reaches Ij,qq4, the switching transition is complete and V, has reached 0 V, and V; has
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reached V;. At this stage the R}, can be set to 10 mS2, and I, can be set to 0 A, which
represents the bottom MOSFET being turned on the the bottom injection circuit being
turned off, respectively. A while later, the next switching transition can begin, which

determined by the duty cycle of the power converter PWM switching strategy.

The next transition undergoes a shaped transition by controlling R, which causes the
midpoint voltage (V) to undergo a rising transition. The transition commences with
the following initial conditions: Ir; =0 A, Irp = lj0ad, with Ry = huge, ,=0A, V; =V,,
I,=0A, Ry=10m$2, V;, = 10 mV, I,y = 0 A, Squz = off. Before the shaped transition
commences, the auxiliary branch is switched on via Sg,; causing I, to ramp at rate
set by Lgyz- When Iy < —Ijoad, Lioaq 18 completely compensated and the current in
Ry is now downwards and can begin to be increased to control the shape of Vj,. R
continues to be increased to provide a logistic shaped transition, with the intent that V}
reaches 0.5V; at the point when I, = —2[joqq. At this point, Rj should be huge and
the current in Cj, should be 0.51}5,4 downwards (and 0.51;,,¢ upwards in C;). Once the
voltage reaches 0.5V}, the top injection current is initiated to offset current in C}; and
Cy to allow V; to start reducing its slope and continue to follow the shaped reference
profile. When I; reaches I,, the switching transition is complete and V; = 0 V. R; can
be set to 10 mS2, and then I; can be set to 0 A.

Mustrative waveforms of the simplified half-bridge circuit are provided considering R;
being varied to produce a logistic shaped switching transition. The calculation considers
a voltage amplitude of V; = 30 V and I;,qq = 10 A. The logistic reference is synthesised
with 74 = 5 us, and a growth rate of 3 x 106. Note the growth-rate was selected to provide
observable shaped transitions throughout the entire transition time, which corresponds
to ideal capacitor values of Cy = Cj, = 222 nF. The voltage waveforms of R; and R} are
presented in Figure 4.8. Figure 4.9 shows the current in Ry, Ct, Cp and I during the
entire transition. Lastly, Figure 4.10 shows R; being varied between 1 us to 2.4 us,
which is just before 0.5V} is reached. Note that R; begins to increase rapidly to ensure
the current in R; approaches zero and the mid-point circuit voltage V;, approaches
0.5V;. Additionally, at the mid-point R; becomes huge, which is representative of a
MOSFET being off. Additionally, once I reaches 10 A at the end of the transition Ry
is made very small, which is representative of a MOSFET being on. Once waveform

shaping is complete I, will stop injecting current.
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Figure 4.8: Illustrative voltage waveforms of the simplified circuit.
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Figure 4.9: Illustrative current waveforms of the simplified circuit.

(1] D
o o
T

D
o
T

Voltage [V]

Resistance []
w
o

30

N
o

10

Time [us]

10 | | | |

5F 4
0

0 1 2 3 4 5

Time [us]

20F
10F
0 L 1 L L
1 1.2 1.4 1.6 1.8
Time [us]

Figure 4.10: Illustrative variable resistance of the simplified circuit.
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4.3.2.1 Half-Bridge Prototype Control Signal Sequencing

The half-bridge prototype circuit during a shaped switching transition for both power
MOSFETS: is presented in Fig. 4.11, where each MOSFET coloured in Fig. 4.11(a) cor-
responds to the control signal in Fig. 4.11(b). The waveform shaping is achieved by
controlling a power MOSFET (73 /T, in Fig. 4.11(a)) during the first half of the shaped
transition and an injection MOSFET (73;/T}; in Fig. 4.11(a)) for the second half of the
transition. The power MOSFETs T3, /T; and injection MOSFETS Ty;/T}; are labelled in
Fig. 4.11(b) to show when they are designated the a-MOSFET and [-injection MOS-
FET during the control sequence of the half-bridge DC-DC converter. Note that, for
simplicity, a controlled portion of a power or injection MOSFET is shown as a down-

ward ramp to designate when the MOSFET is undergoing gate-drive control.

All modes of operation are discussed throughout the remainder of this section, con-
sidering the control of the T},/T3; MOSFET pair, which are the a-MOSFET («) and
B-injection MOSFET (i), respectively. Note, the control strategy of the T;/Tj; is
identical since the MOSFET pairing is complimentary. When subsequently shaped
transitions occur, the designation of the a-MOSFET and S-injection will swap to the
T;/Ty; MOSFET pairing. Additionally, an illustrative example of the half-bridge circuit
during the various modes of operation is presented in Figure 4.12 to facilitate the dis-
cussion of each mode of operation discussed throughout the remainder of this section.
Figure 4.12(a) presents the half-bridge mid-point voltage, and Figure 4.12(b) presents
the power MOSFET), injection-MOSFET, and parallel capacitor currents. Lastly, Fig-
ure 4.12(c) presents the power MOSFET and injection MOSFET gate-drive voltages.

James Buchan 108



CHAPTER 4. SHAPED SWITCHING TRANSITIONS IN MOSFETS

¢
Y
Ty
gt

=05V, = Vi * TG
Jauxb
TaumbT— L
* + auzxr 'M
Yl b
auxt
b )
Y
1 T
e 05‘/1 1 9bi Tb
— Vi gboJ x =G
(a)

‘/ds j /

Time

(b)

Figure 4.11: Half-bridge prototype control signal sequencing.
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4.3.2.2 Waveform Overview
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Figure 4.12: Illustrative example of the waveforms during the various modes of opera-

tion for the half-bridge circuit.
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4.3.3 Low-EMI Half-Bridge: Modes of Operation
4.3.3.1 Overview

This section provides an overview of the modes of operation of the half-bridge circuitry.
For each mode, a half-bridge circuit is included where only the conducting parts of the
circuitry are shown in black. All inactive parts of the circuitry are coloured grey. Note
that the modes of operation describe the scenario where the half-bridge power converter
supplies maximum load current, and the auxiliary branch can deliver up to twice the
load current. This mode is referred to as full-load operation, and the auxiliary branch
current is required to provide current in only one direction (i.e. Tgyqp only). There
are other modes where the half-bridge does not supply full-load current. Therefore the
auxiliary branch is required to provide current in both directions where both Tj,,; and

Touzp are operated.

Lastly, the circuit can operate under no-load. In this mode, the auxiliary branch must
provide current in both directions and reach a large enough current magnitude to allow
the capacitors to charge and discharge fully. In the case of the hardware implementa-
tion, this current magnitude is 10 A. Under no-load conditions, the auxiliary branch
is required to supply I,z = £ 1 pu for both the top and bottom power MOSFETs

undergoing a controlled, shaped transition.

Figure 4.12 in Section 4.3.2.2 provides a waveform overview for the prototype half-
bridge topology undergoing a rising and falling transitions at the mid-point of the power
converter. The illustrative example presented the expected behaviour of the mid-point
voltage, all power and injection MOSFET g4, all power and injection MOSFET vy,
and the parallel capacitor currents. Generalised timing instances are presented so each
stage discussed throughout the remainder of this section can be referred to Figure 4.12.
Furthermore, since the timing instances are generalised, the auxiliary current is not
included. Instead, igs of the the bottom MOSFET is ramped during the time interval
[ts,t5] and the i4s of the the top MOSFET is ramped in the time interval [t7,t3] to
illustrate the effects of the auxiliary branch current on the i45 of the power MOSFETs.
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4.3.3.2 Stage 1 [tg,tq1]:

Stage 1 is the initialisation stage for the modes of operation and is where the -
MOSFET is on, and the S-MOSFET is off. Since the half-bridge is designed to operate
the MOSFETs as complementary pairs, the MOSFETs are only controlled to form a
shaped rising transition during turn off. For this discussion, the top MOSFET vy, is
initially undergoing a shaped rising transition. Therefore the controlled voltage V;,
will undergo a shaped falling transition. Note that the gate-drive voltage is sufficiently

large, Vg, to ensure the a-MOSFET is on and conducting.

The operational modes will commence by causing the a-MOSFET v4s to undergo a
rising transition, which causes the S-MOSFET wvg4s to undergo a falling transition. The
a-MOSFET vy undergoing a shaped rising transition will commence with the follow-
ing initial conditions. Load current is I,, o-MOSFET vy, =V;, 5-MOSFET vg4s =0V,
a-MOSFET vgs = Vau, B-MOSFET vgs = Vg1, both injection circuits are off, and the

auxiliary branch is off.

The half-bridge prototype circuit during the initialisation stage is presented in Fig-
ure 4.13. All of the conducting paths of the circuit are coloured black, and all non-
conducting paths are coloured grey. The half-bridge circuit designates the top power
MOSFET as the a-MOSFET («) and the bottom injection MOSFET as the S-injection
MOSFET (fi). Note that when the subsequently shaped transitions take place, the
designation of the a-MOSFET and (-injection will swap to the bottom power MOS-
FET and top injection MOSFET, respectively. The half-bridge circuits for the modes
of operation beyond Stage 7 demonstrate the change in a-MOSFET and S-injection

designation.
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Figure 4.13: Stage 1 of the half-bridge prototype circuit.
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4.3.3.3 Stage 2 [t1,t2]:

The gate drive voltage profile of the a-MOSFET commences and is required to get
vgs to follow the vgys reference profile to 0.5V; of the shaped transition. During the
control of the gate drive, the current is diverted to the capacitors, C; and Cj. Once
the gate-drive stage of the a-MOSFET is complete, all the current has diverted to the
capacitors (|Ic,|= |Ic,|=0.51,) and the a-MOSFET is turned off by the time vgs has
reached 0.5V;. The mid-point defines the point where the load current I, is diverted to
the capacitors, which is desired for ideal shaped transitions considering low-EMI out-
comes. However, in applications where greater efficiency is required, the target voltage

can be set lower, which is explored further in Chapter 6 of this dissertation.

During this stage, the half-bridge control system will control the a-MOSFET gate
voltage to shape the a-MOSFET w45 as defined by the reference profile. The half-
bridge prototype circuit during Stage 2 is presented in Figure 4.14. All conducting

paths of the circuit are coloured black.
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Figure 4.14: Stage 2 of the half-bridge prototype circuit.
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4.3.3.4 Stage 3 [to,t3]:

The current injection profile of the -injection MOSFET circuit is switched on once the
a-MOSFET vy, reaches 0.5V;. The p-injection MOSFET will inject current to offset the
current in the parallel capacitors allowing the slope of the a-MOSFET vy, to reduce,
ensuring the a-MOSFET vy, is shaped as per the reference profile. Essentially, the
a-MOSFET response is slowed by the current injection, which allows the a-MOSFET
vgs to follow the reference profile. By the end of the fS-injection MOSFET gate-drive
stage, C; is completely charged, and Cj is completely discharged. Both the capacitor
currents have reached Ic, = Ic, = 0 A by the time the -MOSFET vy has reached V;.

During this stage, the half-bridge control system will control the $-injection MOSFET
gate voltage to shape the half-bridge mid-point voltage as defined by the reference
profile. As previously discussed, the -injection MOSFET gate-drive seeks to inject a
current that will compensate the inherent transient response of the a-MOSFET allow-
ing the half-bridge mid-point voltage to be shaped. The half-bridge prototype circuit
during Stage 3 is presented in Figure 4.15. All conducting paths of the circuit are

coloured black.
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Figure 4.15: Stage 3 of the half-bridge prototype circuit.
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4.3.3.5 Stage 4 [t3,ty]:

The circuit has completed the current injection stage by the time the a-MOSFET vy
has reached V;, denoting the end of the shaped transition control. The S-injection
MOSFET circuit is switched off, and the S-MOSFET vy, is ramped to Vgy at the
beginning of the stage, which is required to ensure the a-MOSFET w4, remains at
the waveform amplitude of V;. vgs = V; occurs when the injection current reaches I,
which indicates that the switching transition is complete. Turning on the S-MOSFET
at this stage is essential to minimise conduction losses as the on-state resistance of
the MOSFET should be reduced as current starts to be diverted into the MOSFET
branch. Once the current in the S-MOSFET switching branch reaches I,, the switching

transition is complete.

Note that the modes of operation represent an ideal scenario, and during prototype
implementation, there will be overlap between the various modes of operation. For
example, the gate-drive of the S-injection MOSFET starts before the a-injection gate-
drive is complete, and all current is diverted to the parallel capacitors at half the
waveform amplitude, 0.5V;. This allows for the S-injection circuit to be prepared by
providing sufficient charge build up across the gate such that the S-injection MOSFET
will begin conduction with minimal delay, which is desirable for achieving the best

practical shaping.

Additionally, this stage allows the circuit to reach steady-state conditions before com-
mencing the subsequent controlled, shaped transition for the bottom power MOSFET
and top injection MOSFET. The steady-state conditions that must be met before the
next transition can occur is that I, is entirely conducting through the S-MOSFET,
a-MOSFET vy = Var, B-MOSFET vy = Vg, a-MOSFET vy, = V;, -MOSFET v,
= 0V, and the auxiliary branch is switched off. Note, in practice, the S-MOSFET vy,
will not be precisely 0 V due to the on-state resistance of the MOSFET. However, for
discussion purposes, the on-state resistance is assumed to be negligible. The half-bridge
prototype circuit during Stage 4 is presented in Figure 4.16. All conducting paths of

the circuit are coloured black.
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Figure 4.16: Stage 4 of the half-bridge prototype circuit.
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4.3.3.6 Stage 5 [tq,t5]:

Note at this stage of the half-bridge operation, and the bottom power MOSFET be-
comes the a-MOSFET, and the top injection MOSFET becomes the $-injection MOS-
FET. Figure 4.17 shows the designation of a and i for the bottom power MOSFET
and the top injection MOSFET, respectively. The auxiliary branch is turned on, which
causes the auxiliary branch inductor to start ramping up to 21, by the time the half-
bridge mid-point voltages reaches 0.5V;. Additionally, the auxiliary branch current is
required to ensure the a-MOSFET 44, reaches I, before the a-MOSFET gate-drive
control commences. Therefore, the direction of current flow in each MOSFET is I,
and the same control strategy to achieve waveform shaping can be implemented. Once
the bottom MOSFET current is compensated for, the a-MOSFET can commence the
controlled turn-off. Note that the timing of the auxiliary branch must ensure the aux-
iliary branch current reaches 21,. The half-bridge prototype circuit during Stage 5 is
presented in Figure 4.17. All conducting paths of the circuit are coloured black.
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Figure 4.17: Stage 5 of the half-bridge prototype circuit.
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4.3.3.7 Stage 6 [t5,tg]:

The gate drive voltage profile of the a-MOSFET commences and is required to ensure

vgs 18 follows the vy, reference voltage until 0.5V} is reached. More detail regarding the

gate-drive stage can be found in Section 4.3.3.3 - Stage 2. The half-bridge prototype

circuit during Stage 6 is presented in Figure 4.18. All conducting paths of the circuit

are coloured black.
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Figure 4.18: Stage 6 of the half-bridge prototype circuit.
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4.3.3.8 Stage 7 [tg,t7]:

The current injection profile of the S-injection MOSFET circuit is switched on until

V; is reached. More detail regarding the current injection stage can be found in Sec-

tion 4.3.3.4 - Stage 3. Note that the current injection magnitude for the S-injection
MOSFET circuit does not need to reach I,, which is required for the S-injection MOS-

FET in the previous transition. There is also some compensation being provided by the

auxiliary branch, as the current magnitude is ramping down from 21, to 0 A. By the

and of Stage 7, the circuit has completed the current injection stage, Cp is completely

charged, and C} is completely discharged when the half-bridge mid-point voltage has

reached V;. The half-bridge prototype circuit during Stage 7 is presented in Figure 4.19.

All conducting paths of the circuit are coloured black.

O.E‘)Io
M4
“—-i o
ti } |
=05V, =V 9, % ]-Ot
Lo
Yauzxb )
Tauzb%r of L
I_*I ‘O auxr
Ll b
j Tauzt
Jauat R Io"
! T
= T e RO
— Vi !//'OJ AL :l-Cb l
O.E‘)Io
Figure 4.19: Stage 7 of the half-bridge prototype circuit.
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4.3.3.9 Stage 8 [tr,tg]:

The B-injection MOSFET circuit is switched off, and the S-MOSFET gate-drive is
ramped to Vgpg, to ensure the a-MOSFET vy remains at V;. Note that to handle
the compensation effects of the auxiliary branch, the timing between turning the (-
injection MOSFET off and the 8 MOSFET on is slightly different to the timing that is
required for Section 4.3.3.5 - Stage 4. The half-bridge prototype circuit during Stage 8

is presented in Figure 4.20. All conducting paths of the circuit are coloured black.
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Figure 4.20: Stage 8 of the half-bridge prototype circuit.
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4.3.3.10 Stage 9 [ts,tg]:

Lastly, the auxiliary branch is switched off. By this stage, the current in the S-MOSFET
reaches I, and the switching transition is complete. The circuit will remain in this state
until the next switching transition, governed by the switching frequency of the PWM
control. The modes of operation describe how the waveform shaping is integrated with
a power converter that works under load, which is the next progression beyond shaping
transitions of just MOSFETs and IGBTs. At this point, the steady-state conditions

should be the same as Section 4.3.3.2, and the process can be repeated.

The steady-state conditions that must be met before the next transition can occur is
I, is entirely conducting through the 3-MOSFET, a-MOSFET vy = Vg1, -MOSFET
vgs = Var, a-MOSFET v4s = V;, B-MOSFET v4s = 0 V, and the auxiliary branch
is switched off. The half-bridge prototype circuit during Stage 9 is presented in Fig-

ure 4.21. All conducting paths of the circuit are coloured black.
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Figure 4.21: Stage 9 of the half-bridge prototype circuit.
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4.4 Half-Bridge Control Algorithm

The power MOSFET gate-drive and injection MOSFET gate-drive utilise the same
control algorithm to shape their respective half of the shaped switching transitions. An
illustrative example of the gate-drive control algorithm is presented in Figure 4.22. The
reference logistic profile used in the illustrative plot is offset to provide a distinct error
between the reference and measured logistic transitions to demonstrate the approach of
the algorithm. Additionally, the a-MOSFET vy, and S-injection MOSFET vy signals

are both scaled by a factor of four to provide clarity.

ds,a,mean _Vds,u,ref gs,a gs,fi _

— - -
- -

ref,j [
meas,j

ref,i [~
meas,i

g b tip by ba b G2 Ga

Figure 4.22: Half-bridge gate-drive control algorithm illustrative example.

The primary objective of the algorithm is to provide a form of corrective feedback
that accounts for the varying transient delay of the power and injection MOSFETs
throughout the shaped switching transition. The example provided in Figure 4.22
presents the gate-drive control algorithm being applied to both the a-MOSFET vy,
and S-injection MOSFET v,4s. At any point, ¢;, in the first half of the shaped switching
transition, the measured vy, is compared to the reference vgs and an error is calculated.
To account for the transient delay of the MOSFET throughout the shaped switching
transition, the error signal, multiplied by a small gain, is applied to vy, n-time-steps
before t;. In the case of the a-MOSFET example presented in Figure 4.22, the error
compensation is applied to 4 time-steps before t;, which are denoted t; 1, t;_o, t;_3,
and t;_4, which creates a window where the error compensation signal is applied. The

error signal at any point in time is given by:
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€IT = Vds,ref — Vds,meas (414)

Therefore, the error compensation applied to vy is:
CFerr = Gerr (4.15)

Where G is the gain applied to the error. As illustrated in Figure 4.22, the compensation
factor will then be applied to vy, four time-steps before when the error signal was
calculated. Therefore, the total compensation signal applied to vgs each time-step is

the sum of four subsequent error compensations, which is calculated using;:

N
CFtot == ZGGI‘I‘H,l (416)
=1

Where N is the total number of compensation terms applied. For the control strategy
implemented in the LTSPICE and MATLAB simulations, the a-MOSFET applies error
compensation to vgs sixteen time-steps before t;, and the S-injection MOSFET applies
error compensation to vy, four time-steps before ¢;. The simulation considers 20 ns
time-steps per the FPGA clock-speed, which provides a 320 ns and 80 ns delay window
for the a-MOSFET and fS-injection MOSFET, respectively. A longer delay window is
required for the a-MOSFET, as a slower and more gradual control of vy is required

during the first half of the shaped switching transition.

4.5 Half-Bridge Shaped Switching Transition Modelling

4.5.1 Complete Half-Bridge Operations - Full Load

The entire half-bridge was simulated to test the robustness of the gate voltage profile
and the current injection profiles. This section presents the LTSPICE and MATLAB
circuit simulations for the low-EMI half-bridge circuit operating under constant load.
The schematic uses the irfp150n and PSMN038-100YL SPICE models for the power
and injection MOSFETS, respectively. Additionally, the AP9465GEM selected from
the LTSPICE component library was used for the auxiliary branch MOSFETs. The
major parasitic components of the irfpl150n are presented in Table 4.2 when discussing
the turn-off transients of a hard-switching half-bridge DC-DC converter. The major
parasitic components of the PSMN038-100YL are presented in Table 4.3. The LTSPICE
low-EMI half-bridge circuit is operated under a constant load of 10 A, modelled using
a constant current source. The schematic for the low-EMI half-bridge circuit operating

under constant full load conditions is presented in Figure 4.23.
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Figure 4.23: LTSPICE schematic for the low-EMI half-bridge circuit configured to

operate under full-load.

Table 4.3: MOSFET equivalent circuit description of major parasitic components.

Parameter Value Unit Parameter Value Unit
Vbp 100 \Y g 45 §)

Iys 30 A Ciss 1905 pF
Rps(on) 37.5 m{? Coss 137 pF
Vy +20 \Y% Vin 1.7 \Y%
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The simulation starts by designating the top power MOSFET as the a-MOSFET and
the bottom injection MOSFET as the S-injection MOSFET, then changing the desig-
nation to the bottom MOSFET and the top injection MOSFET for the next shaped
switching transition. The complete sequence of events for the half-bridge modelling is

summarised as follows.

e Stage 1: Initially, the simulation starts with a delay stage, which gives the circuit
time to reach steady state conditions. The top MOSFET is controlled to undergo
a rising transition, which commences with the following initial conditions: Load
current, I, = 10 A, a-MOSFET vy, = 30 V, 8-MOSFET v4s = 0 V, a-MOSFET
vgs = 15V, -MOSFET vys = 0 V, and the auxiliary branch is off.

e Stage 2: The gate drive voltage profile of the a-MOSFET commences and is
required to get the a-MOSFET vy, to follow the vy, reference profile. As the gate-
drive voltage decreases, the drain-source resistance increases, causing current to
be diverted to the capacitors. At the end of the a-MOSFET gate-drive stage, the

current has completely diverted to the capacitors when the vy reaches 15 V.

e Stage 3: Just prior to vgs reaching 15 V, the S-injection MOSFET vy, is increased
to below V;j, to ensure the MOSFET can allow for the injection current to con-
duct as soon as 15 V is reached. The current injection profile of the S-injection
MOSFET is switched on when 15 V is reached, which offsets the current in the
parallel capacitors allowing vgs of the MOSFET to reduce its slope.

e Stage 4: The S-injection MOSFET is switched off, and the 3-MOSFET vy, is
ramped to 15V, which ensures the a-MOSFET vy, remains at the target voltage
of 30 V. The S-injection MOSFET is turned off when the injection circuit reaches
10A, indicating a complete switching transition. Turning on the S-MOSFET at
this stage is important to reduce the on-state resistance of the S-MOSFET and

minimise losses as current is diverted into the MOSFET branch.

e Stage 5: This is a delay stage allowing the circuit to reach steady-state conditions
prior to the bottom MOSFET, which is now the a-MOSFET, undergoing a shaped
rising transition. The steady-state conditions that must be met before the a-

MOSFET shaped transition can occur is the same for Stage 1.

e Stage 6: The auxiliary branch is turned on, which allows the magnitude of
the current in the auxiliary branch to ramp up to 20 A as required prior to
commencing the controlled a-MOSFET turn-off sequence. The auxiliary branch
is negative, and increases in magnitude to 20 A, which is required to completely
compensate the current in the a-MOSFET before the a-MOSFET can commence

the rising transition.
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e Stage 7: The gate drive voltage profile of the a-MOSFET shapes vgs until 15 V

is reached, similar to Stage 2.

e Stage 8: The p-injection MOSFET is controlled until 30 V is reached, similar to
Stage 3. Note that the current injection magnitude for the top injection circuit
does not need to be 10 A since there is some compensation being provided by the

auxiliary branch, which is ramping down from 20 A to 0 A.

e Stage 9: The B-injection MOSFET is switched off and the S-MOSFET vg
is ramped to 15 V to ensure the S-MOSFET vy, remains at 30 V. Note that
the timing between turning S-injection MOSFET off and the g-MOSFET on is

slightly different to Stage 4 since there is current in the auxiliary branch.

e Stage 10: The auxiliary branch is switched off. By this stage, the current in the
B-MOSFET is 10 A, and the switching transition is complete.

e Stage 11: A delay stage to allow the circuit to reach steady-state conditions
prior to commencing the next shaped switching transition. At this point, the

steady-state conditions are the same as Stage 1, and the process can be repeated.

Figure 4.24 presents the LTSPICE and MATLAB simulation results of a rising transi-
tion when the top power MOSFET is the a-MOSFET following a logistic-shaped ref-
erence profile. The plot shows the a-MOSFET vy, (orange), a-MOSFET vy, reference
profile (black-dashed), -MOSFET vy, (grey), a-MOSFET vy (red), S-injection MOS-
FET vys (blue), and the B-MOSFET vy, (purple). For clarity, the f-injection MOSFET
vgs is scaled by a factor of 10. Firstly, the plot shows that the a-MOSFET vy, accu-
rately follows the reference logistic-shaped waveform. Concurrently, the S-MOSFET
v4s also produces a logistic shaped switching transition since it is complementary to
the a-MOSFET. Lastly, the gate voltages of the a-MOSFET, B-injection MOSFET,
and S-MOSFET are presented, which indicates the control sequence of the low-EMI
half-bridge. Initially, the a-MOSFET is controlled from 10 ps to 20 us, to provide
a-MOSFET vy, shaping up to 0.5V;.

The B-injection MOSFET vy is ramped from 0 V to 2.3 V between 19 us and 19.5 us,
and then held constant at 2.3 V from 19.5 us to 20 us. Preparing the S-injection
MOSFET is required to ensure there is sufficient charge in the MOSFET to reduce the
transient response time when the MOSFET is expected to start conducting to allow
the injection current to flow into the circuit to shape the a-MOSFET vgs. From 20 us
to 22.5 s, the S-injection MOSFET vy, is controlled to allow the required amount
injected current to be provided. Finally, the $-injection MOSFET vy, is ramped from
the value of the gate-voltage at 22.5 us to 0 V at 23 ps. Once the transition is complete

and the reference waveform transition time is reached, the 3-MOSFET v, is slowly
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ramped from 0 V to 15 V over 6 us, which turns on the MOSFET. In the next switching
cycle, the S-MOSFET will become the a-MOSFET and undergoes a controlled turn-off

sequence.
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Figure 4.24: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET vy, reference profile (black-
dashed), B-MOSFET vy, (grey), a-MOSFET vy, (red), S-injection MOSFET v, scaled
by a factor for 10 (blue), and the S-MOSFET wvys (purple). The half-bridge circuit is
operating under constant load.

Figure 4.25 presents the LTSPICE and MATLAB simulation results of the a-MOSFET
igs (blue), and B-injection MOSFET iy, (red) during a shaped transition. The a-
MOSFET vg4s (orange), a-MOSFET vy reference profile (black-dashed) are also in-

cluded as a point of reference for timing throughout the shaped transition.
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Figure 4.25: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET v, reference profile (black-
dashed), a-MOSFET 445 (blue), and S-injection MOSFET iy, (red). The half-bridge

circuit is operating under constant load.

Figure 4.26 presents the LTSPICE and MATLAB simulation results of the a-MOSFET
igs (grey), B-MOSFET i45 (red), S-injection MOSFET 444 (light-blue), top capacitor
current icy (blue), bottom capacitor current icp (purple) and the auxiliary branch cur-
rent g4y, (black). Since the top MOSFET is the a-MOSFET, the auxiliary branch is
not required for the shaped rising transition of vgs. During the first half of the transi-
tion, both the ic, and i¢, are both increasing in current magnitude. Subsequently, the
SG-injection MOSFET injects current just before 15 V, which diverts current away from
the capacitors, allowing the second half of the MOSFET transition to be controlled and
shaped.
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Figure 4.26: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET v, reference profile (black-
dashed), a-MOSFET i4s (grey), S-MOSFET i44 (red), f-injection MOSFET 14, (light-
blue), top capacitor current icy (blue), bottom capacitor current icy (purple), and the

auxiliary branch current 44, (black). The half-bridge circuit is operating under load.

Figure 4.27 presents the LTSPICE and MATLAB simulation results of the half-bridge
auxiliary branch control during a complete rising and falling logistic-shaped switching
transition of the half-bridge circuit. Note that auxiliary MOSFET 1 (T,uz¢) vgs is not
controlled since it is not required when a-MOSFET is the top power MOSFET and the
load current is 10 A. Auxiliary MOSFET 2 (Tjy4p) is turned on when the a-MOSFET
is the bottom power MOSFET to allow the current in the auxiliary branch to reach
20 A once the a-MOSFET vy, has reached the 15 V.
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Figure 4.27: LTSPICE and MATLAB simulation results of the half-bridge auxiliary
branch control during a complete rising and falling transition for a logistic reference
waveform. The plot shows the auxiliary MOSFET 1 (T,yzt) vgs, auxiliary MOSFET
2 (Tyuzb) vgs, and the auxiliary branch current iqux (black). The half-bridge circuit is

operating under load.

Figure 4.28 presents the error signal, which is the absolute difference between the a-
MOSFET wvgs and the a-MOSFET vy, reference profile. The error at the beginning and
end of the transitions are the MOSFET on and off-state voltages differing marginally
from the desired reference profile. During the controlled portion, the errors are pri-
marily present during the first half of the transitions, which is caused by the transient
response of the a-MOSFET during the first half of the control sequence being relatively
slow and requiring precise control of the gate-drive with an ever-changing transient
response as the charge is gradually depleted from the gate. Additionally, a relatively
significant error at approximately 240 mV is present near when vy, reaches 15 V| caused
by the a-MOSFET gate-drive control finishing, and the S-injection MOSFET control

commencing.
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Figure 4.28: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the error signal, which the the absolute difference between the a-
MOSFET w45 and the a-MOSFET wvgs reference profile. The half-bridge circuit is

operating under load.

Figure 4.29 presents the harmonic spectral comparison of a trapezoidal waveform
(black), LTSPICE simulation results (grey), and ideal logistic-shaped (red) switching
transitions when the half-bridge circuit is operating under constant full load conditions.
The PWM waveforms are synthesised with the shaped transitions considering a 10 kHz
switching frequency, and all harmonic spectra plotted include the spectral bound (enve-
lope) for comparison. The trapezoidal transition is modelled with the same transition
time of 20 us, which is a slow transition time and low-EMI compared to hard-switched
MOSFETs. Although the LTSPICE spectral content does not demonstrate the steep
harmonic roll-off expected of the ideal logistic-shaped transition, the harmonic content
of the LTSPICE simulation results is considerably less than the slowed trapezoidal

waveform.
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Figure 4.29: Harmonic spectral comparison of a trapezoidal waveform (black), LT-
SPICE simulation results (grey), logistic-shaped (red) shaped waveforms when the
half-bridge circuit is operating under constant load. Pulse-width modulated waveforms
are synthesised with the shaped transitions considering a 10 kHz switching frequency.
All harmonic spectra plotted include the spectral bound (envelope) for comparison.

The half-bridge circuit is operating under load.

Lastly, Figure 4.30 presents a comparison of the waveform derivatives during a shaped
switching transitions between the LTSPICE simulation results and the reference lo-
gistic waveform. The results demonstrate that the derivative is not smooth and is
preventing the steep spectral roll-off from being realised. The outcome is consistent
with Section 3.5 of Chapter 3, which outlines the practical limitations of producing
steep spectral roll-off where signal quantisation or discontinuities prevent the shaped
switching transitions and the derivatives of the waveform from being smooth. The
dominant contributing factors are the occurrences of rapid dvgs/dt observed between
19 ps and 20.5 us.

James Buchan 133



CHAPTER 4. SHAPED SWITCHING TRANSITIONS IN MOSFETS

;
2.5 Xlo 1 T T T T T T
—LTSPICE
— 2 H—Reference -
v
2.
P 15F .
)
©
=05} -
0 1 1 1 1 1
16 17 18 19 20 21 22 23 24

Time [us]

Figure 4.30: Comparison of LTSPICE (blue) and reference logistic function (red)

shaped switching transition derivatives with the circuit operating under constant load.

4.5.2 Complete Half-Bridge Operations - No Load

This section presents the LTSPICE and MATLAB circuit simulations for the low-EMI
half-bridge circuit operating under no-load conditions. The schematic is created with
the IRFP150NpbF n-channel 100 V 36 m{2 power MOSFETs and the PSMN038-100YL
n-channel 100 V 37.5 m{? injection MOSFETs. SPICE models of each MOSFET are
imported into LTSPICE to model the transient response of each MOSFET accurately.
The AP9465GEM N-channel 40 V 25 m{2 MOSFETSs is used for the auxiliary branch
MOSFETs selected from the LTSPICE component library. The LTSPICE schematic
for the low-EMI half-bridge circuit operating under no-load conditions is presented in
Figure 4.31.
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Figure 4.31: LTSPICE schematic for the low-EMI half-bridge circuit configured to

operate under no-load.

The gate-drive voltages and currents that are presented in Figure 4.32 and Figure 4.33,
respectively, show a similar response with the same timed sequence as the full load
condition. Figure 4.34 presents the drain-source currents of each power and injection
MOSFET, parallel capacitor currents, and the auxiliary branch current. Figure 4.35
shows a different control sequence of the auxiliary branch since the requirements to
meet the Ijoaq + iquz = 1 pu criteria has changed, since I;,oq = 0 A. Therefore, when
the top or the bottom power MOSFET is the a-MOSFET current from the auxiliary
branch is required since I;,,q = 0 pu. During the auxiliary branch turn-on, the a-
MOSFET i4s and i4y, are equal in magnitude as shown in the first 3 us of Figure 4.34.
Similarly, the B-MOSFET 4 and i4,, are equal during the final ~2.5 us when the
auxiliary inductor is slowly ramping back towards 0 A after the controlled portion of

the shaped transition is complete.

James Buchan 135



CHAPTER 4. SHAPED SWITCHING TRANSITIONS IN MOSFETS

Figure 4.35 presents the LTSPICE and MATLAB simulation results of the half-bridge
auxiliary branch control during a complete rising and falling logistic shaped switching
transition. Auxiliary MOSFET 2 (T},,.p) is turned on when the a-MOSFET is the
bottom power MOSFET to allows the current in the auxiliary branch to reach 10 A
once the a-MOSFET vy has reached 15 V. Similarly, auxiliary MOSFET 1 () is
turned on when the a-MOSFET is the top power MOSFET to allows the current in
the auxiliary branch to reach 10 A once the a-MOSFET wvg4s has reached 15 V.

Figure 4.36 shows the error signal, which is the absolute difference between the a-
MOSFET vy and the a-MOSFET vy, reference profile. Similar to the full-load pro-
file, greater errors are present during the first half of the control transition when the
transient response is slower. Notably, the error signal present when vgs is 15 V is less
compared to the full-load conditions, when the control transitions from the a-MOSFET
gate-drive control to the S-injection MOSFET gate-drive control. Figure 4.37 presents
the harmonic spectral comparison of a trapezoidal waveform (black), LTSPICE sim-
ulation results (grey), logistic-shaped (red) waveforms when the half-bridge circuit is
operating under no-load conditions. Lastly, Figure 4.38 presents a comparison of the
waveform derivatives between the LTSPICE simulation results and the reference logis-
tic waveform, which demonstrates that the derivative is not smooth and is preventing

the steep spectral roll-off from being realised.
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Figure 4.32: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET vy5 reference profile (black-
dashed), B-MOSFET vy, (grey), a-MOSFET vy, (red), f-injection MOSFET vy, scaled
by a factor for 10 (blue), and the S-MOSFET vy, (purple). The half-bridge circuit is

operating under no load.
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Figure 4.33: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET v, reference profile (black-

dashed), a-MOSFET 445 (blue), and S-injection MOSFET iy, (red). The half-bridge
circuit is operating under no load.
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Figure 4.34: LTSPICE and MATLAB simulation results of a rising transition when the
top power MOSFET is the a-MOSFET following a logistic-shaped reference profile.
The plot shows the a-MOSFET vy, (orange), a-MOSFET v, reference profile (black-
dashed), a-MOSFET i4s (grey), S-MOSFET 44 (red), f-injection MOSFET 14, (light-
blue), top capacitor current ic, (blue), bottom capacitor current i, (purple), and the

auxiliary branch current iguz (black). The half-bridge circuit is operating under no
load.
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Figure 4.35: LTSPICE and MATLAB simulation results of the half-bridge auxiliary
branch control during a complete rising and falling transition for a logistic reference
waveform. The plot shows the auxiliary MOSFET 1 (T,yzt) vgs, auxiliary MOSFET
2 (Tyuzb) vgs, and the auxiliary branch current iq,, (black). The half-bridge circuit is

operating under no load.
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Figure 4.36: LTSPICE and MATLAB simulation results of a rising transition when
the top power MOSFET is the a-MOSFET following a logistic-shaped reference pro-
file. The plot shows the error signal, which is the absolute difference between the
a-MOSFET w45 and the a-MOSFET vy, reference profile. The half-bridge circuit is

operating under no load.
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Figure 4.37: Harmonic spectral comparison of a trapezoidal waveform (black), LT-
SPICE simulation results (grey), logistic-shaped (red) shaped waveforms when the
half-bridge circuit is operating under no load. Pulse-width modulated waveforms are
synthesised with the shaped transitions considering a 10 kHz switching frequency. All
harmonic spectra plotted include the spectral bound (envelope) for comparison. The

half-bridge circuit is operating under no load.
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Figure 4.38: Comparison of LTSPICE (blue) and reference logistic function (red)

shaped switching transition derivatives with the circuit operating under no load.
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4.5.3 Summary

The LTSPICE and MATLAB modelling has demonstrated how shaped spectral tran-
sitions are realised within a half-bridge DC-DC converter. In doing so, the circuitry
simulations have bridged the gap between a mathematical framework for identifying
ideal shaped switching transitions and presenting a power converter topology that is
capable of following a reference shaped switching transition. However, the LTSPICE
and MATLAB simulations are not without practical limitations. The transient re-
sponse of the MOSFET and the control algorithm create errors in the output switching
waveform, causing the derivative of the waveform to not be smooth, which is undesir-
able for achieving high-frequency spectral roll-off. The circuit simulations are created
with gate-drive resolutions representative of the prototype FPGA clock cycle, which
is a contributing factor to the output waveform errors and derivative discontinuities
observed in the simulations. However, the simulation outcomes are representative of

the expected prototype performance, which is presented in the next Chapter.
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5.1 Introduction - Prototype Design Overview

The low-EMI half-bridge prototype design and implementation are presented in this
Chapter. Firstly an overview of the shaped switching transition half-bridge is pre-
sented, including a summary of the major power and control circuitry. Following this,
the half-bridge control system implementation to achieve shaped switching transitions
is presented. The section provides a comprehensive summary of the control philosophy,
control system sequencing, FPGA control implementation, control system initialisa-
tion, a-MOSFET control, S-injection MOSFET control, auxiliary control, and hard-
switching implementation. Additionally, the Chapter presents a laboratory assessment
and performance verification of the shaped switching transition technology with the
half-bridge prototype operating under no-load and constant load conditions. Lastly,
the Chapter concludes with a theoretical analysis of the radiated emissions expected
to be generated by the half-bridge prototype and the attenuation required to adhere to
the SKA RFI/EMC standard threshold levels.

The half-bridge shaped switching transition process intends to control the mid-point
voltage of the half-bridge circuit to follow a shaped reference profile. Capacitors are
placed across the drain-source of the power MOSFETs to make the voltage controllable
by implementing gate-drive control of the a-MOSFET and (-injection MOSFET. As
mentioned in the previous modelling sections, the additional circuitry required to deliver
the low-EMI logistic-shaped switching transition includes the current injection circuits
connected in parallel to each power MOSFETs and the auxiliary branch. The key
characteristics of the low-EMI half-bridge prototype includes:

e The prototype is a working power converter, albeit at low voltages (30 V) and
currents (3 A) when operating under load. However, the prototype can demon-
strate that the shaped switching transition technology can be integrated with

power converters controlled using PWM switching schemes.

e The control system works based on the gate-drive of the a-MOSFET for the first
half of the shaped transition, and by controlling the gate-drive of the S-injection
MOSFET to inject the required amount of current for the second half of the
shaped transition. The control mechanism intends to deliver smooth voltage and

current waveforms.

e The control system is loaded with three reference profiles, which allows for the
prototype to produce sinusoidal-shaped, S-shaped and logistic-shaped switching
transitions. Multiple shaped transitions test the capability of the control and

allow for multiple shaped transitions to be compared.
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e The prototype also includes a half-bridge power circuit that operates under hard-
switching conditions. In addition to comparing different shaped-transitions pro-

files, a baseline hard-switching waveform can also be compared.

The low-EMI power converter half-bridge DC-DC converter consists of two n-channel
power MOSFETs connected in series between a voltage source. The injection circuits
are connected in parallel to each power MOSFET. The injection circuits include a PSU
capable of delivering up to 10 A and a MOSFET to provide the required current pro-
file by controlling the injection MOSFET gate-drive. A smoothing inductor, Lgy;, is
connected at the midpoint of the half-bridge. An overview of the half-bridge circuit
is presented in Figure 5.1. A table of all major circuitry components is presented in
Table 5.1.
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Figure 5.1: Prototype half-bridge DC-DC converter circuit capable of producing low-
EMI shaped switching transitions.
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Table 5.1: Major half-bridge DC-DC converter circuitry components

Label Component Description

Ti Top half-bridge power MOSFET

T Bottom half-bridge power MOSFET
Tii Top injection circuit MOSFET

Ty Bottom injection circuit MOSFET

Toust  Auxiliary branch MOSFET 1

Touey  Auxiliary branch MOSFET 2

Ct Top half-bridge power MOSFET capacitor

Cy Bottom half-bridge power MOSFET capacitor

Dy; Top injection circuit reverse current protection diode
Dy, Bottom injection circuit reverse current protection diode
Louz Auxiliary branch inductor

Ry; Top injection circuit current sense resistor

Ry; Bottom injection circuit current sense resistor

Roue Auxiliary branch current sense resistor

Ry Load current sense resistor

The major hardware of the low-EMI half-bridge power converter prototype consists
of a power circuit DC-link, half-bridge, and drain-source capacitors. Additionally, the
prototype includes gate-drive circuitry for each power MOSFET and current injection
circuitry for each injection MOSFET. Power supply circuitry is required for the gate

drives and injection circuitry.

The major control circuits that that are required to provide shaped switching transitions
of the half-bridge mid-point voltage include power control circuitry for the top power
MOSFET and top injection circuit, power control circuitry for the bottom MOSFET
and bottom injection circuit, a power supply circuit for the gate drives and injection
circuits, and the auxiliary branch control circuit. The auxiliary control board also con-
tains the gate signals for the hard-switched half-bridge used as a baseline comparison
for the low-EMI half-bridge prototype.
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A high-level overview of the power and control circuity interfacing is shown in Fig-
ure 5.2. The hardware to provide power and control for the current injection circuit

and MOSFET control are presented in the remainder of this Chapter.
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Figure 5.2: High-level overview of the power and control circuity interfacing.

5.2 Half-Bridge Power Converter Design

5.2.1 Half-Bridge Power Circuitry

The half-bridge power circuitry consists of two n-channel MOSFETSs, a DC-link elec-
trolytic capacitance, parallel capacitors on each power MOSFET, and connections to
the control and monitoring circuitry. Additionally, a 5-m{) current sensing resistor
and current sense op-amp is used to measure the load current of the half-bridge. An

overview of the half-bridge power circuitry is presented in Figure 5.3.
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Figure 5.3: Half-bridge power circuitry.

5.2.2 Half-Bridge Gate-Drive and Injection Circuitry

The half-bridge gate-drive and injection circuitry for the low-EMI half-bridge power
circuit is separated into two main sections, one for each power MOSFET and injec-
tion MOSFET pair, which are T;/T}; and Tj,/Ty;, respectively. Each section contains
gate current sourcing for the power MOSFET gate-drive, gate current sourcing for the
injection MOSFET gate-drive, a 2 m{) current sense resistor and op-amp for the in-
jection circuit current sensing, and voltage sensing of the vgs of the power MOSFET.
An overview of the gate-drive and injection circuitry, considering T3 and T3; is shown
in Figure 5.4. Note that the parallel capacitors (Cy and Cp) are not included, so the
control and monitoring signals are clearly presented. The half-bridge gate-drive and

injection circuitry performs the following control sequences:

e Commences the turn-off transition of the power MOSFET by controlling the

gate-drive.

e Shapes the turn-off transition of the bottom-MOSFET by controlling the gate-

drive of the top injection circuit.

The FPGA is programmed with the vgs reference profile and ¢4, profiles, which are
iteratively updated to allow the half-bridge circuity to converge on the target reference
profile. The switching transition timing is initiated by the reception of a command to
commence switching. An op-amp is used to measure the voltages, whereas an op-amp
and current sense resistor measure the currents. Each half-bridge gate-drive and injec-
tion circuit measures the injection circuit current profile, power MOSFET wvg4s, power
MOSFET vy, and injection circuit MOSFET vy,. Additionally, the DACs are required

to provide the iy gate-drive control commands to the power and injection MOSFETs.
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The injection current sensing is designed to handle up to 25 A, which gives a maximum
signal of 50 mV. The current sensing resistor is placed at the source of the injection
MOSFET to provide a low common-mode voltage to the input of the current sense op-
amp. The differential voltage across the current sense resistor is amplified by a factor
of ten to give a maximum of 0.50 V output signal, which is transferred to the control

and monitoring circuit for the shaped switching transition control.

The controlled current source that drives current into the gate of each power MOSFET
is created by an op-amp with voltage feedback across a 33 {2 gate resistor. The op-amp
output will move to create the necessary voltage across the gate resistor, and the re-
sistance determines the current source. The controlled current source driving current
into the gate of each injection MOSFET is created by an op-amp with voltage feedback
across a 68 () gate resistor. Within the top power MOSFET portion of the board, there

is a current sense amplifier for the load current.
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Figure 5.4: Half-bridge gate-drive and injection circuitry considering 7; and Tj;.
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Additionally, a power supply circuit consisting of six power supplies provides power to
the half-bridge gate-drive and injection circuitry. Four power supplies are required to
power the +£15 V gate-drives for each power MOSFET and each injection MOSFET.
Additionally, OV is connected to the source of each power MOSFET to facilitate the
power MOSFET gate current sourcing. Two 24 V power supplies are required for the
current injection supplies, including a 10 uF high-frequency capacitor to maintain the
24 V supply voltage throughout the injection period. Each section has +5 V and -5 V
voltage regulators to provide the injection current sensing power. Lastly, eight 22 Q
resistors in parallel were added in series to the output of each of the two 24 V injection

circuit power supplies to limit the total magnitude of the injection current.

5.2.3 Auxiliary Branch Circuitry

The auxiliary branch control circuit will turn on and turn off the auxiliary branch
when required to control the auxiliary current used in the power converter, ensuring
the same current is conducting in the power MOSFETs during every shaped switching
transition. Therefore, the auxiliary current is used to add to the load current to ensure
the a-MOSFET undergoing a rising shaped switching transition always starts with the
same t45 in the MOSFET. The current in the a-MOSFET undergoing a rising shaped
switching transition is intended to be a relatively fixed current, so 44y, is ramped to
satisty ljoad + laue = 1 pu as the shaped switching transition reaches 0.5V; while the
a-MOSFET is being controlled.

The auxiliary power circuit contains a 5.5 yH auxiliary inductor, a 2 m{) current sensing
resistor placed between the sources of the two MOSFET switches, and two auxiliary
MOSFETs, all in series. The top auxiliary MOSFET, Ty, is the MOSFET that
is turned on to ramp up tgue to increase igs in the top power MOSFET. The bot-
tom auxiliary MOSFET, Tgqp, is the MOSFET that is turned on to ramp up igyus
to increase 145 in the bottom power MOSFET. The sources of the two auxiliary MOS-
FETSs are connected so that both switches can be controlled from a single £15 V supply.

The auxiliary branch control circuit requires ADCs to measure i4,; and vgs across
both auxiliary MOSFETs. The DAC converters are required for the Tyur and Tpyzp
gate-drives. A 2 m{) current sense resistor and op-amp are used for the auxiliary
current sensing. The controlled current source driving current into the gate of each
auxiliary MOSFET is created by an op-amp with feedback of the voltage across a 22 )
gate resistor. Changing the op-amp output creates the necessary voltage across the
gate resistor, which determines the gate current. An overview of the auxiliary branch

circuit with monitoring and control is presented in Figure 5.5.
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Figure 5.5: Auxiliary branch circuitry. vgyu.2 denotes the combined vgs of both auxiliary
MOSFETs.

5.2.4 Shaped Switching Transition and Auxiliary Branch Control Boards

The shaped switching transition control board is used for the main control of the power

converter. It contains:
e Four ADCs with associated analogue signal processing.
e Two DACs with associated analogue signal processing.

e Two £+ 5V output DC-DC and two 3.3 V DC-DC converters to provide the +5 V
and -5 V rails and +3.3 V rails, respectively.

This circuit has two 12-bit DACs, which provides the power MOSFET and injection
MOSFET 445 commands. The 12 data lines from the FPGA daughter-board are fed
through 47 Q resistors to the DAC chip, which is set using 7680 €2 to give a 5.0 mA full-
scale output. 5.0 mA through the 200 € load resistors gives a full load signal voltage of
1.0 V. The voltages are fed through a buffer amplifier with a gain of 2, providing a full
load output voltage of 2.0 V. Three ICs are used as single-pole-single-throw (SPST)
analogue switches. One IC is used to send the iy, command to either the top power
MOSFET or the bottom power MOSFET when controlled. The other two ICs drive
each power MOSFET completely on or off as required by the power converter control.
As the power MOSFETs are switched, the signals from the SPST analogue switch out-
puts will be pulled upwards when the top power MOSFET is on or downwards when
the bottom power MOSFET is on. Similarly, three ICs are used as SPST analogue
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switches to either route the injection MOSFET gate current command to the top or
bottom injection MOSFET when controlled or drive each power MOSFET fully on or

fully off as required by the power converter control.

The shaped transition control board also has the four 12-bit ADC, for the power MOS-
FET vg4s, power MOSFET vy, injection MOSFET vy, and the injection current mea-
surements. An analogue double-pole-single-throw (DPST) switch allows the FPGA to
select which power MOSFET is sampled, T}/, and which injection MOSFET is sam-
pled, Ty /Ty;. The vy, voltage measurements have op-amps that are scaling 20 V down
to 2.4 V, the vy, voltage measurements have op-amps scaling 60 V down to 2.4 V, and
the current injection measurements have op-amps scaling 0.5 V up to 2.4 V for input
to the analogue DPST switches. The differential pair op-amps connected to each ADC
scales the 2.4V input signal down to 1.225 V signals, which are inverted from each
other around a 0.6125 V common reference corresponding to 0 V in the power circuit.

Hence, the digital output of the ADCs is read as an offset binary number.

Similarly, the auxiliary control circuit is used for the control of the auxiliary branch.
The control board has similar functionality as the shaped switching transition control
board, except the control board is used to control the gate-drives of the auxiliary
MOSFETs. ADCs are required to measure the vgs across both auxiliary MOSFETs,

vgs of each auxiliary MOSFET, and the auxiliary branch current.

5.2.5 Additional Hard Switching Half-Bridge Circuit

The additional hard-switching half-bridge circuit provides a baseline comparison for the
prototype to assess EMI performance. The half-bridge consists of two-channel MOS-
FETs, DC-link electrolytic capacitance, DC-link HF capacitance, and connections to
the control and monitoring boards. The DC-link HF capacitance is added in place of
the parallel capacitances connected across the MOSFETSs. Note that the PCB has not
been optimised for hard-switching, so higher than normal ringing is anticipated. An

overview of the hard-switching half-bridge circuit is presented in Figure 5.6.

Additionally, a gate-drive board is configured to operate as a hard-switching half-bridge
using only the current sourcing section for the power MOSFET gate-drive. Additionally,
the gate-drive board is configured with lower gate resistance and excludes the injection
circuitry. The power supply circuitry provides two power supplies for the 15 V gate-
drives for each power MOSFET with 0 V connected to the power MOSFET source
to facilitate the power MOSFET gate current sourcing. The controlled current source
driving current into the gate of each power MOSFET is created by an op-amp with
feedback of the voltage across a 15 §2 gate resistor. The op-amp will change the output
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to create the necessary voltage across the gate resistor, and the current sourced is

determined by the resistance.

Drive Stage

— 0.5V; N ME}

Ry

Cpe —”— FPGA

Drive Stage

2

L. - [ %

Ry

=05V,

Figure 5.6: Hard-switching half-bridge circuit.

5.3 Half-Bridge Control Philosophy

5.3.1 Control Strategy Overview

Due to a large number of DAC and ADC conversions, two FPGA processors are used.
Therefore, the control system must determine when switching transitions should be
initiated and send out control signals to each FPGA to initiate the switching transi-
tions. The control requires fast ADC but has the advantage of varying the gain of the
control loop, depending on the gate-voltage and the MOSFET region of operation. The
control will fine-tune the vgs with each successive switching transition, which accounts
for differences in the MOSFET parasitic components. Additionally, the derivative of
the transitions at 0.5V; will reach a maximum and will set the steepness parameter
of the reference logistic waveform. Since there can be as much as a 10% error in the
capacitance rating, the reference waveform must ensure the maximum derivative does
not exceed the linear response of the capacitor once it is fully charged. Otherwise, there
will be inconsistencies in the output waveforms of the controlled MOSFETS, and the

desired low-EMI outcome will not be achieved.
Lastly, a complete shaped switching transition requires the a-MOSFET to undergo a

controlled turn-off during the first half of the shaped-switching transition and the -
injection-MOSFET to undergo a controlled turn-on during the second half of the shaped
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transition. Therefore, understanding the transient response of the MOSFET during
turn-on and turn-off is required as the MOSFET moves between various operating
regions as the gate drives are being controlled. The MOSFET control sequences for the
a-MOSFET and g-injection MOSFET are outlined in the following sections.

5.3.2 Power MOSFET Control Overview

During MOSFET turn-off, the a-MOSFET vy, can be controlled to start at zero, and
the shaped switching transition can follow the reference waveform that is stored in a
look-up table. Additionally, the a-MOSFET will be switched off once 0.5V} is reached.
The default vys target waveform can be set based on the maximum dvgs/dt that could
occur, which is constrained by the selection of the capacitor used and the minimum

expected capacitance value based on manufacturing margins of error.

Since the power MOSFETs in the half-bridge are acting complementary to each other
when the a-MOSFET undergoes a controlled rising transition of vy, the 5-MOSFET
will undergo a falling transition. The control implementation outlined in the remainder
of this Section is intended to achieve a controlled rising transition of the a-MOSFET.
Note that the control philosophy presented in the remainder of this Section is gener-
alised, and the currents are represented on a normalised per-unit (pu) basis, where is

1 pu is the maximum design value.

Initially, the MOSFET requires a 1 pu 745 at the start of the turn-off transition, ensuring
a consistently shaped switching transition for all switching instances. Considering the
load current may vary anywhere between -1 pu and 1 pu, the current in the auxiliary
branch will vary between 2 pu and 0 pu, respectively. Bidirectional current is required
in many power converters and is specifically required in inverters. The auxiliary branch
circuit must be initiated before switching, where the total current in the load and aux-
iliary branch (jpqq + fauz) reaches 1 pu at the point where the MOSFET is entirely
turned off and all current is now flowing through the parallel smoothing capacitors.
For the auxiliary branch current to satisfy the Ijoqq + %quz = 1 pu criteria, the time
required to ramp the auxiliary branch current to the target value is dependant on the
load current. For example, if Ij,.q is close to -1 pu, then the auxiliary branch current
needs to reach close to 2 pu, which the auxiliary branch must initialise a considerable
amount of time before the MOSFET turn-off commences. Conversely, if the load cur-

rent is 1 pu, then the auxiliary branch is not required.

When considering the prototype development, two modes of operation are implemented,
which operates the half-bridge circuit under no-load and constant load conditions. For

the circuit to operate under no-load conditions, the circuit relies on the auxiliary branch
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to ramp to 1 pu just before the turn-off is complete. When the circuit is operating when
there is load such that i45 < 1 pu, the auxiliary branch will still operate to ensure the
MOSFET 445 of 1 pu is satisfied. Therefore, if the load current is 0.5 pu, the auxiliary
branch will ramp to 0.5 pu when the top power MOSFET is the a-MOSFET, and will
ramp to 1.5 pu when the bottom power MOSFET is the a-MOSFET.

The a-MOSFET shaped rising transition commences with the vgs being controlled
to follow the desired reference vy shaped transition provided by a look-up table in
the FPGA. The shaped transitions start from zero, or a small DC offset governed by
the on-state vgs voltage drop of the a-MOSFET. Initially, this is achieved with direct
igs control of the half-bridge a-MOSFET. When v4, approaches 0.5V}, the $-injection
MOSFET circuit will take over the control of the vy, waveform from the a-MOSFET
gate-drive control. The vy, undergoes a controlled ramp from Vj;, to 0 V by injecting
constant current into the gate of the S-injection MOSFET, to provide a smooth trans-
fer. Note that the ramp-down will vary from MOSFET to MOSFET due to differences

in V}y,, and the time-scale is merely estimated for discussion purposes.

Figure 5.7 provides a waveform overview for a-MOSFET control sequence. The illus-
trative example presents the expected behaviour of the half-bridge mid-point voltage,
all power and injection MOSFET ig4s, all power and injection MOSFET vy, the paral-
lel capacitor currents, and the auxiliary branch current. Furthermore, since the timing
instances are generalised, the auxiliary current is not included. Instead, ig4s of the the
a-MOSFET is ramped during the time interval [tg,¢1] to illustrate the effects of the
auxiliary branch current on the 745 of the power MOSFET.
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Figure 5.7: Illustrative example of the waveforms for the a-MOSFET control sequence.
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5.3.3 Injection MOSFET Control Overview

The pB-injection MOSFET control mechanism is outlined in this Section. When the
half-bridge is in the middle of a controlled switching transition, the half-bridge a- and
B-MOSFETs are both off, and the current (Ijoqq+ iquz) is flowing in the smoothing
capacitors with a constant dvg,/dt. Note that for ideal low-EMI shaped switching con-
trol, the constant dvgs/dt is momentary. These initial stages of this transition require
the current to be ramped in the auxiliary branch, for instances where the load current
is not 1 pu. Before the -MOSFET is turned off, the auxiliary branch is turned on to
allow current to build up in the a-MOSFET, which is transferred to the two capacitors
as the controlled, shaped transition progresses. Once the current in the a-MOSFET
reaches 1 pu, the remainder of the controlled, shaped transition utilises the S-injection
MOSFET.

Before vgs reaches 0.5V;, the S-MOSFET is prepared before injecting current, which
requires vy to almost reach Vyj, of the MOSFET. Once vy, is near Vjy,, there is adequate
charge build-up in the gate of the g-injection MOSFET to reduce the transient response
time, which is desired for a smooth transition between the a-MOSFET being turned
off and the fS-injection MOSFET being turned on to control the waveform shaping for

the second half of the controlled switching transition.

Once the a-MOSFET is turned off, and the vgs has reached 0.5V}, the S-injection
MOSFET commences the gate-drive control to shape v4s during the second half of the
transition. When the vy, approaches 0.5V;, the a-MOSFET has reached a full-turn off,
and all current should be in the smoothing capacitors. The injection circuit controls the
vqs waveform by controlling the gate-drive of the g-injection MOSFET, which controls

the injection current to achieve the desired dvgs/dt for the switching transition shaping.

After vgs has reached V;, the S-injection MOSFET is turned off, and the S-MOSFET
is turned on, which is the end of the controlled shaped switching transition. Since
the S-MOSFET is turned on under zero-voltage conditions, no current transfer to the
B5-MOSFET occurs until the g-injection MOSFET is turned off.

Figure 5.7 provides a waveform overview for fS-injection MOSFET control sequence.
The illustrative example presented the expected behaviour of the half-bridge mid-point
voltage, all power and injection MOSFET g4, all power and injection MOSFET v,
the parallel capacitor currents, and the auxiliary branch current. Furthermore, since
the timing instances are generalised, the auxiliary current is not included. Instead, 745
of the the a-MOSFET is ramped during the time interval [t3,t4] to illustrate the effects
of the auxiliary branch current on the i45 of the power MOSFET.
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Figure 5.8: Illustrative example of the waveforms for the g-injection MOSFET control
sequence.
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5.4 FPGA Control Implementation

5.4.1 Overview

The FPGAs contain all the programmable logic to operate the prototype low-EMI
power converter. All necessary voltage and current measurements are brought into
the FPGA for processing to be used to control the half-bridge power converter. The
measured vgs of the power MOSFETSs are compared to a reference waveform, and the
control is implemented, which causes the power circuit mid-point voltage to follow the
reference waveform. The power converter operation is controlled with typical PWM
using a 50% duty cycle. There are two FPGAs used in the control of the prototype
low-EMI power converter. The first FPGA contains all the programmable logic for the
control system initialisation, control signal timing, a-MOSFET control and S-injection
MOSFET control. The second FPGA contains all the programmable logic for the aux-

iliary branch control and the hard-switching control.

Measured values from the ADCs, and values sent to the DACs, appear in the FPGA as
12 bit offset binary words. These are converted into two’s complement (2c) for ease of
arithmetic in the control logic. Different measured signals have unique peak values, and
hence resolution. The load and vg, signals have a peak measurement value of 60 V, vy
signals have a peak measurement value of 20 V, and current measurements have a peak

measurement value of 25 A. A table of bits and resolutions is presented in Table 5.2.

5.4.2 Control System Initialisation

The FPGA is initially set up with timing logic to define the various control regions of the
low-EMI half-bridge prototype and data inputs for voltage and current measurements.
Clock signals are generated to define global timing and establish timing commands
for the auxiliary circuit control, switching command control, switching transition, and
inter-transition control. Part of the initialisation phase includes setting up various con-
stants used as either time delays in the error calculation algorithm or as time constants
used to initialise commands throughout the switching transition. For example, a delay
is implemented in the error calculation algorithm to represent the transient response
delay of the MOSFET and FPGA signal delays. Additionally, time constants are estab-
lished, which define the time to start the auxiliary circuit control, switching command

control and waveform shaping control.

Firstly, the control is established with the clock signal and global timing-related logic,
push-button input, control initialisation settings, dip-switch inputs for various shaped
references and definitions of various constants used throughout the control. The FPGA

clock signal operates at a 50 MHz frequency, corresponding to 20 ns time-steps. Ad-
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Table 5.2: Bit resolutions for various voltage and current signals

Maximum 60 V 20V 25 A
Unit A% \Y A

11 MSB sign sign sign

10 30.00 10.00 12.50

9 15.00 5.00 6.25

8 7.50 2.50 3.13

7 3.75 1.25 1.5625
6 1.875 0.625 0.78125
5 0.9375  0.3125  0.39063
4 0.46875 0.15625 0.19531
3 0.23438 0.07813 0.09766
2 0.11719 0.03906 0.04883
1 0.05859 0.01953 0.02441
0 (LSB) 0.02930 0.00977 0.01221

Resolution (mV) 29.30 9.77 12.21

ditionally, a 10 MHz clock signal is generated and used throughout the control logic.
The counting of the clock signals is used to define the timing instances throughout
the control system implementation. Firstly, a global timing signal is created using a
counter, which is used to initiate the control commands of the auxiliary circuit control,
switching command control, and switching transition control. The global timing starts
the switch command, which sets the switching frequency of the power converter. Addi-
tionally, the global timing toggles the auxiliary branch control commands, where each

rising edge of the signal generates a signal to commence the auxiliary branch control.

Additionally, the initialisation includes input from the FPGA dip-switches used to se-
lect either a logistic-shaped, sinusoidal-shaped or S-shaped reference waveform stored
in the FPGA. Therefore, the prototype can compare the performance of various shaped
waveforms using the same power converter circuitry whilst also allowing the robustness
of the control to be tested by assessing whether the prototype can accurately follow

numerous reference profiles.
Four 12-bit parallel data inputs from the four ADCs on the control and monitoring

board include interfacing logic to provide the power MOSFET v,s, power MOSFET

vgs, injection MOSFET v, and auxiliary current measurements data in offset binary
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format. The offset binary is converted into 2c and negative 2c to compute data through-

out the control logic.

An approximate 2.5 kHz square wave generator is created using an 11-bit counter,
and when enabled by the global timer, forms the switch command for the low-EMI
half-bridge. Since the charging of the auxiliary inductor and shaped transition control
occurs at different times, the switch command edge initiates a separate time for each.
A switch command edge occurs whenever the switch command is detected and initiates
a controlled rising transition of the low-EMI half-bridge mid-point voltage. Conversely,
a low switch command initiates a controlled falling transition of the half-bridge mid-
point voltage, which creates a 50% duty cycle. When a rising or falling transition is
required, a timer for the initiation of the switching commands and auxiliary command
is activated. Note that the timing instances to start controlling the auxiliary branch
depends whether the half-bridge mind-point voltage is undergoing a controlled rising

or falling transition.

Lastly, the switching transition command is generated, which is the period when the
waveform shaping for the half-bridge prototype is in effect. The switching transitions
command is initiated by a timer when a switching start command is detected. The
switching transition command is active when switching start commands are detected
and remains high until a counter for the transition command reaches the transition pe-
riod, set to 10 ps. After 10 us, the switching transition command is reset and does not
become active again until the waveform shaping is required for the subsequent switching
instant. An illustrative overview of the FPGA initialisation sequence considering the
switching initialisation command (Icarp), auxiliary branch command (Acgasp), switch-
ing command (Scarp), and transitions command (Toarp) and the respective counter
time delays Atinit, Atquz, Atsw, and Atypqy is presented in Figure 5.9. Note the time de-
lay between Atgy,, and Atyqy is one clock cycle. The time delays between At/ Atgua,
and At;ni/Atg, include multiple clock cycles which represent the time delays.
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Figure 5.9: FPGA initialisation sequence considering the switching initialisation com-
mand (Ioasp), auxiliary branch command (Ao p), switching command (Scpsp), tran-
sition command (Tcarp), and the respective counter time delays Atinit, Atgue, Atsw,
and Atiran-

Within the period of a shaped transition, timing instances are defined, which establish
regions of set-up and control during the shaped transition. These timing instances are

defined as follows:

e The period of the gate current command that is sent to the DAC of the a-

MOSFET gate-source during a rising transition.

e The period of the gate current command that is sent to the DAC of the a-
MOSFET gate-source during a falling transition.

e Timed instances within a transition period are defined as follows:

— Region 1: 480 ns. Becomes active when the transition count exceeds 480 ns.

— Region 2: 1,280 ns. Becomes active when the transition count exceeds

1,280 ns, which is the mid-point of the transition.

— Near 0.5V;: Becomes active 200ns before the mid-point.

Logic is also established to determine periods within a shaped transition. These in-
stances help determine the control actions to take during the transition, such as gate-
drive preparation, gate-drive control, gate-drive to full-on, and gate-drive to full-off.
The near-0.5V; is used to select which vgs and vy, voltage signals goes to each ADC

that are required for their respective control within the transition sequence. In the first
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half of the transition, the a-MOSFET vy, and vy, signals are required. In the second
half of the transition, the S-MOSFET v4s and S-injection MOSFET wvys signals are
required. Lastly, the switch and auxiliary branch commands are also sent as timing
commands to the second FPGA. The auxiliary branch control determines which MOS-
FET in the auxiliary branch to turn on, and hence, the direction of current will flow in

the auxiliary branch.

5.4.3 o-MOSFET Control

This section outlines the a-MOSFET control, which uses stored reference waveforms for
the vg4s transition and performs error signal processing computation to determine the
gate-drive commands and reduce the error between the reference vys and the measured
signal. An overview of the a-MOSFET control strategy is presented in Figure 5.10. At
a high level, the a-MOSFET control performs the following functions:

e Reference waveforms are stored in memory and are converted into 2c¢ format for
error signal computation.

e 0.5V; detection is implemented to ensure the a-MOSFET control does not exceed
0.5V of the switching transition.

e The error signal is computed, which is an array of the 16 most recent error signals
and is shifted up by 16-bits for improved resolution.

e Logic is created to determine when the S-MOSFET is turned on.

e The vys, vgs, and 745 reference waveforms are read out from temporary storage.
The error signal is added, and the iy, command of the a-MOSFET is determined.

e Gate-drive commands are sent to the a-MOSFET and S-MOSFET depending on
timing within the transition. The 745 command is used to control the MOSFETs
when vy is in the first half-of of the transition (vgs < 15 V = 0.5V}).
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Figure 5.10: a-MOSFET control strategy.

The vg45 reference waveforms are stored in a 36-bit ROM memory block. The ROM block
stores three reference waveforms, which utilise 12-bits of data each. The top-third of
the ROM memory block store the logistic reference waveform, which is accessed by
setting 11 on the dip-switches. The middle-third of the ROM memory block stores
the sinusoidal reference waveform, which is accessed by setting 10 on the dip-switches.
The bottom-third of the ROM memory block stores the S-shaped reference waveform,
which is accessed by setting 01 on the dip-switches. The outputs generated by the
stored reference waveforms include a binary output indicating when a reference profile
is being generated and a binary output indicating the period when the vy reference
profile is the reference profile for the a-MOSFET or the S-injection MOSFET.

When the switch start and transition start commands are enabled, an up-down counter
will count up during the first half of the waveform, and count down for the second
half of the transition. The counter designates the stored vys reference waveform for
the a-MOSFET and S-injection MOSFET portions of the transition, respectively. A
load enable command is generated when the timing in the transition reaches 1.68 us,
which allows the waveform to be delivered in sequential order, then reverse order for
the a-MOSFET and S-MOSFET injection portions of the transition, respectively. An
example of how the vy, reference waveform is delivered is presented in Figure 5.11. The
example shows the first half of the rising transitions being used for the a-MOSFET
and the second half of the falling transitions for the g-injection MOSFET.
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Figure 5.11: vy portions of the reference profile for the a-MOSFET (red trace) and
B-injection MOSFET (blue trace).

The reference waveform is converted to negative 2¢c and then subtracted from the mea-
sured a-MOSFET v4s to compute the error signal. Following this, the signal is passed
through the 0.5V; detection. If vgs < 0.5V}, the error signal is permitted. Otherwise,
the error signal is set to zero, preventing conflicting control between the a-MOSFET
and S-injection MOSFET gate-drives.

Next, the error signal algorithm is applied to sum the 16 most recent error signals,
which uses an 8-signal error summing function twice. The error signal function outputs
the sum of the eight most recent signals and an 8-clock cycle delayed error signal. The
8-clock cycle delayed signal is then passed through the error signal function, which
outputs the sum of another eight error signals and a 16-clock cycle delayed error signal.
The two summed 8-clock cycle error signals are added together to produce the sum of
the 16 most recent error signals. A gain is applied to the error signal and is then added
to the gate current command signal from the previous transition. The resultant is the

igs command for the subsequent switching transition.

Next, the a-MOSFET 445 command signal is generated and stored, and then the output
binary signals and commands to control the a-MOSFET are created. The a-MOSFET
igs command created in the previous switching transition is read out of temporary stor-
age, and the summed error signal is added to the 4, command, which is then stored
in temporary storage for the next transition and applied at the same instant of each
transition. The i4s commands are read out of separate memory blocks for the rising
and falling transitions, and the writing of the ¢ys commands are enabled only when the
respective rising or falling transition is enabled. The iy, command read from stored

memory is then added with the accumulated error signal during the current switching
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transition before it is stored in memory for the next transition. Positive and negative
limits are included in the summing function to ensure the 745 command does not reach
unexpected or out of range values, which can be caused by significant errors when the
circuit is first energised or if there are timing issues during initial implementation and

troubleshooting.

The timing of the reading and writing of the ¢,, command is critical since it considers
the signal delays within the FPGA and the transient response of the MOSFET. Firstly,
the a-MOSFET 445 command is read from temporary storage 640 ns before the transi-
tion count is enabled, which ensures the error signal can be added to the i,, command

before being stored for the next transition.

In addition to the iy commands, the vy, is prepared to reach a target voltage at the
start of the controlled operation. The target voltage ensures a fast response of the
MOSFET, which limits the transient response time. The measured vy, and target vy,
are compared to generate an error signal, which is used in a proportional control to
ensure the a-MOSFET v, reaches the target voltage. The output of the proportional
control is an ¢4, preparation command, which is fed to the o« MOSFET 445 command

before the a-MOSFET gate drive control commences.

Once the a-MOSFET iy, signal is calculated, the a-MOSFET 45 command is then
determined. Logic to determine the output a-MOSFET 44, is dependant on whether
the 445 control, vys preparation, or if commands to drive the MOSFET on or off is
required. Before the transition control is enabled, the 744 signal is held constant, and
the MOSFET is on. Before the high or low transition becoming active, and after a
pre-defined amount of time (480 ns), the i4s command is the proportional control that

is required to prepare the a-MOSFET vy;.

Once the rising or falling transition is active, the i,, command is the 74, control signal,
including the summed error signals. Once the transition reaches the mid-point, the iy,
command is zero for the rest of the transition. Additionally, the S-MOSFET turns on
at the end of the shaped transition when the g-injection is complete. The S-MOSFET
is turned on and will stay on until the transition-start command is issued to com-
mence the next switching transition. An example of the a-MOSFET i4s commands
is presented in Figure 5.12. The plot demonstrates the four iys commands required
throughout a shaped switching transition. From ¢y to ¢; the MOSFET is off. From ¢
to to proportional control is implemented. Form %9 to t3 control is required during a

rising or falling transition. Lastly from t3 to t4 the MOSFET is off.
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Figure 5.12: Example of a-MOSFET i45 commands.

Once the conditions of the a-MOSFET iy, command signal are determined, the MOS-
FET output commands are set, which are logic conditions to either turn the MOSFET
on, turn the MOSFET off, or control the gate-drive of the MOSFET. The output com-
mands are determined for both the bottom and top MOSFET, governed by the rising
or falling transition of the half-bridge mid-point, respectively. The top MOSFET vy,
is driven down to -15 V and is off when the top MOSFET is the a-MOSFET, and the
v4s has reached 0.5V} of the shaped transition, or the top MOSFET is the 5-MOSFET
and is required to be off when the switch command is enabled since it is not required
for waveform shaping. The top MOSFET is controlled when the transition command
is active, the transition period between Region 1 and 2 is active, and the switch com-
mand is low. The MOSFET being controlled includes both the proportional control
preparation and the iy, command. The top MOSFET v is driven up to 15 V and is
on when the top MOSFET is the a-MOSFET during the shaped transition before the
control is initiated, or it is the S-MOSFET whilst the switch command is high, and the
B5-MOSFET on command is active.

5.4.4 [-Injection MOSFET Control

This section outlines the [-injection MOSFET control, which uses stored reference
waveforms for the vy transition and performs error signal computation and processing
to update the gate-drive commands for the S-injection MOSFET and reduce the error
between the reference vg; and the measured signal. An overview of the S-injection
MOSFET control strategy is presented in Figure 5.15. At a high level, the g-injection
MOSFET control performs the following functions:

e Defining v4s regions, near mid-point detection, vys preparation, and iy limits for
the S-injection MOSFET.
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e Establishing S-injection MOSFET control regions.

e (Calculating the vy, error signal and generating the S-injection MOSFET gate-
drive commands.

e Commands are sent to the injection MOSFETs depending on a rising or falling

transition during the the second half-of the shaped transition (vgs > 15 V).

Read i;s from memory (previous switching transition)

& J

4 . ) 4 . . )
Read v, reference profile from Determine izscommands

L memory ) L Fast-Prep/Slow-Prep/Control/OFF

|

4 ) 4 N\
Compute error signal Determine MOSFET commands

(4-most recent errors) Fast-Prep(+15V)/Controlled/OFF(-15V)
4 J

Generate i;; command
\ J

4 )
Write i, command to memory
(next switching transition)

Figure 5.13: B-injection MOSFET control strategy.

Firstly, vy, regions are defined, which are 5 V, 2.656 V, 1.406 V and -5 V. Comparators
are used to detect whether the S-injection MOSFET exceeds the voltage of a defined
region. Additionally, the target starting vy, of the injection-MOSFETs are defined,
which are 1.53 V and 1.72 V for the rising and falling transitions, respectively. The
B-injection MOSFET v, is prepared to reach a target voltage at the start of the con-
trolled operation, which ensures a fast response of the MOSFET to limit the transient
response time. The target vy, is around the V};,, which is the boundary between the
cut-off region and Ohmic region of the MOSFET.

The measured vy and target vys are compared to generate an error signal, which is
used in a proportional control to ensure the -injection MOSFET v, reaches the target
voltage. The output of the operation is the i4s preparation command, which is fed to
the S-injection MOSFET gate current command before the f-injection MOSFET gate
drive commences. The period where the current injection preparation is active is set
when the shaped transition control of the a-MOSFET is active and vgs is less than
the near-0.5V; voltage. The near-0.5V; value is set to 14.06 V, which will enable the
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B-injection control once a counter reaches near-0.5V;. Limits are placed the iy, values,
which are defined by the v, region values shown in Table 5.3. The current limits are
used to keep the B-injection MOSFET vy from moving rapidly beyond the controllable

regions.

Table 5.3: Current limit regions based on gate-source voltage

Injection Gate Current Positive Gate Current Negative Gate Current
Limit

Upper vgs < 1.406 V vgs > 1.805 V
Lower 1.406 V <wvg4s < 2.656 V 1.406 V <45 < 1.805 V
Zero Vgs > 2.656 V vgs < 1.406 V

Lastly, the various regions of the S-injection MOSFET control is defined. The first
controlled region is the period when the S-injection MOSFET vy, is rapidly increased
with the maximum gate current before controlled current injection for wavefrom shap-
ing commences. This control region is active when the a-MOSFET control is active
before the 0.5V} is reached, and the vy, is less than -5 V.

The second control region is when the 3-injection MOSFET v is slowly being increased
towards the target starting injection vgs. This control region uses the aforementioned
proportional control to increase the vgs, which is active when the a-MOSFET control
is active before the near-0.5V; is reached, and the vys is greater than 0 V. The third
control region is the period when the $-injection MOSFET 445 command is controlled
to shape the half-bridge mid-point voltage for the second half of the transition. The
B-injection MOSFET injection control is active when the vy, is near-0.5V; (> 14.06 V).

The controlled regions are then used to determine whether data is to be sent to the
p-injection MOSFET i4, DAC to control i4s or not. The control injection is enabled
when the vy preparation is required, and the injection current is required to shape
the half-bridge mid-point voltage. The controlled injection is not required when the
transition command is not active and the B-injection MOSFET vy, is being rapidly

increased towards -5 V.

The following stages in the S-injection MOSFET control is the generation and process-
ing of the error signal, which will be used to create the i4s command for the subsequent
switching transition. The 0.5V; detection enables the error signals to be calculated.

Otherwise, the error is set to zero to prevent untimely error signals early in the transi-
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tions used in the S-injection current control. Setting the a-MOSFET to stop controlling
at 0.5V; and the S-injection MOSFET to start controlling ensures no undesired overlap

between the two control strategies.

Instead of the 16-most recent errors signals required for the a-MOSFET i45 command,
the -injection only requires the four most recent error signals. Since the vgs is at 0.5V}
when the current injection is applied, the response of the S-injection MOSFET needs
to be rapid. Therefore the vy, is prepared to be near Vy;, before the current injection
commences. Conversely, although the a-MOSFET is also prepared, the initial control
of the a-MOSFET during the initial turn off requires vys to be controlled slowly, which
requires careful control of i4s when vy is near the Miller plateau region. The four most
recent error signals are created using three D-flip-flops, which are summed to give the
error signal for the S-injection MOSFET. The magnitude of the error signal is shifted
by 18-bits to provide a gain to the error signal.

Next, the S-injection MOSFET ¢4, command signal is generated and stored. Addition-
ally, the output binary signals and command data values are created to control the
B-injection MOSFET. The -injection MOSFET i is read out of temporary storage,
which was generated in the previous switching transition, so the summed error signal
and applied gain can be added to the iy, command before the command is stored for
the next transition. The timing of the reading and writing of the 74, command is essen-
tial since it considers the signal delays within the FPGA and the transient response of
the MOSFET. Firstly, the 3-injection MOSFET ¢4, command is read from temporary
storage 720 ns before the transition count being enabled, which ensure the error signal

can be added to iy, command before being stored for the next transition.

The i4s command values are only read from memory when enabled by the 0.5V de-
tection, which ensures the iy command values are read out only when iy control is
required. Note, the i4; commands are read out of separate memory blocks for the rising
and falling transitions and are only enabled when the respective rising or falling tran-
sition is enabled. The 745 command that has just been read out of stored memory is
then stored in memory to be used in the same transition when adding the accumulated

error signal before it is stored in memory before the next transition.

Once the S-injection MOSFET i, signal is calculated, the g-injection-MOSFET iy,
command is then determined. Before the high or low transition becoming active, be-
fore the midpoint is reached, and the vy, is greater than 0 V, the 755 command is the
proportional control to increases the S-injection MOSFET vy, towards the target vgs.

Once the rising or falling transition is active, the iy command is controlled, which
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includes the summation of the error signals. Beyond the controlled region of the (-
injection MOSFET, the injection current is set to 0 A. Once the conditions of the
B-injection MOSFET 445 command signal is determined, the MOSFET output com-
mands are determined. The output commands are determined for both the top and

bottom MOSFET, governed by a rising or falling transition.

An example of the B-injection MOSFET ¢4, commands is presented in Figure 5.14.
The plot demonstrates the four iy, commands required throughout a shaped switching
transition. From ¢y to ¢; the injection MOSFET is off and not required. From ¢; to to
the MOSFET is quickly increased. Form t9 to t3 proportional control is implemented
to reach the target vgs. Form t3 to t4 control is required during a rising or falling

transition. Lastly from ¢4 onwards the S-injection MOSFET is turned off.
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Figure 5.14: Example of the S-injection MOSFET 445 commands.

5.4.5 Auxiliary Control and Hard Switching Implementation

The second FPGA contains all the logic and control for the auxiliary branch and the
hard switching implementation. Like the set-up of the first FPGA, the second FPGA
is programmed to initialise the control, which includes clock signal generation, global
timing, the logic for enabling the hard-switching mode, establishing data inputs for the
load current, the vgs of each auxiliary MOSFET, the vgs of the auxiliary MOSFETS,
and the auxiliary branch current measurement. As with the first FPGA, the logic for
establishing the clock signals and global timing is the same as Section 5.4.2. The load
signal for the second FPGA determines whether the hard-switching is required or not,

which is toggled with each push-button press.
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Parallel data inputs from the ADC on the control and monitoring board, include inter-
facing logic to provide the load current, the power MOSFET vy,, power MOSFET vgs,
and the auxiliary branch current measurement data in offset binary format. The data
format for all the data inputs is in offset binary, which is converted into 2c¢ and neg-
ative 2c¢ for ease of computation. Additionally, the auxiliary on command and switch
command is received from the other FPGA. After the auxiliary and hard-switching
branches of the FPGA is initialised, the control logic is implemented. If hard-switching
mode is enabled, control of the top and bottom power MOSFETs are enabled. If hard-
switching is disabled, the control of the top and bottom auxiliary MOSFETs is enabled.

Once the conditions for hard-switching are determined, the top and bottom MOSFET
output commands are determined. The top MOSFET vy, is driven down to -15 V and
is off when the switching command is low, and the hard-switching is active, or hard
switching is not active. The top MOSFET vy, is driven up to 15 V and is on when both
the switching command and hard switching mode is active. The bottom MOSFET v,
is driven down to -15 V and is off when both the switch command and hard switching
mode are active or when the hard switching mode is not active. The bottom MOSFET
vgs is driven up to 15 V and is on when the switch command is low, and the hard

switching mode is active.

Once the conditions for the auxiliary branch control are determined, the auxiliary
MOSFET output commands are determined. The top auxiliary MOSFET vy, is driven
up to 15 V to turn on the MOSFET when the auxiliary command is active, the switch
command is active, and the hard switching command is disabled. If either of these
conditions is not met, the top auxiliary MOSFET vy, is driven down to -15 V and
is turned off. The bottom auxiliary MOSFET vy, is driven up to 15 V to turn on
the MOSFET when the auxiliary command is active, the switch command is low, and
the hard switching command is disabled. If either of these conditions is not met, the
bottom auxiliary MOSFET v, is driven down to -15 V and is turned off. An overview

of the auxiliary branch control and hard-switching control is presented in Figure 5.15.
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Figure 5.15: Auxiliary branch control and hard-switching control overview.

5.5 Laboratory Assessment and Performance Verification

5.5.1 Measurement Set-up and Methodology

Experimental tests were performed on the low-EMI half-bridge prototype to verify the
performance of the prototype. The circuit was operated under no-load and constant
load conditions, with the S-shaped, sinusoidal-shaped, and logistic-shaped reference
waveforms being implemented in the FPGA. Additionally, the prototype was config-
ured to operate under hard-switching conditions to provide a baseline for comparison.
The load connected to the circuit for experimental evaluation of the half-bridge pro-
totype was a resistive-inductive load. For both the top and bottom power MOSFET,
measurements were performed to capture the rising and falling transitions, showing how
the MOSFET is responding when acting as both the a-MOSFET and g-MOSFET, re-
spectively. All measurements of the bottom power MOSFET undergoing a controlled
shaped switching transitions is presented in this Section. All measurements of the top
power MOSFET undergoing a controlled shaped switching transitions is presented in

Appendix A.

All measurements were performed using the MSO7054A 500 MHz, four analogue chan-
nel Mixed Signal Oscilloscope. The selected probes were Agilent 10073D 10:1, 500MHz,
passive probes. For each shaped switching transition synthesised, measurements were
performed on each power and injection MOSFET during a rising and falling transition
of the half-bridge operating under no-load and load conditions. Additionally, measure-
ments were taken for each MOSFET during turn-on and turn-off under no-load and
load conditions for the prototype operating with hard switching. For each transition
synthesised, the key metrics to verify the control and operation of the circuit were mea-
sured. For every transition, the key time-domain metrics that were measured include

the following:

o a-MOSFET: vy, vgs, igs command

James Buchan 173



CHAPTER 5. LOW-EMI PROTOTYPE DESIGN AND IMPLEMENTATION

e [(-injection MOSFET: vy, i4s command, igs
o B-MOSFET: vgg, vgs
e Auxiliary branch: Auxiliary MOSFET commands, vgs, tquz

Since the research project is also concerned with the EMI performance of the proto-

type, the frequency-domain of the vys shaped waveforms were analysed. The prototype

laboratory measurement set-up is presented in Figure 5.16.

Figure 5.16: Laboratory measurement set-up.

5.5.2 Laboratory Measurements
5.5.2.1 Logistic-Shaped Transition - No Load

Figure 5.17 presents the laboratory measurements of a rising transition when the bot-
tom power MOSFET is the a-MOSFET following a logistic-shaped reference profile
with the half-bridge circuit operating under no load. The plot shows the a-MOSFET
vgs (black), B-MOSFET vg, (grey), a-MOSFET vy, (red), S-injection MOSFET vy
(blue), and S-MOSFET wvgys (purple) measurements. Firstly, the plot shows that the
a-MOSFET w4 accurately follows the reference logistic-shaped waveform. Concur-
rently, the 5-MOSFET vy, also produces a logistic shaped switching transition since it
acts complimentary to the a-MOSFET. Lastly, the vy, waveforms of the a-MOSFET,
[-injection MOSFET, and S-MOSFET are presented, which indicates the control se-
quence of the low-EMI half-bridge. Initially, the a-MOSFET is controlled up to 0.5V;
to provide the shaping of the a-MOSFET vy, which occurs at 5 us. Above 0.5V; the
a-MOSFET vy is controlled towards -15 V' and is completely off.
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Considering the 3-injection MOSFET, the MOSFET vy, is ramped from -15 V to a
voltage set-point just below V. This is required to ensure there is sufficient charge
in the MOSFET to reduce the transient response time when the MOSFET is expected
to start conducting to allow injection current to flow into the circuit to shape the a-
MOSFET wvgs. From 0.5V at 5 us to ~9.2 us, the S-injection MOSFET gate-drive is
controlled to inject the required amount of current. Note that the injection control
lasts longer than the simulations since the injection is also implemented to reduce the
current ripple during the rising transition. Lastly, at ~9.2 us, the g-injection MOSFET
vgs is ramped downwards to -15 V to turn off the current injection. At ~9.2 us, the
B-MOSFET vy, is slowly ramped from 0 V to 15 V over 1.5 ps, which turns on the
MOSFET.
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Figure 5.17: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET v, (black),
B-MOSFET wgs (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and
B-MOSFET vys (purple) measurements. The half-bridge circuit is operating under no
load.

Figure 5.18 presents the laboratory measurements of the a-MOSFET vy, (red), B-
injection MOSFET wvgys (black), a-MOSFET iy, command (blue), and S-injection MOS-
FET i4s command (purple) measurements. The plot shows the current that is injected
into the gate of the a-MOSFET and S-injection MOSFET to get the desired vy, that

is required to produce the logistic shaped transition.
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Figure 5.18: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red),
S-injection MOSFET vy (black), a-MOSFET 445 command (blue), and S-injection
MOSFET 445 command (purple) measurements. The half-bridge circuit is operating

under no load.

Figure 5.19 presents the laboratory of the a-MOSFET vy, (red), 8-injection MOSFET
igs (blue), and a-MOSFET wvgs (black). The plot shows the a-MOSFET v and the (-
injection MOSFET 44, that produces the desired logistic-shaped a-MOSFET vy, rising

transition.
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Figure 5.19: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red),
B-injection MOSFET i45 (blue), and a-MOSFET vy, (black) measurements. The half-

bridge circuit is operating under no load.
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5.5.2.2 Logistic-Shaped Transition - Load

This section presents the laboratory measurements of a rising transition when the
bottom power MOSFET is the a-MOSFET following a logistic-shaped reference profile
with the half-bridge circuit operating under constant load. Figure 5.20 presents the
a-MOSFET wgs (black), S-MOSFET wgs (grey), a-MOSFET vy, (red), B-injection
MOSFET vy, (blue), and f-MOSFET vy (purple) measurements. Figure 5.21 presents
the a-MOSFET vy, (red), S-injection MOSFET vy, (black), a-MOSFET i4s command
(blue), and f-injection MOSFET iy command (purple) measurements. Figure 5.22
presents the a-MOSFET vy (red), S-injection MOSFET i4s (blue), and a-MOSFET

vgs (black) measurements.

Logistic - Bottom MOSFET Turn-off - Load
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Figure 5.20: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (black),
B-MOSFET wgs (grey), a-MOSFET vy, (red), fS-injection MOSFET vy, (blue), and
B-MOSFET v, (purple) measurements. The half-bridge circuit is operating under
load.
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Figure 5.21: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red),
S-injection MOSFET vy (black), a-MOSFET 445 command (blue), and S-injection
MOSFET 445 command (purple) measurements. The half-bridge circuit is operating

under load.
Logistic - Bottom MOSFET Turn-off - Load 15
Ll Ll Ll Ll Ll 1 1 1 1
or _Vgs,a _Vds,a,meas _lds,ﬁi
30
2 20 <
g £
& 10 o
S =}
g 0 5 O

R
o

R
(=

Time (us)

Figure 5.22: Turn-off sequence for a logistic-shaped reference waveform when the bot-
tom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red),
B-injection MOSFET i45 (blue), and a-MOSFET vy4, (black) measurements. The half-

bridge circuit is operating under load.

5.5.2.3 Sinusoidal-Shaped Transition - No Load

This section presents the laboratory measurements of a rising transition when the
bottom power MOSFET is the a-MOSFET following a sinusoidal-shaped reference
profile with the half-bridge circuit operating under no load. Figure 5.23 presents the
a-MOSFET wgs (black), S8-MOSFET w4 (grey), a-MOSFET v, (red), [-injection
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MOSFET vys (blue), and f-MOSFET vy, (purple) measurements. Figure 5.24 presents
the a-MOSFET vy (red), B-injection MOSFET vy, (black), a-MOSFET 445 command
(blue), and f-injection MOSFET iy command (purple) measurements. Figure 5.25
presents the a-MOSFET vy (red), S-injection MOSFET i4s (blue), and a-MOSFET

vgs (black) measurements.
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Figure 5.23: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (black),
B-MOSFET wvgs (grey), a-MOSFET vy, (red), S-injection MOSFET vgg (blue), and /-
MOSFET vy, (purple) measurements. The half-bridge circuit is operating under no
load.
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Figure 5.24: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (red),
p-injection MOSFET vy, (black), a-MOSFET 445 command (blue), and S-injection
MOSFET i4s command (purple) measurements. The half-bridge circuit is operating

under no load.
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Figure 5.25: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (red),
B-injection MOSFET i4s (blue), and a-MOSFET vy, (black) measurements. The half-

bridge circuit is operating under no load.

5.5.2.4 Sinusoidal-Shaped Transition - Load

This section presents the laboratory measurements of a rising transition when the
bottom power MOSFET is the a-MOSFET following a sinusoidal-shaped reference
profile with the half-bridge circuit operating under constant load. Figure 5.26 presents
the a-MOSFET wgs (black), S-MOSFET vy, (grey), a-MOSFET vy, (red), S-injection
MOSFET vys (blue), and f-MOSFET vy, (purple) measurements. Figure 5.27 presents
the a-MOSFET vy (red), B-injection MOSFET vy, (black), a-MOSFET 445 command
(blue), and F-injection MOSFET 445 command (purple) measurements. Figure 5.28
presents the a-MOSFET vy (red), S-injection MOSFET i4s (blue), and a-MOSFET

vgs (black) measurements.
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Figure 5.26: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (black),
B-MOSFET wvgs (grey), a-MOSFET vy, (red), S-injection MOSFET vgs (blue), and /-
MOSFET wvgs (purple) measurements. The half-bridge circuit is operating under load.
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Figure 5.27: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red),
p-injection MOSFET vy, (black), a-MOSFET 445 command (blue), and S-injection
MOSFET 445 command (purple) measurements. The half-bridge circuit is operating

under load.
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Figure 5.28: Turn-off sequence for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (red),
B-injection MOSFET i4s (blue), and a-MOSFET vy, (black) measurements. The half-

bridge circuit is operating under load.

5.5.2.5 S-Shaped Transition - No Load

This section presents the laboratory measurements of a rising transition when the
bottom power MOSFET is the a-MOSFET following a S-shaped reference profile with
the half-bridge circuit operating under no load. Figure 5.29 presents the a-MOSFET v
(black), B-MOSFET vgs (grey), a-MOSFET vy (red), f-injection MOSFET vy, (blue),
and -MOSFET wvgs (purple) measurements. Figure 5.30 presents the a-MOSFET
vgs (red), f-injection MOSFET vy, (black), a-MOSFET i4, command (blue), and (-
injection MOSFET 445 command (purple) measurements. Figure 5.31 presents the
a-MOSFET vy, (red), S-injection MOSFET i4s (blue), and a-MOSFET w4, (black)

measurements.
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Figure 5.29: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET v, (black), g-
MOSFET w45 (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and /-
MOSFET vy, (purple) measurements. The half-bridge circuit is operating under no
load.
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Figure 5.30: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvyy (red), S-
injection MOSFET wvgys (black), a-MOSFET iy, command (blue), and S-injection MOS-
FET i4s command (purple) measurements. The half-bridge circuit is operating under

no load.
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Figure 5.31: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvyy (red), (-
injection MOSFET i4s (blue), and a-MOSFET wvgs (black) measurements. The half-

bridge circuit is operating under no load.

5.5.2.6 S-Shaped Transition - Load

This section presents the laboratory measurements of a rising transition when the bot-
tom power MOSFET is the a-MOSFET following a S-shaped reference profile with
the half-bridge circuit operating under constant load. Figure 5.32 presents the a-
MOSFET vy (black), S-MOSFET v4s (grey), a-MOSFET vy, (red), S-injection MOS-
FET vys (blue), and S-MOSFET v, (purple) measurements. Figure 5.33 presents
the a-MOSFET vy (red), S-injection MOSFET vy, (black), a-MOSFET 445 command
(blue), and f-injection MOSFET 445 command (purple) measurements. Figure 5.34
presents the a-MOSFET vy (red), S-injection MOSFET i4s (blue), and a-MOSFET

vgs (black) measurements.
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Figure 5.32: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET v, (black), g-
MOSFET w45 (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and /-
MOSFET wvgs (purple) measurements. The half-bridge circuit is operating under load.
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Figure 5.33: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), -
injection MOSFET vy, (black), a-MOSFET 445 command (blue), and S-injection MOS-

FET i4s command (purple) measurements. The half-bridge circuit is operating under

load.
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Figure 5.34: Turn-off sequence for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvys (red), S-
injection MOSFET i4s (blue), and a-MOSFET wvgs (black) measurements. The half-

bridge circuit is operating under load.

5.5.2.7 Auxiliary Branch Measurements

This section presents the auxiliary branch measurements during a shaped switching
transition for the bottom and top power MOSFETs when the half-bridge circuit op-
erates under no-load and constant load. The auxiliary branch operation when the
top power MOSFET is a-MOSFET for the half-bridge operating under no-load and
constant load is presented in Figure 5.35 and Figure 5.36, respectively. The auxiliary
branch operation when the bottom power MOSFET is a-MOSFET for the half-bridge
operating under no-load and constant load is presented in Figure 5.37 and Figure 5.38,

respectively.

The no-load and load auxiliary branch measurements demonstrate the differences in
timing and control of the auxiliary branch to satisfy the auxiliary branch operating
condition of Ij,qq + tque = 10 A. For the no-load conditions, the auxiliary branch is
operated to ensure the auxiliary branch is ramped to 10 A when the switching transition
voltage reaches 0.5V;. For the power converter operating under load, the auxiliary
branch current is ramped to |iguz|= 10 A — I},qq for the top power MOSFET when the
switching transition voltage reaches 0.5V;. Additionally the auxiliary branch current is
ramped t0 |iguz|= 10 A+ Ijpqq for the bottom power MOSFET.
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Figure 5.35: Auxiliary branch measurements of a turn-off sequence when the top MOS-
FET is the a-MOSFET. The plot shows the a-MOSFET v, (red), auxiliary-MOSFET
command signal (blue), auxiliary-MOSFET wvgs (black), and auxiliary branch current

iquz (purple) measurements. The half-bridge circuit is operating under no load.
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Figure 5.36: Auxiliary branch measurements of a turn-off sequence when the top MOS-
FET is the a-MOSFET. The plot shows the a-MOSFET vy (red), auxiliary-MOSFET
command signal (blue), auxiliary-MOSFET wvgs (black), and auxiliary branch current

iquz (purple) measurements. The half-bridge circuit is operating under load.
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Figure 5.37: Auxiliary branch measurements of a turn-off sequence when the bottom
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), auxiliary-
MOSFET command signal (blue), auxiliary-MOSFET vy, (black), and auxiliary branch

current 44y, (purple) measurements. The half-bridge circuit is operating under no load.

AuxHrary Branch Bottom MOSFET Turn off - Load

30 T I 30
|_V _AUX MD _Vds,aux _Iaux

20 =20
% 10F {10 &
@ | o
2 === vy nm | =
° 0 0 >
> (@]

-10F =-10

_20 1 1 1 1 1 1 1 1 1 _20

0 2 4 6 8 10 12 14 16 18 20
Time

Figure 5.38: Auxiliary branch measurements of a turn-off sequence when the bottom
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), auxiliary-
MOSFET command signal (blue), auxiliary-MOSFET vy, (black), and auxiliary branch

current 44y, (purple) measurements. The half-bridge circuit is operating under load

5.5.2.8 Hard Switching

The hard switching measurements are presented for the bottom and top power MOS-
FETs when the half-bridge circuit operates under no-load and constant load. The hard
switching measurements of the top power MOSFET operating under no-load and con-
stant load is presented in Figure 5.39 and Figure 5.40, respectively. The hard switching
measurements of the bottom power MOSFET operating under no-load and constant
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load is presented in Figure 5.41 and Figure 5.42, respectively. Each plots presents the
power MOSFET vg4; (red) and vgs (blue).
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Figure 5.39: Hard switching waveforms of the top MOSFET vy, (red) and vgs (blue)

during turn-off. The half-bridge circuit is operating under no load.
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Figure 5.40: Hard switching waveforms of the top MOSFET vy (red) and vys (blue)

during turn-off. The half-bridge circuit is operating under load.
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Figure 5.41: Hard switching waveforms of the bottom MOSFET vgs (red) and vy, (blue)

during turn-off. The half-bridge circuit is operating under no load.
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Figure 5.42: Hard switching waveforms of the bottom MOSFET vgs (red) and vy, (blue)

during turn-off. The half-bridge circuit is operating under load.
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5.5.3 Spectral Comparison
5.5.3.1 Waveform Averaging

Since assessing the EMI performance of the prototype is required, the frequency-domain
of the vgs shaped waveforms were analysed. One major challenge presented in the
measurement approach is the low switching frequencies relative to the time-steps re-
quired to sample the waveform to achieve the highest frequency measurement required,
which may be restricted by the resolution of the measuring device and accuracy of the
measurement probes. Additionally, the switching waveform includes the low-frequency
switching harmonics, which are orders of magnitude lower than the high-frequency con-
tent, which is being assessed. Finally, the high-frequency spectral content can get lost

in the noise of the measurement equipment.

Since time-domain and frequency-domain measurements are required, an oscilloscope
is used. Although characterising the steep-roll of shaped switching waveforms, the os-
cilloscope bandwidth is limited by the measurement signal to noise ratio created by
the analogue to digital circuitry quantising the signal. Since MOSFET switching is
periodic and random noise is present in the measurement, time-domain averaging is
suitable for increasing the measurement bandwidth. The time-domain average of the
logistic-shaped, sinusoidal-shaped, and S-shaped reference profile for a shaped switch-

ing transition is presented in this Section.

The logistic shaped switching transitions considering the bottom power MOSFET as
the a-MOSFET for the half-bridge operating under no-load and load conditions is pre-
sented in Figure 5.43 and Figure 5.44, respectively. The sinusoidal shaped switching
transitions considering the bottom power MOSFET as the a-MOSFET for the half-
bridge operating under no-load and load conditions is presented in Figure 5.45 and
Figure 5.46, respectively. The S-shaped switching transitions considering the bottom
power MOSFET as the a-MOSFET for the half-bridge operating under no-load and

load conditions is presented in Figure 5.47 and Figure 5.48, respectively.

The plot of each shaped transition includes the v4s waveform of the a- and B-MOSFET
as shown by the red and blue traces, respectively. Additionally, the vgys reference pro-
files of the a- and B-MOSFET is shown by the solid black and dashed black traces,
respectively. Lastly, the hard-switching waveforms considering the bottom power MOS-
FET for the half-bridge operating under no-load and load conditions is presented in
Figure 5.49 and Figure 5.50.
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Figure 5.43: Waveform averaging for a logistic-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET
vgs (red), B-MOSFET vy, (blue) with their reference waveforms shown by the black

and black-dashed lines, respectively. The half-bridge circuit is operating under no load.
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Figure 5.44: Waveform averaging for a logistic-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET
vgs (red), B-MOSFET vg4s (blue) with their reference waveforms shown by the black
and black-dashed lines, respectively. The half-bridge circuit is operating load.
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Figure 5.45: Waveform averaging for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET
vgs (red), B-MOSFET vy, (blue) with their reference waveforms shown by the black

and black-dashed lines, respectively. The half-bridge circuit is operating under no load.
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Figure 5.46: Waveform averaging for a sinusoidal-shaped reference waveform when the
bottom power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET
vgs (red), B-MOSFET vg4s (blue) with their reference waveforms shown by the black
and black-dashed lines, respectively. The half-bridge circuit is operating load.
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Figure 5.47: Waveform averaging for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET vy
(red), S-MOSFET w4, (blue) with their reference waveforms shown by the black and

black-dashed lines, respectively. The half-bridge circuit is operating under no load.
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Figure 5.48: Waveform averaging for a S-shaped reference waveform when the bottom
power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET w4,
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and
black-dashed lines, respectively. The half-bridge circuit is operating load.
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Figure 5.49: Waveform averaging for a hard switching waveform when the bottom

power MOSFET is the a-MOSFET. The half-bridge circuit is operating under no load.
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Figure 5.50: Waveform averaging for a hard switching waveform when the bottom
power MOSFET is the a-MOSFET. The half-bridge circuit is operating under load.

5.5.3.2 Harmonic Spectra

Lastly, a harmonic spectral comparison is presented between the hard-switching, logis-
tic, sinusoidal, and S-shaped switching transitions. Figure 5.51 presents the harmonic
spectra and spectral bound (envelope) of a hard-switching (black), logistic-shaped (pur-
ple), sinusoidal-shaped (red) and S-shaped (blue) switching transition when the half-
bridge circuit is operating under no-load. The PWM waveforms are synthesised by
combining the time-averaged rising and falling transitions considering a 1 kHz switch-
ing frequency. Figure 5.52 presents the spectral comparison from 1 MHz to 10 MHz
to compare better the performance between the logistic-shaped, sinusoidal-shaped, and

S-shaped switching transitions.
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Similarly, Figure 5.53 presents the harmonic spectral comparison of a hard-switching
(black), logistic-shaped (purple), sinusoidal-shaped (red) and S-shaped (blue) switching
transition when the half-bridge circuit is operating under constant load. The spectral
comparison from 1 MHz to 10 MHz is shown in Figure 5.54. Although the spectral
comparison of the logistic-shaped waveform does not demonstrate the steep harmonic
roll-off of the ideal logistic-shaped transition, the harmonic content of the shaped tran-

sitions is considerably less than the hard-switching waveform.

Spectral Content - No Load

150 ——r—r—r—rrrrry

=
o
o

——Hard-Switched
Hard - Bound
—Sinusoidal
——Sine - Bound
S-Shaped
——S - Bound
Logistic
——Log - Bound

VWW%\v‘v'v‘wwm_

Amplitude [dBuV]
o 3

50 L.
10° 10t 102 103 10* 10°
Frequency [kHz]

Figure 5.51: Harmonic spectral comparison of the hard-switching (black), sinusoidal-
shaped (red), S-shaped (blue) and logistic-shaped (purple) when the half-bridge circuit
is operating under no load. All harmonic spectra plotted include the spectral bound
(envelope) for comparison. The spectra is plotted from 1 kHz (fundamental frequency)
to 100 MHz.
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Figure 5.52: Harmonic spectral comparison of the hard-switching (black), sinusoidal-
shaped (red), S-shaped (blue) and logistic-shaped (purple) when the half-bridge circuit
is operating under no load. All harmonic spectra plotted include the spectral bound
(envelope) for comparison. The spectra is plotted from 1 MHz to 10 MHz to better
compare the harmonic content within that frequency range.
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Figure 5.53: Harmonic spectral comparison of the hard-switching (black), sinusoidal-
shaped (red), S-shaped (blue) and logistic-shaped (purple) when the half-bridge circuit
is operating under load. All harmonic spectra plotted include the spectral bound (en-
velope) for comparison. The spectra is plotted from 1 kHz (fundamental frequency) to
100 MHz.
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Figure 5.54: Harmonic spectral comparison of the hard-switching (black), sinusoidal-
shaped (red), S-shaped (blue) and logistic-shaped (purple) when the half-bridge circuit
is operating under load. All harmonic spectra plotted include the spectral bound (enve-
lope) for comparison. The spectra is plotted from 1 MHz to 10 MHz to better compare

the harmonic content within that frequency range.

5.6 Radiated Emissions Prediction

This section presents a theoretical prediction of the expected radiated emissions levels
and the attenuation of logistic-shaped switching transitions by analysing ideal shaped
transitions and the prototype half-bridge spectral results. Additionally, the estimated
emission levels are compared to the SKA RFI/EMC emission limits to identify the
reduction in shielding and filtering requirements by implementing the logistic-shaped
switching transition presented in this dissertation. Firstly, a theoretical prediction
is presented, considering the ideal waveforms presented in Chapter 3. The analysis
presents an expectation of what can be theoretically achieved by a power converter

capable of undergoing ideal logistic shaped switching transitions.

Additionally, this section concludes with a presentation of attenuation estimates us-
ing the prototype half-bridge waveforms presented in Section 5.5.3.2 of this Chapter.
The analysis of the prototype operating under no-load and constant load conditions
quantifies what is currently achievable with the developed technology. The theoretical
prediction presented in this section estimates the expected radiated emissions gener-
ated by a power converter capable of undergoing logistic-shaped transitions, contrasted
to hard-switching PWM. The attenuation requirements of logistic-shaped transitions
and hard-switching PWM required to satisfy the SKA RFI/EMC emission limits is
presented. The reduction in emissions attenuation will have advantageous cost impli-
cations considering the stringency of the SKA RFI/EMC Standard [1].
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Typically, the outcomes presented in the literature demonstrate EMI mitigation com-
pared to a worst-case scenario for switching noise such as hard-switching. Therefore,
mitigation strategies, whether applied to the power circuitry or control strategy, will
seek to demonstrate compliance with CISPR22 Class A or Class B limits and compare
emissions to the hard switching case. Since the SKA-low emission limits are approx-
imately 100 dB less than MIL-STD-461F RE102 and 120 dB for CISPR22 Class B,
compliance is expected to be achieved with multiple levels of shielding and filtering
with a device that is CISPR22 compliant.

An overview of the CISPR22 Class B emission limits compared to the SKA-Low emis-
sion limit is presented in Figure 5.55, which adopts the methodology presented SKA-
Low EMC requirements [1] and summarised in Section 1.6.3. CISPR22 Class B com-
pliant power converters are preferred over CISPR22 Class A power supplies for the
SKA-low since they generate lower radiated emissions. Additionally, CISPR22 Class
B power supplies are cost-effective compared to MIL-STD-461F compliant COTS or
modified-COTS power supplies. A mitigation strategy combining novel and conven-
tional mitigation techniques must be adopted to comply with the SKA-low EMC stan-
dard, which seeks to achieve the greatest attenuation beyond 30 MHz.
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Figure 5.55: SKA-Low EMC emissions limit considering a 1 m distance to the nearest
antenna. The CISPR22 Class B limit value is included for comparison, establishing a

worst-case scenario for an emission culprit.

A computational study was performed to outline the expected attenuation from ideal
logistic-shaped switching transitions and from laboratory measurements. Considering
the SKA-low EMC standard, this modelling identifies the reduction in attenuation

requirements from shielding and filtering techniques compared to hard-switching PWM.
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The following assumptions are made to estimate the attenuation requirements against

the SKA-low EMC standards:

1. It is assumed that a power converter generates radiated emissions at the CISPR-
B limit line to establish a worst-case scenario. Therefore, only emissions up to

500 MHz are considered for this study, including the SKA-low frequency range.

2. A conservative assumption is made, where the switching waveform of a hard-
switching power converter is a slowed trapezoidal waveform which is inherently

low noise compared to a hard-switching square wave.

3. This computational study only considers the emissions generated by switching

noise since this was the focus of the research presented in this thesis.

4. Radiated emissions generated by the digital control circuitry, and PCB layout are

not considered.

5. A switching frequency of 10 kHz is considered to better represent the switching
frequencies of power converters. Note that a 1 kHz switching frequency was
implemented for the prototype to allow for increased transition times required to

demonstrate the feasibility of shaped transitions during prototype development.

The difference in dB between the trapezoidal waveform and logistic-shaped waveform
provides an estimate for the theoretical attenuation that can be achieved from an ideal
logistic-shaped switching transition. The radiated emissions estimated for a logistic
shaped transition is presented in Figure 5.56, which is compared to a power converter
generating radiated emissions at the CISPR-B limit line. The emissions estimate of the
logistic shaped switching transitions is calculated by subtracting the difference in dB
between the spectral bound of a trapezoidal waveform and a logistic shaped waveform,
as shown in Figure 3.16, from the CISPR 22 Class B limit line. Figure 5.56 shows that
the attenuation achieved by a logistic-shaped switching transition (black trace) exceeds
200 dB when comparing the harmonic spectra with a slow-transitioning trapezoidal

waveform (red trace). The SKA-low limit is shown in blue.
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Figure 5.56: Estimated theoretical radiated emissions generated by logistic-shaped
switching transitions. In this computational study, a trapezoidal waveform is assumed
to be emitting at the CISPR-B limit line.

Based on the prototyping outcomes, practical limitations hinder the ideal spectral roll-
off from being achieved. The drawbacks include digital control circuity introducing
signal quantisation, discontinuities and errors in the waveform shaping, and the oscil-
loscope introducing noise to the measurements. The radiated emissions estimate for
the prototype half-bridge producing a logistic shaped transition compared to a power
converter generating radiated emissions at the CISPR-B limit line is presented in Fig-
ure 5.57(a) and Figure 5.57(b), for the prototype operating under no-load and constant
load, respectively. The no-load and constant load curves are calculated by subtracting
the difference in dB between the spectral bound of the hard-switching waveform and a
logistic shaped waveform as shown in Figure 5.51 and Figure 5.53, respectively, from
the CISPR 22 Class B limit line.
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Figure 5.57: Estimated theoretical radiated emissions generated by the half-bridge
prototype operating under (a) no-load and (b) constant load undergoing logistic-shaped

switching transitions. In this study, the hard-switching measurements are assumed to
be emitting at the CISPR-B limit line.
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Although there will be other factors such as parasitic components and propagation
paths that will limit the amount of attenuation that is practically achieved, the spec-
tral content analysis provides a basis for estimating the expected emission levels of a
power converter undergoing logistic-shaped switching transitions considering the SKA
EMI/RFT threshold limits. For instance, as demonstrated in Figure 5.58, a power
converter producing logistic-shaped switching transitions reduces the attenuation from

shielding and filtering compared to the hard-switching measurements.

Based on the prototype measurements and attenuation estimates, the logistic shaped
switching transitions for no-load (black trace) and constant load conditions (purple
trace) provides 40 dB more attenuation on average compared to hard switching (red
trace). The ideal logistic shaped transition is also presented (blue trace) to show the
theoretical limit. Note that if the estimated emissions for the ideal logistic shaped tran-
sition in Figure 5.56 are less than the SKA EMI/RFI threshold limit, the attenuation
is 0 dB.
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Figure 5.58: Estimated theoretical shielding and filtering attenuation requirements
considering the SKA EMI/RFT threshold limits of the ideal logistic waveform (blue),
prototype operating under no-load (black), and prototype operating under constant

load (purple).

The analysis demonstrates that the prototype will require, on average, 70 dB of at-
tenuation between 30 MHz and 500 MHz to reduce the switching noise to the SKA
EMI/RFT limit value. Whereas, a power converter emitting at the CISPR 22 Class B
limit line, requires on average 114 dB of attenuation. Lastly, a power converter capa-
ble of producing ideal logistic transitions, in theory, requires no attenuation beyond 30
MHz. The results of the predictive attenuation modelling identify the benefits expected

to be achieved by power converters undergoing shaped switching transitions.
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5.7 Summary

Lastly, a comparison of the waveform derivatives of a shaped switching transitions
between the prototype laboratory measurements and the reference logistic, sinusoidal
and S-shaped switching transitions is presented in Figure 5.59, Figure 5.60, and Fig-
ure 5.61, respectively. The results demonstrate that the derivative is not smooth for
all shaped switching transitions and prevents the steep spectral roll-off in the logistic
shaped switching transition being observed. The outcome is consistent with Section 3.5
of Chapter 3, which outlines the practical limitations of producing steep spectral roll-off
where signal quantisation or discontinuities prevent the shaped switching transitions

and the derivatives of the waveform from being smooth.
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Figure 5.59: Derivative of the measured (red) and reference (black) logistic shaped tran-
sition when the bottom-MOSET is the a-MOSFET. The half-bridge circuit is operating

under (a) no load and (b) constant load.
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Figure 5.60: Derivative of the measured (red) and reference (black) sinusoidal shaped
transition when the bottom-MOSET is the a-MOSFET. The half-bridge circuit is op-

erating under (a) no load and (b) constant load.
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Figure 5.61: Derivative of the measured (red) and reference (black) S-shaped transition
when the bottom-MOSET is the a-MOSFET. The half-bridge circuit is operating under

(a) no load and (b) constant load.

The laboratory measurements have demonstrated how shaped spectral transitions are
produced within a half-bridge DC-DC converter. The operational prototype has demon-
strated a power converter topology capable of following a shaped switching transition
reference function. The prototype extends the capability beyond the ideal mathemati-
cal framework and a single MOSFET or IGBT to a power converter operating with a
PWM switching scheme. Although, practical limitations are hindering the performance
of the prototype considering high-frequency EMI mitigation. The digital control circu-
ity introduced signal quantisation, discontinuities and errors to the waveform shaping

technology. Additionally, the oscilloscope introduces noise to the measurements. Best
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efforts to reduce these limitations have been demonstrated throughout the prototype
development, including adding a parallel capacitor to the MOSFET drain-source, and
applying a quantised control signal to the gate-drive only, and not to the output drain-
source of the MOSFET. Additionally, the time-domain measurements of the prototype
applied measurement averaging to reduce the inherent measurement noise of the oscil-

loscope.

However, even with the attempts made to reduce the high-frequency noise contributions
to achieve spectral content roll-off, the derivatives of the shaped waveforms presented in
Figure 5.59, Figure 5.60, and Figure 5.61, are not smooth. Even though the prototype
performance provides significant EMI mitigation compared to the hard-switching half-
bridge DC-DC converter and improves the waveform shaping performance compared to
the studies presented in the literature, further improvements and refinements are still
required to achieve spectral roll-off. The level of precision required to reduce errors in
the half-bridge switching waveform and produce a smooth waveform derivative requires
further research to identify the areas where the greatest amount of improvement can
be achieved. The next chapter addresses the prototype improvements and future work

of this research.
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CHAPTER 6. PROTOTYPING IMPROVEMENTS, DISCUSSION AND
CONCLUSION

6.1 Low-EMI Half-Bridge Prototype Improvements

6.1.1 Identified Prototype Improvements

Presently in this dissertation, the computational modelling and prototype development
have demonstrated the feasibility of the shaped switching transition technology in a
half-bridge power converter. The prototype serves as a proof of concept for the low-
EMI technology, and improvements will allow the technology to reach the maturity
level ready for market production. A staged approach for the prototype improvements

is presented in Figure 6.1 and discussed throughout the remainder of this section.

Stage 1 Stage 2 Stage 3

Prototype improvements Cost-effectiveness DC-AC Inverter

* Increased efficiency Performance limitations PWM Randomisation
* Improved EMI mitigation Low-EMI vs. Efficienc

* Improved control strategy trade-off ’ y

Figure 6.1: Staged approach for prototype improvements.

Firstly, design enhancements can be made to the power circuitry and control circuitry
to improve the overall performance of the half-bridge. The next iteration of the half-
bridge prototype will improve the power converter efficiency and the accuracy of the
control strategy. By improving the control strategy, the EMI mitigation of the shaped
switching transition control will be refined. Identified improvements to the low-EMI

half-bridge prototype include the following;:

e Reduce conduction losses associated with the current injection circuitry.

e Improve and automate the control of the auxiliary branch.

e Modify the control architecture to be a combination of an FPGA and micro-
processor (u-processor).

e Increase switching frequency and reduce transition times.

With the current prototype design, the injection circuity relies on a DC power supply
to provide the injected current, controlled by the S-injection MOSFET and generates
undesired conduction losses. The next iteration of the prototype design will replace
the power supply with a capacitor, which will be sized to store the amount of energy
required for the current injection portion of the controlled, shaped transition. The

capacitor sizing allows for the exact amount of energy to be stored, with allowable
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tolerances, which will reduce the conduction losses of the DC power supply currently

being used.

The auxiliary branch circuit is currently controlled with fixed timing instances under
both constant load and no-load conditions. Future prototyping efforts intend to control
the auxiliary branch turn-on timing using load current sense resistors to measure the
actual current and determine when to control the auxiliary branch MOSFETs. The
actual timing of the auxiliary branch will be determined by the load current, when
the switching waveform will reach 0.5V;, and the auxiliary branch inductance value.
The improvements will ensure that when the auxiliary branch is operated, the control
and timing of the auxiliary branch will ramp the auxiliary branch inductor current to
satisfy the Ijoaq + lauz = 1 pu criteria for any load current and change in load. Fur-
thermore, once the power converter capability of the prototype can be demonstrated
to function and provide low-EMI shaped transitions under changing load, additional

power converter topologies such as a DC-AC inverter can be prototyped.

The control architecture of the half-bridge prototype can be modified to improve the
accuracy of the control system, which is intended to improve the EMI mitigation of
the shaped switching transitions. The current control system uses two FPGAs to per-
form all control and monitoring tasks. There are limitations in this approach since
the FPGAs must perform all the required control and computation during a switching
transition. In the case of the prototyping, the transition time is 20 pus. However, the
expectation is that the shaped switching transition technology can be applied to shorter
transition times. Therefore, there is a desire to combine an FPGA with a u-processor
to improve the low-EMI half-bridge control. The intent is to use the FPGA for all
real-time monitoring and sending the output control signals to the required power, in-
jection and auxiliary MOSFETs. The p-processor will receive all recorded data from
the FPGA or have a suitably selected ADC and perform the feedback control loop as
required. The p-processor will have nearly the entire switching period to perform any
necessary computation. The control system can be improved to decide the duration of
the error-signal window, the error signal gain, and the timing of the control initialisa-
tion of each MOSFET.

The capability of the control system will be tested to determine the fastest transition
time and switching period that the improved low-EMI half-bridge power converter can
achieve. A faster transition time will reduce the switching losses since the a-MOSFET
vgs and ig4s signal overlap is reduced, and less injection current will also be required.
Additionally, extending the capability of the power converter to higher frequencies

allows for the power converter to be miniaturised and become more cost-effective.
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Based on the prototype improvements outlined, the following research topics can be
studied:

e Improved control system capability to reduce output signal errors and improve
EMI mitigation.

e Identification of various low-EMI applications based on performance trade-off as-
sessments including maximum operating switching frequency, shortest transition
time, and switching losses.

e Extend the prototype capability to operate for any load and change in load to
verify the low-EMI capability of the technology.

e Inverter prototype and demonstration of the waveform shaping technology with

inverter PWM techniques.

6.1.2 Cost-Effectiveness and Performance Trade-Offs

Once the subsequent prototype iterations have been developed, the prototype can be
studied for various performance trade-off assessments, and the prototype can be re-
designed as a cost-effective solution. Various trade-off assessments can be performed
to understand the capability and limitations of the power converter. For the proto-
type low-EMI half-bridge power converter to operate effectively, the converter must be
cost-effective, operate with high efficiency, and achieve circuitry miniaturisation. In
no particular order or prioritisation, the cost-effectiveness and performance trade-off

assessments are identified as follows:

Cost and capability of FPGAs and p-processors

Reduced power consumption of all auxiliary and control components

Cost-effectiveness assessment

Lowest power level that can cost-effectively be achieved

Highest operating switching frequency and miniaturisation

EMI performance and power converter efficiency trade-off assessment

Firstly, identifying better-suited FPGAs, u-processors, DACs, and ADCs for the shaped
switching transitions is desired. Determining the best processor clock speed, which
translates to the smallest time-step achieved in the control implementation, and the
best n-bit DACs/ADCs for suitable data resolution is required. Determining the mini-
mum time-step and highest data resolution required for the control system will stipulate
the performance requirements for the FPGA, p-processors, DACs, and ADCs. Once
the control system is improved and refined, the computational capacity and memory
allocation should be determined to specify the FPGAs, and p-processors required. Ad-
ditionally, the FPGA, pu-processors, DACs, and ADCs should be selected based on
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reduced power consumption where possible. Improved efficiency of the shaped transi-

tion control will allow the technology to be suitable at lower power levels.

The design should be carefully assessed to identify more cost-effective solutions once
the improved prototype is operational. Although the exact aspects of the design are not
identified at this stage, once the design and control are converging on a final solution,
major components should be carefully assessed to identify cost savings where appli-
cable. Such major components will include, but will not be limited to, the selection
of MOSFETs, FPGAs, u-processors, DACs, ADCs, current and voltage sense circu-
ity, current injection design and circuitry, power MOSFET capacitance, and auxiliary

branch inductance.

The shortest transition that can accurately provide low-EMI-shaped switching tran-
sitions and the maximum operating frequency should be identified during continued
prototype development and improvement. Higher switching frequencies are desirable
as the size of the inductive and capacitive components are reduced. Additionally, the
faster transition time will reduce switching losses and will require less injection cur-
rent. Additionally, faster transitions times can reduce switching losses without com-
promising the EMI mitigation performance of the shaped waveform control. Although
faster transition times increase the high-frequency emissions, it is outweighed by the
high-frequency spectral roll-off achieved by a logistic-shaped switching transition. The
inherent advantages may place less dependency on the piecewise switching transitions,
which are outlined in the remainder of this Section, and modelled in subsequent sec-
tions of this Chapter.

Piecewise shaped transitions offer a trade-off between EMI performance and switching
losses. The implementation of the low-EMI half-bridge prototype controls the gate
drive of the power a-MOSFET and pB-injection MOSFET to allow the drain-source
voltage of the MOSFET to track a logistic shaped reference waveform. A capacitor is
connected in parallel to a power MOSFET, which is sized based on the load demand
of the system and the dvgs/dt at 0.5V; of the shaped transition, set by the logistic
reference profile growth rate. At 0.5V}, the current is completely transferred to the
capacitive branches of the half-bridge. Alternatively, a particular target voltage and
corresponding derivative is defined, which is reached before 0.5V; of the transition.
The capacitor can then be sized to ensure that all current is transferred at the target
voltage before 0.5V;. At the point where all current is transferred to the capacitor, the
voltage profile is linear. The modelling allows for various voltage profiles and slopes to
be studied, considering the spectral content of each transition. The investigation lends

itself to a low-EMI and efficiency trade-off, with the piecewise transition characteristics
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playing an essential role in the switching performance of the prototype. A preliminary
computational study, which assess the impacts of the piecewise transitions is presented

in Section 6.2.

6.1.3 DC-AC Inverter Design

Currently, the low-EMI switching power converter prototype has demonstrated that the
technology is suitable for DC-DC converters since the prototype was operated under
constant load for a 50% duty cycle. The next progression in the low-EMI power con-
verter development is prototyping a DC-AC inverter that can undergo shaped switching
transitions. The control sequencing is similar to the DC-DC converter, where a shaped
switching transition command will be sent whenever the a-MOSFET is required to
undergo a shaped switching transition. The prototype developed in this research con-
firmed that the shaped switching transition control was suitable for PWM switching
strategies. However, the added complexity of DC-AC inverter PWM switching strate-
gies requires additional consideration to the switching transition control. For any in-
verter PWM waveform, the rise time 7., the fall-time 7;, and the on-time 7 must be
carefully considered to avoid signal overlap. The following conditions must be satisfied

to avoid overlapping:

(6.1)

Where T is the period of a pulse in the PWM waveform. In addition to signal overlap
considerations, the transition times of shaped transitions are slower than the conven-
tional transition times of hard-switched PWM waveforms. Therefore, the transition
time set by the reference profile and what is practically achievable by the control sys-
tem hardware will set the minimum pulse duration that can be achieved during PWM
switching, which must be considered when establishing the PWM strategy for the in-

verter circuit.

6.1.4 PWM Randomisation

Although all applications seek to reduce EMI in power converters, novel mitigation
strategies for the SKA-low should be considered in conjunction with conventional EMC
design techniques. The additional mitigation strategies should be selected based on the

amount of attenuation required to meet the SKA-low EMC limits.

Logistic functions must be considered as they allow for steep roll-off to be achieved.

Additionally, the logistic function is defined by its growth rate, a temporal charac-
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teristic selected for significant EMI mitigation. Shaped switching transitions should
be combined with randomised-PWM (R-PWM) strategies to reduce further the spec-
tral contribution of the switching waveform. A computational study was performed to
outline the attenuation expected from applying multiple mitigation approaches when
designing a power converter. A logistic-shaped waveform is synthesised, and conven-
tional PWM and R-PWM strategies are compared, which is presented in Section 6.4.
In the computational study, the R-PWM is synthesised by randomising the pulse po-
sition (delay) and the switching frequency. Although there will be other factors such
as parasitic components and propagation paths that will limit the amount of atten-
uation that is practically achieved, the spectral content analysis provides a basis for
making informed estimates considering the expected amount of attenuation that can

be achieved.

6.2 EMI and Efficiency Trade-off

This section outlines the modelling methodology developed to compare the spectral con-
tent of numerous shaped transitions, which considers shaped-linear-shaped piecewise
switching transitions. The parallel power MOSFET capacitance governs the duration
and commencement of the linear region. The piecewise transitions are evaluated and
compared to the ideal logistic-shaped switching transition to assess low-EMI perfor-
mance. The two types of transitions compared are hereafter referred to as piecewise
and ideal transitions. The modelling seeks to bridge the gap between theoretical mod-
elling and continued circuitry prototype development, providing an ideal transition if
low-EMI performance is the primary design consideration or providing piecewise tran-

sitions if switching losses and low-EMI performance must be considered.

Furthermore, piecewise analysis is included if the control strategy cannot achieve the
ideal shaped transition and a delay during the switch transition near 0.5V; of the ref-
erence voltage waveform is required. The delay would be required if the desired rate of
change of drain-source voltage could not be achieved at 0.5V;. Therefore, the gate-drive
could be adjusted to allow current to be diverted to the capacitors before vy, reaches
0.5V;. Furthermore, this functionality may be required if the switching losses are too
significant, and a trade-off between EMI and efficiency is required. Alternatively, if
less stringent EMI requirements are specified, then piecewise transitions may be better

suited.
The effects of the target voltage on EMI is studied. The more time spent in the con-

trolled region of the transition, the greater the losses. However, the most significant

theoretical EMI spectral roll-off is achieved for a capacitor sized so that all current is
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diverted to the capacitors at 0.5V;. Setting a target voltage and consequently a linear
region of the shaped switching transition is detrimental to EMI mitigation. The linear
region can be considered a trapezoidal signal, with a reduced amplitude compared to
the complete switching transition. Two things need to be considered when assessing the
impacts the linear region will have on EMI. Although smaller in amplitude, a shorter
linear region will be steeper since the derivative is greater near 0.5V;, which will gen-
erate more EMI. More extended linear regions will be more significant in amplitude
but will be less steep. The former may be least desired since the short linear regions
may generate unwanted EMI and will not provide any considerable improvements to
the switching losses. Conversely, more extended linear transition regions will be detri-

mental to EMI mitigation, but switching losses are considerably improved.

6.2.1 EMI Considerations of Piecewise Shaped Transitions

The effects of the target voltage on EMI attenuation is studied. The switching tran-
sition is shaped until the target voltage is reached and is linear until the next target
voltage is reached. Note that both target voltages points are equidistant from 0.5V}
to ensure the transition is symmetrical. Afterwards, the transitions become shaped
again until the transition is complete. The transitions need to be continuous to avoid
discontinuities that generate unwanted EMI. Therefore the gradients of each part of the
piecewise transition need to be equal at the logistic-linear and linear-logistic bound-
aries. For example, for a 1 V waveform, 25% target voltages are 0.25 V and 0.75 V on
the waveform. From 0 V to 0.25 V, the waveform is shaped by the a-MOSFET. From
0.25 V to 0.75 V, the current is diverted to the capacitors, and the output voltage is
linear. From 0.75 V to 1 V, the waveform is shaped by the S-injection MOSFET. An
example of a piecewise transitions compares to an ideal transitions is shown in Fig 6.2.
When the output voltage is linear, there are no switching losses. Although the linear

portion limits EMI mitigation, it improves switching losses.
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Figure 6.2: Example piecewise shaped transition considering a 25% target voltage.

Figure 6.3 presents a spectral comparison of an ideal logistic shaped switching waveform
compared to waveforms that are only shaped for a portion of the transition, which
create piecewise transitions that are shaped-linear-shaped. The target voltage is set to
30%, 35% and 40% of the shaped waveform for the spectral comparison performed. All
waveforms are modelled with a 10 kHz switching frequency, a signal amplitude of 1 V,

a transition time of 5 us, and a growth rate of 15 x 106.
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Figure 6.3: Harmonic spectra of a logistic shaped PWM waveform compared to piece-

wise shaped transitions synthesised with a 30%, 35% and 40% target voltage.

6.3 Considerations for Low-EMI Inverters

6.3.1 Overview

The theory and analytical Fourier series to predict the harmonic spectrum of regu-
larly sampled hard-switching PWM are presented in [1]. Additionally, the analytical
Fourier series for an S-shaped transition is presented in [2]. The two techniques are
combined to determine a regularly sampled PWM technique with S-shaped switching
transitions. The approach outlines how to derive the regularly sampled PWM technique

with logistic-shaped switching transitions.

6.3.2 Numerical Assessment of Inverter PWM Shaped Transitions
6.3.2.1 Hard-Switching Regularly Sampled PWM

Provided the ratio of the carrier frequency (f.), and modulation (f,,) frequency is an

integer, the spectral content of a regularly sampled PWM waveform spectrum is given
by [1]:

24

Sty ==

(6.2)

al mk v
. M . o —j2rk%
;sm(ﬂ\[( +msm( 7TN>)>6 N
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Where k is the integer harmonic number of the modulation frequency, and m is the
modulation index. NN is defined as the ratio of the carrier frequency to the modulation
frequency. Additionally, the duty cycle of each pulse in the regularly sampled waveform
is defined by d = 5% (1+msin (2r%)). Where m is the modulation factor of the inverter.

With the inclusion of slew rates, the harmonic spectrum is given by [1]:

N
Z l 1nc 7Tk e'zN(H'msm(%TN))
v=1 (6.3)

—SiIlC(ﬂ'k‘%) fi—(lersm(Qﬂ ))] e—iQﬂ'%

Where 7, and 7 are the rise time and fall time of the switching waveform, respectively.

The following in-equation must be satisfied to avoid signal overlap:

(6.4)

N =

m+ =+

S

<

N | =
N3

6.3.2.2 Regularly Sampled PWM with S-Shaped Transitions

To combine the regularly sampled PWM Fourier series, with the S-shaped transition
Fourier series, some notation must be noted, where d = 7 and md = “§~. When consid-
ering PWM, the duty cycle and, therefore 7, of each subsequent pulse varies according

to:

d= 2?\7 (1 + msin (27T;<;)> (6.5)

UJ()T

Where v is a particular pulse, and N is the total number of pulses. Since wd = for

a sinusoidal PWM switching scheme:

T (2;, (1 + msin (277]1\’[))) = % (6.6)

The regularly sampled PWM amplitude spectrum combined with the S-shaped switch-

ing transition amplitude spectrum is, therefore:

Ar| X . v ) v
N vz::l (1—i—msm (27TN>> sinc <n2N (1 + msin (27TN>)> X
sinc (nwo W) sinc (nwg Tr(d;/dt)> X (6.7)

(ejnﬁ(l-i—msin(%r%))) (ejnwon(d;/dt))‘| eijﬂTL%
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6.3.2.3 Regularly Sampled PWM with Logistic Shaped Transitions

The hard-switching regularly sampled PWM analytical Fourier series expressions pro-
vided in Equation 6.2 and Equation 6.3 use the time-shifting property of the Fourier
series since the periodic PWM waveform consists of NV pulses, with unique pulse widths.
Similarly, the approach can be utilised to define a regularly sampled PWM analytical
Fourier series with logistic shaped switching transitions. Recalling the Fourier series

representation of a logistic shaped switching transition:

C, = (1 - e—i27rnT/T) A(t) + e—iQWnTt/TE(t) (6.8)
Where:
iAo — i2mn/T i2mn/T _ "
Alt) = — i2mnt/T | _q In (l:l :| -1 — .ok Tt/Q)):|
(t> 27rn(ﬁ—a) <5e +ot7 ) A ) k ;€ .
Tt
_ e—i2mnt/T )
0
E(t) _ ie—iZﬂnt/T
2mn 0
(6.9)

Considering the Fourier series of the DC-AC inverter hard-switching regularly sampled
PWM, the expression can be modified to include logistic shaped transitions. The

analytical Fourier series for a regularly sampled PWM with logistic shaped transitions

becomes:
N
=% H(l — e—z‘?m[ﬁ[HmSin(?ﬂ%)H) A(t) +e—i2m"/TE(t)H (6.10)
v=1
Where:
_ e —i2mnt/T | _ q izw”/T] 1 M _ k(tn/?))] ;
Alt) = 2mn (B8 — a) <,6’e trafa ([ k & koS 0
Tt
o e—i27rnt/T >
0
. l[l+msin(27ri)]
2N N
E(t) _ 27’7Ae—i27rnt/T
™
0
(6.11)
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6.3.3 Spectral Modelling of Inverter PWM

The harmonic content and spectral bound up to 50 MHz of an inverter PWM under-
going S-shaped and logistic-shaped switching transitions are presented in Figure 6.4.
Both PWM waveforms are modelled with a 10 kHz switching frequency, 50 Hz modu-
lation frequency, the signal amplitude of 1 V, and transition time of 5 us. Additionally,
the logistic shaped transition is modelled with a growth rate of 15 x 10°.

100 ’
'r'rl!lilmvu»-lm'tm-uu-..m....f.....l.ww,,.‘«,_~
= X
% .
S -1001 filr.
= |
E oo l[~ S-Shaped Pwi H‘
< —S-Shaped PWM Bound
—— Logistic PWM |
-300 H—Logistic PWM Bound L

10t 102 10° 10*
Frequency [kHz]

Figure 6.4: Spectral modelling of a DC-AC inverter using regularly sampled PWM
undergoing S-shaped (black) and logistic-shaped (red) switching transitions.

6.4 Randomised Shaped Transitions

6.4.1 Randomised PWM Waveform Synthesis

Recalling, the piecewise representation of a switching waveform with a shaped switching

transition function, r(t), is given by:

ft)=r(t), 0<t<m
f(t) =A, w<t<T (612)
fO)=A—r(t—71), 7<t<T4mn

f(t)=0, T+ <t<T
Eq. 6.12 is the fixed frequency case. For any logistic-shaped switching transitions, the
piecewise function can be modified to define the i-th pulse in the randomised waveform
where the pulse delay t4; and switching frequency f; (or switching period T;) can be

randomly varied. Note tg; is the starting time of the i-th pulse. The piecewise function
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for a shaped-pulse, r(t), with a waveform amplitude A, a randomised switching period

and randomised shaped-pulse delay is given as:

f(t)=0, tsi <t <tgi+1si
f(t)=r(t), lgi+tes ST <tlgit+tsi+T
f(t)=A, tgiFtei+m <t<tg+tau+T (6.13)
fO)=A=r(t=7), tgtts+7<t<tg+ts+7+7
f(t) =0, tai+tsi 74+ <t <tsi+T;

6.4.2 Randomised PWM Fourier Series

Considering the piecewise representation provided in Eq. 6.13, the integrals for each
respective piecewise component considering that the pulse is described by a random

switching frequency f; becomes:

—i?ﬂ'nt/Tdt
=z, v
S(t) f Ae—sznt/Tdt
|t 4 (6.14)
S(t) B = t (A_T(t_Ti))efﬂfrnt/Tdt
1 T .
S(t) _ = 06—127mt/Tdt
T Ti+Tt

Combining each piecewise term and ignoring the integrals equating to zero, the total

expression is given by:

T/ —i2wnt/Tdt+;/Ti Ae—i2mt/T gy
” (6.15)

Ti+Tt . 1 [7itTt )
+ T AeszWnt/Tdt o T / T(t - Ti)eszWnt/Tdt
T T,

The derivation method is the same as shaped switching transition analytical Fourier
series derivation presented in Section 3.2.1, with the exception that the shaped tran-
sitions have a randomised delay and switching frequency to synthesise a random pulse
train. Therefore, the analytical Fourier series, A(t) and E(t) are very similar except tg;

and 7; are considered in the expressions for each random pulse. Therefore, C,, becomes:

C = (1= 2™/T) A(t) + e~ 27/ T B (1) (6.16)
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Where:

1 [m .
At) = = / r(t)e" 2T g
. 0. (6.17)
E(t) = = A —i2mnt/T
()= /0 ¢ dt
Considering 7(t) as a logistic equation, A(t) can be redefined and simplified considering

logistic-shaped switching transitions:

aA 15}
)= 5 [ e (6.18)
Therefore, expressions for A(t) and E(t) are given as:

Alt) = —%ﬁf_w </3ei2’mt/T —149F ([1 2'2772/ T] 11— Z%Z/T —ek@”/?))] ;
_ e—i2mnt/T Tt)
0 .
Bt) = % oi2mnt/T O
(6.19)

Therefore, the Fourier series representation of any randomised pulse in the train can be
represented as a time-shifted equivalent of A(t) and E(t), where tg4; and T; are the ran-
domised delays and randomised switching period, respectively. Therefore, the Fourier
series of a switching waveform with logistic shaped switching transitions consisting of
p random pulses is given by:

i—1

P —i2mn(tat S Ta)/T , ,
Cn _ ; o ta +uz::1 |:(1 _ e—’LQTrTU’L/T) A(t) + e—ZQWTtn/TE(t)} (620)

6.4.3 Spectral Modelling of Randomised PWM for DC-DC Converters

Computational studies have been performed on the spectral content of randomised
PWM waveforms with logistic shaped transitions. The modelling considers the ran-
domisation of the pulse delay, t4;, and the switching frequency, f;. The spectral analysis
is performed on a random PWM waveform where both the time delay and switching
frequency were simultaneously varied by +5%, +10%, and +15%, as shown in Fig-
ure 6.5. Each scenario is modelled with a signal amplitude of 1 V, a transition time
of 5 us, a growth rate of 15 x 10%, and a nominal switching frequency is 10 kHz. Each
waveform is randomised with 1000 random pulses. Each scenario shows negligible im-
provement between the £5%, +10%, and £15% cases. The critical consideration is that

randomising the pulse delay and switching frequency is desirable for EMI mitigation.
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Figure 6.5: Spectral modelling of randomised PWM with logistic shaped transitions.
The plot shows the spectral content of fixed-frequency logistic-shaped transitions
(black), and the waveform generated with the switching frequency and pulse position

both randomised. Each waveform is randomised with 1000 random pulses.

Lastly, the spectral content of the shaped transitions was modelled considering a dif-
ferent number of random pulses. Figure 6.6 presents the harmonic spectra of a fixed-
frequency logistic-shaped transition compared to randomised PWM with logistic shaped
transitions synthesised with 100, 1,000 and 10,000 pulses. Each scenario is modelled
with a signal amplitude of 1 V, a transition time of 5 us, a growth rate of 15 x 10%, and

a 10 kHz nominal switching frequency.

The spectral content shows improved attenuation is achieved with an increased number
of random pulses. The outcome is expected since the number of random pulses sets
the waveform period, T, creating a low-frequency response that is an artefact of the
analytical Fourier series. The number of pulses provides a trade-off between theoret-
ical attenuation and computational time. The ideal scenario would be to determine
the spectral content for an infinite number of random pulses. However, it is compu-
tationally impractical. A finite number of random pulses also depicts the limitations
present in actual implementation, where random switching may be configured with a

predetermined number of random pulse delays and switching frequencies.
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Figure 6.6: Spectral modelling of randomised PWM with logistic shaped transitions.
The plot presents the harmonic spectra of fixed-frequency logistic-shaped transitions
(black), and the waveform generated with the switching frequency and pulse position
both randomised. Each randomised waveform is modelled with a different number of
random pulses including, 100, 1,000 and 10,000.

6.4.4 Randomised Regularly Sampled PWM Inverter with Logistic Shaped

Transitions

Furthermore, the randomised PWM techniques can be extended to consider DC-AC
inverters. Considering regularly sampled PWM, the Fourier series is considered the
sum of each pulse in the train. Each pulse is defined by a duty cycle and a delay
term calculated from the pulse number, v. Therefore, the Fourier series of a regularly
sampled PWM waveform with logistic shaped transitions consisting of p random pulses

is given by:

1—1
( —i2rn(tei+ Y Tat+5T3)/T
e a=1

=y

i=1

(6.21)
3 Kl _e—i27rn[27;<,[1+msin(27r;<,)ﬂ/T> Alt) +e—i27mn/TE(t)] >

v=1
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Where:
__7;14704 —i2mnt /T | (|: Z27Tn/T:| . _M‘_ k(t"'t/2))] h
D) = 27m(ﬁ—a)<ﬂe SR\ e e 0
Tt
- e—i27rnt/T >
0
, Zi [ pmsin(2r2
)= JA V)
2mn 0
(6.22)

6.4.5 Spectral Modelling of Randomised PWM for DC-AC Inverters

The spectral content of the shaped transitions was modelled considering 1000 random
pulses as shown in Figure 6.6. The analysis compares the spectral content of fixed-
frequency and randomised switching frequency regularly sampled PWM with logistic-
shaped switching transitions. Each scenario is modelled with a signal amplitude of 1 V,
a transition time of 5 us, a growth rate of 15 x 10%, a 10 kHz nominal carrier frequency,

a 50 Hz nominal modulation frequency, and a modulation factor of 0.8.
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Figure 6.7: Spectral modelling of a DC-AC inverter using randomised regularly sampled
PWM undergoing logistic-shaped switching transitions. The plot shows the spectral
content of a fixed-frequency logistic-shaped transition (black), and the waveform gen-
erated with a randomised switching frequency (red), which is randomised with 1000

random pulses.
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6.5 Discussion and Conclusion

6.5.1 Summary of Work

The primary motivation for this research work is the EMC and EMI/RFI mitigation
requirements for power supplies intended for radio astronomy applications. Therefore,
the need to develop low-noise power converters that undergo shaped switching tran-
sitions that produce steep spectral roll-off, in theory, was the primary driver for this
research project. The work and intellectual contributions of this dissertation are sum-

marised in this section.

Chapter 1 and Chapter 2 presented the background project information and a com-
prehensive literature review. Initially, an overview of the project objectives and the
SKA-low project requirements, particularly EMC, was presented to outline the need
for low noise power supplies beyond 30 MHz. Following this, a literature review on
power converter EMI mitigation techniques and suitable approaches for radio astron-
omy was presented, which informed the engineering design methodology for achieving
low-EMI shaped switching transitions for radio astronomy applications presented at
the end of Chapter 2.

Chapter 3 presented the theoretical background and spectral content analysis of shaped
switching transitions. Firstly, the analytical Fourier series of PWM switching wave-
forms with shaped switching transitions were presented. MATLAB codes were de-
veloped to understand the spectral content of shaped switching transitions and gain
insight into the practical limitations expected in hardware implementation. The pri-

mary outcomes of Chapter 3 were:

e Development of an analytical Fourier series applied to shaped switching wave-
forms with an infinitely differentiable switching function.

e Modified logistic function with suitable asymptotes to ensure smooth switching
transitions to avoid discontinuities that are undesirable for low-EMI outcomes.

e Identification and utilisation of logistic shaped switching transitions and suitable
selection of the growth rate to identify steep spectral roll-off.

e Spectral content analysis of shaped switching transitions using available compar-
ative metrics, including spectral roll-off, EMI metric, and spectral bounds.

e Signal discontinuities and quantisation impacts on high frequency EMI mitigation

to specify the level of accuracy required to achieve spectral roll-off.

The combined content of Chapter 4 and Chapter 5 presented the modelling and design of
the half-bridge prototype capable of generating shaped switching transitions. Chapter 4

began with an overview of a hard-switching half-bridge DC-DC converter to understand
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the typical switching control sequence and MOSFET transient response. Following this,
the half-bridge circuit topology and control strategy was presented. Circuit simulations
to realise the shaped switching transitions in the half-bridge circuit was presented in
Chapter 4. Chapter 5 presented the half-bridge circuit design, FPGA control strategy,

and laboratory verification measurements. The primary outcomes were:

e Developing a half-bridge power converter with PWM switching control and demon-
strating that shaped transitions can be integrated in power converters.

e Including current injection and parallel capacitors in the half-bridge prototype
to produce shaped switching transitions that reduces signal quantisation and
waveform discontinuities.

e Combining a-MOSFET and g-injection MOSFET gate-drive control to shape the
voltage across the a-MOSFET parallel capacitors.

e LTSICE and MATLAB simulations of the prototype half-bridge demonstrating
the feasibility of the approach and developing the control strategy algorithm.

e Prototype development with the ability to configure the reference profile to pro-
duce logistic, sinusoidal, and S-shaped switching transitions.

e Estimated emission levels considering ideal and the prototype logistic-shaped
switching transitions compared to the SKA RFI/EMC emission limits to identify

the reduction in shielding and filtering requirements.

Chapter 6 commenced with an overview of future improvements with preliminary mod-

elling considering continued research efforts. The new modelling provided insights into:

e Commencing a low-EMI and efficiency trade-off by assessing the spectral content
of piecewise transitions intended to reduce switching losses.

e Analytical Fourier series and spectral content analysis of regularly sampled in-
verter PWM switching with logistic shaped switching transitions.

e Analytical Fourier series and spectral content analysis of randomised PWM wave-
forms with logistic shaped switching transitions for a DC-DC converter and DC-

AC inverter.

Numerous intellectual contributions have emanated from the research conducted on low-
EMI power converters. Of particular importance is the invention of a novel approach
to shaped switching transitions. Additionally, the modelling performed has provided
insight into what is required to achieve high-frequency spectral content roll-off and how

hardware limitations can hinder that.
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6.5.2 Conclusion

The work presented in this dissertation concerns the prototype development, simu-
lation, and laboratory testing of a half-bridge DC-DC converter undergoing shaped
switching transitions. Using the SKA-low as the intended application, the primary

objective was to mitigate power converter switching noise beyond 30 MHz.

The key concepts were all focused on making intellectual contributions in power con-
verter EMI mitigation, namely, shaped switching transitions. Firstly, logistic shaped
switching transitions were utilised, and appropriate growth rates were selected to
achieve steep spectral roll-off. The half-bridge power converter, which not only ex-
tends the knowledge base on achieving shaped switching transitions using MOSFETs,
also extends the capability of the shaped transitions to a power converter operating
under constant load. Analytical Fourier series derivation of DC-DC converter and DC-
AC inverter shaped switching transitions were adopted from literature and derived in
the case of infinitely shaped switching transitions to study the frequency-domain be-
haviour of switching waveforms. Furthermore, the analytical Fourier series expressions
were extended to randomised PWM for similar spectral content analysis. The analytical
Fourier series representation of shaped switching transition waveforms and the spectral
content modelling and analysis allows for key temporal characteristics to be identified

that are suitable for EMI mitigation and high-frequency spectral content roll-off.

The prototype half-bridge development primarily allowed shaped switching transitions
to be realised in an actual power converter operating under constant load. The novel
approach controlled the gate-drive of the a-MOSFET and S-injection MOSFET gate-
drive control, which demonstrates the prototype can follow a reference logistic shaped

switching transition to shape the voltage across the a-MOSFET parallel capacitors.
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APPENDIX A. LABORATORY MEASUREMENTS - TOP MOSFET SWITCHING

A.1 Overview

The Appendix presented all the laboratory measurements performed when the top
power MOSFET is the a-MOSFET.

A.2 Laboratory Measurements

A.2.1 Logistic-Shaped Transition - No Load

Logistic - Top MOSFET Turn-off - No Load

Vds,m Vds,ﬁ Vgs,a Vgs,/ii Vgs,ﬁl’

N
o
1

=
o

Voltage (V)
o

=
o

S
o
gy
N -
w
N
o
o+
~
o0
©
S

Time (us)

Figure A.1: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (black), /-
MOSFET w45 (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and /-
MOSFET vy, (purple) measurements. The half-bridge circuit is operating under no
load.
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Logistic - Top MOSFET Turn-off - No Load
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Figure A.2: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), -
injection MOSFET v, (black), a-MOSFET 445 command (blue), and S-injection MOS-

FET i4s command (purple) measurements. The half-bridge circuit is operating under

no load.
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Figure A.3: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), /-
injection MOSFET i4s (blue), and a-MOSFET vy, (black) measurements. The half-

bridge circuit is operating under no load.
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A.2.2 Logistic-Shaped Transition - Load

Logistic - Top MOSFET Turn-off - Load
1 1 1 I I
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Figure A.4: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (black), -
MOSFET w45 (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and S-
MOSFET wvgs (purple) measurements. The half-bridge circuit is operating under load.
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Figure A.5: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvyy (red), S-
injection MOSFET wvgys (black), a-MOSFET iy, command (blue), and S-injection MOS-
FET i4s command (purple) measurements. The half-bridge circuit is operating under
load.
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Logistic - Top MOSFET Turn-off - Load
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Figure A.6: Turn-off sequence for a logistic-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), -
injection MOSFET i44 (blue), and a-MOSFET wvgs (black) measurements. The half-

bridge circuit is operating under load.

A.2.3 Sinusoidal-Shaped Transition - No Load
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Figure A.7: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy5 (black),
B-MOSFET wgs (grey), a-MOSFET vy, (red), fS-injection MOSFET vy, (blue), and
B-MOSFET vy, (purple) measurements. The half-bridge circuit is operating under no
load.
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Sinusoidal - Top MOSFET Turn-off - No Load
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Figure A.8: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vys (red),
p-injection MOSFET vy, (black), a-MOSFET 445 command (blue), and S-injection
MOSFET i4s command (purple) measurements. The half-bridge circuit is operating

under no load.
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Figure A.9: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vys (red),
B-injection MOSFET i45 (blue), and a-MOSFET vy45 (black) measurements. The half-

bridge circuit is operating under no load.

James Buchan 235



APPENDIX A. LABORATORY MEASUREMENTS - TOP MOSFET SWITCHING

A.2.4 Sinusoidal-Shaped Transition - Load
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Figure A.10: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy5 (black),
B-MOSFET w4, (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and
B-MOSFET vy (purple) measurements. The half-bridge circuit is operating under
load.
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Figure A.11: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vys (red),
p-injection MOSFET vy (black), a-MOSFET 445 command (blue), and S-injection
MOSFET 445 command (purple) measurements. The half-bridge circuit is operating

under load.
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Sinusoidal - Top MOSFET Turn-off - Load
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Figure A.12: Turn-off sequence for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the a-MOSFET vys (red),
B-injection MOSFET i44 (blue), and a-MOSFET v4, (black) measurements. The half-

bridge circuit is operating under load.

A.2.5 S-Shaped Transition - No Load
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Figure A.13: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (black), S-MOSFET
vgs (grey), a-MOSFET vy, (red), S-injection MOSFET vy, (blue), and S-MOSFET vy

(purple) measurements. The half-bridge circuit is operating under no load.
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Figure A.14: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvgys (red), S-injection
MOSFET wvgs (black), a-MOSFET 445 command (blue), and S-injection MOSFET i

command (purple) measurements. The half-bridge circuit is operating under no load.
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Figure A.15: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (red), S-injection
MOSFET 45 (blue), and a-MOSFET v,45 (black) measurements. The half-bridge circuit

is operating under no load.
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A.2.6 S-Shaped Transition - Load
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Figure A.16: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy (black), S-MOSFET
vgs (grey), a-MOSFET vy, (red), S-injection MOSFET vy (blue), and S-MOSFET v,

(purple) measurements. The half-bridge circuit is operating under load.
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Figure A.17: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET vy, (red), S-injection
MOSFET wvgs (black), a-MOSFET ig4s command (blue), and S-injection MOSFET i

command (purple) measurements. The half-bridge circuit is operating under load.
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Figure A.18: Turn-off sequence for a S-shaped reference waveform when the top power
MOSFET is the a-MOSFET. The plot shows the a-MOSFET wvgys (red), S-injection
MOSFET 45 (blue), and a-MOSFET v4, (black) measurements. The half-bridge circuit

is operating under load.

A.2.7 Hard Switching
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Figure A.19: Waveform averaging for a hard switching waveform when the top power
MOSFET is the a-MOSFET. The half-bridge circuit is operating under no load.
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Hard Switched - Bottom MOSFET Falling Transition - Load
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Figure A.20: Waveform averaging for a hard switching waveform when the top power

MOSFET is the a-MOSFET. The half-bridge circuit is operating under load.

A.3 Waveform Averaging
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Figure A.21: Waveform averaging for a logistic-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET v,
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and

black-dashed lines, respectively. The half-bridge circuit is operating under no load.
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Figure A.22: Waveform averaging for a logistic-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET v44
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and
black-dashed lines, respectively. The half-bridge circuit is operating under load.
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Figure A.23: Waveform averaging for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET vy,
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and

black-dashed lines respectively. The half-bridge circuit is operating under no load.
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Figure A.24: Waveform averaging for a sinusoidal-shaped reference waveform when the
top power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET v44
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and
black- dashed lines respectively. The half-bridge circuit is operating under load.
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Figure A.25: Waveform averaging for a S-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET vy,
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and
black- dashed lines respectively. The half-bridge circuit is operating under no load.
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Figure A.26: Waveform averaging for a S-shaped reference waveform when the top
power MOSFET is the a-MOSFET. The plot shows the shows the a-MOSFET vy,
(red), B-MOSFET wvgs (blue) with their reference waveforms shown by the black and

black- dashed lines, respectively. The half-bridge circuit is operating under load.
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