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Abstract

The transition from Silicon to modern wide bandgap semiconductor devices substantially increases
the switching speed, enhancing the efficiency and energy density of power electronic converters.
However, this increase in switching speed leads to a larger voltage overshoot across devices during
turn-off due to the leakage inductance of the commutation path. While minimising the parasitic
inductance is effective in solving this problem, it can never be entirely eliminated. This inductance-
induced overshoot already restricts the full potential of wide bandgap devices and will become an
even greater challenge with the introduction of ultra-wide bandgap devices in the future.

As this overshoot problem has existed almost since the inception of power electronics, several
methods for reducing voltage overshoot have been reported in the literature. However, nearly
all studies only present the experimental performance of their own results before and after the
implementation of the overshoot suppression method and never compare the results to the existing
body of results. Even though these experimental results and methods are difficult to compare due
to varying testing conditions, not comparing results runs the risk of not being as successful or
relevant as it is thought to be. In this work, a framework is developed that enables the comparison
of results from the literature. This approach allows us to identify which methods are potentially
more effective and should be given priority. Recent results from the literature are analysed using
this framework with the conclusion that the emerging method of Zero Overvoltage Switching offers
the most future potential for high-speed switching.

In the literature, it has already been demonstrated that Zero Overvoltage Switching can reduce
the voltage overshoot across a device as the parasitic inductance and switching speed increase,
contrary to convention. However, the literature does not yet offer a sound theoretical foundation
for this anomalous result, which limits its application. Additionally, the technique requires ideal
switching and a very narrow range of circuit parameters to be implemented successfully, further

limiting its application.

This work investigates the underlying mechanisms of Zero Overvoltage Switching to firstly
place the technique on a sound theoretical basis and secondly to show how the range of application
might be increased to account for non-ideal switching and a wide range of circuit parameters. The
turn-off switching transition of a clamped inductive load is investigated, explicitly modelling the

adjustable turn-off current of the switch and in the presence of parasitic elements. The adjustable



turn-off current of the switch is able to account for both fast and slow switching conditions. From
the resulting model, it is seen that when switching slowly, the clamp diode conducts before the
current in the switching device becomes zero, and it is this switching that describes the generally
accepted understanding of the switching event. However, when switching very fast, the current
in the device becomes zero before the clamp diode conducts, and this alternative order of events
accounts for the unexpected results of Zero Overvoltage Switching. It is seen that these fast-
switching conditions require the ideal energy at the exact time the diode starts to conduct to
eliminate the overvoltage. This is different from conventional soft switching, where there is an

energy balance between the load inductor and snubber capacitances.

This work provides the circuit-level analysis and the state progressions of both fast and slow
switching by implementing circuit analysis and Laplace transforms to create a mathematical model
to compare the two. This allows the mechanism of Zero Overvoltage Switching to become visible
while still being able to explain the results of conventional switching. However, Zero Overvoltage
Switching can only be implemented with ideal switching and with a very specific ratio and range
of voltage and current. It is seen that if the turn-off current of the switch is modelled with two
segments instead of one to represent the shaping of the turn-off waveform, the model shows that
ideal switching is not required to effectively eliminate the overshoot and range of voltage and
current where Zero Overvoltage Switching can take place is greatly expanded.

Beyond addressing the specific problem of voltage overshoot, this research highlights a broader
issue in power electronics: the field’s fragmented and application-driven nature has limited the
development of fundamental, unifying knowledge. The findings of this work suggest that the
constraints imposed by parasitic inductance may not be as fundamental as previously assumed. It
also underscores a key point that the primary obstacle to realising the full potential of these devices
lies in the development of advanced control methods rather than the increasingly challenging task

of further reducing parasitic components.
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Chapter 1

Introduction

1.1 Background

Silicon has generally been the semiconductor material used in power electronic devices for most
of the lifetime of the field. From the introduction of the thyristor in the 1960s, followed by BJTs,
power MOSFETs, and IGBTs, silicon has driven their significant advancements. However, silicon
semiconductor technology is now considered mature and has almost reached its full potential
(1]-[12].

In contrast, wide bandgap (WBG) semiconductor devices, such as Silicon Carbide (SiC) and
Gallium Nitride (GaN), have emerged as the preferred materials for new technologies. These WBG
devices have become increasingly popular in research due to their superior physical properties

compared to Silicon [12]-[28]. A comparison of the physical properties can be seen in Fig. 1.1.

Electric Field
(MV/cm)
,’Ef\s\

. Thermal
_ > Conductivity
(W/cm’C)

Electron Velocity . Melting Point
(x10" cm/s) = SiC (x1000°C)
e GaN

Si

Fig. 1.1 Summary of semiconductor material properties (adapted from: [6], [13])
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The figure highlights that WBG devices have higher energy gaps, electric fields, and electron
velocities than Silicon devices. As such, they offer several compelling advantages that contribute
to their growing popularity in the field.

Some other major advantages are operation at higher temperatures and at higher voltages,
which also carry major benefits, however, the most important advantage investigated in this
research is the ability of WBG devices to switch much faster than their Silicon predecessors. This
ability to switch faster, in turn, has several advantages, including increased efficiency, increased
switching frequency, and increased energy density [12], [27]-[29].

Unfortunately, as semiconductor devices switch faster, the overvoltage and ringing in the
circuit also increase, which, in turn, has several unwanted side effects. These negative side effects
include increased losses, increased EMI, the need for higher-rated components, which are larger
and more expensive, and increased device stress, which can lead to eventual device failure [6],
[30]-[35].

An example of this voltage overshoot and ringing phenomenon during the switching transition

can be seen when a standard phase arm is shown in Fig. 1.2.

ILPar(t) LPar
s o
+
— 1 +
Top Switch k— /N Verop (1)
SN
Large L I Large C
._(YW\_I;_. Node of — Vout
Oscillation
— +
Bottom Switch |k ZS Vigoi(t)
— T._
® @

Fig. 1.2 Example of the commutation cell in power electronics

In this image, the parasitic components of the circuit are shown in red. This representation of
a phase arm can be applicable to several topologies depending on the modulation and power flow,
but the topology investigated in this research is when the device is modelled as a boost converter

when the bottom switch turns off.

The turn-off transition of a boost converter is modelled specifically, as this is when the over-
shoot phenomenon tends to be at its worst. In this representation, the power flows from left to

right, and the bottom switch has been turned on for a long time before it starts to turn off. This
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means the large inductor is fully charged, the top switch capacitor is fully charged, and the bottom
switch capacitor is short-circuited as the switch is fully on.

The switching transition will begin when the bottom switch turns off and the top switch turns
on. In this transition, the inductor is assumed to be large enough so that the current stays the
same, but the bottom capacitor starts to charge, and the top capacitor starts to discharge. This
transition can happen slowly or fast, and the corresponding voltage overshoot of the charging and
eventual overshoot and ringing of the bottom capacitor can be seen in Fig. 1.3.

A
| I
ISw -Bot ! I
i |
| /‘J‘——__>
I I
: Damping }
| I
| I
I I
| I
| I
| I
| I
| 1
v | |
Sw-Bot | |
: Slow Turn-off
T0
(@
A
Large Overvoltage
|
I Sw-Bot ! \
Damping
VSw -Bot
— —>

|
TO Fast Turn-Off

(b)

Fig. 1.3 Voltage overshoot comparison of (a) a slow turn-off event, and (b) a fast turn-off event

It can be seen that the voltage overshoot is much larger when the device switches faster.
During this switching transition, when the top capacitor has fully discharged, the diode will clamp,
shorting the top capacitor, which means it can be ignored. As stated above, the inductor is large
enough that the current does not change in the short timeframe under investigation, so it can be
represented as a current source. A simplified representation of the circuit mentioned above in
Fig. 1.2 when the changes are incorporated can be seen in Fig. 1.4 after the diode clamps and the
top capacitor is short-circuited.

This circuit in Fig. 1.4 is simply a resonance circuit where the parasitic components determine

the overshoot, and it is this equivalent circuit that is the root cause of the voltage overshoot and
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Node of I
Oscillation  Irpar(?) Par
L 4 >
+
In A0 Vou,

Fig. 1.4 Equivalent resonant circuit after the turn-off transition of the switch has completed

ringing in the switching circuit. When the switch turns off slower, the parasitic elements are not

excited as much as when the switch turns off faster, leading to a lower overshoot.

It is important to note that this problem is not a consequence of WBG devices but rather of
the intrinsic parasitic components of a circuit in combination with the faster switching speed
that devices of the time in question can offer. So, old Si and both SiC and GaN devices can be
represented by Fig. 1.2, depending on the size of the parasitic components and the slope of the

turn-off current in Fig. 1.3.

Since the inception of power electronics, this overshoot and ringing phenomenon has been a
problem. Decades of research have been dedicated to keeping this problem under control while
allowing for further increases in switching speed. Although several innovative and functional
approaches have been developed that adequately suppress the voltage overshoot for current
switching speeds, the two main solutions are to simply switch slower or to decrease the parasitic

inductance of the circuit as much as possible [36]-[45].

Generally, if the designer’s goal was simply to get a functioning converter and not to optimise
the efficiency, speed or converter size, the designer could simply use a gate resistor to switch slower.
Although this would increase the converter losses, it is a very effective method of lowering the

overshoot.

On the other hand, minimising the parasitic inductance truly solves the overshoot and ringing
problem well. This method works so well because the underlying resonance issue is addressed as
described above with the simple logic that lower circuit inductance would have a lower voltage
overshoot. Minimising the parasitic inductance is generally achieved through circuit layout optimi-
sation and component packaging optimisation. These approaches account for most of the circuit’s
parasitic inductance and have been the foundation of suppression methods for decades. While all
other suppression techniques reduce overshoot for a given circuit, they ultimately rely on parasitic
inductance, as it governs the original overshoot. Unfortunately, this method has progressed close
to its natural limits, and further improvement past the nano-Henry level that has been achieved

[46], [47] is very difficult, and ultimately, the inductance cannot be brought down to zero.
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Furthermore, the semiconductor material technology determines the maximum switching
speed of the device, and this technology is still progressing very fast. The existing overshoot
suppression methods struggle to accommodate the speed of WBG devices, and ultra-wide bandgap
(UWBG) devices are already on the horizon. UWBG devices are the next step in semiconductor
material technology and have much better physical properties than WBG devices. Typically, WBG
devices would have a bandgap between 2 - 4 eV, whereas a UWBG material like Aluminium Nitride
(AIN) has a bandgap of 6.2 eV. [48]-[50]. This enhancement in physical properties can enable
switching speeds to increase by more than an order of magnitude, significantly complicating the

application of overshoot suppression methods that exist today.

So, considering that:

1. Parasitic inductance is already limiting the switching speed of WBG devices,
2. Parasitic inductance cannot be brought down much further or to zero,

3. Semiconductor devices will be able to switch much faster in the near future,

an alternative approach or idea is required to overcome the limitation imposed by the parasitic
inductance for future progress and eventual practical application of UWBG devices, even though

they do not exist yet.

1.2 Foundational Theory in Power Electronics

Historically, power electronics has evolved by confronting and overcoming a series of practical
limitations, each time pivoting and innovating to push the field forward. These pivots have typically
occurred when further optimisation became impossible due to some unavoidable constraint, only
apparent once engineers had exhausted all available options. This approach has driven much
of the field’s progress, as each major limitation has required innovation to ensure continued
advancement. The problem of overvoltage in fast-switching environments is no different, and
given the seriousness of this issue with WBG and, eventually, UWBG devices, it is highly likely that

a similar pivot will happen again.

However, this pattern highlights a fundamental trait of the field of power electronics: it is a
highly application-driven field. When faced with practical limitations, engineers develop tailored
solutions that enable progress within a specific application. Such innovative approaches have
repeatedly resolved bottlenecks in various applications of power electronics, allowing for continued
improvement. However, while these solutions might address immediate issues, such as a new
technique that enables faster switching by suppressing voltage overshoot, as in this case, they often
do little to advance the underlying theoretical understanding of the field. The solutions become

rules for specific cases: “For fast switching in this particular configuration, follow these steps.” This
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pattern has produced effective, application-based fixes but has left the field without a clear picture
of its true boundaries or theoretical potential.

The consequence is that power electronics, in a sense, operate in the dark. Engineers are
working on challenges based on observed practical limits, but it is unclear if they are pushing
true physical boundaries or simply encountering limits imposed by current design methods.
For example, engineers may devote resources to optimising a parameter that is already near
its theoretical limit while other areas that could be significantly improved remain unexplored.
Without a clear theoretical map, it is difficult to tell which problems are fundamental and which
are situational, meaning resources and research could be misallocated simply because the real
opportunities for improvement have not been clearly identified.

This stands in stark contrast to a sister field of energy manipulation, thermodynamics, where
theoretical limits are well-defined. In thermodynamics, for instance, no serious pursuit is made
toward achieving a 100% efficient steam turbine, as the fundamental laws governing energy
conversion are understood to make such efficiency impossible. Thermodynamic principles provide
a theoretical framework that defines what is achievable and what is not, ensuring that research and
innovation efforts are focused within the bounds of physical reality. This foundational knowledge
prevents resources from being wasted on unachievable goals and directs the field toward attainable

advancements.

In contrast, each new power electronics design is typically optimised for its specific operating
conditions, leading to high-performance solutions that apply only within narrow contexts. While
this application-based approach has been effective in solving immediate, practical issues, it has
contributed to a fragmented body of knowledge. Optimisations and innovations developed for
one application may not transfer effectively to others, meaning each new design often requires a
fresh approach to overcome its unique challenges. This lack of a unified theoretical foundation
has left power electronics with a patchwork of rules rather than a cohesive understanding of its

own principles and limits.

A more fundamental understanding of the theoretical principles governing power electronics
would greatly enhance the field, offering a framework within which engineers could work with
a clear sense of what is possible. Instead of pursuing isolated solutions to practical problems,
research could focus on developing a consistent set of theoretical guidelines that apply across
applications. This would not only provide clarity on the real boundaries of power electronics but
also allow the field to direct its efforts toward meaningful and impactful advancements, avoiding

the pitfalls of application-driven trial and error.

Considering the above-mentioned, this research seeks to address the specific problem of
voltage overshoot and ringing caused by parasitic inductance in fast-switching power electronics,
not with an application-specific solution but with a fundamental theoretical contribution that can

be applied across the field or specifically to UWBG devices when they are introduced.
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Recognising the constraints of existing suppression methods, which may soon reach their
practical limits and will not be able to suppress the overshoot of future UWBG devices adequately,
this thesis provides a foundational theoretical framework that examines the turn-off switching
transition. By modelling the interaction between parasitic components and switching dynamics,
this work aims to reveal the mechanisms that govern voltage overshoot and offer a basis for under-
standing its behaviour. The insights derived here lay the groundwork for new, theoretically sound
approaches that do not optimise for a specific application but contribute to a broader understand-
ing of the field’s capabilities. This framework represents a step toward a more unified foundation

in power electronics, guiding future advancements and the feasibility of UWBG technology.

1.3 Research Question and Motivation

The research questions are:

1) How effective are existing voltage overshoot suppression methods?

This question is further expanded as follows:

1.1) How can the effectiveness of an overshoot suppression method be fairly measured and compared?

As the voltage overshoot during turn-off is a very old problem in power electronics and a large
field of investigation, several methods and techniques exist that are able to suppress the overshoot
adequately. Even though all of these methods have their merit, it is not known if there is a specific
method that is better than other methods or how to determine objectively which results are best,

as these methods and results are never directly compared.

In this research, Chapter 2 analyses the basic mechanisms of existing methods, and Chapter
3 analyses the experimental results of these methods. It is found that in a standard overshoot
suppression article, the experimental results with a suppression method are only compared to
the experimental results without a suppression method of the same article, and never to other
articles. The framework to be able to extract relevant data from these experimental results has
been developed so that the experimental results of different articles can be compared. Several
examples are processed, and the extracted data is analysed and compared. It is seen that some
of these experimental results look very impressive when considered in isolation, but are not as

impressive when compared to the experimental results that others are achieving.

1.2) When do the existing oscillation suppression methods become ineffective, and are there existing
oscillation suppression methods that could be used in UWBG devices?

Existing oscillation suppression methods, while effective under current operating conditions,
show significant limitations as the switching speed of WBG devices increases. Most methods
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rely on minimising parasitic inductance through layout optimisation and packaging improve-
ments. However, as WBG devices push switching speeds higher, the inductance cannot be reduced
below nano-Henry levels without encountering physical constraints. Beyond these thresholds,
suppression methods fail to adequately manage voltage overshoot, leading to several negative
side effects. Additionally, the superior properties of UWBG materials enable even faster switching
speeds. Current suppression methods are not designed to cope with the extreme conditions posed
by these devices, necessitating new approaches that extend beyond the limits of existing solutions.
Chapter 3 of this study critically evaluates where and why existing suppression methods cease to
be effective and highlights what technique has the potential to be used in future UWBG devices.
From this investigation, it is seen that only a method called Zero Overvoltage Switching (ZOS) is a
good candidate for future UWBG devices, as it becomes more effective as the speed increases.

2) Can the fundamental limitation caused by parasitic inductance be overcome in fast-switching

devices?
This question is further expanded as follows:

2.1) What is the fundamental interaction between the parasitics components and switching charac-

teristics?

This research question is addressed in Chapter 4, where a fundamental time-domain model of
the switching circuit is developed to explicitly account for the non-ideal characteristics of the
switching device and the influence of parasitic components. Unlike conventional switching models
that assume a fixed progression of circuit states, this work introduces a detailed mathematical
framework that captures the dynamic interactions between device turn-off characteristics, parasitic
inductances, and capacitances.

From the investigation, it is found that depending on the circuit parameters, the order in which
the equivalent circuits progress during the switching event can change. This is particularly sig-
nificant when the switching speed is high enough that the switching device turns off before the
clamp diode conducts, leading to an alternative equivalent circuit progression. These findings
provide a theoretical explanation for the unexpected behaviour observed in ZOS, reconciling its
unexpected results with a broader understanding of switching dynamics. By explicitly modelling
these effects, this work lays the foundation for a more general theoretical framework that accounts
for conventional and high-speed switching results simultaneously. This new framework shows
that the overshoot can be eliminated when switching very fast and when the parasitic inductance

is not minimised.

2.2) If minimisation of parasitic inductance is not the main driver for overshoot, what is it?
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Historically, the universal approach to suppressing voltage overshoot has been to minimise par-
asitic inductance, based on the long-held assumption that lower inductance directly reduces
overshoot. This belief has shaped power electronics design for decades, driving advancements in
circuit layout optimisation, packaging improvements, and device selection. However, the findings
in this thesis provide a different dimension, demonstrating that minimising parasitic inductance
is not always the dominant factor in controlling overshoot, particularly in high-speed switching

conditions.

This question is addressed in Chapter 5, where the developed energy-based model reveals that the
key to suppressing overshoot is not reducing inductance but achieving ideal energy values in the
passive components at the moment the diode clamps. The modelling shows that when switching
slowly, the system behaves as expected, with parasitic inductance being strongly correlated to the
overshoot. However, at very high switching speeds (in excess of approximately 2 MHz of standard
converters), a different mechanism emerges, where energy stored in the parasitic components
can be balanced in such a way that overshoot is eliminated, regardless of the absolute value of the
inductance. It is seen that the ideal energy value explanation is always true and explains why the
parasitic inductance is so closely correlated with the overshoot when switching slow and but not

when switching very fast.
2.3) Can the limitations of Zero Overvoltage Switching be overcome?

The investigations presented in Chapters 2-5 suggest that ZOS has the potential to overcome
the limitations imposed by parasitic inductance, offering a fundamentally different approach
to overshoot suppression at high switching speeds. However, despite this promise, ZOS is not
a feasible solution in its current form due to two major drawbacks: it only works under ideal
switching conditions and is limited to a very narrow set of circuit parameters. These constraints
prevent its widespread applicability and make practical implementation challenging.

This issue is addressed in Chapter 6, where the mathematical model is updated to allow for a
controlled turn-off of the switch by allowing for two turn-off current segments instead of one,
providing greater control over the switching transition. The energy conditions derived in Chapter
5 are reformulated into an optimisation objective, demonstrating that if the turn-off current can
be shaped and controlled with sufficient accuracy, the overshoot can be eliminated across a wider
range of circuit parameters. This refinement significantly expands the feasibility of ZOS, showing
that rather than being confined to ideal conditions, it can be adapted to operate effectively in
more practical scenarios. These findings suggest that with further theoretical and technological
advancements, ZOS could become a viable suppression method for next-generation high-speed

switching devices.
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1.4 Thesis Outline

This thesis is divided into chapters that address the research questions in Chapter 1.3.

Chapter 2 provides the background and fundamental workings and mechanisms of the voltage

overshoot oscillation suppression methods that are currently being used in the academic literature.

Chapter 3then further investigates these suppression methods by first providing the framework
to extract relevant parameters from existing suppression articles so that the experimental results
can be compared. These empirical results are then compared through various scatter plots, and
the observations of their comparison are then discussed in detail. Tables containing the results
are also presented. In this chapter, a method called ZOS is identified as a potential solution in a

fast-switching environment.

Chapter 4 further investigates the unexpected results from ZOS by developing a fundamental
circuit model of the turn-off switching transition in power electronics. Using circuit theory and
Laplace transformes, a circuit model that explicitly models the parasitic components and the non-
ideal turn-off of the switching device is derived. From the investigation, it is seen that alternative
models will be applicable for fast-switching devices and slow-switching devices and for clarity,

these different events are called Fast-Mode and Slow-Mode, respectively.

Chapter 5 then uses this model to provide a fundamental, energy-based mechanism of the
voltage overshoot. It discusses the implications of having separate models for fast and slow
switching and provides more fundamental knowledge and insights into the new understanding of

fast-switching events.

Chapter 6 then further develops the model to allow for greater freedom in the turn-off event by
allowing two segments in the turn-off event to emulate the controlled turn-off of the switch. This
updated model is then able to provide the requirements to overcome the shortcomings of ZOS by
allowing non-ideal switching and a wide window of circuit parameters where the overshoot can be

eliminated.

Chapter 7 provides the conclusion of the research, which demonstrates that there is a theoreti-
cally feasible method to eliminate the voltage overshoot in fast-switching devices of the future, like

UWBG devices, by the contribution of a unifying model.

1.5 Academic Contribution

The main contributions of this research are summarised as follows:

¢ Developed framework for to be able to compare the effectiveness of existing overshoot
suppression methods from the literature, enabling objective benchmarking of experimental

results across studies.
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¢ Proposed a fundamental time-domain mathematical switching model that incorporates
parasitic components and non-ideal turn-off characteristics, enabling the theoretical expla-
nation of both conventional and unexpected ZOS switching events.

¢ Demonstrated, through the mathematical model, that under very fast switching conditions,
voltage overshoot can be eliminated not by minimising parasitic inductance, but by achieving

an ideal energy condition at the instant the diode clamps.

¢ Introduced a novel controlled turn-off mechanism using a two-segment turn-off current
characteristic, which significantly expands the practical window of ZOS beyond the very

narrow conditions required for ZOS conditions.



Chapter 2

Background

2.1 Introduction

With the problem of voltage overshoot and ringing of the switching node affecting all converters
that attempt to increase the switching speed almost since the inception of the field of power
electronics, a whole in-depth and evolving field has developed over the past few decades. In this
field, several alternative and innovative oscillation suppression methods have been developed to
enable faster-switching devices or lower the overshoot at existing speeds. This section investigates
all the overshoot suppression methods that could be found to better understand the current
technology and approaches. Investigating all these methods will also provide valuable insights

into existing and future trends and will be able to provide the limitations of each method.

2.2 Existing Oscillation Suppression Methods

2.2.1 Minimisation of Parasitic Inductance

The primary cause of overvoltage is the resonance between the parasitic reactive components.
Therefore, reducing parasitic inductance also reduces the overvoltage. Minimising the parasitic
inductance is a prominent and efficient approach, primarily achieved through circuit layout
optimisation, device selection and device packaging optimisation [30], [41], [51], [52].

Selecting devices with small package inductance can reduce the overall inductive effect within
the circuit, already reducing the voltage overshoot. Specific examples can be seen in [41], [51]. The
TO-263 package, which offers a 32% lower inductance compared to the TO-247 package, is chosen.
This reduction in inductance translates to a 29% decrease in total per-cycle switching losses,

contributing to enhanced overall efficiency. The advantages of this method lie in its simplicity and
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ease of implementation, as no auxiliary circuits are required. However, the primary limitation is its

relatively restricted ability to suppress oscillations completely.

Layout optimisation is a critical aspect of minimising parasitic inductance in general as proper
PCB layout can significantly reduce the power loop inductance [36], [53], [54]. Examples of the
optimisation process include using a double-sided PCB layout in the phase-leg circuit, which can
reduce the power loop inductance to 0.1 nH [36]. These layouts often involve careful attention
to component placement and trace routing to ensure minimal inductance in critical paths. The
double-sided layout enables shorter connections between the power devices and reduces the
loop area, further suppressing the parasitic induction [53]. While this method is advantageous in
reducing oscillations without the need for additional components, it is not without challenges.
Designing such an optimised layout can be complex and time-consuming, and it requires a deep
understanding of the power converter’s specific operating conditions and parasitic behaviours,
but it is still possible. The technique also carries certain limitations, as it may not eliminate all
oscillatory behaviours, necessitating the use of supplementary suppression methods in some cases
(53].

Finally, the actual packaging of the semiconductor is also optimised by optimising the die
design of the semiconductor and can be seen in [55]-[57] and is more modern than the other
approaches. In this approach, complicated electromagnetic models of the die and substrate are

developed and optimised, and very low inductance could be achieved.

As discussed above, although this method is obvious and has great results, the greatest draw-
back is that it is very difficult to improve further, and the inductance can never be reduced to

Zero.

2.2.2 Switching Slower

An effective approach to mitigate switching oscillations is to slow down the switching speed,
primarily achieved through the use of gate resistors and gate driver design [58]-[61]. This technique
reduces the di/dt and dv/dt stresses on the device, helping to alleviate voltage overshoot, oscillation

and electromagnetic interference (EMI) during switching events.

Gate resistors are commonly added in series with the gate terminal of the power device to
control the gate charge/discharge process. By introducing a larger gate resistor, the gate charge
is delivered more slowly, thereby reducing the sharp transitions that cause oscillations. The
trade-off, however, is that increasing the gate resistance can also result in increased switching
losses due to the slower turn-on and turn-off times, which impacts the overall efficiency of the
converter [53]. Additionally, increased heat would require additional cooling and could decrease
the converter energy density. Therefore, selecting an appropriate gate resistor value is critical to

balancing oscillation suppression with switching performance and efficiency. A well-designed gate
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driver should provide sufficient drive strength to control the device without introducing excessive

switching speed that could exacerbate oscillations.

2.2.3 Ferrite Beads

Ferrite beads are also commonly used to mitigate high-frequency oscillations in power electronic
circuits. By inserting a frequency-dependent impedance into the circuit, ferrite beads effectively
dissipate high-frequency energy, which helps reduce ringing and the associated voltage overshoot
during switching events [59].

Their primary advantage lies in their ability to filter out high-frequency oscillations without
significantly impacting low-frequency performance, making them well-suited for high-speed
switching applications. Studies have shown that ferrite beads can lead to a reduction in peak
voltage overshoot by over 25% and a decrease in the duration of ringing by more than 30%,
contributing to overall system stability and reduced electromagnetic interference (EMI) [62],
[63].

2.2.4 Snubber Circuit

Adding RC snubber circuits to suppress switching oscillations is a widely used method in power
electronic systems [19], [43], [44], [62]-[72]. When considering parasitic parameters, the circuit can
be simplified to a second-order RLC model to represent the parasitic ringing that occurs during
the turn-on and turn-off transients of the switching device [19], [43], [44], [64]. This equivalent
RLC circuit is depicted in Fig. 2.1(a). Based on this equivalent circuit, the parasitic ringing can be
effectively modelled. To suppress the ringing, an RC snubber [43], [44], [73] or snubber capacitor
C [19], [64] is commonly employed. Fig. 2.1(b) shows the equivalent circuit of parasitic ringing
suppression with the RC snubber.

Leg L,
I + Ip +
C, C Csnub
+ eq + eq Snu
Vin O O :
Req Req Rsnub

(a) (b)

Fig. 2.1 Equivalent circuits of a switching node (a) without and (b) with a snubber circuit

A simple second-order design method for the RC snubber is discussed in [62], [63], [65], [66],
where the specific parameters of the snubber can be calculated using the following formulas:
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L
Rsnp(s) = i —_ (2.1)
1
Csnb(8) = ZnRsn_bfr (2.2)

where ( is the damping ratio, L, is the parasitic inductance of the circuit, C), is the parasitic
capacitance of the device, and f; is the oscillation frequency. However, this second-order design
approach has limited effectiveness in fully suppressing parasitic ringing, especially when the circuit

cannot be simplified to a second-order form.

When the circuit exceeds second-order behaviour, more advanced techniques are required.
The second-order design method [62], [63], [65], [66] does not consider the segmentation of loop
inductance caused by the additional current path of the snubber branch. To address this limitation,
the root locus method is adopted for parasitic ringing suppression in [69]. In this method, the
breakaway point of the characteristic equation is determined. The RC snubber values are designed
so that all solutions to the characteristic equation are negative real numbers, effectively damping
the oscillations. Simulation and experimental results show that this approach provides better

suppression of parasitic ringing compared to the second-order method [69].

For higher-order systems, particularly when the damping ratio exceeds 0.4, the root locus
method is still commonly used to analyse how varying Cyyy, affects system stability while keeping
the snubber resistance fixed. By selecting an appropriate Cypp, the damping effect can be optimised
to minimise unwanted oscillations. Experimental results confirm that within this design range, the
RC snubber effectively controls oscillations, whereas suppression becomes less effective outside
this range.

This design method achieves a satisfactory oscillation suppression effect for circuits up to the
sixth order, providing valuable guidance for higher-order circuits. In addition, properly designed
RC snubbers can fully suppress sustained oscillations in the drain-source voltage, as demonstrated
in [74]. When the RC snubber is optimised for the circuit parameters, sustained oscillations are

mitigated, leading to improved device performance and reduced stress during switching.

2.2.5 Active Gate Driver

Active gate drivers have also emerged as an effective suppression method. These designs focus on
dynamically adjusting the gate current or voltage to control the dv/dt and di/dt during switching
events, reducing oscillations and voltage overshoot. By managing the switching trajectory, active
gate drivers help limit the stress placed on the switching devices without significantly increasing
power losses. However, the use of active gate drivers introduces complexity to the circuit design
and can incur additional costs for the external circuitry required to support the auxiliary circuits.
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For instance, the active gate driver design in [75], [76] demonstrates this technique to minimise
overshoot in SiC MOSFETs well, demonstrating a significant reduction in ringing amplitude by
optimising the gate current during switching transitions. This research also displayed a significant

reduction in switching losses, demonstrating the advantages of an active gate driver well.

[77] presents an advanced active gate driver operating at 6.7 GHz specifically developed for
GaN FETs, capable of shaping switching waveforms with remarkable precision during sub-10-ns
switching transients. Unlike traditional variable gate drivers, which typically alter a single parame-
ter per switching event, this driver achieves a much higher timing resolution and output resistance
variability. Utilising a 6.7 GHz update rate, the driver dynamically adjusts gate resistance across
arange of 0.12 to 64 Ohm during switching. When tested in a 1 MHz bridge-leg converter with
EPC2015 GaN FETs, the driver demonstrated a notable reduction in voltage overshoot, oscillations,
and EM], all while maintaining low switchinglosses. This design exemplifies how precise resistance
modulation at sub-nanosecond intervals can beneficially shape GaN device waveforms, improving

switching performance without compromising efficiency.

[78] proposes an active gate driver that utilises an open-loop control system that moderates
gate energy by incrementally increasing gate resistance during the Miller plateau region of the
gate-source voltage. This approach smooths the turn-on and turn-off transitions, minimising
overshoot, oscillations, and switching losses, all without worsening EMI. The driver’s design allows
for independent control over turn-on and turn-off events, making it well-suited for high-speed
SiC applications with asymmetrical power supplies. Experimental validation at high frequencies
confirmed the active gate driver’s effectiveness, demonstrating that the driver successfully mitigates
parasitic effects while supporting high-efficiency, high-density power systems.

[79] presents an active gate driver designed to drive high-power SiC MOSFETs across varying
temperatures and load currents. The active gate driver developed reduces the drive voltage during
the voltage and current slope intervals, effectively minimising dv/dt and di/dt. Additionally, the
optimal drive voltage switching delay time is calculated to strike a balance between switching
losses and stresses. Experimental testing on 1.2 kV/300 A and 1.7 kV/300 A SiC MOSFETs confirmed
that this active gate driver successfully limits overshoot, oscillations, and switching losses without
negatively impacting EMI. The article also includes an EMI and cost analysis, demonstrating that
active gate drivers can also work very well for high-power applications.

[80] introduces a three-level active gate driver tailored for SiC power MOSFETs. The active
gate driver implements a multi-level approach that adjusts switching losses against dv/dt and
di/dt rates in each transient. This design also offers a notably shorter turn-off delay by applying
a three-level turn-off profile, which is optimised in real-time using a datasheet-driven model for
switching trajectory. Validation through double pulse tests confirmed the performance of the

active gate driver in reducing turn-off delays, switching stresses, and overall EMI. The experimental
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results underscore its advantages over both conventional and two-stage gate drivers, making it a

competitive solution for high-speed SiC applications requiring precision switching control.

Active gate drivers are considered a "research hotspot" because of their effectiveness and
flexibility. The full extent to which active gate drivers can be implemented is still unknown, but
it is a promising approach. While these active gate driver techniques offer significant benefits in
controlling switching speed and suppressing oscillations, they greatly increase the complexity of
the circuit in terms of extra components and control. Additionally, even though the gate voltage,
current or resistance can be controlled, it is difficult to derive the ideal gate sequence so that the
oscillation is minimised, and also what the minimum overshoot actually is. This leaves much
uncertainty as to the best solution or if an active gate driver has reached its full potential.

2.2.6 Zero Overvoltage Switching

All the existing oscillation suppression methods mentioned above represent improvements based

on well-established concepts and extensive research.

Another oscillation suppression method, known as Zero Overvoltage Switching (ZOS), is out-
side of this collection of knowledge and was first introduced in [81]. This solution challenges
mainstream assumptions and represents a departure from the two primary approaches of decreas-
ing switching speed and decreasing inductance. Instead, ZOS simultaneously increases switching
speed and inductance, leading to surprising and unexpected results of voltage overshoot reduction.

When the circuit in Fig. 1.2 is considered, and the assumption is made that the switching event
is ideal, the optimisation equation in Eq. (2.3) would lead to the elimination of the overshoot as

seen in Fig. 2.2.

8C
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Iin = Vout

In this equation, C is the capacitance of the top switch and bottom switch, assuming they are
the same, Lp,; is the power loop parasitic inductance, [y, is the input current, and Vi is the output
voltage. The overshoot will be eliminated when these four variables are exactly correct according
to the equation, and the switching speed is almost ideal. The » in the equation indicates that this
ratio will recur at different values of n. It is important to note that the values or the variable must
be at the correct values, and not at a minimum, for this method to work, removing the need to

minimise the parasitic inductance.

In Fig. 2.2, the transition period is very small (or almost ideal), and it can be seen that no
overshoot and ringing occur, which is contrary to the expected results. Additionally, these results

were experimentally verified in [82] and [83].
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Fig. 2.2 Voltage overshoot of optimised ZOS

Compared to the other suppression methods, this method becomes more effective as the
switching speed increases, but not less effective as the others do. As such, this method is not limited
by the physical constraints to minimise the inductance to achieve optimal results, but rather the
correct values according to the optimisation equation need to be achieved for optimal results. So,
even though this method is still sensitive to the values of parasitic components, the values do not

have to be minimised, which suggests that it holds promise as an effective suppression method.

Despite this potential, ZOS has not gained widespread recognition, as there has not been much

work in this area.

It is expected that ZOS has not lived up to its mainstream potential thus far for two main
reasons. The first is that ZOS is only possible in a very narrow window, and a small deviation of
any of the circuit parameters from the optimal values calculated from Eq. (2.3) creates a very large
overshoot, making the argument for implementing ZOS difficult as seen in [84] and [85]. This
equation also assumes an ideal switching event, which is not possible, so implementing ZOS on a

slow switching circuit would also cause a very large overshoot.

Secondly, the theoretical underpinnings of ZOS are not well established, making the funda-
mental understanding of the underlying mechanism difficult to comprehend, even for experts in
the field of power electronics. Therefore, even though experts might read about this method, it

does not make sense easily unless it is explained very well.

However, the fact that this method is not bound by minimisation of parasitic inductance, no
matter how complicated it is, does warrant further investigation, as it might hold the key to a step
in the direction of fast-switching beyond WBG devices.
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2.2.7 RC Clamping

RC Clamping is also an alternative suppression method that has not gained widespread recognition.
This method involves employing passive components such as capacitors, resistors, and diodes
to mitigate the parasitic oscillations that occur due to the fast switching characteristics of WBG
devices. The fundamental principle behind clamping is the use of a clamping capacitor to clamp
the excess voltage during switching transients, preventing voltage spikes that could damage the
switching devices.

An example of a simple circuit from derived in [86] can be seen in Fig. 2.3 below:
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Fig. 2.3 Circuit diagram of (a) double pulse test set-up and (b) simple clamping components added
(adapted from [86])

In this image, the additional passive components can be seen in blue. When Q2 turns off
and the drain-source voltage of Q2 begins to rise, the clamping capacitor absorbs the overvoltage
caused by parasitic resonance, effectively suppressing the oscillations. This design uses only a
few passive components, such as capacitors and diodes, to keep the clamping circuit simple.
Experimental results show that this method reduces voltage spikes by 43.3%, all while maintaining

efficiency by not introducing additional switching losses, making it a highly effective solution.

The method described in [87] takes the clamping concept a step further by introducing an
energy feedback mechanism. In this design, the energy stored in the clamping capacitors during
the turn-off transient is fed back into the system after the transient period ends. This circuit
operates by turning on a diode when the drain-source voltage exceeds the bus voltage, allowing
the clamping capacitor to absorb the overvoltage and store the excess energy. After the turn-
off event, this energy is released back into the system, further reducing overall switching losses.
In experiments, this clamping method reduced switching losses by 30.3% at 450V compared to
conventional circuits and by up to 54% at 150V. This approach ensures a significant reduction in

oscillations while improving efficiency.
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The method in [86] is simple to implement, relying on basic passive components, which makes
it cost-effective and easy to integrate into existing systems. It provides significant oscillation
suppression with minimal impact on switching losses, offering a reduction in voltage spikes
without compromising the switching speed. The method in [87], while slightly more complex,
provides the additional benefit of energy feedback, further enhancing the system’s efficiency. This
method reduces total switching losses significantly, with experimental results showing reductions
0f 30.3% to 54%, depending on the operating voltage used in the testing circuits.

However, as with all the methods with passive components, the method will lose effectiveness if
the values of the passive components are not chosen effectively, and there is additional complexity
with the added components. Additionally, this method is still susceptible to parasitic inductance
as the switching speed increases.

2.2.8 External RLC Resonator

External RLC resonators for suppressing switching oscillations in SiC MOSFETs have been explored
in [88]. This is the only available article that discusses clamping in detail for SiC devices through
the use of a strongly coupled external resonator. The focus of this approach is to suppress parasitic
ringing through the use of an RLC resonator coupled magnetically to the main power circuit
rather than directly inserting passive components into the switching path, and a simplified circuit
diagram indicating the resonator to the power loop can be seen in Fig. 2.4

The resonator is implemented in parallel with the bus bar of the main circuit, allowing strong
magnetic coupling to transfer the ringing energy into the external resonator effectively. Using this
method, the system can achieve significant ringing suppression without directly impacting the
main switching components. The authors demonstrate through both experimental and simulation
data that their resonator design can reduce peak voltage ringing to 15% of the original amplitude
[88]. This is achieved by tuning the resonator’s resistance and inductance values, ensuring the
resonant frequency of the external resonator matches that of the parasitic oscillations in the main
circuit. Experimental results showed that the resonance frequency stabilises when the resistance
value reaches around 5.3 Ohm, which was found to be the optimal value for maximum damping
in their setup. Additionally, this method provides minimal impact on switching losses, with
measurements indicating that switching loss differences between configurations with and without
the external resonator were negligible.

While this method offers significant advantages, particularly in terms of suppression of ringing
and minimal interference with the primary circuit, it does have some limitations. The strength
of the magnetic coupling between the main circuit and the external resonator must be carefully
optimised. If the coupling is too strong, too much energy might be pulled from the main circuit into
the resonator, potentially causing over-damping, energy loss, or even new oscillatory behaviours

that reduce the effectiveness of the intended suppression. Conversely, if the coupling is too
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External RLC Resonator
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Fig. 2.4 Circuit diagram of double pulse test setup with RLC resonator (adapted from [88])

weak, insufficient energy will be diverted to the resonator, making it ineffective at damping the
oscillations. Additionally, the external resonator requires careful design to ensure that its resonance

matches the parasitic elements of the main circuit, necessitating additional design complexity.



Chapter 3

Experimental Performance Comparison

of Oscillation Suppression Methods

This chapter is adapted from the following publication:

E P. D. Toit and I. W. Hofsajer, ‘A Review of the Experimental Performance of Turn-Off Methods in
Wide Bandgap Semiconductors’, IEEE Open Journal for Power Electronics, vol. 5, pp. 1671-1683,
2024, doi: 10.1109/0JPEL.2024.3478178.

The author of this thesis conceptualised the study, conducted the analysis, developed the models,
and wrote the original draft of the paper.

3.1 Introduction

This overvoltage and ringing phenomenon has been a problem in power electronics for a very long
time, and as seen in Chapter 2, over the past few decades, much research has gone into almost
all aspects of this problem. As such, there is a vast amount of research articles detailing methods
to suppress voltage overshoot and ringing. As the academic field of suppression techniques for
overvoltage and ringing has evolved over time, a generic structure of a typical article on overvoltage
and oscillation suppression methods in the literature has developed. The structure that almost all

the historic and modern articles generally follow is outlined in Table 3.1.
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Table 3.1 Typical structure of suppression articles

Section Content of section

Introduction

Analysis of some new oscillation suppression methods

Simulation results

Experimental results

Comparison of experimental results with and without suppression method

S e W N =

The conclusion was that the suppression method implementation was
successful as the overshoot decreased from experimental results without

the suppression method to the results with a suppression method

In this standard structure of a suppression article, the conclusion is generally made that the
research is successful as the experimental results with the suppression method have a lower over-
shoot than the results without the suppression method. However, these results are never directly
or indirectly compared to other experimental results from other articles using the same or different
suppression methods. It is understood that it is very difficult to compare these experimental results
to others, as there are several factors that are not accounted for that can skew the comparison.
Additionally, the lack of comparison might also be a symptom of the piece-wise and fractured

nature of the research of power electronics.

Nonetheless, with the lack of comparison, the actual relevance of the results is unknown, as
they are not placed in the context of other experimental results in the field and contribute to the
fractured nature of power electronics. Generally, at best, some individual factors like inductance
may be compared to a single other article. The experimental results of a suppression method
might seem like good results when the overshoot has decreased by a large percentage, but it is
possible that even the successful results might still be worse than the results other researchers are
achieving, even if their percentage reduction is less. As there is no comparison with other reported
results, it is difficult to decide whether to continue to develop and refine a specific method or if

some other method offers better performance.

As this research attempts to determine which of the oscillation suppression methods discussed
in Chapter 2 holds the most promise in a high-speed switching environment, this chapter develops
the framework so that the experimental results of oscillation suppression methods can easily
and objectively be compared. It does so by extracting the relevant comparable information from
previously reported experimental results. These experimental results are then compiled in a
database from which the data can be interpreted from several different viewpoints, and these
different viewpoints are discussed in this chapter. Other researchers can also use this database to

easily compare their new experimental results with multiple previous experimental results.
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3.2 Experimental Results Parameter Extraction Methodology

An article that describes an overvoltage and oscillation suppression method will normally show the
waveforms of the switching devices both before and after the implementation of the method. These
experimental results contain the information of interest. Unfortunately, the results are normally
only presented as oscillograms in the papers, and there is no other access to the waveform data.
The relevant information presented in the various waveforms needs to be extracted, and the
methodology used to process the published oscillograms is discussed in this chapter.

3.2.1 Research Articles included in this study

The articles included in this study were any and all that could be found that presented an overvolt-
age and oscillation suppression method, focusing on the past five years. Only well-cited papers

older than five years were also included.

Of these articles mentioned above, the main requirement for a paper to be included was that
the turn-off voltage waveform had to be presented explicitly to extract the data. This means that
the actual turn-off voltage waveform, zoomed in to show only one turn-off event and with division
sizes, had to be presented. During this investigation, it was found that several of the oscillation
suppression methods articles presented in Chapter 2 do not present the experimental results in
this manner. Nonetheless, as many as possible were included.

3.2.2 Extracted Data Points

When the turn-off switching transition of a switch is considered, several characteristics can be
extracted, and to ensure fairness and consistency in the comparison, all the results have been

extracted in the same way.

The main data relevant to this study that could be extracted and subsequently compared from

the experimental results waveform are:

1. Voltage Overshoot Percentage [%] - This is the percentage of how much larger the maximum

voltage is over settling DC voltage after the oscillation has subsided.

2. Voltage switching speed or slew rate [V/ns] — this is the average rate at which the voltage
over the switch progresses from 10% to 90% of the full voltage range.

3. Power loop inductance [nH] - this is the experimental power loop parasitic inductance

measured indirectly from the switching oscillation frequency.

The voltage overshoot percentage is used instead of the actual overshoot to compensate for

the differences in DC voltage, and the average switching speed from 10% to 90% is used for the



3.2 Experimental Results Parameter Extraction Methodology 25

same reason. These three data points are then compared to each other at the same time to be able
to make an objective conclusion on the effectiveness of a specific result.

It must be noted that weighting factors could be added in this comparison step. However,
weighting factors could very easily cloud the comparison of the empirical results and are not part
of the scope of this research. Other researchers can, in future, add weighting factors to these results
and investigate if the results could be improved.

These three data points mentioned above cannot be simply read from the plots provided in
the papers, and the published oscillograms needed to be digitised before the values could be
calculated. Additionally, the experimental results, both with and without a suppression method,
were processed where possible.

3.2.3 Data Extraction Example

The example of the step-by-step methodology is discussed below using [59], where a standard gate
resistor is implemented to switch slower and thereby suppress the overshoot and oscillation. Even
though the example is presented for a SiC semiconductor, exactly the same process is relevant to
GaN devices as well.

Step 1: Digitise the waveform from a high-definition IEEE Xplore image.

In this step, the voltage waveform, presented in as high-definition as possible, is converted
to a digital waveform by plotting data points on the graph. Software that can convert multiple
points to x and y coordinate values was used to assist in this process. The image of how the
experimental results are presented in [59] can be seen in Fig. 3.1 before digitisation, and the image

after digitisation can be seen in Fig. 3.2.

I ! | , I

— Vps | ]
- - = Vpg With External Gate Resistor

a

I

Fig. 3.1 Example of turn-off waveform that can be digitised (Extracted from [59])

A manual data sample check is also performed in this step to verify the integrity of the data.

For clarity, only the result without the suppression method will be discussed further.
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Fig. 3.2 Example of turn-off waveform after digitisation

Step 2: Voltage overshoot percentage calculation

For this step, three new values are defined to be able to calculate the percentage voltage
overshoot, and they are as follows:

1. Average Voltage Before Switch - Vgerore
2. Average DC settling Voltage after Switch - Vpc

3. Maximum Voltage - Viasax

These values can be seen in Fig. 3.3 and are then used to calculate the percentage voltage
overshoot in the equation below:

VMax — VBefore

%0S = x 100 (3.1)

Vbc — Vae fore
In this equation, the difference between V.o, and Vpc has to be used to determine the
DC voltage instead of simply using Vp¢. This is because several articles present the voltage plot
without the 0V indication directly from an oscilloscope and only with division markers, so the plot
has to be compensated for a revised 0V indication.

Step 3: Average switching speed (average slew rate) calculation

After the overshoot has been calculated, the average switching speed or slew rate can be
calculated. This is performed from 10% to 90% of the Vg fore t0 Vrax and is done to calculate the
speed of the entire range of the switching event. If the 10% to 90% of Vg, o to Vpc was chosen to
calculate the average switching speed, switching events with large overshoots would have seemed

to perform better as the slow part of the switch was not included in the assessment area. This step
can be seen in Fig. 3.4.
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Fig. 3.3 Example of the extraction of relevant parameters to calculate the percentage voltage
overshoot (only shown for results without suppression method)
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Fig. 3.4 Example of the extraction of relevant parameters to calculate the switching speed

Firstly, voltage values of 10% and 90% need to be calculated. As the calculated voltage would
fall between two data points of the digitisation process, the assumption is made that the voltage
progresses linearly between these two points as they are close enough together. The slope between
the points can be used to calculate the corresponding voltage and time stamp for the 10% and 90%
values for both the results with and without a suppression method.

Step 4: Power loop inductance calculation

The power loop inductance can be calculated from the ringing frequency of the voltage wave-
form if the circuit capacitance is known. For this step, the ringing period is found. This is done by
extracting the period from the first trough to the second trough of the voltage waveform, as seen in
Fig. 3.5.



3.3 Experimental Results Presentation 28

Period of Ringing
Frequency
800 x

[
[N
1N\

600 1\

i\

[

[

[

[

400

200

Drain-Source Voltage Overshoot [V]

0 200 400 600 800
Time [ns]

Fig. 3.5 Example of ringing period extraction to calculate parasitic inductance

It was found that using the first and second troughs leads to the most reliable indication of the
ringing frequency. Thereafter, the capacitance of the power loop is required. This is the output
capacitance (Cpss) of the Cp,; value seen in Fig. 1.2, which is part of the resonant circuit. This value
can be read from the datasheet of the device used in the experiment. In this case, the SiC MOSFET
SCT3040KL is used, and using the settling voltage, the capacitance can be read from the datasheet
of the respective manufacturer. For the purposes of extracting the power loop inductance, the
device capacitance was considered linear. Other contributing factors to the overall capacitance

were neglected, as it was assumed that the device capacitance dominated.

Using the method and equation from [54], the inductance can be calculated with the Equa-
tion 3.2 below:
2
TRi ng

_ 3.2
472 x Coss (5:2)

LLoop =

where Lp,0p is the power loop inductance, Tring is the period of the oscillation frequency, and
Coss is the output capacitance of the switch.

3.3 Experimental Results Presentation

Using the method described in Chapter 3.2, all the articles that met the requirements were pro-
cessed for both the before and after suppression method implementation. The data points are
recorded in Table 3.2.

Additional notes on this table include:

1. Where only results with a suppression method were presented in the research paper, the

results without a suppression method section are left blank in the table.



3.3 Experimental Results Presentation 29

2. In comparison plots in Chapter 3.4, only the final results where the suppression method had
been implemented are presented.

3. Where the inductance is measured in the results without a suppression method, it is not
repeated in results with a suppression method.

4. Several references present more than one oscillation suppression method result, so more

than one data point could be extracted.

5. In [54], no oscillation suppression method is implemented, as this paper only presents a
method to calculate and confirm parasitic inductance. However, this article does present an

additional data point.
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3.4 Experimental Results Discussion

This section analyses, interprets and discusses the data extracted from all the articles in Table 3.2.

When interpreting the values from the table, it is important to keep in mind that the experi-
mental results represented in the table were done under different circumstances, with different
applications, different operating conditions and varying engineering rigour. This means that the
data must be interpreted very carefully. However, viewing a sufficient number of data points gives
insight into the trend of progress in the field.

In this chapter, the data from the table are analysed in three ways: Firstly, to show the influence
of different suppression methods on the overshoot and device switching speed. Then, the influence
of the operational characteristics such as the switching voltage and parasitic inductance, and then
lastly, the trend towards faster switching speeds over the past decade. Scatter plots of all of the

data points are presented so that the investigation can be viewed holistically.

Unfortunately, when large amounts of data in varying comparisons are viewed, it might become
confusing to interpret, so special attention is given to presenting the results in as easy to understand
way as possible. So, for each of the data points plotted in this section, the colour and marker shapes
show the suppression method, and each of the axes is labelled. Each data point is labelled with the
reference from which it was extracted and the y-axis variable. No distinction is made between GaN
and SiC results. A simplified key to reading the scatter plots can be seen in Fig. 3.6.
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Fig. 3.6 Example of the presentation of the experimental results scatter plots
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3.4.1 Comparison of Oscillation Suppression Methods
Percentage Overshoot versus Switching Speed

The first section is the direct comparison of the voltage overshoot percentage and the switching
speed in V/ns. This comparison allows the results of a single article to be compared with all the

other articles. This is shown in Fig. 3.7.

The voltage overshoot percentage is used instead of the actual overshoot to compensate for
the differences in DC voltage, and the average switching speed from 10% to 90% is used for the

same reason. This comparison could be thought of as the simplest and fairest.
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Fig. 3.7 Scatter plot of voltage overshoot percentage versus average switching speed

It is generally accepted that fast switching speeds lead to large overshoots. Therefore, a fast
switching speed with a low overshoot is seen as a more successful implementation of a suppression
method. This is seen in the outlier of [57] in Fig. 3.7. Conversely, the outlier of [73] shows a
less effective suppression method as the switching speed is relatively slow and the overshoot
percentage is substantial.

It can be seen that some of the suppression methods cluster together. For example, the active
gate driver [76], [78], [77], [61] and the slower switch of [59], [61] and the parasitic reduction
methods of [52], [55], [56]. While there is no definitive pattern emerging, the parasitic reduction
methods show good performance in this view of the results. In particular, the apparent exceptional
performance of [57] bears closer scrutiny. However, it is not within the scope of the current paper
to delve into possible reasons for this high performance. The data presented in Fig. 3.7 allows new
suppression methods to be compared to the existing ones. In this way new results can be more
readily interpreted as to their effectiveness.
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Change in Overshoot versus Change in Switching Speed.

In many articles, the implementation of a suppression method is contrasted against the same
circuit without the suppression method present. In all cases the suppression method is shown
to increase the performance of the circuit. To capture this type of result, the percentage change
in overshoot is plotted against the percentage change in switching speed, shown in Fig. 3.8. To
interpret this plot, consider first the three orange clustered points of [59] and [61], representing
the suppression method of slower switching. As is known, slower switching speeds lead to lower
overshoots. As almost all suppression methods sacrifice switching speed to reduce the overshoot,
the other method’s results can be compared to the slower switching method to determine their

relative success.

0%

1

0%

-
_§ -100% -50% 10 % 88], 0.2% 50% 100% 150%
g n T\ 159, 3.3%

2 2525 ©-1[81], -15.6%

E [61], -13.2% [61], -15.4% -20% 73], -5.4% P »

o [72], -37.3% 2047 [183), -19.2%]

S 30%486), -36.2%

G [77], -26.4%

% R x -40% ¢ Minimisation of Parasitic Inductance

o0 . N

g = [76], -38.0% R u Slower Switching

é [78], -40.9% P 50% 871, -39.7% Ferrite Bead

2 [53], -48.5% Active Gate Driver

& -60% * Snubber

5 ® Zero Overvoltage Switching

& -70% Clamping (RC)

E [36], -82.6% -89% External RLC Resonator

=}

-90%
Change in Average Switching Speed [%]

Fig. 3.8 Scatter plot of change in percentage voltage overshoot versus change in switching speed
from results without suppression method to results with a suppression method

However it can be seen that the ZOS method has the characteristic that it increases the switch-
ing speed and reduces the overshoot, against conventional expectations. This indicates that this
method might be well-suited to handle future fast-switching devices.

One of the main findings of the comparison plots of Fig. 3.7 and Fig. 3.8 shows that scoring well
in the change measurement Fig. 3.8 does not automatically imply that the result compares well
overall, as was discussed in Chapter 3.1. Even though a given experimental setup might benefit
greatly from a suppression method, the overall result still might not compare well with other

methods.

An example of this can be seen in [36], where the inductance is minimised. In this result, when
only the overshoot reduction percentage is compared to the sacrifice in switching speed in Fig. 3.8,
an overshoot reduction of 82.6% is achieved, and only 8% switching speed is sacrificed, which
could be considered a very good result. However, when the resulting actual switching speed is

compared to the actual overshoot of [36] as in Fig. 3.7, and is compared to other results, it has a
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relatively slow switching speed and a relatively large overshoot, making the final result within the

context of other results much less impressive.

Conversely, if a result like [57], which is switching very fast with a low overshoot, as compared
to others, can be improved only marginally, the improvement itself would be unimpressive if
measured in the "change in percentage overshoot versus change in percentage speed" metric, but
the actual result would be exceptional, as the actual boundaries of the field are being pushed.

3.4.2 Influence of Circuit Parameters
Influence of inductance on overshoot and switching speed.

It is well known that the parasitic inductance in the power loop has a major influence on the voltage
overshoot and, therefore, the allowable switching speed. This has logically led to the suppression

method, which minimises parasitic inductance to decrease the overshoot.

To verify this concept, the percentage voltage overshoot is plotted against the parasitic induc-

tance in Fig. 3.9 and the switching speed against the parasitic inductance in Fig. 3.10.
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Fig. 3.9 Scatter plot of voltage overshoot percentage versus power loop inductance

When Fig. 3.9 is considered, it is expected that the data points should lean heavily to the
right-hand side of the plot to represent a higher percentage overshoot when the inductance is
higher. However this is seen not to be the case. It appears that there are several data points
where the inductance is very low, but the overshoot is still very high, and there are cases where
the parasitic inductance is very high, but the overshoot is not. Therefore, even though lowering
parasitic inductance for a given circuit will reduce the overshoot, low parasitic inductance in
isolation does not predict a high or a low overshoot. In Fig. 3.10, it can be seen that data points
with high inductance tend to switch slower, and data points with lower inductance seem to switch

faster, in general.
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Fig. 3.10 Scatter plot of average switching speed versus power loop inductance

Influence of voltage and power on the overshoot

In this section, the view that the overshoot would generally be higher in converters that have

a higher DC voltage or power is investigated. This section tests this view by first plotting the

voltage overshoot against the settling voltage in Fig. 3.11 and then plotting the voltage overshoot

percentage against the converter’s power in Fig. 3.12.
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Fig. 3.11 Scatter plot of voltage overshoot percentage versus DC settling voltage

In these plots, it can be seen that there are several low DC voltage data points with high and

low overshoots, as well as several high power data points with high and low overshoots.

This indicates that there is a very weak correlation between the overshoot and the voltage or

power of a converter, and the general expectation that higher DC voltages or higher power could

cause higher overvoltages does not seem to be true in general.
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Fig. 3.12 Scatter plot of voltage overshoot percentage versus power

3.4.3 Future Direction of High-Speed Power Electronics

The switching speed is plotted versus the date the research was accepted for publication in Fig. 3.13.
Itis easy to see that the general trend over the past decade has been towards technology that enables
higher switching speed. This is already well known. However, most of the articles used to extract
the data from this work were based on real applications. Therefore, the trend shown in Fig. 3.13 is

not only an idealised version of the pure devices but includes the complexities of the actual circuit.
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Fig. 3.13 Scatter plot of average switching speed versus the date the article was accepted for
publishing

Fig. 3.13 includes a trendline that shows an increase in switching speed of approximately 4V/ns
per year. This implies that if the trend continues, switching speeds may increase to between
50V/ns and 100V/ns over the next decade. Such a prediction is fraught with uncertainties, and the
continuous increase in switch speeds may very well be countered by the associated increase in
EML. It may be that the switching speed plateaus over the next decade.
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However, if the trend does continue to increase, it is questionable whether or not the current
suppression methods would still be appropriate. From the graph of Fig. 3.13, the only suppression
method amenable to increasing switching frequency is the ZOS method of [81], [83].

3.4.4 GaN versus SiC Discussion

Even though this research does not focus on the differences between SiC and GaN, the raw results
in the appendix could be used for an in-depth comparison.

However, it can be seen that the average switching speed of SiC devices is 16.7 V/ns versus
37.7 V/ns of GaN, and the average DC voltage of SiC is 444.5 V versus 196.1 V of GaN. These results
are as expected as GaN can switch faster than SiC and is generally used at lower voltage.

When the average overshoot is considered, it is seen that the SiC devices have an average
overshoot of 18% and GaN has an overshoot of 14%, which is considered too small a difference to

be relevant.

The data shown does not explicitly differentiate between GaN and SiC. These two materials
generally have different areas of application, but both suffer from overvoltage problems due to
fast switching. From the data, there is no indication that a certain type of overvoltage suppression

method is more favourable for either GaN or SiC.

The semiconductor material does not directly influence the overshoot other than possibly
introducing a change in the parasitic switch inductance and capacitance. The overshoot is a
consequence of the electromagnetic environment around the switch coupled with its fast speed.
Therefore, it is not expected that the material will influence the overshoot or the suppression

methods.

Indeed, while this paper did not focus on older Si devices, it is expected that similar clustering

of suppression methods could be expected.

The generality of the suppression methods implies that a given method could equally well be

implemented on either GaN or SiC materials and, by extension, also on other materials.

3.5 Discussion and Recommendations

From the results, it can be seen that the minimisation of parasitic inductance yields the best results
by far at the moment. This result makes sense as it directly addresses the root cause of the problem,

but as mentioned, the main drawback of this method is that it will reach a natural limit.

The active gate driver method also has promising results, as the overshoot could be lowered
substantially without sacrificing too much of the switching speed. This method has been described

as a “research hotspot” and is expected to remain a heavily researched area.
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It is anticipated that any significant progress can be divided into a medium-term future and a
long-term future. For the medium-term future of five to ten years, it is expected that significant
progress will lie in the hybrid application of minimisation of parasitic inductance with other meth-
ods, like Active Gate Driver. This will enable step-wise progression, but the parasitic inductance

will still remain the major hurdle.

It is expected that the long-term future (more than ten years, in devices like UWBG) will be in
the application of a method where parasitic inductance is not the main obstacle. The only known
method at the moment where parasitic inductance is not the main hurdle is ZOS. Methods like
this will also enable the full potential of future faster-switching devices like ultra-wide bandgap
devices. However, this method is still in its infancy, and much work is needed to demonstrate its
full potential both theoretically and practically.

3.6 Conclusion

This chapter reviews and compares the experimental results of several methods used to suppress
the overvoltage and ringing of the switching node in WBG devices. A method to extract the relevant
information from images of the turn-off voltage transition is presented and applied to all the
resources that meet the requirements. A database of the results is included so that new methods
can compare themselves against existing performance. The results in the database were plotted
against each other, and the observations are summarised below:

1. Research articles that do not compare their experimental results to other experimental
results in the field run the risk of not actually being as relevant as they expect. The single
comparison of a waveform with and without a suppression method could be misleading as

there is no common baseline between different methods.

2. Even though in a given switching circuit, when the parasitic inductance is lowered, the
overshoot generally decreases, the parasitic inductance in isolation does not point to higher

or lower overshoots.

3. Generally, the voltage and power of a converter, on their own, do not correlate with a higher

overshoot.

4. If the achieved switching speed is used as a metric for the progress of power electronics, it
can be seen that the field has progressed very well in the past ten years.

As mentioned above, it is seen that the method called ZOS seems to have the most potential in
fast-switching applications, especially since it becomes better as the switching speed increases
and is not bound by the parasitic inductance. However, this method will only be viable if the two
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main drawbacks of operation only with an ideal switching event and in a very narrow margin of

circuit parameter can be overcome.



Chapter 4

Fundamental Turn-off Switching Model

This chapter is adapted from the following publication:

E P.D. Toit and I. W. Hofsajer, ‘Fundamental Modeling of the Switching Transition in High-Speed
Power Electronics’, IEEE Access, vol. 12, pp. 38646-38663, 2024, doi: 10.1109/ACCESS.2024.3375388.

The author of this thesis conceptualised the study, conducted the analysis, developed the models,
and wrote the original draft of the paper.

4.1 Introduction

From Chapter 2 and Chapter 3, it was seen that the suppression method called Zero Overvoltage
Switching showed encouraging signs of potential to overcome the limitation imposed by parasitic
inductance. However, this method is still in its infancy and is not yet adequately explained by some
fundamental knowledge. Even though the high-level explanation of ZOS was given in [81]-[83] and
the experimental results have now been placed within the context of other results, the fundamental
theory explaining the unexpected results are still never explained within the context of the expected

results.

Additionally, the basis of ZOS, the optimisation equation, Eq. (2.3), assumes 1.) ideal switching,
which is impossible, and 2.) that all of the values of the inductance, capacitance, voltage and
current are exactly as in the equation. Any straying from these values would cause a significant
overshoot, making the argument to implement ZOS in a practical environment where voltage or
current can change very difficult.

This chapter introduces a model based on circuit theory that investigates the switching transi-
tion in power electronics from a fundamental point of view to better understand the fundamentals
working of ZOS and to create the underlying knowledge that can solve the issues introduced by par-

asitic inductance in fast switching environments. This theoretical knowledge is meant to increase
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the fundamental understanding of the switching event that is applicable to all power electronic

converters.

4.2 Introduction To Switching Model

4.2.1 Development of Model

The switching node of a commutation cell operation in boost mode is investigated, as seen and
discussed in Chapter 1. This representation is chosen as it is where the overshoot phenomenon
is a major concern, and this topology is applicable to other commonly used converter types, like
synchronous buck converters. The equivalent circuit of a commutation cell from Fig. 1.2 is shown

again below in Fig. 4.1.
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Fig. 4.1 Equivalent circuit of a commutation cell in boost mode

Several assumptions must be made to the circuit in Fig. 4.1 to be able to model the switching
transition effectively. The first is the consideration of the intent of the model, which is to investigate
the effect of both the parasitic components and the turn-off speed of the switch on the overshoot
of the switching node voltage. Thus, the lumped circuit parasitic components and turn-off of the
switch are modelled explicitly. The turn-off of the switch is modelled by replacing the switch with a
linearly decaying current source from Iy, to zero. As only the diode of the top switch will take part

in the turn-off transition of the bottom switch, the transistor representation can also be removed.

Additionally, the assumption is made that the size of the input inductor and output capacitor
is very large compared to the parasitic components and the time period of the investigation is very
small, so the input inductor and output capacitor are replaced with a current source and voltage

source, respectively. The circuit from Fig. 4.1 can then be converted into Fig. 4.2.



4.2 Introduction To Switching Model 43

par

[Lpar(t) rwr]L
Top Switch A gl+

Diode O Verp(t)

¢ Oscillation

Node <+>
VOU

Bottom Cl j 2 I+ — t

Iin <T> Switch @) _VCBm( 1

I Switch(t)

Fig. 4.2 Modified equivalent circuit of a commutation cell in boost mode
In this circuit, the turn-off current of the switch is assumed to be linear, and the turn-off period
can be adjusted as required to model the opening of the switch at different switching speeds. An

equation that satisfies these requirements can be seen below:

IIn

Iswiren(t) =In— -t 4.1

Fall

In this equation, Tg,; refers to the time required for the current through the switch to reach
zero and thus is also the current transition period from I, to zero. The assumption that the current
through the switch decays linearly is made to make the resulting mathematics solvable, and to
show underlying fundamental dynamics without clouding them with the higher-order effects of

different semiconductor switching models.

This circuit can be seen to have six degrees of freedom, or variables that can be chosen by the
designer, and it must be noted that the introduction of each additional degree of freedom greatly

increases the complexity of the model. These variables are:

1. Ij; — Input Current

2. Vour - Output Voltage

3. Tggy; - Time taken for the switch to turn off fully

4. Crop - Parasitic Capacitance of Diode (Top)

5. Cpor - Parasitic Capacitance of Switch (Bottom)

6. Lpgr - Cumulative Parasitic Inductance of Power Loop

Together, these variables form a circuit environment, and all the subsequent waveforms are

interdependent on all of these variables. The equivalent resistance is not considered due to the

complexity of the model and does not have a big influence on the first peak of the overshoot.
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To analyse this circuit in Fig. 4.2, a conventional approach of circuit analysis using Kirchoff’s
current and voltage laws is used to determine the time domain equations. The Laplace transforms
are then used to solve the variables of Vcpo: (1), Verop(t) and I pg, () and then converted back to
the time domain using inverse Laplace transforms. This analysis starts when the switch starts to
turn off. In the equivalent circuit illustrations, the diode is indicated only when it is blocking, and
is not shown when it has clamped.

As the voltage and current progress through the time domain, it is seen that the equivalent
circuit that is relevant to the specific time period will change. The two events that will change the

equivalent circuit and their effects are:

1. Clamping of the diode — As the diode becomes forward-biased, Cp;qq4. Will be short-circuited,

and both the diode and capacitor can be ignored in the circuit analysis after the event.

2. The switch fully turns off — when the current through the switch, Is,;:.1(f), reaches zero,
the current source representing the switch becomes an open circuit and can also be removed

from the equivalent circuit.

The values at the end of a specific period are then used as the initial conditions for solving the
variables in the following period. The math becomes very complicated as the equivalent circuits

progress, and the full analysis and mathematical results can be seen in Appendix A.

From the investigation, it is seen that, depending on the combination of choices of the variables
mentioned above, either the diode can clamp first or the switch can fully turn off first. This means
that depending on the variables, different equivalent circuit progressions will be followed. The
simplified comparison of slow and fast switching waveforms from Fig. 1.3 is reinvestigated and
annotated as seen in Fig. 4.3 below.

In this simplified illustration, an example of a slow-switching and fast-switching waveform
can be seen, and the different time periods are indicated explicitly. Period 0 (P0) is before the
switch starts to close, and Period (P3) is after both the diode has clamped and the switch has fully
turned off. It can be seen that in-between P0 and P3, the order of events can differ between a fast

switching transition and a slow switching transition.

The alternative circuit progressions from Period 1 (P1) to Period 3 (P3) are named Slow-Mode
and Fast-Mode circuit progressions for simplicity, and the corresponding equivalent circuits pro-

gression can be seen in be seen in Fig. 4.4, and must be viewed in conjunction with Fig. 4.3.

In Slow-Mode circuit progressions, as seen in Fig. 4.3(a), the diode clamps before the switch is
fully turned off, and this progression is the equivalent circuit progression of mainstream conven-

tional switching and can be seen in Fig. 4.4.
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Fig. 4.3 Overshoot comparison of (a) a slow turn-off event, and (b) a fast turn-off event with
annotations

In Fast-Mode circuit progressions, as seen in Fig. 4.3(b), the switch fully turns off and becomes
an open circuit before the diode clamps. This is only possible in very fast switching transitions and

is the circuit progression when ZOS is presented.

4.2.2 Mathematical Model Preliminary Results

After both the circuit progressions of Slow-Mode and Fast-Mode have been analysed and solved
using circuit analysis and Laplace transforms, the variables in the equations are populated using
arbitrary realistic values so that the model can be illustrated. These values will be used for the rest
of the thesis unless explicitly stated otherwise, and they are as seen in Table 4.1.
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Fig. 4.4 Alternative equivalent circuit progression for Slow-Mode versus Fast-Mode

Table 4.1 Circuit Model Variable Values

Variable Value
Iy 20A
Vout 300V
Chiode 100pF
Cswitch ~ 100pF
Lpar 15nH




4.2 Introduction To Switching Model 47

When the mathematical model from Appendix A is populated with the values above, and
together with a slow switching transition illustrated by Tr,;; = 60ns, and fast switching transition
illustrated by Tr,;; = 3ns, the following waveforms can be seen in Fig. 4.5 and Fig. 4.6, respectively.
It must be noted that the scale of these plots is the same to emphasise the difference in switching
speed.

SM-P1 SM-P2 (Maximum Voltage SM-P3
Overshoot in this period)
A
VMax /
T AWAWAWAWAR
Vot ()
go VCTop (t)
2
Time
SM-P1 SM-P2 SM-P3
) A N L S S 4
-
$
S
&}
I ISwitch
Lpar

Time

TClamp
Tran

Fig. 4.5 Slow-Mode circuit progression waveforms of voltage and current

In these figures, the scale of the time-axis is kept the same to illustrate the differences in turn-off
time, and it must be noted that these waveforms were simulated as well to verify the integrity of
the underlying maths. It must also be noted that the oscillation will be damped if the equivalent

resistance is included.

For Slow-Mode in Fig. 4.5, the voltage overshoot will occur in Period 2 (P2) when the equivalent
circuit of a resonating circuit has been achieved, and it can be seen that the current oscillation
starts as well, even though it has not reached I}, yet. The current oscillation will also be damped

out if the equivalent resistance is modelled.

For Fast-Mode in Fig. 4.6, the overshoot will occur in Period 3 (P3). It can be seen that P2 is very

small in Fast-Mode as the diode clamps quicker and that P3 will be reached much faster.

When the two plots of Slow-Mode and Fast-Mode, it can be seen that the oscillation will always

start after the diode clamps. This means that the voltage rise of the oscillation node is not directly
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Fig. 4.6 Fast-Mode circuit progression waveforms of voltage and current

dependent on the turn-off time of the switch but rather dependent on the time it takes for the
diode to clamp.

It must be noted that the time it takes for the diode to clamp (Vo (#) to reach zero) naturally
occurs and is a secondary effect of the choice of parasitic components and the turn-off time of the
switch, but it is a very important occurrence in the progression. This point in time is referred to as

Tciamp, and this value will become lower as the switching time Tr,;; becomes smaller.

If Trqy; starts large (slow switching event) as seen in Fig. 4.5, and then becomes smaller and
smaller, it will eventually become equal to, and then smaller than Tc¢jqmp. It is at this equal
point (when Trg; is chosen as such) where Trq;; = Tciamp where the transition happens between

Slow-Mode and Fast-Mode and can be described mathematically as seen below in Eq. 4.2.

Verop (Tran) =0 4.2)

This point in time is dependent on all six of the variables described above. This makes this
point difficult to derive mathematically, so the roots of the function are solved analytically when
all the variables are available.

It is important to note that this transition point between Slow-Mode and Fast-Mode exists for all

combinations and ratios of positive values of the parasitic components. This means that eventually,
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and independent of the oscillation suppression method that is applied, all switching events will
reach the transition point if the speed increases enough. Therefore, given that the switching
speed of devices is increasing, a better understanding of Fast-Mode is required. Specifically,
to fundamentally understand how the circuit parameters and switching speed translate to the

overshoot when switching in Fast-Mode.

Influence of Turn-off Period On Voltage Overshoot in Fast-Mode

When the maximum voltage overshoot in Fig. 4.5 and Fig. 4.6 are investigated, it can be seen that
the overshoot is very similar, even though the switching period is 20 times faster in the Fast-Mode
example than in the Slow-Mode example, which is not according to mainstream expectations, but
is predicted according to ZOS.

So to get a better understanding of the voltage overshoot for all different values of the turn-off
period Tgg;; (time for switch to fully turn-off), an iterative method is followed where Tr,;; is swept
from 0 (ideal switch) to a very high value, but the rest of the circuit parameters are kept as in
Table 4.1, and the resulting voltage overshoot versus switching speed can be seen in Fig. 4.7.
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Fig. 4.7 Overshoot percentage versus turn-off period of switch

In Fig. 4.7, Slow-Mode on the right-hand side of the plot is an example of conventional switching.
In this part of the plot, it is seen that the overshoot decreases as the switching period increases,
which is according to mainstream expectations. An example of the waveform of slow switching is

seen above in Fig. 4.5.
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The left-hand side of the plot in Fig. 4.7 shows when the circuit is operating in Fast-Mode. It can
be seen that the overshoot drastically decreases, and this decrease in voltage overshoot is against
mainstream expectations. It is seen that when in Fast-Mode, one of the main rules of switching,

that the overshoot increases as the speed increases, no longer holds.

Indications of the maximum voltage overshoots of the plots in Fig. 4.5 and Fig. 4.6 are also
shown, and it can be seen that they have a similar value but with a very large peak in between. It
can be seen that this peak occurs in Slow-Mode part of the plot.

This very large peak occurs when 1.) the switching transition is in Slow-Mode, and 2.) the
maximum overshoot is in P3 and not in P2. This can only occur in a very limited space, as the
switch must fully turn off within a quarter-cycle of the oscillation starting. This section generally
accounts for the largest overshoot of the entire plot. An example of the switching waveform when

this occurs can be seen in Fig. 4.8.
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Fig. 4.8 Slow-Mode maximum voltage overshoot waveforms

In the figure, the voltage overshoot is at a maximum given the chosen parameters. It can be
seen that this absolute maximum occurs when Tg,; is half of a quarter cycle of the oscillation after
the diode clamps, and it can be seen that the difference between Tr,;; and Tciamp is very small.
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Influence of Inductance On Voltage Overshoot in Fast-Mode

As discussed above, it was seen that when switching in Fast-Mode, one can no longer expect the
voltage overshoot to increase as the speed increases. This section investigates the other main
accepted rule in power electronics, that overshoot must decrease as the parasitic inductance

decreases.

To demonstrate this, a similar graph to that of Fig. 4.7 is presented in Fig. 4.9, where the circuit
model is used to determine the overshoot versus the fall time. In this figure, four inductance values

are chosen: 1.) very low 2.) low 3.) high and 4.) very high.
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Fig. 4.9 Voltage overshoot versus switching speed of four increasing inductance values

In the plot, the dot on each of the plots refers to the point where each plot transitions between
Slow-Mode and Fast-Mode.

On the right-hand side, the graph shows that the overshoot increases as the inductance in-
creases for a given switching speed, as expected in conventional Slow-Mode. On the left-hand side
of the plot that represents Fast-Mode, it can be seen that the overshoot does not behave as expected
and that the inductance does not correlate with the voltage overshoot at all. It can be seen some
of the overshoots at ideal switching are less then the local maximum at the transition point, and
some are more. From this plot, it can be seen that the assumption that the inductance exacerbates
the overshoot is not true in Fast-Mode and that there is no correlation between inductance and

overshoot.
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An additional observation is the point where all four of the plot’s transitions between Slow-
Mode and Fast-Mode are almost exactly for the same switching speed. This indicates that the
inductance does not heavily influence this point but rather the capacitance of the diode.

4.3 Conclusion

This section provides the development of a mathematical model that can be seen in Appendix A of
the generic switching transition in power electronics. This model is then able to account for the
unexpected results of ZOS as well as the expected conventional results always expected in power
electronics. The model also mathematically proves that any switching circuit, if switched fast
enough, will transition from Slow-Mode and Fast-Mode, which means that eventually all switching
transitions will be Fast-Mode.

Additionally, the model also shows that when switching in Fast-Mode, most of the historically
accepted assumptions in power electronics, like faster-switching leads to larger overshoot, become
false. So, knowing that eventually, all switching transitions will be in Fast-Mode and that all
accepted assumptions break down, a much deeper understanding and foundation of fast switching

is required.

As it is seen that the main approaches to minimise the overshoot in conventional switching do
not apply to very fast switching scenarios, the logical follow-up question then becomes: "What
must the main approach be when switching very fast?" is answered in the following chapter.



Chapter 5

Fundamental Energy-based Mechanism

of Voltage Overshoot

This chapter is adapted from the following publication:

E P. D. Toit and I. W. Hofsajer, ‘Fundamental Modeling of the Switching Transition in High Speed
Power Electronics’, IEEE Access, vol. 12, pp. 38646-38663, 2024, doi: 10.1109/ACCESS.2024.3375388.

The author of this thesis conceptualised the study, conducted the analysis, developed the models,

and wrote the original draft of the paper.

5.1 Introduction

The previous chapter provides insight into alternative equivalent circuit switching progression
but does not explain how it is possible to eliminate the overshoot in the correct conditions when
having Fast-Mode circuit progression but not in Slow-Mode. Therefore, this chapter utilises the
model to provide an energy-based explanation of the mechanics of the overshoot and describes
what the underlying intention of the design must be to eliminate the overshoot.

5.2 Energy-Based Underlying Mechanism of Voltage overshoot

When the entire switching transition is considered, including the time before the switching tran-
sition and a long time after the switching transition, the waveforms below in Fig. 5.1 will be

applicable in a fast-switching event for a circuit with damping in Fast-Mode.

When the period before the switch is considered, PO, it can be seen that the switch has been
closed for a long time, and there are no oscillations. P4 is after the switch has been open for a long

time and all the oscillations and resonance have been damped out.
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Fig. 5.1 Typical Fast-Mode switching transition with damping

The equivalent circuit transition from PO to P4 with an emphasis on energy storage of the

reactive components can be seen in Fig. 5.2.
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Fig. 5.2 Equivalent circuit From PO to P4 highlighting energy of reactive components

It can be seen that in PO, only Cry), is storing the energy of the full value of Vp;. In P4, Cr,)p
has been short-circuited by the diode, and there is only energy stored in Cp,; and Lp,;. Basically,

the investigation into the switching transition is an attempt to effectively manage the process to
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get the energy stored in the passive components from PO to P4 as well as possible, where what
happens in P1 to P3 can be manipulated.

As the equivalent circuit progressions of Slow-Mode and Fast-Mode are different, the under-
lying mechanism of the overshoot and energy transition requirements are also different. These

differences are investigated separately below.

5.2.1 Ideal Energy for Fast-Mode

As discussed in Chapter 4, when the overshoot of Fast-Mode in Fig. 4.6 is considered with the
Fast-Mode equivalent circuit from Fig. 4.4, it can be seen that the overshoot oscillation starts when
the diode clamps and the equivalent circuit progresses to a resonance circuit, which happens in P3.
This is the same circuit as the resonance circuit in P4 of Fig. 5.2, just with the oscillation damped
out.

When the resonance circuit is considered in isolation, as seen in P4 of Fig. 5.2, it is known that
the amplitude of the resonance in a circuit is determined by the initial conditions of the period if
the other circuit parameters are fixed.

This then means that if the initial conditions of P3 are such that the voltage over the capacitor
is equal to V1, and the current through the inductor is equal to I,, at the exact time the diode
clamps, no overshoot will happen. In essence, this means that the energy stored in both Cp;
and Lp, must be the same as the energy stored in the components in P4 (after oscillation) for
no overshoot to occur. This scenario is referred to as the ideal energy at Tc;qmp further in this

research.

Since the energy stored in an inductor is determined by its current (Ef = %LI 2) and the energy
stored in a capacitor is determined by its voltage (E¢c = %C V?2), these quantities inherently represent
the system’s energy state. Therefore, rather than separately referring to the inductor current or
capacitor voltage, this explanation adopts an energy-based perspective, as it provides a unified

and comprehensive description of the circuit conditions.

Additionally, as will be discussed in Chapter 6, the energy stored in these components will

directly determine the eventual voltage overshoot in the circuit.

Derivation of Ideal Energy Requirements

To be able to determine the requirements for ideal energy at Tc;qmp, the switching event is assumed
to be ideal, eliminating one of the system’s degrees of freedom, meaning Tr,;;(t) can be removed.
So, the assumption is made that PO (steady state before the switch) will progress directly to P2 when

the switch becomes a short circuit, and P2 will naturally progress to P3 once the diode clamps.
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This means that in P2, the voltage over the capacitor will increase, and the current in the
inductor will increase as with the natural response of the system. However, if the energy values
are at the ideal values, as discussed above, at the exact time the diode clamps, no overshoot will
occur because the system is already in its steady state. Mathematically, this requirement of the

ideal energy at Tcjqmp translates to the following equations:

VCBot(TClamp) = Vour (6.1)

ILPur(TClamp) =1Im (5.2)

When this requirement is investigated using circuit analysis and Laplace transforms, the

resulting equation could be produced:

/ BCPar
Lpar

Tin = Vous — ~—24—
n out (2]’1—1)7[

(5.3)

For this equation to hold, the values of Cpo; and Crop must be the same. The value of n can be
any integer larger than one. The presence of this 7 indicates that the optimised point of operation

will occur again when one of the variables changes.

This equation is similar to those presented in [81] and [83]. This equation also summarised the
main drawbacks of the current understanding of ZOS, namely, that it assumes ideal switching and

that change of any variable will cause a large overshoot at the equation is not satisfied any more.

Ideal versus Non-Ideal Energy Example

As the optimisation equation indicated where ideal energy at Tc;qmp would be possible and
eliminate the overshoot, it is applied to the system described in Chapter 4, and the inductance is
recalculated to be 18.15 nH, up from 15nH. The resulting plot of overshoot versus switching speed

can be seen in Fig. 5.3.

In this graph, it can be seen that there is effectively no overshoot when switching at very high
speeds and a major sacrifice in overshoot when the switching speeds slow down. It can also again
be seen that the actual peak occurs when switching in Slow-Mode, and this graph can also be used
as a good illustration for an example of a fast switching event with ideal energy transfer and one
without, so two dots are indicated on the plot. The corresponding time domain waveforms of these
two dots can be seen in red and green in Fig. 5.4.
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In this plot, the red is an example of ideal energy at Tc;qmp, and the green is an example of the

same system switching slower and consequently having non-ideal energy at Tciamp-

For the ideal example in red, it can be seen that both the inductor current and the capacitor

voltage are at ideal values the moment the diode clamps (start of P3), and no overshoot follows.

For the non-ideal example in green, it can be seen that the capacitor voltage is at the ideal
value the moment the diode clamps (start of P3), but the inductor current is far from the ideal
value, leading to a large overshoot in P3. It can be seen that the mismatch in energy between the
initial conditions of P3 and the required energy conditions of P4 produces the voltage overshoot.
And the larger the mismatch, the larger the overshoot will be. As the inductance value is much
larger than the capacitance value, the energy mismatch caused by a mismatch in the current of the
inductor is punished much more severely than the energy mismatch in the voltage of the capacitor.

Further Interpretation of ZOS Optimisation Equation

From the optimisation equation of ZOS in Eq. (5.3), it can also be seen that the ideal point
of operation is dependent on the relationship between the parameters and not the parameters
themselves. This means the plot presented in Fig. 5.3 is translatable. When the parasitic inductance
values are doubled from 18.15nH to 36.3nH, and both the capacitors are doubled from 100pF to
200pE the updated plot in Fig. 5.5 will be applicable.
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Fig. 5.5 Voltage overshoot versus switching speed comparison when parasitic components are
doubled
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From the plot, it can be seen that the allowable turn-off period for a 5% overshoot is doubled
if the parasitic components are also doubled. Unfortunately, even though this allows for larger
inductance, the larger capacitance would directly influence the switching speed, and may require

a better gate driver still to achieve the fast switching speed with the larger capacitance.

An important addition is that this described ideal energy at Tc;qmp can also be achieved when
the turn-off period is not ideal, but this can only be achieved when the capacitors do not match
and the diode capacitor is larger than the switch capacitor, but as stated above, the introduction of
two more degrees of freedom also introduces very high complexity to the model. Thus, this point
of operation also cannot be mathematically derived in closed form due to the interdependencies of
the variables, but a numerical method of calculation is able to find the combination of parameters
that can display this optimised point.

In this numerical method, values are given to the parasitic inductance, voltage, current and
chosen turn-off period, and the corresponding capacitance values for the diode and switch capaci-
tors are calculated. It must be noted that this is the only method in which values for the non-ideal
switching event could be calculated. For example, if values were chosen for all but the inductance,
a solution did not exist. This indicates that the relationship between the capacitance values is also

a very important ratio.
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Fig. 5.6 Overshoot versus switching speed when optimised for non-ideal switching event

Fig. 5.6 shows the plot comparing the voltage overshoot and the turn-off period of the optimised
points for the non-ideal switching transition. These points of operation are found when optimising
for three different turn-off periods while keeping the inductance the same as in the plot above
and finding the correct capacitance values. In this plot, it can be seen that the longer the turn-off
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period is optimised for, the greater the overshoot sacrifice is when not switching at exactly this
point.

Additionally, the longer the turn-off period point of optimisation, the greater the ratio between

the diode and switch capacitor has to be.

Even though these methods attempt to solve one of the major drawbacks of ZOS, that an
ideal switch is required, the other problem of it still only having a single point of operation is still
applicable. This drawback will be addressed in the following chapter.

5.2.2 Ideal Energy for Slow-Mode

When a similar approach is followed for Slow-Mode as seen in the analysis above, we now know
that the energy in the parasitic components needs to be at the correct values at Tcjqmp, but in
Slow-Mode, the diode clamps at the start of P2, and not at the start of P3. This means that the
values need to be at the ideal values in a different equivalent circuit. So, to determine what the
ideal energy values are, the equivalent circuit of P2 for Slow-Mode is re-evaluated and simplified as

seen in Fig. 5.7.

Trpar(®) Lpar
Lpar(Teiamp) = I - Iswiten

LPar

+
+ +
+ Vour T = Tsuwiten T Vewor(Tetamp)=Vour Vour
I (T) Ismzch(t)Cl ’ }_cha,(t)

Fig. 5.7 Equivalent circuit of Slow-Mode, P2, simplified

It can be seen that the input current and the switch current can be combined so that the
equivalent circuits of P2 and P3 are similar. In this representation, we know the ideal values are
when the inductor current is equal to the current source and the capacitor voltage is equal to the
voltage source, So the ideal values for Slow-Mode can be revised as:

VCBot(TClump) = Vour (5.4)

And

ILPar(TClamp) = I1n— Iswitch (5.5)
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This means that for no overshoot to occur, the voltage over the capacitor must be equal to
Vour, and the current through the inductor must be I, — Is, i cn () at the exact moment the
diode clamps, and the oscillation is supposed to start. An example can be seen in the waveform
comparison below in Fig. 5.8.
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Fig. 5.8 Slow-Mode switching node waveforms for non-optimal energy values

It is seen that the smaller the mismatch in current or the smaller the energy mismatch, the
smaller the voltage overshoot will be. From the energy mismatch approach, the inductor current
must then be as close as possible to the calculated point when the diode clamps and this can be
done relatively easily in two ways.

The first is to increase the slope of the inductor current in P1, which can be done by decreasing
the inductance as much as possible, and the second is to make P1 longer, which can be done by

switching slower.

Decreasing the inductance or decreasing the switching speed are the two most known methods
of decreasing the voltage overshoot, which shows that mainstream attempts to minimise overshoot

are just a secondary consequence of lowering the energy mismatch at the start of P2.
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Unfortunately, the equation can only be satisfied if there is no inductance in the circuit, which
in turn means that ideal energy at Tcjamp in Slow-Mode switching is not possible as the inductance

cannot be reduced to zero.

5.3 Conclusion

This chapter demonstrates an energy-based understanding of the overshoot mechanism in the
turn-off event. It is seen that ideal energy at Tcjqmp is not possible in Slow-Made because of the

order of events in the circuit progression.

The main aim of this section is to show that the idea of minimisation of parasitic inductance
or switching slower to reduce overshoot must be changed to the idea of ideal energy at Tciamp,
especially in fast switching conditions. It is seen that if the inductor current and capacitor voltage
are at exactly the correct values at the exact moment, the overshoot can be eliminated. It is then
also seen that this cannot happen in Slow-Mode because of the order of the equivalent circuit
progression, but it is possible in Fast-Mode. However, ideal overshoot elimination is only possible
at ideal switching speeds and in a very narrow margin, and these concerns are addressed in the

following chapter.
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Expanding Zero Overvoltage Switching
Range of Power Switches Through
Controlled Turn-Off

This chapter is adapted from the following publication:

E P D. Toit and I. W. Hofsajer, 'Expanding Zero Overvoltage Switching Range of Power Switches
Through Controlled Turn-Off’, IEEE Access

Submitted

The author of this thesis conceptualised the study, conducted the analysis, developed the models,

and wrote the original draft of the paper.

6.1 Introduction

In the previous chapters, ZOS emerged as a promising candidate for oscillation suppression in
next-generation UWBG devices. However, its practicality remains limited due to two significant
drawbacks: it relies on ideal switching conditions and operates effectively only within a highly
restricted range of variables. These limitations currently render the method unviable. Additionally,
we have seen that the only main requirement for overshoot elimination is simply to achieve ideal

energy in the parasitic components at Tciqmp-

This chapter investigates and overcomes the main drawbacks of ZOS to allow for voltage
overshoot elimination over a large range of circuit parameters and at non-ideal switching by
updating the mathematical model to allow for controlled turn-off of the switch. The turn-off
switch current, Is,isc, (1), in the model, is updated to be a linear decaying current source with two

adjustable segments instead of one. This two-segment turn-off current is able to emulate much



6.2 Optimisation of Controlled Turn-Off 64

more complicated functions while still being simple enough so that a few variables can describe

the function, and it can still be described and solved mathematically.

6.2 Optimisation of Controlled Turn-Off

The first step is to describe the new two-segment turn-off switching current mathematically.
The period P1 is broken up into P1A and P1B to represent the different current functions. This
representation of the current is a very important part of being able to describe the system as a
whole mathematically. This derivation can be seen in Fig. 6.1 below:
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Fig. 6.1 Adjustable current turn-off waveform through the switch

The function for the first segment is still the same as in previous chapters, as described below:

1
Isw,p1a(t) =I1n— - 6.1)
Trana(?)

The function for the second segment can be derived by substituting two known points into the
line equation and solving the unknowns. The following equation is then derived and will always be

applicable to describe to second part of the current turn-off:

Iin = 722~ (Trrans) I
ISw,PlB(t) = (- TTrans) + IIn - (TTrans) (6.2)
Tralia FallA

In these equations, Trg4;; 4 is the time taken from ¢ = 0 to where Is,, p1 4(£) would have crossed

the x-axis, Trrqns is the time taken from ¢ = 0 to where the switching current transitions from
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Isw,p14(t) to Isy p1p(t) and Tryyp is the time taken from ¢ = Trrqns to t = Tpqyp. The only
constraint is that T7;4ns<TFaliaA-

This representation can approximate almost all turn-off characteristics. The use of linear
equations also keeps the eventual math as simple as possible without introducing higher-order
events to the equations, as the intent of this research is to provide fundamental knowledge, not

real-world scenarios.

This circuit with adjustable current turn-off can be modelled by applying classical circuit
theory, where the equivalent circuit of each period is analysed independently by applying KCL
and KVL to solve the circuit variables of the Fast-turn-off equivalent circuits in Fast-Mode circuit
progressions of Fig. 4.4.

The functions of I1pqr (%), Vcpor () and Ve (£) can then be solved from P1A to P2 by perform-
ing the Laplace transforms on the differential equations of a given period, solving the functions,
and performing the inverse Laplace transform to convert the functions back to the time domain,
exactly like completed in Chapter 4. The equations are made particularly complicated by the
inclusion of the initial conditions of the previous time period and keeping the equations in a closed

form. The corresponding time domain equations for each period can be found in Appendix B.

These equations are then the mathematical description of the time domain representation of
the system as a whole. When the equations from the appendix are populated with typical values
from Table 4.1 with corresponding fast turn-off time, an example of the resulting waveforms can

be seen in Fig. 6.2. These waveforms were also simulated to verify the integrity of the equations.

Tciamp is the moment the diode turns on, and it can be seen that the values of I par (1), Vcpor (1)
and Vcrop (1) at Tejamp are the initial conditions for P3, and define what the eventual overshoot
will be. From the waveforms in Fig. 6.2, it can be seen that with the chosen turn-off current, the

overshoot of the turn-off switching event will be 10%.

The main idea of this representation of the current turn-off is to accurately control the energy
in the passive components while still achieving a fast turn-off. This representation is then able to
display any fast or slow start of the transition and fast or slow end to the transition, and the results
can be observed. It is very quickly seen that this manipulation of the turn-off current has a very
large influence on the resulting overshoot, and this influence is discussed and observed in the next

section.

It must also be said that the derivation of such a model can become very complicated, so all

the results were also verified in simulation software.



6.2 Optimisation of Controlled Turn-Off 66

P1A P1B P2 P3

VMa \
Vour —=<""1""""" yK """

% N

S

s/

Tiﬁze
A
I;

Current

'

Time

TTrunx
Tﬂans +
Traup
TClamp

Fig. 6.2 Resulting voltage and current waveforms produced by the circuit model equations

6.2.1 Observation of the Influence of Turn-off Current Waveform on the Voltage Over-

shoot

This section investigates the direct influence of adjusting the individual parameters of the turn-off
current on I pgr (1), Vepor(t) and Verop (1), and specifically on when T4 occurs, which in turn

defines the initial conditions for the overshoot period.

As there are three variables that define the turn-off current described above and seen in Fig. 6.1,
the influence of these variables is investigated separately by illustrating the effect of when a specific
variable changes and all other variables are kept the same. Firstly, the influences of changing the
individual variables will be discussed, and thereafter, a holistic view will be discussed.

Influence of Tr;;;4

The variable of Tr,;; 4 will define the slope of the first segment of the turn-off current waveform,
Isw,p14(2). The higher the value of Tz, 4, the higher the slope of the turn-off current will be for the
first segment, and the lower the value, the lower the slope will be. The example of the waveforms

presented in Fig. 6.2 above is reinvestigated, but with a higher and lower value of Tr,;; 4 where the
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red plot serves as the reference, the blue plot serves as a higher value for Tr,;;4 and the green plot
serves as a lower value for Tr ;4.
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Fig. 6.3 Voltage and current waveforms when Tr,;; 4 is adjusted higher (blue) and lower (green)

The first observation is that when Tr4 4 is selected higher, Tcjqmp will occur later so that P2
will last longer, and if Trq14 is selected lower, Tcjamp, will occur earlier, so P2 will be shorter but by
the same amount of time.

It can be seen that the difference in current between the actual and ideal steady-state values is
very similar for the current at T¢;4m) for all three plots, and the voltage difference between the

actual and ideal steady-state values is significantly different only on the blue plot.

From the observation, it can already be seen that a change in Tr,4;;4 has a significant influence

on Iy par (1), Vepor () and Verop (1), but the interaction is too complicated to observe.

Influence of Ty 4,5

The variable of Tr,4,; is the x-axis value of where the applicable period changes from P1A to
P1B and the function changes from the turn-off function changes Is,, p14(#) to Isy,p1p(t). In the
waveforms presented in Fig. 6.4, the red plot serves as the reference again, the blue plot serves as a

higher value for T, 4,5, and the green plot serves as a lower value for T, 455
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Fig. 6.4 Voltage and current waveforms when T4, is adjusted higher (blue) and lower (green)

As with the change in when Trq114, Tciamp also changes the same amount based on the same
change of Tryans. When Tryans is selected smaller, Tcjqpmp will be smaller by the same amount as

when T7rq55s is selected larger.

As with the change in Trg4; 4, it can also be seen that a change in Tcqmp has a significant

influence on Ippg, (1), Vepor(£) and Verop (1), but the interaction is too complicated to observe.

Influence of T,

The variable Tr,j;p is the time from T7; 4,5 to where the switch fully opens and also defines the
slope and duration of Is,, p15(#). The illustration of this change can be seen in Fig. 6.5 below. In
the waveforms presented in Fig. 6.5, the red plot serves as the reference again, the blue plot serves
as a higher value for T4, and the green plot serves as a lower value for Tr,;;

For this change in Trg4;p, it can be seen that the Vepor(Tciamp) increases slightly as Trqip
increases, but the Irpar(Tciamp) drops quite significantly. The change in Tr,;; also has a small
influence on when T¢;4mp Occurs. It must be noted that the effect of the change in Tr4;;3 would

be much smaller if Tr, 45 is large, and vice versa.



6.2 Optimisation of Controlled Turn-Off 69

P1A P1B P2 P3
VCBot (t)
Verop (0 B )\
Vout _________ T T - 7k__ s T T T T T - ~
- A

® N -

%0 » Difference between
= ideal and actual
§ value of Vegol Teiamp)

Time
A Difference between
ideal and actual
value of Lpar(Tciamp)

I in s

~

< ILpar ®

g Lower value

N \ of Trans
C | s () >

Switch / Higher value
/ _Of Traip
§ HE Time
= R

Fig. 6.5 Voltage and current waveforms when Tr,j;p is adjusted higher (blue) and lower (green)

Summary of influence of variables

The most significant finding from the comparison that that the interaction is very complex, and
changing a single variable has several side effects, and a correlation between the change of any

single and a specific waveform could not be observed. It can be seen that the reactive components
determine the frequency of the oscillation.

To get a better idea of the influence of the change of variables and more of a holistic view of
the results, a summarised table of all the waveform results can be seen below in Table 6.1. In this
table, the changes in T¢qmp and the mismatch of I par (Tciamp) and Vsyiren(Tciamp) between
the base case and the variations are documented and can then be directly compared, and from
these results, the actual mismatch in energy can be calculated.

From the table, it can be seen that the area under the curve of the turn-off current function is
directly correlated with the change in T¢jamp- It can also be seen that the voltage at Tcjqmp Was
lower for every combination of the turn-off current variables, indicating that this would be an
important but difficult goal to achieve.

In Chapter 5, the argument is made that the energy mismatch of Irpa; (Tciamp) and Vepor(Tciamp)
both together would define the overshoot, and this argument can be further investigated with
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Table 6.1 Comparison of results when changing single variables of the current turn-off waveform

Case Reference Cpange [1(0) mismatch @ Tcjamy Vswitch (1) mismatch @ Tcjamp Total Voltage
o Current Percentag¢ Energy Voltage Percentag¢ Energy energy overshoot
Tciamp (n]) (n]) Mis- Percent-

match age

Base- Fig. 6.2 N/A 0.16 A 1% 49.20 -41.87 -14% 1,635.82 1,685.03 15%

case

Higher Fig. 63 | 8% 2.20 11% 696.27 -43.98 -15% 1982.37 2678.64 21%

TrallA (Blue)

Lower Fig. 6.3 | -9% 0.36 2% 109.53 -57.12 -19% 2627.51 2739.66 21%

TrallA (Green)

Higher Fig. 6.4 | 5% -3.25 -11% -895.78 -33.41 -11% 1481.36 2377.14 19%

Trrans (Blue)

Lower Fig. 6.4 | -12% 3.69 15% 1209.12 -63.28 -21% 2938.07 4147.19 28%

TTrans (Green)

Higher Fig. 6.5 | 6% -3.31 -17% -909.83 -32.07 -11% 1419.00 2328.83 19%

Traiip (Blue)

Lower Fig. 6.5 | -6% 2.05 10% 646.52 -52.98 -18% 2421.66 3068.18 23%

TrallB (Green)

these results. So, a plot comparing the sum of the energy differences with the observed overshoot

further emphasises this point, as seen in Fig. 6.6.
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Fig. 6.6 Percentage voltage overshoot comparison with energy mismatch at Tciamp

In this plot, it can be seen that the overshoot correlates almost linearly with the mismatch

in energy. So, this greatly supports the idea that to minimise overshoot when switching to the

progression where the diode clamps first, the aim must change from minimising the overshoot to

minimising the sum of the difference in energy.

6.3 Turn-off Current Control for Voltage Overshoot Elimination

To be able to totally eliminate the voltage overshoot when switching in Fast-Mode, the current

and voltage values must be at exactly the correct values at exactly the correct time. It was seen

that this could be achieved with an ideal switch and picking the voltage, current, inductance
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and capacitance at exactly the correct values so that this occurs naturally. However, this is a very
impractical approach. It was then discussed that if the ideal switching is modelled as non-ideal
with a linear decaying current, a single solution exists if the diode capacitor is larger than the
switch capacitor, but this is also an impractical solution as only one point exists. However, these
results do show that under some special cases, there exists a solution that is determined by the
turn-off characteristics.

This must then mean that if the turn-off current can be manipulated, a window of solutions

can be opened, and this theory is discussed in this chapter.

Therefore, if the requirements of overvoltage elimination are articulated again, as in Chapter 5,
the equations below must be true simultaneously:

VCBot(TClump) = Vour (6.3)

And

ILPar(TClamp) = IIn (6.4)

This set of equations sets up an environment that cannot be solved mathematically in closed
form, and the roots cannot be calculated, but they can serve as an objective function that can be

optimised.

So if these equations are both set equal to zero and all the variables or the turn-off current
(Traiin Trans, TTrans) are included as unknowns in the environment, the following optimisation
equation can be set up:

(IL(TClampr Tratia Trans> Trrans) — Iin) + (VSwitch(TClampr Tratia Traiig> Trrans) — Voud  (6.5)

The objective function can be minimised using the differential evolution method. While various
optimisation techniques can be applied, differential evolution is chosen for its effectiveness in

handling complex environments and non-linearities, as present in this scenario [89].

The primary goal of this optimisation is to demonstrate that adjusting turn-off current parame-
ters can eliminate voltage overshoot across a broad range of voltage and current conditions.

Furthermore, the objective function can be extended to incorporate additional constraints,

such as limiting the maximum slope of a specific semiconductor device.

The following section explores the concept of a "solution window". This refers to the conditions
under which the objective function can be minimised to zero, given a specific combination of

circuit parasitics, voltage, and current. If values for Tr4;4, Traiis, Trrans €Xist that result in a zero-
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value objective function, then a solution is feasible, ensuring that the resulting voltage waveform
exhibits no overshoot.

This approach identifies the range of possible solutions where a solution exists.

6.3.1 Solution Window for change in current

When a practical converter is considered, the operating range is always a very important consider-
ation as the load requirements vary, even if it is just a small amount. If a converter does not have

an operating range but only an operation point, it would not be very practical, independent of how
well it works at that one point.

This section first investigates the converter’s current range with the parameters as specified in
Table 4.1, with the only difference that the two-segment turn-off current is applied. So the values
specified in Table 4.1 fed into the objective function, and this is repeated for a current value of 25%
higher (25A) and 25% lower (15A), and it was found that an objection function could be minimised

for al three of there current examples as seen below.
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Fig. 6.7 Voltage and current waveforms when turn-off current has been optimised for three different
current values
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In these plots, the output voltage stays the same, even though the input current changes and
the overshoot is still eliminated for all three scenarios by adapting the turn-off current, as was not
possible before.

The most important observation of the resulting waveforms is that the value of Tr, 455 (in-
dicated by the dot on the turn-off current) becomes smaller as the input current increases but
larger as the input current decreases. This means that there is a lower limit to Tr,4,s but not an
upper limit. This, in turn, means that for a given set of circuit variables, the implementation of an
adjusting waveform has a current range from 0A to some upper limit and that the value of Tr, 45
determines the limits of the solution window. It can be seen that 77,4, of the 25A green example
is very close to the y-axis, indicating that the chosen value of 25A is close to the upper current limit
of the solution window.

The influence of the inductance and diode capacitance is investigated further to investigate
the solution window of the input current. To achieve this, the objective function is optimised
for a matrix of the input current and inductance value, with all other values kept the same, and
thereafter, a matrix of the input current and diode capacitance, again with all other values kept
the same. This matrix of points where solutions were possible and not possible could then be

converted into a grid with the simplified results below in Fig. 6.8 and Fig. 6.9.

It must be noted that only the diode capacitance is varied in this exercise. This is done to
specifically investigate the difference in the ratio between the diode capacitance and switch

capacitance.

plot from Fig. 6.7 Available margin
for higher current

Current

Lower current
plot from Fig. 6.7

Inductance

Fig. 6.8 Current solution window when parasitic inductance can be changed

Firstly, to interpret these diagrams, the three points representing the three waveforms in Fig. 6.7
can be seen in the solution window in 6.8 and 6.9 indicated by the red, blue and green points. In 6.8
it can then be seen that the range increases as the inductance lowers, but in 6.9, the range increases
as the diode capacitance increases. This means that a smaller inductance when controlled turn-off
is applied is also a good goal to attempt, as the possible solution window would be larger.
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Fig. 6.9 Current solution window when diode capacitance can be changed

It can also be seen that T4, in the green plot in Fig. 6.7 still has a small amount of margin to
become smaller. This translates to an upper current limit that is a bit higher than the current value
of the green plot.

This leads to the conclusion that to increase the current range of a given circuit, the inductance

can be minimised, and the diode capacitance can be increased.

6.3.2 Solution Window for change in voltage

This section follows the same approach as the current investigation in the previous section but
applies the principles to investigate the voltage range and solution window.

As with the current solution, the objective function is first applied to determine the turn-off
waveforms for three different voltages, and it is seen that solutions exist for the three different
chosen voltage values. These values are 50V higher than the original 300V and 50V lower. The
resulting waveforms can be seen in Fig. 6.10.

Fig. 6.10 shows voltage and current waveforms when the turn-off current has been optimised
for three different voltage values. It can be seen that the opposite of the current is true for the
voltage. An increase in voltage requires an increase in 11,455, and a decrease in voltage requires
a decrease in T1,45s- This means that the voltage has a lower limit for the given set of circuit
variables but not an upper limit.

The objective function is then optimised to determine the influence the inductance and diode
capacitance have on the voltage range of the solution, and the figures in Fig. 6.11 and Fig. 6.12 are

produced.

Firstly, the three plots of Fig. 6.10 can be seen as the three data points on the solution window
in 6.11 and Fig. 6.12. When the green plot in Fig. 6.10 is investigated, it is seen that T7; 455 is on the

minimum limit. This translates to the green plot being on the lower limit in both 6.11 and Fig. 6.12.
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Fig. 6.10 Voltage and current waveforms when turn-off current has been optimised for three
different voltage values
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Fig. 6.11 Voltage solution window when parasitic inductance can be changed

Similar to the current, it can be seen that the voltage range will increase when the inductance
is lowered, and the voltage range will also increase when the diode capacitance is increased.

It is seen that the switching speed is at a maximum when T4, (indicated by the dot on the
turn-off current plots) is at a minimum. This is also when the current is close to the maximum
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Fig. 6.12 Voltage solution window when parasitic diode capacitance can be changed

limit and the voltage is close to the minimum limit. So even though the current has a lower limit of
zero, and the voltage has no upper limit, it is not advisable to switch in this region, as the switching

speed would be slow, and thus, the losses would be high.

6.4 Conclusion

This chapter explored the role of controlled turn-off techniques in overcoming the limitations
of ZOS, demonstrating that parasitic components are not necessarily the fundamental barrier
to achieving faster switching. Through the development of a generalised mathematical model
and an objective function that can be optimised, it was shown that shaping the switching current
waveform allows for voltage overshoot elimination across a wide range of circuit parameters. The
findings further show that lowering parasitic inductance and increasing diode capacitance can

expand the range within which no overshoot occurs.

More importantly, this research does not aim to provide a design tool for specific applications
but instead establishes a theoretical foundation for understanding the feasibility of applying
UWBG devices in high-speed switching environments. The results identify solution windows
where overshoot elimination is possible. These insights reinforce the broader objective of this
thesis to contribute to the fundamental understanding of high-speed switching dynamics rather

than presenting an application-based optimisation framework.



Chapter 7

Conclusions And Future Work

7.1 Conclusions

WBG semiconductor technology offers the ability to switch much faster than traditional devices,
unlocking significant advantages such as higher efficiency and greater energy density. However,
this increased switching speed also introduces challenges, particularly in the form of overvoltage
and ringing at the switching node, which, in turn, has several negative side effects that limit the
performance of the converter. These overshoots are primarily caused by the resonance of inherent
parasitic components within the circuit. Minimising parasitic inductance has been the primary
method to address this issue, and while it has been effective, it is becoming increasingly difficult to
achieve further improvements, and complete elimination of parasitic inductance is impossible,
creating a natural barrier that limits further increases in switching speed. However, the material
development research field in semiconductor technology is in the process of developing UWBG
materials that will be able to switch much faster than the existing WBG devices.

Most of the research in this field of suppressing the voltage overshoot has achieved sufficient
suppression capabilities as the switching speed increases, but most of this research was done in
isolation, not in the context of others that are attempting the same thing, as tends to happen in the

greater field of power electronics.

This research aimed to provide a deeper understanding of this specific issue of voltage over-
shoot as well as the basic mechanisms of the switching transition, in general, to create a funda-
mental piece of new knowledge and bridge some of the gaps between these methods.

The first part of the unifying knowledge was developed in Chapter 3, where the framework was
provided so that the experimental results of a switching transition could be compared to other
switching events. This extraction and comparison was completed for several different suppression
methods, and a database of the extracted data was presented. The comparison of this data revealed

that it is important to compare the experimental switching results with others to ensure that those
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results are indeed as relevant as initially assumed by their designers. Other conclusions of the
investigation were that parasitic components in isolation do not predict the overshoot, higher
voltage or power does not correlate with larger overshoot, and that the field of power electronics

has progressed well in the last decade.

The comparison also identified a new method, Zero Overvoltage Switching, as a potential
solution to overcoming the limitations imposed by parasitic inductance, with the possibility
of improved performance as switching speeds increase. However, this method has two major
drawbacks: (1) it relies on ideal switching conditions, and (2) even a slight deviation in any circuit
parameter results in a significant overshoot, making practical implementation challenging and not
feasible.

Although ZOS was not yet feasible in its current form, it presented a potential pathway for
making UWBG devices viable. Furthermore, its unexpected results suggested the presence of an
underlying phenomenon that required deeper investigation to be fully understood and addressed.
To explore this, a fundamental model of the turn-off switching transition was developed using
circuit theory in Chapter 4 to analyse the switching transition, particularly under very fast switching
conditions. This investigation revealed that at very high switching speeds, the switching device
could turn off before the diode clamps, resulting in an alternative equivalent circuit progression
to conventional switching. This new insight provided a clear theoretical basis for the unexpected
behaviour observed with ZOS while simultaneously reconciling it with conventional switching
expectations. It also demonstrated that many conventional assumptions and expectations about

switching transitions no longer hold at these extreme speeds.

Chapter 5 introduced an energy-based explanation for the fundamental mechanism of the
voltage overshoots, demonstrating that achieving ideal energy values at the precise moment of the
diode clamping can prevent overshoot entirely. Using this energy-based explanation, it was seen
that ideal energy at the correct time is possible when switching very fast but not when switching

conventionally.

As the fundamentals of switching transition were now understood, the new knowledge could be
used to further develop ZOS into a solution that would be used on a wide range of parameters and
without ideal switching. Driven by the requirement of ideal energy at the correct time for overshoot
elimination, the mathematical model was further refined to accommodate two segments in the
switch’s turn-off current waveform. By adjusting the turn-off current, it was possible to create an
objective function for eliminating overshoot. The objective function could then be optimised to
determine the required turn-off characteristics so that the overshoot would be eliminated. If the
objective function could not be minimised, it would be indicated that a solution is not possible and
that the overshoot cannot be eliminated for that set of circuit parameters. This analysis revealed
that a solution window exists where an adjustable turn-off current can eliminate overshoot, even

under non-ideal switching conditions. As a result, the major drawback of ZOS—its reliance
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on narrow, ideal conditions—could be addressed, offering a wider solution window, making the
technique more practical for real-world applications, and ultimately providing a feasible oscillation
suppression method for devices like UWBG.

Although this research is not intended as a practical design guide, it is meant to serve as a
fundamental and unifying contribution, where the principles would be used to overcome the
limitations of parasitic inductance and provide future devices with a possible switching solution.

7.2 Future Work

The research conducted in this thesis opens several avenues for further development, particularly
in advancing the foundational understanding of Fast-Mode switching and in establishing a more
unified theoretical framework for power electronics. While this work has provided key insights into
Z0S and its potential in high-speed switching, further theoretical exploration is needed to fully
integrate these findings into a broader understanding of switching transitions. The field of power
electronics remains fragmented, with many advancements being driven by isolated, application-
specific solutions rather than a cohesive theoretical foundation. Future research should focus on
bridging these gaps, developing a comprehensive theory that unifies the interactions between
switching dynamics, parasitic effects, and energy at high speeds. This would provide a stronger
basis for guiding future developments in high-performance power electronics, ensuring that
advancements are built on a well-defined theoretical structure rather than empirical observations

alone.

A key aspect of this effort is deepening the understanding of Fast-Mode switching. The be-
haviours observed at extremely high speeds, as detailed in Chapters 4 and 5, challenge many
conventional assumptions about switching transitions. Future work should focus on refining and
extending the models presented in this thesis to account for a wider range of operating conditions.
The fundamental energy mechanisms that enable ZOS must also be further explored to determine
whether they represent a distinct shift in switching behaviour or a special case within a broader
theoretical framework. By solidifying the theoretical foundation of Fast-Mode, researchers can
better define the boundaries of high-speed switching and develop a more general set of principles

that govern device operation beyond the limits of conventional power electronics theory.
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Appendix A

Mathematical Derivation of Circuit Model

with Single Segment

To be able to understand what happens in the circuit of a common switching node when the switch
is turned off, the switch characteristics that have the largest influence must be modelled while still

keeping the circuit simple enough to analyse mathematically.

In this case, the parasitic components and the current turn-off characteristics must be explicitly
modelled. The circuit from Fig. 1.2 can be adjusted to include a current source with a linear current
decay to model the current turn-off waveform of the transistor, as shown below in Fig. A.1. (This is
a duplicate of Fig. 4.2 for clarity.)

L ar
[Lpar(t) v

+
Top Switch £y
Diode A S T Vermp(®

¢ Oscillation

Node
Vout
Bottom 5 + o
Iin T Switch l ST Vet

1 N witch(l)

Fig. A.1 Modified Equivalent circuit of a commutation cell in boost mode (duplicate)

As the investigation focuses only on a very short time period, several assumptions are made to

avoid excessive complexity in the calculations. These assumptions are as follows:

e [;, is constant.

e V,ur is constant.
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¢ The transistor’s turn-off current is linear.
¢ Equivalent resistance is not modelled.

¢ The parasitic capacitances of the transistor and the diode are not equal.

In this analysis, the transistor current, I, ;;cx (1), is the only dynamic variable.

As the transistor current Ig,,;;c;(t) changes, the following variables must be explicitly calcu-
lated as secondary effects:

* The voltage across the top capacitor, Vcrop (1).

* The voltage across the bottom capacitor, Vs ().

¢ The inductor current, Iy pg(1).

To determine the time-domain analysis of the circuit, circuit theory is applied to determine the

waveform of the three variables above. The circuit progresses through three equivalent circuits

until a steady state is achieved.

Depending on the choice of transistor current, the progression of the circuit to a steady state
will not be the same, and thus, two modes of operation are analysed, as seen in the Fig. A.2. (This
is a duplicate of Fig. 4.4 for clarity.)

A.1 Fast-Mode Operation

In Fast-Mode, the transistor current Is,; ¢y, () reaches 0 A before the top capacitor voltage Vcrop, v, p1 (1)
reaches 0 V. The circuit can then be modelled in three associated time periods:

¢ Fast-Mode Period 1 (FM,P1) is applicable for 0 < ¢ < Trgy;.
* Fast-Mode Period 2 (FM,P2) is applicable for Trq; < t < Tciamp-

* Fast-Mode Period 3 (FM,P3) is applicable for Tc;qmp < t < oo.

Where Trg; refers to when the bottom switch current reaches 0 A, and Tcqmp refers to when
the top capacitor reaches 0 V.

To determine the time-domain equations of the variables for each time period, the following

classical approach is used:

 Step 1: Convert each differential equation to its corresponding Laplace Transform.
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Bottom switch starts to turn
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The bottom switch turns off before the top
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Fig. A.2 Alternative equivalent circuit progression for Slow-Mode

» Step 2: Solve the Laplace transform mathematically.

e Step 3: Find the inverse Laplace Transform to get the time-domain solution.

The results from each period are used as the initial values for the next period. Due to this, the

math becomes quite complex, even though assumptions such as linear transistor current and no

damping resistance are used.

To minimise errors in the model, software packages such as Java and Mathematica are used to

solve the differential equations and compute the inverse Laplace transforms. These results are

later verified through simulation and will be discussed in the following sections.
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Special attention was given to keeping the model in mathematical form to extract as much

information as possible.

Since the resulting equations for V1, (£), Vepor (1), and Iy pg, () will differ for each time period,

these variables will have a subscript referring to the specific mode and time period.

A.1.1 Fast-Mode - Period 1 circuit analysis

The applicable circuit for the time period 0 < t < Tg,;; can be seen in Fig A.2. From his diagram,

applying Kirchhoff’s voltage law and current law, the following Differential equations can be found.

Kirchhoff’s Current Law at Oscillation Node

Iin = Ictop,pm,P1(8) + IcBot,FM,p1 () + Iswitcn (1) (A.1)
Where Igyitch = Iin — TI::” (#) for linear decay of the transistor current. Thus:
dVcrop,pm,p1(1) dVepor,pm,p1(1) Iin
Iin=-C — +Cgopr———————— + Iin— t A.2
in Top dt Bot dt in Trall (1) ( )

The Laplace transform of this equation can be written as:

Iin _ Iin Iiy
5 —Crop (sVetop,pm,p1(S) = VeTop,pm,p1(0))+Caor (SVeBor,pm,p1 (S) — VCBot,FM,Pl(O))+T— oo
Fa
(A.3)
Iin _ Iin Iin
— = ~Crop (sVcrop,rr,p1(8) = Vour) + Cior ($VeBor, Fm,p1(8) = 0) + — — — (A4)
S S s“Tran
Kirchhoff’s Current Law at Parasitic Inductor
Ippar(t) = IcTop,FM,P1(F) (A.5)
Thus:
dVcrop,Fm,p1(1)
ILPar(t) = _CTop Opdt (A.6)

The Laplace transform of this equation can be written as:

Ipar(t) = =Crop (SVeTop,pm,p1(8) = VeTop, pum,p1(0)) (A.7)
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Irpar(t) = =Crop (SVCTop,FM,Pl(S) - Vout) (A.8)

The initial condition for this time period is simply the initial conditions as seen in the original

circuit.

Kirchhoff’s Voltage Law

Vout = Verop, M, p1(8) + Vepor, M, p1(8) — Vi Fum,p1(1) (A.9)
Thus:
dIrpar,rm,p1(1)

Vout = Verop,pm,p1(8) + Vepor,rm,p1 (1) — LWT (A.10)

The Laplace transform of this equation can be written as:

Vout
= Verop,pm,p1(8) + Vegor,pm,p1 () — L(SILpar, e, p1(S) — ILpar,pm,p1(0)) (A1)
Vout

= Vetop,m,p1(8) + Vesor,pm,p1 () — L(SIppar,pam,p1(s) — 0) (A.12)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:

CBotCTa LPar . t
Linlt- L% sin
Croplin Chot+Crop \/CBO,CTOPLPW

I (0= (A13)
LPar,FM,P1 (CBot + Crop) TFal1 .

VCTop,FM,Pl (1) = (ZCBotCTopIinLPar —(Cor + CTop)Iin tz +2(Cpor + CTop)2 Tra11Vour

t
CBatCTop LPur
CBot +CTop

—2CBotCroplinLpar cos /Z(CBot + CTop)2 Trann (A.14)
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Iin(2C3,  Lpar + Cport* + Cropt* =2C,  Lpar cOs L

TOp CBatCTopLPar
CBot*+CTop

VeBor,Fm,p1(8) = (A.15)

2(Cpot + CTop)2 TFal

A.1.2 Fast-Mode - Period 2 circuit analysis

The applicable circuit for the time period Trq;; < t < Tciamp can be seen in Fig A.2. From his
diagram, applying Kirchhoff’s voltage law and current law, the following Differential equations can
be found.

As the current source has reached 0A in the previous time frame, the current source is simply
removed for the analysis of this circuit. As stated above, in this time period, it is important to
remember that the initial conditions for this time period are the final conditions for the previous
time period. From this diagram, applying Kirchhoff’s voltage law and current law, the following

Differential equations can be found:

Kirchhoff’s Current Law at Oscillation Node

Iin = Ictop,pm,p2(£) + IcBot,FM,p2 (1) (A.16)
Thus:
dVer, ,FM,p2 (1) A%: FM,p2(1)
Iin=—Crop 0’”6” Chor “dt (A.17)

The Laplace transform of this equation can be written as:

I.
% = —Crop (sVeTop,pm,p2() = Verop,pm,p2(0)) + Cgor (SVeBor,pm,p2(S) = Veor,pm,p2(0)) (A.18)

I.
% = —Crop (sVetop,pm,p2() = Verop,pm,p1 (Trail)) + Csot (SVeBot, pm,p2(8) = Vegor,mm,p1 (TEail)

(A.19)

Kirchhoff’s Current Law at Parasitic Inductor

Irpar,pm,p2(t) = IcTop, FM,p2 (1) (A.20)
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Thus:
AdVcrop,pm,p2 (1)
Irpar,pm,p2(t) = —Crop Z ; (A.21)
The Laplace transform of this equation can be written as:
Irpar,pm,p2(D) = =Crop (Ve Top,pm,p2(S) — VeTop,Fu,p2(0) (A.22)
Irpar,pm,p2(D) = =Crop (Ve Top,pm,p2(8) = Verop,m,p1 (Trai) (A.23)
Kirchhoff’s Voltage Law
Vout = Verop,pm,p2(8) + VeBot,rm,p2(8) = Vipar,pm,p2 (1) (A.24)
Thus:
dIrpar,rm,p2(1)
Vour = Vctop,pm,p2 (1) + Vepor,rym,p2 (1) — LWT (A.25)
The Laplace transform of this equation can be written as:
Vout _
= Verop,pM,p2(8) + Vepor,pm,p2(8) — L(sItpar,pm,p2(8) — ILpar,pu,p2(0)) (A.26)
Vout
= Vetop,m,p2(8) + Vesor,pm,p2 () — L(SItpar,pm,p2(S) — ILpar,em,p1 (Trail) (A.27)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:

1

I 1) = Croplin(—————
LPar,FM,p2(t) = Crop ln(CBot+CTop

. Tran—t :
CgotCropL sin| =4 —— | +sin | ————
Bot™Top=Par ChorCropLear Co:CropLpar
CBot+Crop CBot+Crop

t

(CBot + CTop)3/2 Tran

)

(A.28)
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Verop,pm,p2(t) = ((Cpot + CTop)2 Tran (Iin(TFall —21)+2(Cgor + CTop)Vout) +2CBotCroplin
Trpai—t t
+ Lpgr COS | ———= _ZCBotCTopIinLPar CoS | ——)

CBotC’l‘opLPur CBotCTupLPar
CBoZ+CTap CBot+CTop

(2(CBot + Crop)* Tran) (A.29)

Tran—t
CBotCTopLPar
CBot+CTop

) / (2(Cgor + Crop)* Tran) (A.30)

VeBot,rm,p2(1) = _((Iin((CBot + CTop) Tra1i(Tran _2t) _2C%DPLPar Cos

t
2
+ 2CT0prm cos| —
CBotCTopLPar
CBot+CTap

A.1.3 Fast-Mode - Period 3 circuit analysis

The applicable circuit for the time period Tcjamp < t < oo can be seen in Fig A.2. From his diagram,

applying Kirchhoff’s voltage law and current law, the following Differential equations can be found.

From this diagram, applying Kirchhoff’s voltage law and current law, the following Differential
equations can be found.

Kirchhoff’s Current Law at Oscillation Node

Iin = Ictop,Fm,p3(t) + IcBot,FM,p3 (1) (A.31)
Thus:
dVcrTop,rm,p3(1) dVcpor,Fm,p3(1)
Iin= _CTop Pd[ + CBot Odt : (A.32)

The Laplace transform of this equation can be written as:

I.
% = —Crop (sVeTop,pM,p3() = Verop, pm,p3(0)) + Cgor (SVeBor,pm,p3(S) — Veor,pm,p3(0))  (A.33)
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Iin
5 - —Crop (SVeTop,pm,p3(8) = Verop,pm,p2(Tciamp — Trai))

+Cgot (SVeBor,rm,p3() — Vesor,m,p2(Tciamp — Trair))  (A.34)

Kirchhoff’s Voltage Law

Vour = VeBor,Fm,p3(8) — Vipar,Fm,p3(£) (A.35)
Thus:
dlrpar,Fm,p3(1)

Vour = VeBor,Fm,p3(t) — LWT (A.36)

The Laplace transform of this equation can be written as:

Vout
= VeBot,pm,p3(8) — L(sILpar,rm,p3(s) — ILpar,pm,p3(0)) (A.37)
VOLl[

= VeBor,m,p3(8) = L(SI par,pa,p3(8) = Irpar,em,p2(Tciamp — Trail)) (A.38)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:
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I par,pm,p3(t) =
2 —Tciamp +1 3/2
2(Cpot + Crop)“IinV/ Lpar Trai — 2 cos Nomrm (Crop \/CBot(CBot + Crop)
ot ar

TClump
CBotCTanPar
CBot+CTop

\/CBOI(CBOI + CTop)LPar sin

IinLparsin + IinV/ Lpar(Cpot(Cgot + Crop) TFal1) — C%,zp

TClamp_ Tran

CBUZCTopLPur
CBUZ+CT0p

(Iin(_z TClamp + TFall) + 2(CBot + CTop)Vout) + Zc%oplinLPar

+v CBot((Cgor + CTop) Tran

TClam
cos | ——2P | ZC%OpImme cos

CButCTopLPar
CBat+CTop

TClamp — TFall

CBOZCTopLPar
CBot+CTop

TClamp -1 / 2
sin | ———= 2(CBot +Crop)°V Lpar T, (A.39)
\/m ( Bot Top Par Fall)

VeBor,Fm,p3(t) =

Vour — (((Cor + CTop)2 TranUin(=2Tciamp + Tra11) +2(Cpot + Crop) Vour)

TClamp TClump_ Tran

CBotCTopLPur CBotCTopLPar
CBot"'CTop CBat+C1‘op

/ (Z(CBot + CTop)2 TFall) + Iin(Clgg/ozt V Lpar Tran+

2 2
+2CTopIianmcos —2CT0pIianmcos

_TClamp +1

Vv CBotLPar

COoS

Tei
3/2 . amp 3/2
CTop V CBotLpar Trail + CTop\/ Cpor + CTopLPar s | ————| — CTop

CBDZCTapLPur
CBut+CTan

- TClamp +1

n|——=———|/((Cgor+ Crop)*Trai) (A.40)
VCBotLPar / ? op “

Tciamp — T
. p Fall
\/ Cgor + CTopLPar sS;m | ————————
CBotCTapLPar
CBot+CTop
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A.2 Slow-Mode Operation

In Slow-Mode, the capacitor voltage Vcrop,rm,p1(f) reaches 0 V before the transistor current
Iswitcen(t) reaches 0 A. The circuit can then be modelled in three associated time periods:

* Slow-Mode Period 1 (SM,P1) is applicable for 0 < ¢ < Tciamp-
* Slow-Mode Period 2 (SM,P2) is applicable for Tciqmp < t < Tpau-

¢ Slow-Mode Period 3 (SM,P3) is applicable for Tr,;; < t < oo.

Where Trg; refers to when the bottom switch current reaches 0 A, and Tc;qmp refers to when
the top capacitor, as seen in the previous section, reaches 0 V.

To determine the time-domain equations of the variables for each time period, the following

classical approach is used:

» Step 1: Convert each differential equation to its corresponding Laplace Transform.
¢ Step 2: Solve the Laplace transform mathematically.

» Step 3: Find the inverse Laplace Transform to get the time-domain solution.

Since the resulting equations for V1 (£), Vepor (1), and Iy pg, () will differ for each time period,

these variables will have a subscript referring to the specific mode and time period.

A.2.1 Slow-Mode - Period 1 circuit analysis

The applicable circuit for the time period 0 < # < T¢jam) can be seen in Fig A.2. From his diagram,

applying Kirchhoff’s voltage law and current law, the following Differential equations can be found.

It must be noted that this section is the same as Fast-Mode Period 1, but is repeated for
consistency.

Kirchhoff’s Current Law at Oscillation Node

Iin = Ictop,sm,p1(1) + IcBot,sMm,p1 (1) + Iswitch (1) (A.41)
Where Igyiten = Iin— TI;:” (#) for linear decay of the transistor current. Thus:
dVcrop,sm,p1(1) dv, t I;
Iinz_CTop v + BO[M+II'IZ_ L (1) (A.42)
dat dat Trail

The Laplace transform of this equation can be written as:
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Iin -—C Iin Iin
—~ = Crop (sVerop,sm,p1(8) = Verop,sm,p1(0))+Caor (sVeBor,sm,p1(s) — VCBot,SM,Pl(O))‘f'T— ZTpo
a
(A.43
lin c Iin Iin
—= =—Crop (sVcTop,sm,p1(S) = Vour) + Cor (SVeBor,sm,p1(s) — 0) + — — < (A.44)
s s $°Tran
Kirchhoff’s Current Law at Parasitic Inductor
I par(t) = ICTop,SM,Pl(t) (A.45)
Thus:
dVerop,sm,p1(1)
Itpar(t) = =Crop——" (A.46)
dt
The Laplace transform of this equation can be written as:
Itpar(t) = —=Crop (SVeTop,sm,p1(S) — VeTop,sm,p1(0)) (A.47)
ILpar() = =Crop (sVeTop,sm,p1(8) = Vour) (A.48)

The initial condition for this time period is simply the initial conditions as seen in the original

circuit.

Kirchhoff’s Voltage Law

Vout = Verop,sm,p1() + Vepot,sm,p1(t) = Vipar,sm,p1 (1) (A.49)
Thus:
dIrpar,sm,p1(t)
Vout = VCTop,SM,Pl (t) + VCBot,SM,Pl(t) - LWT (A-50)

The Laplace transform of this equation can be written as:

Voutr

= VeTop,sm,p1(S) + Veror,sm,p1(8) — L(sILpar,sm,p1(S) — Ipar,sm,p1(0)) (A.51)
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Vour
N

= VeTop,sm,p1(8) + Vesor,sm,p1(8) — L(sILpar,sm,p1(s) —0) (A.52)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:

CBotCTu LPar s L
Crolin | = L= sin
Toptin CBot+Crop CBotCroplpar
CBot*+Crop

(Cgor + CTop) Tran

Itpar,sm,p1(t) = (A.53)

VCTop,SM,Pl(t) = (ZCBotCTopIinLPar —(CBot + CTop)Iin tz +2(Cpot + CTop)2 Tra11Vour

t
CBatCTonLPar
Cgot +CT0p

_ZCBOICTopIinLPar COS /Z(CBOI + C'Top)2 Trann (A.54)

Iin(2C2%  Lpar + Cport? + Cropt? —2C3, Lpar cos L

TOp Top CButCTop Lpar
CBDZ+CT0;1

VcBot,sm,p1(t) = (A.55)

2(Cpot + CTop)2 Tran

A.2.2 Slow-Mode - Period 2 circuit analysis

The applicable circuit for the time period Tciamp < t < Trq; can be seen in Fig A.2. From his
diagram, applying Kirchhoff’s voltage law and current law, the following Differential equations can
be found.

Kirchhoff’s Current Law at Oscillation Node

Iin = IcTop,sm,p2(8) + IcBor,sm,p2(£) + Iswitch(F) (A.56)
dVcrop,sm,p2(t) dVcBot,sm,p2(t) ;
Iin:_CTop dt +C30t++lin_ﬁ(t_TClamp) (A.57)

The Laplace transform of this equation can be written as:
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I.
% = —Crop (SVcTop,sm,p2(8) = Verop,sm,p2(0)) + Crot (SVeBor,sm,p2(S) — Vepor,sm,p2(0))
Ill_ I,‘n _IinTClamp (A.58)
s S?Tpay STran '
I.
% = —Crop (sVcTop,sm,p2(8) = Verop,pm,p1 (Tciamp)) +CBot ($VeBor,sm,p2(8) — Voot pm,p1 (Tciamp))
Ill 3 Iin : IinTClamp (A.59)
s $?Tpan  STran '
Kirchhoff’s Voltage Law
Vout = VeBot,sm,p2(t) + Verop,sm,p2 (t) — Vipar,sm,p2 (1) (A.60)
Thus: I -
LPar,SM,P2(1
Vour = VeBot,sm,p2(t) + Verop,sm,p2 (1) — LWT (A.61)
The Laplace transform of this equation can be written as:
|%
L VeBot,sm,p2(8) + Crop,sm,p2(8) = L(SIpar,sm,p2(S) = ILpar,sm,p2(0)) (A.62)
V,
out — VeBor,sm,p2(8) + Crop,sm,p2(8) = L(sILpar,sm,p2(8) = ILpar,sm,p1(Tciamp)) (A.63)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:
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Irpar,sm,p2(t) =
1 —Tciamp +t
e (=2@;pt+ @I;uLp cos(—)
2TFan " (Cgot + Crop)?Lpar Y VCBorLpar

(CBot(Cpor + CTop) TClamp + CTop \/CBOICTop(CBot + CTop)LPar

) Tci
sin | ———— )+ \/CgorLpar 2CBot(Cpot +2Crop) linLpar

CBotCTapLPar
CBot+CTop

—(Cpor + CTop)Iin T(zjlamp +2(Cpor + CTop)zTFullVout + zc%oplinLPar

- TClamp +1

Vv CBotLPar

TClam
Ccos S — )sin (

CBotCTop LPar
CBot +CTup

))) (A.64)

VeBot,sm,p2(t) =
1
2(Cgor + CTop)2 Tran

(- (ZCBot(CBot + CTop) IinLPar) —(CBot + CTop) Iin T(Zjlamp

TClamp
+2(Cpot + CTop)2 TranVour + Zc%oplinLPar cos| ————|)

CBotCTop LPar
CBot +CTop

_TCI +t
cos (#) +2((CBor + Crop)*UinLpar + Tran Vour)

\% CgotLpar
+Iip ((CBot + CTop) V CgotLpar TClamp) + C%)Zp\/ Cgor + CTopLPar

_TClamp +1

\% CBotLPar

TClam
sin ___ramp )sin (

CBotCTup LPar
Cgor +CTop

))) (A.65)

A.2.3 Slow-Mode - Period 3 circuit analysis

The applicable circuit for the time period T¢jamp < ¢ < oo can be seen in Fig. A.2. From his diagram,

applying Kirchhoff’s voltage law and current law, the following Differential equations can be found.

Kirchhoff’s Current Law at Oscillation Node

Iin = IcTop,sm,p3(t) + IcBot,sm,p3 (L) (A.66)
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AdVcrop,sm,p3 (1) dVcpot,sm,p3(1)
Ipn==Crop——"> + Cpor— 0 (A.67)
The Laplace transform of this equation can be written as:
I.
% = —=Crop(sVcTop,sm,pr3(8) = Verop,sm,p3(0)) + Cpot (sVeBot,sm,p3(S) — Vepor,sm,p3(0))  (A.68)
Iin
5 - =Crop(sVcrop,sm,p3(8) = Verop,sm,p2(Tciamp — Trail))

+ CBot(sVcBot,sm,p3(8) — Vepor,sm,p2(Tciamp — Tral))  (A.69)

Kirchhoff’s Voltage Law

Vour = VeBor,sm,p3(8) = Vipar,sm,p3(f) (A.70)
Thus: e "
LPar,SM,P3(L

Vout = Vegot,sm,p3 (1) — L‘"T (A.71)

The Laplace transform of this equation can be written as:

Vout

= VcBot,sm,p3(8) — L(sIrpar,sm,p3(8) — ILpar,sm,p3(0)) (A.72)

Vout

= VcBot,sMm,p3(8) — L(sILpar,sm,p3(S) — ILpar,sm,p2(Tciamp — TFal1)) (A.73)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:
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Irpar,sm,p3(t) =
(2(Cpor + CTop)zlin V' Lpar Trai — CBot(Cpor + CTop)Iin vV Lpar TClamp

_TClamp+t) 3
€0s | ———=|+ V' CBo:(CJ 1/CBot + CroplinL
(\/m Bot\~Top Bot ToplintPar

_\/mTClamp + \/ CTOP(TClump _ l') %
\/m _CTomeianar
0 opPar
. \/WTCI + /CT (TCI -
Sln( o op\/%p amp + 2CBOt(CBot + ZCTop) IinLPar
Bot“TopLPar

sin

—-(C +CT ) T2 +2(C +CT )ZTF V sin(—l t)
Bot i Bot 1l t
[ op)iiniClamp o op a ou C tL ;
. JFall_t / 2
—Z(CB t+CT )21' Lp s1n(— -2 CB tC I; Lp
o op intPar C tL ; ot“~Top"intPar

TClamp (_TClamp + [) )
cos sin 2(Cot +Crop)°\/Lpar Tpa1r| (A74)
(\/m VChotLpar / ( ot + Crop)”V Lrar Tra )

VeBor,sm,p3(t) =
1
2(Cgot + Crop)* Trati Vour — Cop IinL
2(Cgor + CTop)z TFall( (CBot Top) FallVout ToplinLpar
—\/mTClﬂmp+\/CTop(TClamp—l‘) )
o0 - CTopIinLPar
v/CBo:CropLpar

cos ( vV CBor + CropTciamp + v/ Crop(Tciamp — 1)
\Y4 CBotCTopLPar

+ (Cswitch + Cpiode) Iin Tczlamp —2(Cswitch + CDiode)2 Tra11Vour) cos (

) + (=2CBot(Cor + 2CTop)IinLPar

_Tclump +1 )
vV CSwitcthar

) +2Cgotlin \/CBOILPar TClamp

—Tpan+1

\% CBotLPar

_TClamp+t _TClamp+t
sin | ———2— | +2Croplin\V/CrorLpar Tciam sin(—) +2C32
( \% CBotLPar P \% CBotLPar op

Tei —Tciamp +t
\/ CBot *+ CroplinLpar sin e sin ( P )
\/CBotCTopLPar vV CsotLpar

+2(CBor + CTop)zlinLPar Cos (

(A.75)




Appendix B

Mathematical Derivation of Circuit Model
with Double Segment

The turn-off switch current I, ;.1 (t) is modelled as a linear decaying current source but with two
adjustable segments instead of one. The corresponding period is then also broken up into P1A

and P1B to represent the different current functions. This representation of the current is a very

important part of being able to describe the system as a whole mathematically. This example can
be seen in Fig. B.1 below:

A P1A P1B
TTmns TFallB
'
m Trana
E ISw.PlA ) . Im X TTrans
Q (Transs Lin - t—77——
E < TFallA
&
I5,p18(t) R
. — >
E o8 § Time
=~ E S ~
= &~

Fig. B.1 Adjustable Current turn-off waveform through the switch

The functions for the segments are:

Iswp1a(t) =I1p—

IIn
Trana(t)

(B.1)
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The function for the second segment can be derived by substituting two known points into the
line equation and solving the unknowns. The following equation is then derived and will always be
applicable to describe to second part of the current turn-off:

IIn - TFIZIA (TTrans) IIn
ISw,PlB(t) = (t— TTmns) + Iln - (TTrans) (B.2)
Tral1a FallA

In these equations, Ty, 4 is the time taken from ¢ = 0 to where I, p1 4(f) would have crossed
the x-axis, T7rqns is the time taken from ¢ = 0 to where the switching current transitions from
Isw,p1a(8) to Isy, p1p(2) and Tryypp is the time taken from ¢ = Tryqns to t = Trqyp. The only con-
straint is that T7r4ns<Tra114. These values individually are arbitrary, but collectively, they are very
important to the system. This representation can approximate almost all turn-off characteristics.
The use of linear equations also keeps the eventual math as simple as possible without introducing

higher-order events to the equations.

This circuit with adjustable current turn-off can be modelled by applying classical circuit theory,
where the equivalent circuit of each period is analysed independently by applying Kirchhoff’s
Current Law and Kirchhoff’s Voltage Law to solve the circuit variables of the Fast-turn-off equivalent

circuits in Fast-Mode circuit progressions of Fig. A.2.

The functions of I1par (%), Vepor(£) and Verop (1) can then be solved from P1A to P3 by perform-
ing the Laplace transforms on the differential equations of a given period, solving the functions,
and performing the inverse Laplace transform to convert the functions back to the time domain,
exactly like completed in Chapter 4. The equations are made particularly complicated by the
inclusion of the initial conditions of the previous time period and keeping the equations in a
representation form. The corresponding time domain equations for each period can be found in

this section and are only completed for Fast-Mode

The circuit can then be modelled in three associated time periods:

e Fast-Mode P1A is applicable for 0 < t < Trrans.
¢ Fast-Mode P1B is applicable for T1,4ns < t < Trrans + TraliB.

* Fast-Mode P2 is applicable for Tryans + Traip < t < Tciamp-

B.1 Model Equation Derivations

To determine the time-domain equations of the variables for each time period, the following

classical approach is used:

» Step 1: Convert each differential equation to its corresponding Laplace Transform.
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¢ Step 2: Solve the Laplace transform mathematically.

» Step 3: Find the inverse Laplace Transform to get the time-domain solution.

The results from each period are used as the initial values for the next period. Due to this, the
math becomes quite complex, even though assumptions such as linear transistor current and no

damping resistance are used.

To minimise errors in the model, software packages such as Java and Mathematica are used to
solve the differential equations and compute the inverse Laplace transforms. These results are

later verified through simulation and will be discussed in the following sections.

Special attention was given to keeping the model in mathematical form to extract as much

information as possible.

Since the resulting equations for Verop (£), Voot (2), and ILpar (1) will differ for each time period,

these variables will have a subscript referring to the specific mode and time period.

B.1.1 Double Segment - Period 1A circuit analysis

The applicable circuit for the time period 0 < t < T1,4,s can be seen in Fig A.2. From his diagram,
applying Kirchhoff’s voltage law and current law, the following Differential equations can be found.

Kirchhoff’s Current Law at Switching Node

Iin = IcTop,p14(1) + IcTop,P1A(E) + IsW,P1A(F) (B.3)
Where Isw,pia=Iin— TFI"’I‘M (2) for linear decay of the transistor current. Thus:

dV t I;
+ Cpor CBot,P1A(L) 1, - tin

dt dat Trana

dVCTop,PlA(t)

Iin = _CTop (1) (B.4)

The Laplace transform of this equation can be written as:

Iin -_C Iin Iin
— =—Crop (SVcTop,p14(8) = VeTop,p14(0)) + Cor ($VeBor,p14a(S) = VeBor,p14(0)) + — — -
s s $Tran

(B.5)
Iin -_C Iin Iin
— =—Crop (sVcTop,p14(8) = Vour) + Cgor (sVeBot,p1a(s) —0) + — (B.6)

s s $2Trpaila



B.1 Model Equation Derivations 107

Kirchhoff’s Current Law at Parasitic Inductor

Irpar(t) = IcTop,P1A(1) (B.7)
Thus:
AVcrop,p14(1)
Ipar() = —CW+ (B.8)

The Laplace transform of this equation can be written as:

Itpar(t) = =Crop (sVeTop,p14(S) = VeTop,p14(0)) (B.9)

Itpar(t) = =Crop (SVeTop,p14(8) = Vour) (B.10)

The initial condition for this time period is simply the initial conditions as seen in the original

circuit.

Kirchhoff’s Voltage Law

Vout = Verop,p14(t) + Vegot,p1a(2) — Vi p14(1) (B.11)
Thus:
dIppar,p14(1)
Vout = Vetop,p1a(8) + Vepor,p1a(F) —L‘Z—t (B.12)
The Laplace transform of this equation can be written as:
VDMt _
= Verop,p14(8) + Vegor,p1a(8) — L(sILpar,p14(8) = ILpar,p14(0)) (B.13)
VOllf
= Verop,p14(8) + Vegor,p1a(8) — L(sILpar,p14(s) —0) (B.14)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:
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CButCTo LPur : t
CrooIiv | 1= L sin
Toptin Cror+Crop CBotCropLrar
CBot+CTop

(Cpot + CTop) Tralia

ILpar,PlA(t) = (B.15)

Vrop,p14(8) = (2CBotCropIinLpar — (Crot + Crop) Iint* + 2(Cpot + Crop)* Tratia Vout

t
—2CBotCroplinLpar COS | ——— /Z(CBot + CTop)2 Traia (B.16)
CBorCTopLPar
CBot+CTup
Iin(2C3,, Lpar + Cport* + Cropt® =2CF,, Lpar cos L

CBotCTapLPar
CBot*Crop

VBot,p1a(t) = (B.17)

2(Cgor + CTop)2 Tralia

B.1.2 Double Segment - Period 1B circuit analysis

The applicable circuit for the time period T7rqns < t < TTrans + Traiip can be seen in Fig A.2. From
his diagram, applying Kirchhoff’s voltage law and current law, the following Differential equations

can be found.

Kirchhoff’s Current Law at Switching Node

Iin = IcTop,P1B8(1) + IcBot,p1B (1) + Isw,p1B(F) (B.18)
Where:
Irn— TFIZIA (Trrans) I
ISw,PlB(t) = (r- TTmns) + IIn - (TTrans) (B.19)
Traiia FallA

for the second segment of the switch turn-off the current. Thus:

dVcrop,p1B(1) dVcBot,p1B(1)
Iinz_CTop dt + CBor dt
1
Irn— T - (Trrans) Iy
+ Lalla (t=Trrans) + Iin— & (Ttrans) (B.20)

Traiia FallA
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The Laplace transform of this equation can be written as:

I.
lTn = —Crop (sVeTop,p18(S) — VeTop,p18(0)) + Crot ($VeBor,p18(S) — Vepor,p18(0))
I: e_STTruns I: LT
+ in_ 5 tin _ lin Trans (B.21)
Traiia § S Tralias
I.
% = ~Crop (sVctop,p1B(8) = Verop,p14(TTrans)) + Coor (sVeBor,p18(S) = Vesor,p14(Trrans))
I: e_STTrans I: LT
+ in_ 5 4 tin _ lin Trans (B.22)
Traiia $ s Traiias
Kirchhoff’s Current Law at Parasitic Inductor
Irpar,p1B(8) = IcTop,P1B (1) (B.23)
Thus:
dVcrop,p1B(1)
Itpar,p1B(8) = _CTop+ (B.24)
The Laplace transform of this equation can be written as:
Itpar,p18(8) = =Crop (SVeTop,p18(S) = VeTop,p18(0)) (B.25)
Itpar,p1B(8) = —=Crop (sVeTop,p18(S) = VeTop,p1B(TTrans)) (B.26)

The initial condition for this time period is simply the initial conditions as seen in the original

circuit.

Kirchhoff’s Voltage Law
Vout = Verop,p18(1) + Vepor,p18(£) — Vi, p15(1) (B.27)

Thus:

Adlrpar,p1p(1)
Vour = Vcrop,p18(8) + Vepor,p1s(1) — L‘Z—t (B.28)



B.1 Model Equation Derivations 110

The Laplace transform of this equation can be written as:

VOMI

= Verop,p18(8) + Vegor,p18(8) — L(sILpar,p18(S) — ILpar,p15(0)) (B.29)

VOMI

= Verop,p18(8) + Vegor,p18(S) — L(sILpar,p18(S) = ILpar,p18(TTrans)) (B.30)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:

ILpar,PlB(t) =
CgotCropLp
pLtPar
(Croplin(Tra1iB Trrans + (Traiia— Trrans) (= Trrans + ) +\| ———(+——
Cgor + CTo;a
. r . - TTrans +1
—Tranpsin| ——— |+ (=Traiia+ Traii + Trrans) sin| ———==||))
CButCTopLPur CBotCTUpLPar
CBot+CTop CBot+CTop
/(CBot + CTop) TraiiaTranp (B.31)
Vrop,p1B(1) =

(Iin(ZCBotCTopLPar Traiia— 2CBotCTopLPar Trrans — CBot Trans T]Z"mns
- CTop TraniB le"rans —2(CBor + CTop) Tra11B Trrans(—Trrans + £) — (Cor

+ Crop)(Tra11a— T1rans) (= Trrans + %) +2(Cpor + CTolo)2 TraiiaTra11B Vour

t
CBOZCTopLPur
CBUZ+CT0p

Tt +1
cos | ——=———[))/2(Cgor + Crop)* TratiaTraup (B.32)

CBatCTop LPar
CBot +C1‘op

+ 2CBotCTopIinLPar(_TFallB Cos + (=Tratia+ Trauis + Trrans)
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VBor,p1B(8) =
2 2 2 2
(Iin(ZCTopLPur Traiia— 2CTopLPar Trrans + Cgot Trans TTrans + CTop Trans TTrans

+2 (CBOI + CTop) TFallB Trrans (= Trrans+ 1) + (CBot + CTop) (TFallA — Trrans)

t
CBut CTopLPar
CBut+C1‘up

M /2(Cpot + Crop)* TratiaTranp  (B.33)

(=T1rans+ t)z + ZC%OPLPar(_ Tra118COS

—Trrans+t
CBotCTupLPar
CBot+CTop

B.1.3 Double Segment - Period 2 circuit analysis

+ (=Traiia+ TraiiB + T1rans) COS

The applicable circuit for the time period T7rans + Tranp < t < Tciamp + Trau1 can be seen in Fig
A.2. From his diagram, applying Kirchhoff’s voltage law and current law, the following Differential

equations can be found.

As stated above, in this time period, it is important to remember that the initial conditions for
this time period are the final conditions for the previous time period. From this diagram, applying

Kirchhoff’s voltage law and current law, the following Differential equations can be found:

Kirchhoff’s Current Law at Switching Node

Iin = IcTop,p2(t) + IcBot,p2(1) (B.34)
Thus:
dVer p2(t) AVepor.p2 (b)
Iin= _CTop+ Bot;—l;z (B.35)

The Laplace transform of this equation can be written as:
Iin

5 - —Crop (sVeTop,p2(8) = VeTop,p2(0)) + Coor (SVeBor,p2(8) — Vepor,p2(0) (B.36)

I.
% = —Crop (SVcTop,p2(5) = Vetop,p1B(Tra1ip)) + Crot (SVeBor,p2(8) — Vesor,p1B(Traip))  (B.37)
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Kirchhoff’s Current Law at Parasitic Inductor
Irpar,p2(t) = IcTop,p2(1) (B.38)
Thus:
AVcrop,p2(1)
Irpar,pa(t) = =Crop———— (B.39)
dt
The Laplace transform of this equation can be written as:
Irpar,p2(1) = =Crop (sVeTop,p2(8) = VeTop,p2(0)) (B.40)
Itpar,p2(0) = =Crop (sVeTop,p2(8) = Verop,p1B(TRalis)) (B.41)
Kirchhoff’s Voltage Law
Vout = Vcrop,p2(t) + Vepor,p2 (£) — Vi, p2 (1) (B.42)
Thus:
dIpar,p2(1)
Vout = Vcrop,p2(t) + Vepor,p2 (1) — L+ (B.43)
The Laplace transform of this equation can be written as:
Vout _
= Vertop,p2(8) + Vegor,p2 () — L(sILpar,p2(s) — ILpar,p2(0)) (B.44)
Vout
= Verop,p2(8) + Vesor,p2(8) = L(SItpar,p2() — Ipar,p18(Tralip)) (B.45)

Resulting Time-Domain Equations

When the Laplace transforms derived above are solved, the corresponding Inverse Laplace Trans-

forms, so the solved time-domain equations can be seen below:



B.1 Model Equation Derivations 113

ILpar,PZ(t) =

(CTopIIn(\/CBotCTop(CBot + Crop)Lpar TraliaTFallB

t
CBotCTapLPar
CBot+CTap
—Trrans+1 —Traiip— Trrans +t )))/

sin| ——= |+ (Tra11a— Trans) sin
CBotCTopLPar CBotCTapLPar
CBot+CTop CBot+CTop
3/2
(CBot + CTop) \/ CBotCTopLPar TraiiaTranp  (B.46)

+ CBotCTopLPar (= TFaupsin +(=Tratia+ Tra11s + Trrans)

Verop,p2(t) =
—((Cpor + CTop) TraniBUinTrrans (TraiiB + Trrans) + linTraliA(Traig + 2(—=TraliB

= Trrans + 1) = 2(Cpor + CTop) Tra11aVour) + 2CBotCTopIinLPar

t
CBotCTopLPar
CBot+CTop

—TraiiB = Trrans + t

CBDZCTopLPm
CBot+CTap

—Trrans+t
CBatCTopLPar
CBat+CT0p

))/Z(CBot + CTo;;)2 TraiiaTranp (B.A7)

(Trai1B COS + (Traiia— Tra1iB — T1rans) COS

+ (=Traiia + Trrans) COS
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VcBor,p2(t) =

(Irn ((CBot + CTop) Traiig (Trrans (Tratig + Ttrans) + Tralia (Traiig + 2 (=Traii — Trrans + 1))

2 t

+2C,pLpar (= Trai1p €08 | ———=
CBo[CTopLPar
CBot+CTop

- TTrans +1
CButCTopLPar
CBaz+CTop
- TTrans +1

CButCTopLPar
CBot+CTop

+ (=TFralia+ TraiiB + TTrans) COS

+ (Tratia — Trrans + Tra1ip — TTrans) COS

_TFallB —Trrans+

CBotCTopLPar
CBot+CTap

(Traiia — Trrans) cOs

t
/2 (Csot + Crop)” TrataTrans  (B.48)
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