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Abstract

Transcranial magnetic stimulation (TMS) uses electromagnetic induction to induce electric cur-
rents in brain tissue via a time-varying magnetic field from a coil, stimulating neuronal activity.
While TMS is widely studied and utilized in humans, its adaptation for small animal research is
limited, primarily due to the technical challenges associated with generating high-current pulses
through miniature coils and managing associated heating issues. Existing TMS pulse generators
are typically large, expensive, and designed for human use, with limited availability of compact,
cost-effective systems suited for small-scale experiments. Furthermore, accurate modeling of TMS
pulse generation circuits, particularly those incorporating dynamically controlled switching devices,
remains underdeveloped.

This thesis presents the design, development, and validation of a new supercapacitor-based pulse
generator and accompanying dynamic modeling framework specifically tailored for small animal
TMS applications. The proposed system leverages a pre-charged commercial supercapacitor module
as the primary energy storage unit, eliminating the need for external high-voltage DC supplies or
multipliers traditionally used in TMS systems. This approach offers significant advantages in terms
of size, cost, and safety, while maintaining the ability to deliver high-current, high-magnetic-field
pulses essential for effective stimulation.

The pulse generator architecture integrates a MOSFET device, which is operated not as a simple
switch, but as a dynamically varying resistive element. By applying a triangular gate voltage
waveform, fine control over the MOSFET’s resistance is achieved, allowing precise shaping of pulse
parameters including rise time, fall time, pulse width, and peak current. The generated magnetic
field amplitudes ranged between 200400 mT with coil current amplitudes reaching up to 50 A with
an input of 1 V. Pulse durations could be tuned between 50-250 us by adjusting the gate waveform
characteristics, providing flexibility to mimic different TMS protocols.

A significant contribution of this research is the development of a novel MATLAB-based model
for simulating the dynamic behavior of the pulse generator circuit. The MOSFET is modeled as a
variable resistance whose value changes at every instant, capturing its behavior across subthreshold,
threshold, and above-threshold regions. A new governing equation was modified from existing
equation to accurately represent this time-dependent resistance, allowing for the solution of the
coupled differential equations governing the RLC circuit dynamics. The model was tested against
experimental data using triangular, sinusoidal, and quadrilateral gate voltages.

Experimental characterization demonstrated the generator’s ability to produce consistent, re-

peatable pulses without requiring recharge after every pulse, due to the high instantaneous power



ii

delivery capability of the supercapacitor module.

The key outcomes of this work are:

1. The successful design of a compact, supercapacitor-based TMS pulse generator suitable for
small animal research, capable of delivering flexible, controlled magnetic pulses without the

need for high-voltage supplies.

2. The introduction of a dynamic pulse shaping strategy using a triangular gate voltage applied

to a MOSFET operated as a variable resistor.

3. The development of a new MOSFET-RLC model that accurately predicts circuit behavior,

validated against experimental results with various waveform inputs.

4. Demonstration of adjustable pulse amplitudes (200-400 mT'), tunable pulse widths (50-250 us),

and efficient system operation suitable for low-to-moderate repetition rates.

This research demonstrates the supercapacitor-based pulse generator and its accompanying MAT-
LAB model for small-scale TMS applications. The flexibility in pulse generation and the ability to
create custom pulse shapes provide a strong foundation for future exploration in TMS research,
particularly for animal studies. Additionally, the dynamic modeling approach introduced provides
a foundation for more advanced simulation and optimization of TMS pulse generation systems in

both preclinical and clinical research contexts.
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Chapter 1

Introduction

1.1 Transcranial Magnetic Stimulation (TMS)

Transcranial magnetic stimulation (TMS) is a non-invasive technique that electrically stimulates
neural tissue, including the cerebral cortex and peripheral nerves. Developed in the mid-1980s by
Barker and colleagues [1H4], TMS has become an invaluable tool in both experimental neuroscience
and clinical applications [5H9]. It allows for the modulation of neuronal activity, offering insights
into brain function, and providing therapeutic benefits for various neurological and psychiatric
conditions [T0HI9].

TMS has emerged as a valuable noninvasive tool for modulating brain function in both research
and clinical settings. It holds promise for treating various neurological and psychiatric disorders
such as major depressive disorder [20-26], Parkinson’s disease [27H31], stroke [32-35] and anxiety
disorders [25, [361-40)].

1.1.1  Principles of TMS

TMS operates on the principle of electromagnetic induction, a process explained by Ampére’s cir-
cuital law and Faraday’s law of induction. The technique involves placing a stimulation coil over
the head, which generates a rapidly changing magnetic field. These pulses penetrate the scalp and
skull, inducing secondary ionic currents in the brain tissue, leading to neuronal depolarization at
specific points along nerve fibers. Unlike direct electrical stimulation, which requires current to flow
between electrodes placed on the scalp, TMS uses magnetic fields to induce currents without direct
electrical contact. This allows TMS to non-invasively stimulate specific brain regions [41H43]. This
is demonstrated in Fig. which illustrates how the TMS mechanism works. The spatial distribu-
tion of the magnetic field is largely determined by the design and configuration of the stimulation
coil. Commonly used coil shapes include figure-eight and circular designs, each offering different
focal points and depths of penetration [44-46]. The induced electric field, however, is affected by the
brain anatomy and the varying electrical conductivity of different tissues. At the interfaces between
tissues with different conductivity, charge accumulations occur, generating secondary electric fields
that influence the overall electric field distribution [47, 48].
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Figure 1.1: Principle of transcranial magnetic stimulation where the coil and its magnetic field
induces current in the brain tissues. Source: Image used under license from shutterstock.com

1.1.2  Applications of TMS

TMS can be administered in various forms, such as single pulses, pairs of stimuli, or repetitive
stimuli (rTMS) at different frequencies, allowing for the modulation of excitability in the cerebral
cortex. This versatility makes TMS a significant tool in understanding the pathophysiology of neural
circuitry underlying neurological and psychiatric disorders. In clinical settings, rTMS protocols
can produce long-lasting changes in brain activity, providing therapeutic benefits for patients with
treatment-resistant disorders such as depression and chronic pain. TMS has also been introduced as
a non-invasive and safe method for activating the human motor cortex and assessing the integrity
of central motor pathways, with applications in clinical neurophysiology, neurology, neuroscience,
and psychiatry [49-52].

1.1.3 Importance and future directions

The effectiveness of TMS is influenced by both the spatial and temporal characteristics of the
induced electric field. The spatial distribution of the magnetic field is largely determined by the
pulse input, configuration and shape of the stimulation coil, while the induced electric field is
also affected by the brain anatomy and varying electrical conductivity of different tissues [53l-
56]. Temporally, the response of neurons to TMS depends on their intrinsic properties, such as
membrane excitability and geometry, making the temporal modeling of TMS responses complex
yet crucial for understanding its mechanisms and optimizing its applications. However, despite
the promising studies supporting its potential [50, 57|, more research is necessary to establish the
precise role of TMS in clinical neurology and to determine its full clinical value. Understanding the
precise interaction of TMS induced fields with brain tissue is essential for improving its efficacy and
safety. The main challenges with efficacy include variability in patient response and the difficulty
in precisely targeting the desired brain regions. Safety concerns primarily revolve around the risk

of seizures, discomfort during treatment, and potential long-term effects that are not yet fully
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understood [0, [68H62]. Theoretical and computational modeling play a crucial role in advancing
TMS technology. By simulating the induced electric fields and their interaction with brain anatomy
[63H7T], researchers can optimize coil designs, predict outcomes of TMS interventions, and tailor
treatments to individual patients |72} [73].

During the application of TMS procedure, the cortical and sub-cortical tissue adjacent to the
target area may also receive the stimulation at a lower intensity [74H76]. The underlying mecha-
nisms of TMS and optimal application strategies remain incompletely understood. The main reason
for the gaps in TMS studies is due to its initial acceptance stage. Unlike other clinically accepted
procedures, TMS lacks a substantial body of non-human data, which has hindered its early de-
velopment and broader acceptance. Most clinical procedures undergo extensive testing in animal
models before being applied to humans, providing a wealth of data that supports their efficacy and
safety. TMS, however, primarily advanced through direct human studies, resulting in a limited
understanding of its mechanisms and long-term effects.

In summary, users are often driven more by practical concerns than by an interest in the technol-
ogy’s internal functioning [77H79]. As a result, users operate based on presumptions and inadequate
information [7]. Therefore, it is crucial to conduct detailed studies on TMS to understand its ac-
tual effects comprehensively. By doing so, we can identify the specific factors that influence its
outcomes and enhance the overall process. This detailed understanding will enable us to optimize

TMS protocols, improve efficacy, and ensure safer application in clinical and research settings.

1.2 Significance of small animal TMS

Human studies have provided critical insights into the therapeutic potential of TMS. However,
ethical concerns and practical challenges limit comprehensive investigations into TMS neurological
mechanisms in humans. This limitation underscores the significance of utilizing animal models,
particularly mice, in TMS research. Small animal models offer controlled environments to explore
fundamental neurophysiological mechanisms that are difficult or impossible to study directly in
humans [59, [80-83].

In light of the US government approval of magnetic stimulators for peripheral nerve stimulation,
animal safety studies were not carried out. As a result, the device was used experimentally and
unofficially for brain stimulation without the typical preliminary animal testing that usually sup-
ports clinical applications. This led to its use on the brain without the extensive safety and efficacy
data typically gathered from non-human studies, contributing to its experimental status and initial
gaps in understanding [5} [7, O, 84-87]. The food and drug administration (FDA) approval of the
r'TMS device to treat depression in the absence of data on animal safety has limited the potential
for animal studies that could reveal more about the device internal workings and improvements
[1L 21 5], [88HI5].

Animal studies are crucial for probing beyond the effects of TMS on action potentials and un-
derstanding the basic cellular mechanisms underlying TMS stimulation. It is essential to determine

the specific effects of TMS excitation and identify the contributing tissues. Additionally, assessing
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potential adverse effects on nearby tissues and elucidating the exact mechanisms by which action
potentials are produced remain unclear in human studies. These critical data can only be obtained
through animal experiments, improving our overall understanding [96].

Animal models face challenges due to physical differences; human TMS equipment cannot easily
scale down for smaller brains, potentially stimulating a significant portion of the animal body.
Historically, this mismatch has hindered effective TMS animal studies, delaying direct applications
in humans. Successfully validating new treatments effectiveness and safety through animal studies is
essential for advancing novel therapeutic techniques and reducing research costs. Despite extensive
research on coil enhancements, TMS stimulator circuits in mice remain understudied [84].

There is considerable variability in how TMS affects excitability and other performance measures
across individuals and sessions. Animal experiments aim to comprehensively understand the nature,
mechanisms, and causes of TMS effects. Much research has focused on developing small animal coils,
especially for mice, given that human coils are unsuitable for animal use.

TMS response variation is influenced by the interaction between cortical neurons and the elec-
tric field induced by the magnetic pulse. Understanding these variables is crucial for exploring
the diverse mechanisms underlying TMS activities, many of which remain unexplored. FEffective
experimental control over these mechanisms, including variations in stimulus amplitude, coil de-
sign, frequency, and duration of input pulse, is vital for understanding the polarity and degree of
modulation (magnitude of changes in brain activity) induced by TMS.

Small animal TMS studies are pivotal for several reasons:

1. Mechanistic insights: Small animal models provide a platform to study the precise effects
of TMS on neuronal circuits and synaptic plasticity at a cellular and molecular level. Unlike
human studies, where direct investigation of these mechanisms is limited, small animal models
allow for invasive methods to explore changes in synaptic efficacy, neurochemical profiles, and

gene expression patterns induced by TMS.

2. Translational relevance: Findings from small animal TMS studies can inform and optimize
clinical TMS protocols for humans. By mimicking human TMS conditions as closely as possible
in small animals, researchers can better understand how different stimulation parameters affect

brain function and tailor therapeutic strategies accordingly.

3. Technical advancements: The development of specialized TMS coils and experimental setups
for small animals is crucial. Current commercial TMS systems designed for humans are
often too large and lack the spatial resolution required for precise stimulation of mice brains.
Innovative coil designs and input pulse configurations, such as those optimized for inducing
specific electric field strengths with minimal energy consumption, are advancing the field of

small animal TMS studies.

4. Cost and efficiency: Conducting initial studies in small animals is more cost-effective and
time-efficient compared to human trials. Small animal models allow researchers to conduct
systematic studies with larger sample sizes, evaluate safety profiles, and optimize stimulation

parameters before translating findings into clinical trials.
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5. Ethical considerations: Utilizing animal models for TMS research helps address ethical con-
cerns associated with direct experimentation on human subjects. Small animal studies provide
essential preliminary data to justify and refine clinical trials, ensuring that human participants

receive safe and effective TMS treatments.

6. Exploring cellular mechanisms: Animal studies allow researchers to delve into the fundamental
cellular mechanisms underlying TMS effects. These include understanding how TMS-induced
magnetic fields interact with neurons to alter their membrane potentials and trigger action
potentials. Factors such as intrinsic neuronal excitability, cell morphology, and orientation
relative to the magnetic field are critical in determining the neural response to TMS, which

can be systematically studied in animal models.

7. Assessing tissue effects: It is essential to evaluate the effects of TMS not only on neurons but
also on surrounding tissues. Animal models provide an opportunity to investigate potential
adverse effects and to optimize stimulation parameters to minimize unintended consequences.
This includes studying whether TMS affects tissues beyond the targeted cortical regions and

how different coil designs or stimulation protocols can mitigate such effects.

8. Scaling challenges: Scaling down human TMS equipment for use in animals has historically
presented challenges due to the disparity in brain size and anatomy. This limitation has
necessitated the development of specialized coils and experimental setups tailored to small
animals like mice. Innovations in coil design and experimental techniques are crucial for

achieving spatial precision and replicating human-like TMS conditions in small animals.

9. Variability in TMS response: TMS responses can vary significantly between individuals and
sessions, influenced by factors such as coil geometry, stimulation frequency, intensity, and
duration [43], 57,84, 97-H103]. Animal studies allow for controlled experiments to systematically

manipulate these variables and elucidate their effects on neuronal excitability and plasticity.

10. Enhancing clinical translation: Insights gained from animal studies are indispensable for op-
timizing TMS protocols before clinical trials in humans. They provide a foundation for de-
veloping safer and more effective treatment strategies, thereby accelerating the translation of
TMS research into clinical practice [104] [105].

In conclusion, small animal models play a crucial role in advancing the understanding of TMS
and its application in both research and clinical settings. By providing a controlled environment,
small animal studies enable exploration into intricate cellular mechanisms, assessment of tissue
interactions, and understanding of variability in TMS responses. These insights are fundamental
for refining TMS protocols and translating discoveries into clinical applications. Ultimately, small
animal TMS research bridges the gap between basic science and clinical application, offering promise
for developing targeted and effective interventions for neurological and psychiatric disorders in
human patients.

TMS stands out among medical treatments due to its minimal reliance on animal studies com-

pared to other scientifically and clinically accepted therapies. This unique approach stems from
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several key factors. Firstly, TMS is fundamentally noninvasive, meaning it does not require surgical
procedures to deliver magnetic pulses to the brain. This safety profile allowed for early human trials
without extensive preclinical testing on animals. Moreover, TMS was initially adopted by neuro-
physiologists who had a long-standing tradition of using various forms of stimulation on experimental
subjects, including themselves. This tradition of self-experimentation and direct application to hu-
man subjects contributed to the early acceptance and exploration of TMS without the extensive
non-human testing typically seen with other clinical procedures. This familiarity with stimulation
techniques facilitated its early human experimentation, bypassing the need for extensive animal
studies.

The clinical adoption of TMS further reduced the emphasis on animal studies. TMS gained
popularity in clinical psychiatry and neuroscience due to its therapeutic potential, rather than a
comprehensive understanding of its neural mechanisms. Positive therapeutic outcomes in human
trials, coupled with regulatory approvals based on safety data from these trials, decreased the
urgency for detailed animal studies aimed at explaining its mechanisms.

Despite its clinical success, there remains a limited understanding of the precise neural mech-
anisms underlying TMS. Therefore, while TMS has demonstrated efficacy and safety in human
trials, further research into its neural effects and optimization of stimulation techniques could lead

to enhanced therapeutic outcomes and broader applications in the future [7].

1.3 Mouse coil development

A major challenge in small animal TMS studies is the lack of coils specifically designed for mouse.
Most research relies on commercial human coils, such as "small" figure-of-eight or round coils, which
are larger than the mouse brain. These coils can deliver high-intensity stimulation (1-2 T) similar
to human studies, but they often lack the spatial resolution required for effective small animal brain
stimulation [I06HI108]. To address this issue, some researchers have attempted to improve focality by
offsetting the coil positions, though this method can be complex. An alternative approach involves
scaling down the coil size to enhance focality. Recent advancements have demonstrated that smaller
coils can maintain high-intensity capabilities but still often result in relatively unfocused stimulation.
Conversely, mouse-specific coils with diameters as small as 8 mm have been successful in inducing
structural and molecular plasticity in mouse brain regions [109} [110]. However, these low-intensity
coils may not fully replicate the effects achieved with the higher intensity TMS used in human
studies [111].

Rodent models of TMS are essential for understanding the cellular and molecular mechanisms
of TMS-induced plasticity. Traditionally, mouse-specific TMS delivered focal stimulation at low
intensities (12 mT). Two new TMS coils have been developed to deliver repetitive TMS (rTMS)
at higher intensities while maintaining spatial resolution [80]. These coils, one with an air core
and the other with a pure iron core, can generate peak magnetic fields of 90 mT and 120 mT,
respectively. The iron-core coil, though less focal, increased motor evoked potential amplitudes in

rats, showing its potential for studying r'TMS effects in experimental settings. Similar-sized coils for
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peripheral-nerve stimulation have been demonstrated in a figure-of-eight configuration by Colella
et al. [112].

Recent studies have aimed to reduce heating effects during magnetic resonance imaging (MRI)
scans, which are often exacerbated by deep brain stimulation (DBS) involving direct metal contact
with brain tissue. Micro coils (¢MS) have emerged as a promising alternative, offering electromag-
netic induction without direct metal contact. Compared to traditional metal wires, uMS coils cause
significantly less heating during MRI scans. Numerical simulations and experimental measurements
show that uMS technology can substantially lower local specific absorption rate (SAR) and heating,
making brain stimulation techniques safer [113].

Recent advancements have produced smaller TMS coils, such as Bonmassar et al. [113] sub-
millimeter coil (0.5 mm diameter), which generated 10 mT B-fields and 6 V/m E-fields, affecting
action potential production in retinal ganglion cells with minimal heating during MRI use. Minusa
et al. developed implantable magnetic stimulators for mice with coils (1 mm long, 0.5 mm diameter)
that provided highly focused 5 mT B-fields. Novel designs like tilted coil cores, demonstrated by
Meng et al. [114], and stream function methods for focused stimulation with minimal heating, as
shown by Sanchez et al. [I15], offer improved field focus and reduced thermal effects [116].

While these advancements have significantly improved the capabilities of mouse-specific TMS
coils, challenges remain in balancing high stimulation intensity with spatial resolution. There is
ongoing research to develop coils that can deliver high-intensity stimulation while maintaining good

focality, addressing physical constraints such as thermal and mechanical stress.

1.4 Importance of pulse shaping

While the importance of pulse shaping in TMS has been a latest research area, the specific pulse
shape characteristics critical for neural stimulation require clearer definition. Studies have shown
that both pulse width and intensity significantly influence facilitation and inhibition effects, with
variations in pulse width producing outcomes similar to changes in intensity [117]. Moreover, pulse
strength can be modulated through adjustments in either amplitude or duration, highlighting the
need for precise control over these parameters [I18]. In repetitive stimulation paradigms, such as
quadro-pulse stimulation, carefully timed sequences of monophasic pulses have proven more effective
than conventional paired pulses in inducing neuroplastic changes [119]. These findings underline
that key controllable features, particularly pulse width, peak amplitude, rise and fall times, and
pulse train timing are critical to optimizing stimulation outcomes.

There are a number of techniques to regulate the TMS response [57) 80} 120}, 12T, [121]; nonethe-
less, the input provided to the TMS coil is the most significant and vital component [122H127].
Since this is the primary source of excitation, altering the input pulse that generates stimulation
may have a greater impact than other modifications. We now have flexibility in creating the neces-
sary pulse shapes and adjusting them to improve response owing to the fast developing electronics
field. Pulse shaping in TMS circuits is of paramount importance due to its direct influence on the

efficacy and precision of neural stimulation |78 117, 120, 128-135]. The pulse shape refers to the
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Figure 1.2: Schematic representation of the mouse TMS pulse shaping concept. This illustrates how
different pulse shapes and amplitudes affect magnetic and electric fields in neurons. The diagram
highlights the TMS coil’s position on the mouse head and the resultant magnetic field.

specific waveform of the electrical current to the TMS coil, which generates the magnetic field used
to stimulate the brain.

Figure illustrates the schematic representation of the mouse TMS pulse shaping concept.
This figure demonstrates how various pulse shapes and amplitudes can produce different magnetic
and electric fields in the neurons. The diagram includes a mouse head with a TMS coil (developed by
Khokhar et al. [136]) positioned to deliver the pulse. The coil generates magnetic field. Additionally,
the figure zooms in on the pulses, showing different pulse widths and their respective effects on the
magnetic and electric fields. This depiction emphasizes the importance of precise control over pulse
characteristics in TMS applications, highlighting the impact on neuronal stimulation. Pulse shaping

is crucial because:

1. Targeted neural activation: The shape of the electrical pulse determines the characteristics
of the induced magnetic field and, consequently, the spatial and temporal distribution of the

electric field in the brain [14], 87, [128] [129] T37-H140].

2. Modulation of stimulation parameters: Pulse shaping allows for precise control over various
stimulation parameters such as pulse duration, amplitude, and frequency. These parameters
can significantly influence the physiological response of neurons to TMS. For example, altering
the pulse duration can affect the depth of penetration of the induced electric field and the

extent of neural activation. Similarly, adjusting the pulse amplitude can modulate the strength

of stimulation delivered to neurons [117, 120} 139 141l [142].

3. Enhanced therapeutic efficacy: In clinical applications, such as treating psychiatric disorders
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or neurological conditions, optimizing pulse shape can enhance the therapeutic efficacy of
TMS. Fine-tuning the pulse characteristics based on individual patient factors or specific

treatment goals may lead to improved patient outcomes and reduced side effects [143H146].

4. Advanced research capabilities: Pulse shaping capabilities in TMS circuits have expanded
with advancements in electronics and computational modeling [147, [148]. Researchers can now
design complex pulse waveforms for human coils that mimic physiological patterns or explore
novel stimulation paradigms. This capability opens doors to investigating new mechanisms of

action and optimizing TMS protocols for both research and clinical purposes.

5. Safety and comfort: Tailoring pulse shapes can also contribute to improving the safety and
comfort of TMS procedures [0, [58-62]. By minimizing unnecessary stimulation outside the tar-
get area and optimizing energy delivery, researchers can mitigate adverse effects and improve
tolerability, thereby enhancing the overall feasibility and acceptance of TMS as a therapeutic

tool.

In summary, pulse shaping in TMS circuits represents a critical advancement that facilitates
precise control over neural stimulation parameters. This capability not only enhances our un-
derstanding of brain function through research but also holds promise for optimizing therapeutic
outcomes in clinical settings. As technology continues to evolve, further innovations in pulse shap-
ing will likely continue to expand the capabilities and applications of TMS in neuroscience and

medicine.

1.5 Strategy of the research

This research employs a systematic approach to enhance pulse circuitry tailored for small-scale TMS
coils. Initially, the study identifies existing gaps in TMS technology concerning its application in
small animal studies. Subsequently, the methodology focuses on circuit design, aiming to develop a
robust pulse generation system capable of delivering precise and adjustable stimuli. Experimental
validation plays a pivotal role, where hardware setups are tested to ensure functionality and safety.
The study innovates further by improving gate voltage control mechanisms, facilitating the pro-
duction of tailored pulse shapes crucial for effective neuronal stimulation. A MATLAB simulation
model is then developed to analyze and refine MOSFET behaviors within the circuit, enabling deeper
insights into pulse characteristics under various conditions. Finally, optimization efforts concentrate
on fine-tuning pulse parameters such as amplitude, duration, and symmetry, aiming to maximise
the pulse-shaping function capability of the developed system in TMS applications. This com-
prehensive methodology integrates theoretical research with practical experimentation. Figure [I.3]
illustrates the strategy of the research encompassing gap identification, circuit design, experimental
testing and verification, gate voltage innovation, MATLAB modeling, and pulse optimization, aimed

at enhancing small-scale TMS coil functionality.
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Figure 1.3: Methodology used for this research. Here vgg refers to the gate source voltage of the
MOSFET

1.6 Structure of the thesis

This thesis investigates the development of electronic circuitry for shaping current pulses specifically
tailored for small-scale transcranial magnetic stimulation coils. The research aims to address two
primary objectives: first, to design a current pulse circuit capable of generating sufficient field
strength for effective neuronal stimulation in small animals; second, to establish a control over
the pulse shape. This entails exploring various parameters such as pulse duration, amplitude,
shape, and pulse-width, and their impact on stimulation efficacy and safety. The thesis will delve
into the complexities of pulse shaping in TMS circuits, emphasizing the importance of precise
control over key pulse characteristics. This precision is crucial for achieving reliable experimental
outcomes and effective clinical applications, enabling other groups to carry forward this research
and test it in clinical experiments. By bridging fundamental research with practical applications,
this research seeks to contribute novel insights into advancing TMS technology for neuroscientific
research and therapeutic interventions. Figure [I.4] illustrates the structure of the thesis, outlining
the key chapters and their main topics. Each box represents a chapter, with arrows indicating the

flow and progression of the content.

Chapter 1 introduces TMS as a principal tool in neuroscience and clinical applications, empha-
sizing its importance in non-invasive brain stimulation. It highlights the significance of TMS in

small animal research and explores the role of pulse shaping in enhancing precision and efficacy.

Chapter 2 provides an overview of foundational TMS stimulation circuit layouts used in both
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research and medical applications. It discusses various circuit topologies and advancements in pulse
shaping techniques, focusing particularly on developments relevant to mouse TMS circuits.

Chapter 3 details the components used in TMS circuit design, providing structural insights and
operational principles. It includes a comprehensive explanation of each component.

Chapter 4 covers the development and experimental validation of a pulse generation prototype
aimed at improving TMS applications. It progresses from initial design stages to a functional pro-
totype, highlighting the circuit’s evolution and operational modes. Published results from IECON
(IEEE Industrial Electronics Society Conference) 2023 underscore its advancements.

Chapter 5 explains the control mechanism for generating gate voltages, particularly for shaping
TMS output pulses. It examines the transition to triangular waveform gate voltages and evaluates
their impact on pulse characteristics. Experimental results demonstrate the circuit’s efficacy in
producing precise and adjustable pulses.

Chapter 6 details the development of a MATLAB simulation to model MOSFET behavior within
the TMS circuit. It outlines the background study, modifications to existing equations, and the
creation of a comprehensive simulation model capable of predicting output characteristics based on
gate voltage inputs.

Chapter 7 explores the optimization of TMS pulses through parameter adjustments in the de-
veloped pulse generator prototype and corresponding MATLAB model. It focuses on understanding
how changes in capacitor voltage, gate voltage amplitude, and pulse symmetry affect pulse outputs.
Experimental validations and simulations validate these modifications, enhancing flexibility and ef-
fectiveness in TMS protocols and providing a better understanding of pulse shape. This chapter
also outlines the process of recreating the existing TMS pulse shape using the prototype, along with
exploring various pulse shaping possibilities.

Chapter 8 provides a comprehensive summary of the thesis, highlighting the key findings and
contributions made throughout the research. It reflects on the main outcomes, including the devel-
opment and validation of the proposed circuit design and its implications for TMS applications.

Chapter 9 addresses the limitations of the current work and proposes future research directions

to overcome these challenges.

1.7 Publications

The research presented in this thesis has led to the following publications. Author attribution forms

are included in Appendix [E]

1. Published in IEEE IECON 2023, the 49th Annual Conference of the IEEE Industrial Elec-
tronics Society (IES) — Included in Chapter [4] Section [4.5.1]

2. Poster presented at the Australasian Winter Conference on Brain Research (AWCBR), Queen-
stown, Aug/Sep 2023 — Included in Appendix

3. Poster presented at NZIP & PHYSIKOS 2023 Conference, Massey University - Albany Cam-
pus, Auckland, 3-5 July 2023 — Included in Appendix [4]
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4. Presented and publicated in IEEE IECON 2024, the 50th Annual Conference of the IEEE
Industrial Electronics Society (IES) — Included in Chapter [5, Section

5. Presentated and will be published at APEC 2025, IEEE Applied Power Electronics Conference
and Exposition — Included in Chapter [6] Section

6. Published in Biomedical Physics & Engineering Express journal. Included in Chapter [4]
Section [4.5.2]

7. Published in IEEE Transactions on circuits and systems I-Regular papers — Included in Chap-

ter [6] Section [6.5.2]
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Chapter 2

Literature review & existing TMS pulse

generator topologies

Introduction to chapter

In this chapter, an introduction will be given to the basic layouts used for TMS stimulation circuits
in research and medical applications. These foundational circuits serve as the basis for all existing
topologies, which are often expansions or modifications of these models. The discussion will then
focus on various topologies developed by researchers, along with advancements in pulse shaping
achieved with these circuits. Following this, a dedicated section will cover mouse TMS circuits,
given the focus of this research on small animal coils. Finally, a proposal will be made to explain
the aim of my research, highlighting new innovations and differences intended to be brought to the
field of TMS circuits.

2.1 Basic Models for stimulation of TMS coils

2.1.1 Source-free series RLC circuit with precharged capacitor

The source-free series RLC as shown in Fig. [2.1)(a) is a basic electrical circuit which can be used as
a oscillator, also in the absence of a resistor. The analysis of the RLC circuit is as follows: Applying
Kirchhoff’s law to the Figure [2.1

ve + Ri(t) + Ldzd(tt) 0, (2.1)
o dq(t) dve
where i(t) = 5 = C o (2.2)

where L is the inductance of the TMS stimulation coil, v.(t) is the voltage at the capacitor. Sub-
stituting i(¢) in Eq. (2.1)) gives

d?v, E dve n L
dt? Ldt L

ole = 0 (2.3)
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Figure 2.1: Source-free series RLC circuit with precharged capacitor & its generic damping curves.
Here R, is the value of R to give critical damping[I49]. (©) 2020, John Wiley and Sons.

Solving we obtain, for the initial condition ¢ = 0 at t = 0, and for % > (%)2

ve(t) = Ae”*sinwt (2.4)
where R
— 2.
a= o7 (2.5)
1 R\?
— = () 2 a2
w c <2L> w2 — (2.6)

where w, is the undamped resonant frequency. This circuit ability to resonate at a particular
frequency, the resonance frequency f, is one of its key characteristics.

The solution can be divided into 3 cases

1.The circuit is overdamped a > w
2.The circuit is critically damped a = w

3.The circuit is underdamped a < w

This circuit produces a harmonic oscillator for current and resonates similarly to an LC circuit.
These oscillations reduce in frequency more quickly when the resistor is added; this phenomenon
is called damping. The resistor also reduces the peak resonance frequency. Resistance cannot be

entirely eliminated, even in situations when a resistor is not explicitly defined as a component [150].
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Many researchers [78], [105], 136, [I51] have been using RLC models and improvised RLC circuits
for the TMS stimulation but they lack the provision of wave shaping or control over the pulse.
In RLC circuit the pulse width only depends on the values of components (R,L & C). In [136], a
similar circuit was utilized, lacking the capability for pulse shaping, and despite the TMS coil being
inherently inductive, a resistance of 240 mf2 resulted in damping. This illustrates that even small
resistances in the order of milliohms can significantly affect the pulse shape of the circuit, even in

the absence of any physical resistance intentionally inserted into the circuit.

2.1.2 Single phase voltage source inverter

\ \ :
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Figure 2.2: (a) Basic inverter topology; (b) Output voltage and current waveform. Source - [152]
(©) 2016 Elsevier Inc. All rights reserved.

A detailed explanation of the inverter circuit which is the second most commonly used topology
in TMS stimulation is presented here. Some use the same inverter circuit, while others modify on
it.

The inverter architecture is a popular and widely used topology when it comes to producing an
alternating output waveform from a constant input. There are three categories based on the source-
impedance source inverters (ISI), voltage source inverters (VSI), and current source inverters (CSI).
Among these, VSI offer precise control over the voltage magnitude and frequency of the output
waveform, making them highly versatile and suitable for various applications. In comparison to VSI,
low-power commercial or medium-voltage industrial applications tend to use the other topologies.

The common operation of an inverter is addressed here. In any basic inverter as shown in
Figure when a switch or a pair of switch (here, S1.5y) is turn on, current flows from the source
through the load causing a positive voltage as shown in Figure (a), V, direction (arrow). When
the other pair (S53S52) is on, the current flows from source to through the load in the opposite
direction as earlier causing a negative voltage during this time. This square alternating voltage is
shown in the Figure (b) waveform. The waveform of the current always depends on the load
which will be explained in detail in next subsection. When the load is changed from a purely

resistive to inductive load, there will be a phase delay in the current compared to the voltage.
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The half bridge and full bridge topologies are the conventional designs for single-phase VSI.
Capacitors, switches, and diodes make up the converter. An array of two switches is referred to as
the "inverter leg". For example, S1 and S make up the inverter leg of the half bridge in Figure

For the proper operation of the inverter, following rules must be followed.

1. Switches on the same leg cannot be turned on at the same time since doing so would induce a

short circuit across the voltage source of the DC connection.

2. To give inductive loads a current path, a diode must be installed in opposition to each switch.

When the switch turns off, the current through the inductor drops suddenly, causing a rapid
collapse of the magnetic field. This rapid change induces a voltage in the coil, known as
back electromotive force (EMF) or simply back EMF. This back EMF tries to maintain the
current flow in the same direction as before, which can cause voltage spikes and damage to

the switches if not properly managed.

To prevent this, a diode is installed in opposition to each switch. These diodes are called
freewheeling or fly-back diodes. When the switches turn off, the diodes provide a path for
the current to continue flowing through the inductive load, allowing the energy stored in the

inductor to dissipate gradually rather than causing voltage spikes.

By placing the diodes in opposition to the switches, it ensures that when switch is on, the
diode is reverse-biased, blocking any current flow through it. But when the switch turns off,
the diode becomes forward-biased, allowing the current to flow through it and provide a path

for the inductive load. The diode operation will be explained in detail in the next sub-section.

3. To prevent violating rule 1, a dead time needs to be taken into account in the control signals of

the leg switches during the actual installation.

2.1.3 Half-bridge inverter

For the half bridge inverter, there are two defined (state 1-2) and one undefined switching state
(state 3) as listed in Table The voltage source charges up the capacitors to half of its voltage
(0.5Vy) respectively. Whenever @1 is turned on, upper capacitor C is connected to the load via the
switch ()1 as in the Figure (a). This is the state 1 where output will be 0.5Vy. Similarly, when
()2 turn on, state 2 will occur in which output is -0.5V4. During this time, conduction is through
the lower capacitor to load then to Q5. This makes an alternating output which toggles from 0.5V
to -0.5V4 as shown in the waveform in Figure [2.3(b).

Table 2.1: Switching states of half bridge inverter

State State no: Vo Components conducting
(1 is on, and @) is off 1 0.5Vy Q1, D1
(2 is on, and @) is off 2 -0.5V4 Dy, Q2
@1 and Q)9 are all off 3 -0.5Vy, 0.5V4 Dy, Dy

In the following, we look at how the circuit in Figure works for an RL load.
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Figure 2.3: (a) Half bridge inverter topology; (b) Output voltage and current waveforms. The
fundamental component of the load current iy delays the fundamental component of the load voltage
Vo by ¢. Source- [153] © (2018), with permission from Elsevier.

1. 0< t < t3: During the initial half-cycle, when ()1 is on and @3 is off, the output voltage is
0.5Vy, causing the load current i, to slowly rise. At time t9, signals are sent to switch off
Q1 and switch on Q2. At this moment, ()1 turns off, but ()2 does not immediately start
conducting. Instead, the energy stored in the load inductor forces the diode Dy to conduct,

maintaining the load current i, in the same direction.

2. t3 <t < t5: At the time instant ¢3, the energy stored in the load inductor is depleted, causing
the current i, to drop to zero. At this point, diode Dy turns off, allowing Q)5 to be triggered
and turned on. After t3, the current i, reverses direction and gradually increases. At t4,
trigger signals are sent to switch @)1 on and @2 off. Consequently, ()2 turns off, but @)1 cannot
immediately turn on because the inductor forces diode D; to conduct. Therefore, the current
i, flows through D; back to the positive terminal of the supply voltage. By ts5, the current i,

drops to zero, allowing Q1 to be triggered on and reversing the direction of the current 4.

When either Q1 or @2 is engaged, both the load voltage V, and load current i, share the
same polarity, indicating the inverter is functioning in active mode, during which the power supply
delivers energy to the load. Conversely, when either D7 or Dy conducts, the load voltage V, and
load current i, exhibit opposite polarity, meaning the inverter is in feedback mode. In this mode,
the energy stored in the load inductor is fed back to the DC side, where it is stored as reactive

power in the DC side capacitors.

2.1.4 Full-bridge inverter

Full bridge inverter is more complicated than a half bridge. It has 4 switches which conduct as a
pair to make a closed loop. The different state of operation when each pair of switches are on is

given in Table In short, when )1 and @4 are turned on, there is a positive voltage developed
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across the load and when Q2 and (Y3 are on, it make a negative voltage since the direction of
current get reversed. There is 4 defined states (state 1-4) and 1 undefined state (state 5) for this
inverter. In order to avoid an undefined output voltage condition, state 5 should be used just
for the dead time. Silicon controlled rectifiers (SCR) were formerly employed as switches for high
and medium-power inverters, and in order to turn the SCR off, commutation circuits were needed.
Currently, the majority of power switches are fully-controlled models like gate turn-Off thyristor
(GTO), insulated gate bipolar transistor (IGBT) for medium-power inverters, and IGBT for high-
power inverters. When the load is inductive in nature, the role of diodes in these circuit become
more crucial. It act as a freewheeling diode. The switches cannot be switched on immediately as
the energy stored in the inductor forces the diode to conduct so that the load current i, maintains
the same direction|[I54] [155].
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Figure 2.4: (a) Full bridge inverter topology; (b) Output voltage and current waveforms. Source
from [I53] (© (2018), with permission from Elsevier.

Table 2.2: Switching states of full bridge inverter [153]

State State no: Vo Components conducting
Q1 and @4 are on, and 1 V4 Q1 and Q4
()2 and Q3 are off Diand Dy
Q2 and )3 are on, and 2 —Vq Q2 and Q3
@1 and Q4 are off Dy and Ds
()1 and Q3 are on, and 3 0 @1 and D3
@2 and Q4 are off Dy and Q3
@2 and @4 are on, and 4 0 Dy and Q3
()1 and Q3 are off @2 and Dy
@2 and @ are off 5 Depends on @4, Q3 Dy
Dy
Q4 and Q3 are off Depends on @2, Q1 Dy

D3
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The operation principle of the single-phase full-bridge inverter is as follows. Figure [2.4(a) il-
lustrates the full bridge topology, while Fig. (b) presents the corresponding current and voltage

waveforms.

1. 0< t < t1: During the interval 0< t < t1, both switch pairs (Q1, Q4) and (Q2, Q3) are
off. However, the diode pair (Dj, Dy) is forced to conduct due to the energy stored in the
load inductor. As a result, the output voltage V, is Vg, and the inductor current i, gradually
decreases in amplitude. At time instant ¢, the load current i, reaches zero, causing the diodes

Dy and Dy to turn off, while the switches ;1 and ()4 are activated by triggering.

2. t1 <t < t3: During the time interval t; <t < t9, the load voltage V, remains at Vg, but the
current i, changes direction to positive. At time instant ts, trigger signals are sent to turn
off @1 and @4 and turn on @2 and (3. Consequently, ()1 and Q4 turn off immediately, but
Q2 and @3 cannot turn on immediately due to the energy stored in the load inductor, which
forces the diodes Dy and D3 to conduct.

At this point, the load voltage V, switches to —Vg, while the load current i, maintains its
direction but gradually decreases in magnitude. When the time reaches t3, the load current
drops to zero, causing the diodes Do and Dj3 to turn off, and the switches (5 and Q)3 are then
turned on by triggering.

3. t3 < t < t5: During the interval t3 < t < t4, the output voltage across the load remains
at —Vg, while the load current reverses direction and gradually increases in amplitude. At
time instant t4, trigger signals are sent to turn off )2 and @3, but Q1 and ()4 cannot turn
on immediately because the energy stored in the load inductor forces diodes D and Dy to

conduct.

Therefore, during the interval t; < t < t5, the output voltage V, switches to Vg, but the
load current retains its previous direction and decreases in amplitude over time. Essentially,
the inverter operation during ¢4 < t < t5 mirrors the inverter process during the interval 0
<t <t

When the switch pairs (Q1, Q4) or (Q2, Q3) are activated, both the load voltage V;, and the
load current ¢, exhibit the same polarity, signifying that the DC source is supplying power to the
load. Conversely, when the diode pairs (D1, Dy4) or (D2, D3) are conducting, the load voltage V,
and the load current i, have opposite polarities, indicating that power is being returned from the
load to the DC source.

In the discussions of both the half-bridge and full-bridge inverter operations, only continuous
conduction mode (CCM) has been considered, where the load current remains non-zero throughout
each switching cycle. This assumption is valid under the chosen operating conditions, where the
switching frequency is sufficiently high to maintain continuous current flow. It is important to note
that operation at lower switching frequencies could lead to discontinuous conduction mode (DCM),
where the load current falls to zero for a portion of the cycle. The dynamics and additional switching
states associated with DCM are beyond the scope of this discussion and have not been addressed

here.
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2.2 TMS pulse topologies for human stimulation

Here, I discuss the various topologies that have been developed and studied in the TMS application
field, along with my perspective on these circuits.

TMS requires electronic circuitry which is a technical challenge for the design of a practical,
flexible pulse. A pulse has to be delivered to the coil very rapidly in the range of one-tenth of a
millisecond. Since TMS operates on the principle of electromagnetic induction, only a small portion
of the energy produced by the pulse circuit is actually transferred to the brain. Most of the energy
is dissipated as heat within the coil itself.

This occurs because the rapid change in current through the coil induces a strong magnetic
field, which in turn induces an electric field in the brain. However, the brain conductivity limits
the amount of energy that can be effectively transferred, leading to inefficiencies in the system.
Furthermore, the coil resistance also contributes to energy loss in the form of heat. As current
passes through the coil, it encounters resistance, converting electrical energy into heat energy. To
mitigate these issues, various techniques are employed, such as using high-performance materials
for the coil to minimize resistance and optimizing the pulse waveform to enhance energy transfer
efficiency. However, despite these efforts, a significant portion of the energy produced by the pulse
circuit is still wasted as heat, highlighting a key challenge in TMS circuit building.

This section aims to explore the existing topologies in the TMS field. While primarily used for
humans, it can also be miniaturize for use with small animals. These fundamental topology ideas

have been utilized in most TMS circuits up to now.

2.2.1 Circuits similar to RLC oscillator

The conventional method for producing a pulse is by using an RLC/oscillator circuit [78]. This tech-
nique involves an energy oscillation between the precharged capacitor and the inductor (TMS coil)
to create the TMS pulse. There are currently many types of circuits available, such as monophasic,
biphasic, and polyphasic pulse circuits.

A conventional monophasic TMS simulator (Fig.[2.5(a)) is built with a silicon-controlled rectifier
(SCR), which lacks precise control over the switching. This design was improved to develop a con-
trollable pulse width (PW) TMS, known as ¢TMS, as depicted in Fig. [2.5(b). When the stimulating
coil and energy-storage capacitor are connected by the switch, the coil current increases, inducing
an electric field in the brain proportional to the rate of change of the coil current. The operator
sets the pulse width (PW) by selecting when to turn off the switch.

For a small PW, the induced electric field pulse is almost rectangular, and the coil current rise
is approximately linear. This allows for a wide range of PW control and near-rectangular starting
phases of the induced pulses by selecting an adequately large capacitance. These circuits lack much
control over the output pulse because they use thyristors as shown in Fig. (a). Thyristors, unlike
some other semiconductor devices, cannot be controlled to turn off at a particular point in time.
Once triggered into conduction, thyristors continue to conduct until the current flowing through

them drops to zero, at which point they turn off automatically.
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Figure 2.5: Circuit topology of (a) conventional monophasic TMS device; (b) Controllable TMS
(cTMS) device. Source: [78]. ©) [2008] IEEE.

The monophasic circuit consists of an LC circuit with a controlled switch between them and a
freewheeling diode path to eliminate the negative half cycle as shown in Fig. (b) It is similar
to a half-wave power electronics converter in which we get an output of a positive half-sinusoidal
waveform. The freewheeling diode shunts the negative cycle, and the output is damped with the
resistor to slowly return to zero. The only way to shape the pulse is by adding a resistor, which leads
to more energy loss due to heating. Due to the high heating and the need to charge the capacitor
after each pulse, they are limited to low repetitive pulse rate applications only.

The key improvement in ¢TMS (¢TMS device induces near-rectangular electric field pulses with
controllable PW) is the use of an insulated gate bipolar transistor (IGBT), which allows for precise
control over the turn-off timing for the gate signal, providing control over the pulse width. The
IGBT connects the TMS coil and the energy storage capacitor, causing the coil current to ramp up
and induce an electric field in the brain proportional to the rate of change of the coil current [77].

The biphasic pulse circuit generates waveform that terminate after one period, and any value
can be controlled by the firing angle. The firing angle refers to the phase angle at which a thyristor
or other controlled semiconductor device is triggered to conduct current in an alternating current
(AC) circuit. It is a crucial parameter in power electronics, particularly in circuits involving con-
trolled rectification or AC voltage control. The user controls the induced electric field amplitude
by adjusting the capacitor voltage via the device controller and the switch-on time, determine the
positive phase PW of the produced pulse.

All TMS systems inherently suffer efficiency losses due to the resistive heating in the current-

carrying coil, which limits their overall electrical efficiency regardless of circuit design
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Disadvantages of RLC oscillator circuits

1. Switching transients: Rapid switching of the IGBT can lead to switching transients, causing
voltage spikes and electromagnetic interference (EMI). These transients can affect the perfor-

mance of other electronic devices and may require additional filtering or shielding measures.

2. Limited pulse width range: While the circuit allows for adjustable pulse width, there may be
limitations on the maximum and minimum pulse widths achievable. This could restrict the

range of stimulation parameters available for certain applications.

3. Safety concerns: The rapid changes in current and voltage in the circuit pose safety risks when
dealing with high voltage, particularly if not properly controlled. Over-voltage or over-current

conditions could potentially damage the device or cause harm to the user.

2.2.2 Circuits similar to half and full-bridge inverter
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Figure 2.6: Circuit diagram of the cTMS (a) Half bridge and (b) full bridge model. Source:[156, 157].
© [2010,2011] IEEE,

The ¢TMS half-bridge circuit (Fig. (a)) consists of two large capacitors, C7 and Cs, charged
to positive and negative voltages respectively. These capacitors are connected to a TMS stimula-
tion coil, L, via bidirectional switches, Q1/D; and Q2/D2. Unlike conventional TMS devices that
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use silicon-controlled rectifiers (SCR), the switches in ¢TMS are IGBT that can be electronically
controlled to determine the pulse duration.

During the TMS pulse, either C7 or Cs is connected to the stimulation coil L, depending on
which switch is turned on. This controls whether the induced electric field is positive or negative.
The beginning and duration of the electric field phases can be adjusted by the timing of switches
@1 and )2, and the amplitude can be controlled by adjusting capacitor voltages.

When switch @1 is turned on, capacitor C supplies energy to the coil, causing the coil current
to increase linearly. When Q7 is turned off, the coil current is forced to flow through diode D5 to
capacitor Cy, producing a negative electric field. Similarly, when switch @2 is turned on, capacitor
C5 supplies energy to the coil, resulting in a negative electric field, and when @)s is turned off, the coil
current flows through diode D; to capacitor C;, producing a positive electric field [120] 138, [156].

The circuit operates efficiently, as the energy transferred during the pulse is not dissipated but
rather transferred between capacitors C7 and Cs via the coil L. Despite some energy loss due to
conduction and switching losses, a substantial portion of the energy is recovered on the capacitors
at the end of the pulse, enabling energy-efficient operation. This recovery of energy allows for the
reuse of energy in subsequent pulses.

The full-bridge topology (see Fig. [2.6(b)) used in ¢TMS applications provides superior control
over stimulation parameters compared to the half-bridge circuit. It employs the same energy stor-
age capacitors, C7 and C9, as the half-bridge setup, with Cs charged to a positive voltage Vio.
However, the full-bridge configuration features four bidirectional current switches, Q1/D1-Q4/Da,
which allows for the application of two different voltage levels to each terminal of the stimulation
coil L. This setup enables the coil to be operated at four distinct voltage levels: Vi, —Vea, Vo,
—Veo, and 0. While Vo1 and —Vo are also used in the half-bridge circuit, the additional levels
Vo1, =V and 0 are specific to the full-bridge topology.

Similar to the half bridge, the full bridge pairs IGBT with passive snubbers; SN1-SN4, to control
voltage spikes and provide protection. However, unlike the half-bridge circuit, there is no need for
an active coil snubber in the full bridge. This is because the 0 coil voltage condition (when Q2/ Do
and Q4/Dy4 are on) can be used for the same purpose. In short, the full-bridge topology simplifies
the circuit design while maintaining precise control over the output pulses |77, [15§].

During operation, the full-bridge circuit enables the coil to generate positive and negative electric
field pulses by selectively applying the voltage levels across the coil. When @1/D; and Q3/D3 are
on, Vo1 and —Vpe are applied across the coil, resulting in a positive coil current. Conversely, when
Q2/Dy and @4/ Dy are on, Vi, —Vig and 0 are applied across the coil, resulting in a negative coil
current.

Overall, while the full-bridge topology offers enhanced functionality and flexibility, it may come
with increased complexity and cost compared to the half-bridge circuit |78, 131].

Disadvantages of half and full-bridge inverter

1. Cost: The use of multiple capacitors and sophisticated electronic components, such as IGBT,

may increase the cost of the ¢TMS device.
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2. Limited pulse shaping: While the circuits offer precise control over turn-off timing, there are

no specific contributions to elements of pulse shaping such as rise or fall times.

2.2.3 Cascaded model

The high-voltage pulse shape shown in Fig. (b) is generated by combining multiple smaller voltage
steps. Each step is produced by an independent two-pole module, all of which are connected in
series as shown in Fig. a). Each module contains an electrical energy storage capacitor (Cyy),
four semiconductor switches, and corresponding free-wheeling diodes. These modules operate using
four switching states: (a) positive polarity, (b) negative polarity, (c) shorted terminals enforcing
0 V, and (d) passive mode where no switch is closed and the diode rectifier feeds the capacitor.
Each module can generate a voltage of either —V¢, 0, or +V¢.

In its simplest mode, this results in a staircase waveform as illustrated in Fig 2.7(b). The
entire column of modules acts as a high-power parallel digital-to-analog converter (DAC), capable
of generating multiple quantization levels.

The voltage in each module is limited by the capacitor maximum level. The capacitors, along
with the free-wheeling diodes, form a dynamically balanced voltage divider and act as snubber
circuitry. This allows the use of common low-voltage power components like field-effect transistors,
which support higher switching rates. Switching modulation is distributed among all modules, with
each module responsible for only a fraction of the effective switching rate.

The passive mode (mode of operation using passive elements) can be helpful for magnetic stim-
ulation, as it ensures precise control over the pulse duration without requiring exact knowledge of
the pulse timing or current direction changes. This is achieved by using rectifying semiconductors
that automatically turn off when the current direction changes [121], [159].

Disadvantages of cascaded model

1. Complexity: The circuit involves multiple modules, each containing several components, which

increases the overall complexity of the system.

2. Cost: The high number of components and modules can lead to increased manufacturing and

maintenance costs.

3. Control complexity: The distributed switching modulation and selection of modules for specific

operations increase the complexity of the control system.

2.2.4 Pulse shaping

Pulse shaping in TMS research is an important and relatively unexplored aspect that focuses on the
ability of the circuit to shape the waveform of the induced pulse. Pulse width has been a relatively
understudied aspect in TMS research due to limitations in conventional stimulators, which often
lacked the capability to vary pulse width. Additionally, many studies [120} 147, 148] have not
explicitly mentioned the type of pulse used to trigger the switches, with the assumption being that
a square voltage gate is typically employed. In pulse shaping circuits, extra components were often

required for pulse shaping, necessitating the use of separate pulse shaping circuits.
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(right) (b) Output voltage waveform obtain using cascaded model. Source: [147]. (©) [2012] IEEE

A cascaded H-bridge based pulse generator for TMS has been developed to provide flexibility in
generating various stimulus pulses. This system is capable of producing pulses with different shapes,
durations, directions, and repetition rates, similar to existing systems. However, each module of
the generator has its own charging circuit, resulting in increased cost and size [160].

Third generation controllable pulse parameter device that uses a novel full bridge circuit topology
is cTMS3 [120]. With ¢cTMS3 (Fig, researchers can precisely adjust the amplitude, duration, and
ratio between positive and negative phases of the pulse, allowing for tailored stimulation protocols
to suit various applications. The device can adjust the peak amplitude of the pulse, allowing for
variations in the strength of the magnetic field induced by the TMS coil. This amplitude control is
essential for targeting specific brain areas and achieving desired stimulation effects.

¢TMS3 enables the adjustment of the duration of each phase of the pulse. This means that the
positive and negative phases of the electric field pulse can be independently controlled, allowing
for customization of the pulse shape. Longer or shorter duration can be set based on the desired
stimulation outcome.

The device actively snubs waveform ringing, which is a significant issue in TMS devices with
enhanced pulse shape control. By mitigating waveform ringing, ¢TMS3 ensures cleaner and more
precise stimulation pulses.

By generating lower internal voltage differences and using lower voltage IGBT modules, cTMS3

ensures safer operation while reducing costs, making it more accessible for commercial implemen-
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Figure 2.8: ¢TMS3 topology Source with the snubber circuit: [120]. ©) [2013] IEEE

tation. Additionally, the inclusion of zero coil-voltage levels enables active snubbing of waveform
ringing. Moreover, cTMS3 exhibits high energy efficiency, enabling the generation of powerful rapid
pulse sequences with large capacitor energy storage, which was not feasible with conventional TMS
devices [120)].

Disadvantages of ¢cTMS3 circuit

1. Complexity and cost: Implementing active snubbing with the main IGBT modules in ¢TMS3
increases complexity and cost compared to passive snubbing methods. The use of additional

voltage levels and control mechanisms may also add to the overall complexity of the device.

2. Technical optimization challenges: Achieving optimal pulse shaping requires careful technical
optimization. Adjusting parameters such as duty ratio of IGBT switching during snubbing

may present challenges in practice.

3. High-voltage source: All these circuits require a high-voltage source for generating high-
voltage/current pulses. This necessitates either a separate circuit for high-voltage production

or the use of a costly high-voltage source.

In the study [117], investigation was done on the strength-duration relationship in paired-pulse
TMS and its implications for optimizing repetitive paired-pulse stimulation (rPPS) protocols. It

was found that variations in pulse width (PW) had a similar effect on the degree of facilitation
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or inhibition in brain as variations in intensity. By manipulating PW, it was able to control the
electric field, which influenced the excitability of the motor cortex.

In conclusion, the investigation of the strength-duration relationship in paired-pulse TMS high-
lights the crucial role of pulse shaping in optimizing stimulation protocols. By manipulating pulse
width, researchers can control the amount of pulse that can be given to the brain cells, thereby
modulating neural excitability. This emphasizes the importance of pulse shaping techniques in
TMS, as they offer a means to fine-tune stimulation parameters and achieve more targeted effects
on brain activity. Ultimately, understanding and utilizing pulse shaping techniques can lead to the
development of more effective and personalized therapeutic interventions for neurological disorders
[117, 161].

2.3 TMS pulse topologies for mouse stimulation

Human TMS topologies are unsuitable for mouse stimulation coils for several reasons. Firstly,
constructing a medium to high voltage circuit for a small coil is challenging. Additionally, it is
crucial to address heating and losses associated with the small animal coil and ensure adequate
protection.

The literature provides mouse-specific TMS circuits designed to address these challenges [58]
59, [80), 104, 105l 136]. These circuits are tailored to accommodate the smaller size of the coil,
provide appropriate voltage levels for stimulation, and mitigate heating and losses associated with

the smaller coil size. There are very few circuits specifically designed for mouse TMS stimulation.

2.3.1 Circuit of Tang et al.

The work done by Tang et al. [80] focuses on developing TMS coils specifically for rodent models
to better understand how TMS affects brain plasticity. This research involved constructing two
novel rodent-specific TMS coils designed to deliver repetitive TMS at higher stimulation intensities
while maintaining spatial resolution. The coils; one with an air-core and the other with a pure iron-
core generated peak magnetic field strengths of 90 mT and 120 mT respectively. Finite element
modeling suggested a peak electric field of 85 V/m within the skull and 12.7 V/m within the
brain. Stimulation with the iron-core coil on anesthetized rats significantly increased motor evoked
potential amplitudes, indicating altered cortical excitability. These results suggest that the novel
coils can induce modest magnetic and electric fields capable of modulating cortical excitability in
rodents.

The circuit used to excite the TMS coil involved constructing two custom circular coils with
dimensions of 8 mm in height and 8 mm in outer diameter, wound with insulated copper wire around
steel cores. Stimulation parameters were controlled by a waveform generator (Agilent Technologies
335141B, CA, USA), connected to a bipolar voltage programmable power supply (KEPCO BOP
100-4M, TMG Test Equipment, Melbourne, Australia). This setup utilized a pulse generator to

excite the mouse coil, limiting the pulse shapes to those provided by the pulse generator itself.



30 Literature review

2.3.2 Circuit of Selvaraj et al.
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Figure 2.9: TMS circuit used for mouse brain stimulation by Selvaraj et al. [105] (©) [2018] IEEE

Selvaraj et al. [I05] describe a TMS stimulator circuit detailed in Fig. The design comprises
three primary components: an AC-to-DC converter, a voltage reduction stage, and a load with
feedback. The AC-to-DC section converts a 120V AC signal into a DC voltage using diodes and
a capacitor. This DC voltage is then applied to two resistors, one being a variable potentiometer,
which adjusts the voltage across the discharge capacitor. In the final stage, the discharge capacitor
(C3) is linked to an inductive load (L1), with feedback implemented through resistors for power
dissipation. Diodes are used to ensure unidirectional current flow during discharge. A transistor
(Q2), controlled by a microcontroller, handles switching operations, and a current sensing resistor
(R5) monitors the current through the transistor [105].

Disadvantages of Selvaraj et al. circuit

1. High voltage requirement: The circuit requires a high-voltage source (120 V AC) for operation,
which may pose safety risks during handling and maintenance. Additionally, obtaining or

generating high-voltage signals can be costly and may require specialized equipment.

2. Limited control: While the circuit allows for control over the voltage developed across the dis-
charge capacitor through the potentiometer resistor, it may lack finer control features needed
for precise stimulation protocols. This limitation could restrict its applicability in certain

research or medical settings where precise control over stimulation parameters is required.

2.3.3 Circuit of Nieminen et al.

A study of Nieminen et al. on the mouse brain stimulation [I04] used a previously developed [162]
human TMS circuit. The custom stimulator electronics unit enables the generation of a controllable

pulse waveform, similar to existing devices discussed in Section [2.2.2
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2.3.4 Circuit of Senda et al.
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Figure 2.10: TMS circuit used for mouse brain stimulation by Senda et al. [I51] (©) [2021] IEEE
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Figure [2.10] illustrates an IGBT pulse generator designed for repetitive TMS studies in small
animals, such as mice [I51]. This generator employs an IGBT capable of handling 700 A for 1 ms
with a DC breakdown voltage of 1200 V. The pulse duration is regulated by an input trigger pulse,
while the output voltage is controlled via an external high-voltage power supply and a 330 uF
capacitor bank.

The operation of the pulse generator involves charging the capacitor bank to a high voltage and

then discharging it through a TMS coil to generate a pulse. Here’s a breakdown of the process:

1. Charging stage: Before the pulse is triggered, the IGBT collector is charged by the external
high-voltage supply (Ext HV) via resistors (R3-R6). These resistors regulate the current
drawn from the high-voltage supply, ensuring that it does not trip or shut down. With a
1200 V supply, the collector of the IGBT will charge up to 1200 V.

2. Triggering stage: When the trigger input signal is activated, the IGBT turns on, causing the
output voltage (Vout) at the top of the TMS coil to reach 1200 V. As the pulse is delivered, the
output voltage decreases due to the limited energy stored in the capacitor bank. To minimize

this voltage drop, additional capacitance can be added to the bank.

3. Discharging stage: Once the IGBT turns off, a freewheeling diode (D1) facilitates the removal
of energy stored in the TMS coil. This diode prevents the output voltage from increasing

uncontrollably, which could otherwise lead to circuit breakdown and failure.

4. Driver circuit: The driver circuit (M1-M7 and R1) ensures proper control and switching of
the IGBT. When the trigger input signal goes low, the MOSFET (M1-MT7) in the driver circuit
control the gate voltage of the IGBT, turning it on. When the trigger input signal goes high,
the MOSFET turn off, allowing the IGBT to turn off.
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5. Output pulse: The output pulse is generated across the TMS coil when the capacitor bank
discharges through it. The pulse width and amplitude can be controlled by adjusting the
voltage level of the capacitor bank and the timing of the trigger input signal.

Overall, the circuit operates by charging a capacitor bank to a high voltage, triggering the
discharge of this voltage through the TMS coil, and controlling the pulse generation process using

a driver circuit. The resulting pulse is then delivered to the TMS coil for brain stimulation [I51].

Disadvantages of Senda et al. circuit

1. Complexity and cost: The use of IGBT and associated driver circuitry adds complexity and

cost to the design, making it less accessible for some applications.

2. High voltage source: Requirement of a external high voltage source adds up the complexity

and cost.

3. Limited scalability: The design may have limitations in scalability, particularly when higher

currents or voltages are required, which may necessitate additional circuitry or modifications.

These disadvantages highlight the challenges in designing high-voltage and high-current pulse
generators for TMS applications, particularly when considering factors such as speed, cost, and

scalability.

2.3.5 Circuit of Khokhar et al.
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Figure 2.11: TMS circuit developed by Khokhar et al. [I36] (©) [2021] IEEE

The circuit shown in Fig. 2.11] was used by the research team at the University of Waikato for
mouse brain stimulation [136]. It consists of a basic RLC circuit as in Fig. with a MOSFET for
controlling the charging and discharging path. This MOSFET is controlled using an Arduino, which

allows for easy programming to develop the required pulse pattern. They were able to supply pulses
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in ¢TBS (continuous theta burst stimulation) pattern directly from Arduino. However, the pulse
shape was not modifiable, meaning they were limited to the default pulse shapes (square pulse)
provided by the Arduino and did not have the provision to alter the pulse width or amplitude.
Most small animal brain stimulation research discussed here has relied on existing or common
circuits rather than specially designed ones. Upon reviewing the circuits in Figures [2.10]
and they all appear quite similar. They typically employ basic capacitor discharging and
freewheeling through diodes or inverters. One main drawback is the lack of a specific input source for
these circuits. They may require either a high-voltage supply or high-voltage capacitor, depending
on the application needs, or simply a basic DC lab supply for smaller circuits. The main differences
among these circuits lie in the driving circuitry or control mechanisms, and there is often no provision

for pulse shaping.

2.4 "Pulse shaping for mouse stimulation" — my proposal

In this chapter, I have discussed various types of TMS circuits for both human and mouse appli-
cations. One major gap identified is the lack of specific mouse TMS circuits with pulse shaping
capabilities. Existing literature highlights the requirement for a high voltage source to charge the
input capacitor in all TMS circuits, or a stand-alone high voltage input. This presents a significant
challenge in designing circuits for small animals like mice.

The objective of my research is to develop a circuit capable of shaping output pulses without
the need for additional components or separate circuits for pulse control. This innovation aims to
eliminate the high voltage source requirement, thereby simplifying the circuit design. Achieving
pulse shaping without extra blocks would be a significant advancement in both electronics and
TMS field, as it reduces complexity. This involves building a simple and cost-effective prototype
that functions effectively as both a pulse generator and a pulse shaping circuit for mouse coils,
without the need for a separate high voltage source which can be expensive. This approach aims to
simplify the design and reduce costs while maintaining the functionality needed for effective TMS
in small animals.

Specifically, the aims of the research are:

1. Design a TMS oriented pulse generator and to effectively control the MOSFET for
pulse control: I decided not to pursue inverter or cascaded-type topologies because they
involve more than two switches, making individual control complex. Instead, I opted for a
circuit with a reliable source capable of continuously providing output pulses, which can be
step up to achieve the medium/high voltage required for stimulation. The focus is to effectively
control the available MOSFET to explore various possibilities of MOSFET gate control effects
on the circuit and stimulation. This aspect of gate voltage exploration has not been addressed

by any researchers in the TMS field before.

2. Alternative high-voltage sources: Most existing circuits rely on external high-voltage
sources or high-voltage capacitors. I aim to replace these with a more reliable and cost-

effective source that can provide similar to a normal high-voltage source. This source should
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not necessarily be high voltage and should be affordable while being able to withstand the

required pulse duration.

. Cost and maintenance efficiency: My aim is to develop a prototype that is low-cost

(less than 500 NZD) and low-maintenance prototype achieved by minimizing the number of

MOSFET, thus reducing the driver and control circuit complexity.

. Innovative gate pulse control: There has been no innovation in the gate pulse given to

the MOSFET switch that controls TMS excitation. Most researchers have used square pulses.
I intend to go beyond the typical on/off of gate voltage and explore the effects of changing
the gate voltage shape/pattern.

. Control over pulse parameters: Precise control over pulse width (50-250 us) and the

amplitude of the output voltage and current is essential. Additionally, the generated mag-
netic field amplitudes should range between 200-400 mT. Control requirements also include

managing the time interval between pulses as well as the rise and fall times of each pulse.

. Flexible pulse shaping: Flexibility in pulse shape within the circuit without requiring

additional circuits such as snubber or wave shaping is another objective.

. Simulation model: A simulation model of the prototype is essential. Since the circuit

requires high/medium voltage, having a circuit model will enable testing of further aspects
and exploring more possibility of pulse pattern and its effects using simulation. A good model

will be a valuable tool for analysis and development.

. Protection and isolation measures: Incorporation of voltage protection and isolation

measures is necessary to ensure the safe operation of the circuit.

. Modifiable prototype: Developing an easy and modifiable prototype is important for facil-

itating adjustments and improvements during the research process.
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Circuit building

3.1 Introduction to components in prototype

Here, I present details for most of the components used in the circuit design, detailing their structure

and operations.

3.2 Electrolytic capacitor

A capacitor holds electrical charge between two parallel conductive plates that are separated by
an insulating material known as a dielectric. When a DC voltage is applied across the plates, one
plate gains a positive charge (+Q), while the other plate acquires an equal but opposite negative
charge (—Q). This charging process continues until the voltage difference between the plates equals
the applied voltage.

Charging and discharging an electrolytic capacitor involve the accumulation and release of elec-
trical charge on the capacitor plates. When a voltage is applied to an electrolytic capacitor, electrons
flow onto one of its plates, causing it to become negatively charged while the other plate becomes
positively charged. This process stores electrical energy in the form of an electric field across the
capacitor. During discharging, the stored energy is released as the capacitor is connected to a load
or circuit. Electrons flow from the negatively charged plate to the positively charged plate, generat-

ing an electric current. In a typical charging circuit for a capacitor, as shown in Fig. [3.1] a constant
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Figure 3.1: Charging of a capacitor from a constant DC voltage v, through a series resistor R.
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DC voltage is applied across the capacitor through a series resistor R. This resistor accounts for

various resistances such as the equivalent series resistance (ESR) of the capacitor, external leads,

and any deliberately introduced resistance. Initially, the voltage across the capacitor, vg, is zero.
Using Kirchoff’s voltage law, we can solve for the current i(¢) flowing through the circuit. Solving

the equation for current, we obtain:

i(t) = 2 exp(—— ) (3.1)

Similarly, using this current equation, we can determine the voltage across the capacitor at any

given time during the charging process:

t
v(t) = vin[l — exp(—%)) (3.2)
Figure shows the charging/discharging current and voltage curve of the capacitor. The rate at
which the capacitor charges is determined by the product of the resistance (R) and capacitance

(C), which is commonly referred to as the time constant, denoted by
T = RC (3.3)

It typically takes more than 5 time constants for a capacitor to fully charge or discharge. This time
constant governs how quickly the capacitor reaches its maximum charge.

When the DC supply is replaced with a short circuit, the capacitor will discharge through the
load resistance. During discharging, the current behaves similarly to charging, but flows in the
opposite direction. The voltage across the capacitor will decay exponentially towards zero. The

discharge current and voltage expressions are:

i(t) = "2 exp L;é] (3.4)
v(t) = vy exp Lgé] (3.5)

where vgy, is the voltage at the start of capacitor discharge.

In DC circuits, it acts as an energy storage device, while in AC circuits, it behaves as a frequency-
dependent resistor. The energy storage capacity of an electrolytic capacitor is determined by its
capacitance and the square of its voltage. Electrolytic capacitors typically have higher energy

storage capabilities compared to other types of capacitors. The total energy stored in a capacitor:

1
E= chz (3.6)

In circuits, capacitors can be connected in series or in parallel. When capacitors are connected

in series, the total capacitance decreases. The total capacitance for capacitors connected in series
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Figure 3.2: (a) The charging current and voltage curve (b) discharging current and voltage curve
of the capacitor. Source - [I63] (©) (2018), with permission from Elsevier.

is calculated using the formula:

1 1 1 1 1
-t = 3.7
Ctotal C'1 CQ CS Cn ( )

When capacitors are connected in parallel, the total capacitance (Ciotal) increases. The total ca-

pacitance for capacitors connected in parallel is the sum of the individual capacitances:

Ctotal = Cl + 02 + CS oot C’n (38)

ESR is the total resistance of an electrolytic capacitor, including the resistance of the capacitor
electrodes, electrolyte, and any other internal components. ESR affects the performance of elec-
trolytic capacitors by influencing their charge and discharge rates, efficiency, and power handling
capabilities. Voltage is a critical parameter for electrolytic capacitors and is usually specified as the
rated voltage, which is the maximum DC voltage or peak pulse voltage that can be continuously

applied without causing damage.

Electrolytic capacitors can deliver power to a circuit or load when discharged. However, their
power handling capabilities may be limited compared to other types of capacitors due to factors

such as ESR and internal resistance.
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3.3 Supercapacitors

Supercapacitors have unique applications beyond traditional energy storage. It is a special kind of
capacitor known for its ability to store a large amount of energy. In fact, it can store 10 to 100 times
more energy than regular capacitors. One of its key advantages is its fast charging and discharging
capability, which makes it ideal for applications requiring rapid energy transfer.

Capacitance values for supercapacitors, denoted as "rated capacitance", are typically much
larger than those of electrolytic capacitors, often in the range of Farads. This high capacitance
allows supercapacitors to store a significant amount of energy when loaded with a DC voltage.

A capacitor with a large capacitance, like a supercapacitor, in a circuit with finite series resis-
tance, can safely absorb energy from a high-voltage transient source with a short-duration occur-
rence. This capability makes supercapacitors valuable in applications where rapid energy absorption
and release are needed [164], [165].
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Figure 3.3: Depicts the case of a normal capacitor versus a supercapacitor working in an RC circuit
activated by a 10 microsecond step pulse waveform. Source - [163] (©) (2018), with permission from
Elsevier.

To ensure safe operation, supercapacitors have specific voltage limits known as the rated voltage.
Exceeding this voltage can lead to damage. Operating supercapacitors below their rated voltage
improves their long-term performance, stabilizing capacitance values and internal resistance during
cycling, thus extending their lifetime and charge/discharge cycles.

When higher application voltages are needed, supercapacitors can be connected in series. How-
ever, variations in capacitance value and internal resistance among components necessitate active
or passive balancing to stabilize the applied voltage.

Charging and discharging a supercapacitor involve the movement of ions in the electrolyte to
and from the electrodes through their porous structure. This movement results in losses, which are
measured as the internal DC resistance along with capacitance, determines the time constant and

thus affects the charge/discharge time.
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Table 3.1: Comparison of electrolytic capacitor and supercapacitors

Feature

Electrolytic capacitors

Supercapacitors

Energy storage

Charging/discharging
Equivalent series

resistance (ESR)

Voltage rating

Lifespan
Size and weight
Specific energy /power

Application range

Environmental impact

Accumulate charge on dielectric

Relatively slow

Higher

Higher voltage rating

Finite lifespan
Larger and heavier
Lower specific energy/power
Low-frequency circuits,
power supply filtering

May contain hazardous materials

Movement of ions between
electrolyte and electrodes

Rapid
Lower

Lower voltage rating, need series
connection for high voltage
Long lifespan with millions of cycles
Smaller and lighter
Higher specific energy/power
High power density,
rapid energy transfer applications

Generally more environmentally friendly
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Figure 3.4: Comparison of supercapacitors and similarly-sized electrolytic capacitors with associated
energy capacity (ruler scale in cm)
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Supercapacitors, unlike batteries, are not constrained by chemical reactions but are limited by
internal resistance, which can be much lower. This characteristic allows them to endure over one
million charge/discharge cycles without significant degradation in capacity or increase in internal re-
sistance, offering a substantial advantage over conventional batteries. Figure [3.3] compares a regular
capacitor with a supercapacitor in an RC circuit subjected to a 10 us pulse waveform. By control-
ling the duration of a high-voltage (HV) source to a sufficiently brief period, the voltage across the
capacitor’s terminals can remain within its maximum rating. This suggests that a supercapacitor,
with its large capacitance, can effectively absorb energy from a high-voltage transient source for a
short duration. Furthermore, using lower current loads can further enhance the longevity and life

cycle of the capacitor.

Supercapacitors bridge the gap between high-power, low-energy electrolytic capacitors and low-
power, high-energy rechargeable batteries. While they may have lower specific energy compared
to batteries, they compensate with higher specific power. Specific power, measuring how quickly
energy can be delivered to a load, can be 10 to 100 times greater than batteries, reaching values up

to 15 kW /kg. Table presents a comparison between capacitors and supercapacitors.

The specific energy of a capacitor is the amount of energy it can store per unit mass, while
energy density is the energy stored per unit volume. Commercial supercapacitors typically have
energy densities ranging from 5 to 8 Wh/L and specific energies ranging from 0.5 to 15 Wh/kg.
Ragone charts [166] allow for easy comparison of energy storage technologies.

Supercapacitors offer advantages such as high power density, rapid charging and discharging, long
cycle life, and excellent performance at low temperatures. However, they still face challenges such as
limited specific energy and high self-discharge rates compared to batteries. Ongoing research aims
to improve these aspects and expand the applications of supercapacitors in various fields, including

transportation, renewable energy, and electronics.

The amount of energy a supercapacitor can store is determined by its capacitance and the square
of its voltage. Supercapacitors are known for their high power density, allowing them to charge and
discharge rapidly. Figure [3.4] shows a representative set of paired supercapacitors and electrolytic

capacitors having similar canister volumes.

3.4 Transformer and magnetic core

Transformers and inductors are essential components in power supply circuits, but they can be
bulky due to their physical construction and operational characteristics. Transformers are used to
step up or step down voltages in AC circuits.

Increasing the operational frequency allows for a reduction in the number of turns required for
a specific voltage across the winding, provided the core material can handle the higher frequency
without saturating. This is because higher frequency operation requires less time for each cycle,

allowing for faster energy transfer.

Inductors, on the other hand, are used primarily for energy storage and filtering in power supply
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circuits. The impedance of an inductor is:
Z=R+j2nf)L (3.9)

At higher frequencies, the impedance of an inductor increases, which helps filter out high-
frequency noise or ripple in circuits. However, this also introduces challenges such as increased core
and copper losses, not necessarily due to impedance itself but due to frequency-dependent effects.
These losses can lead to heating and efficiency issues. Depending on the application and required
inductance, higher-frequency inductors may require careful design; sometimes resulting in larger
components or specialized materials to minimize losses.

To understand the proposed topology, it is important to grasp the theoretical concepts behind
the transformers, which necessitate the use of a transformer as a basic building block. Figure [3.5
illustrates the case of an ideal transformer, while Figure [3.6] considers practical conditions, including
winding resistances, leakage inductance, and a superficial winding to represent the magnetizing
requirement of the core. Figure [3.7] simplifies the case assuming small voltage drops across the
windings are negligible and equivalent model for calculations in circuits. For a deeper discussion on
transformers, particularly applicable to high-frequency switching transformers, refer to [167].

Magnetic materials used in electronic applications can be broadly categorized into three types,
each with its own unique characteristics:

Magnetic metals and alloys: These materials, such as silicon steel, mumetal, permalloy, and
amorphous metals, are typically in tape or laminated form. They have high saturation flux density
and high permeability. Due to their high electrical conductivity, they are used in laminated or tape
form to reduce eddy current losses. They are suitable for line frequency (50-400 Hz) transformers
and inductors but have limited use at high frequencies due to eddy current losses.
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Figure 3.5: Equivalent circuit of the transformer in ideal case

Powdered magnetic metals: These materials consist of magnetic metals that are ground into a
fine powder, coated with an insulating layer, and then shaped through pressing and sintering. The
small particle size helps to minimize eddy currents, allowing these materials to operate effectively
at frequencies up to several megahertz. They generally have low permeability, ranging from 8 to 80,
making them ideal for filter inductors used at medium frequencies, typically between 1 and 100 kHz.

Ferrites: Ferrites are ceramic materials that are typically dark gray or black, and they are known
for their hardness, brittleness, and chemical inertness. Common types, such as MnZn and NiZn

ferrites, display excellent magnetic properties below their Curie temperature (7). These materials
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Figure 3.6: Equivalent circuit of the transformer with components indicating winding resistances,
leakage inductance, and magnetizing inductance
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Figure 3.7: Equivalent circuit of the transformer suitable for switching regulator calculations, ne-
glecting all losses in transformer

have high resistivity, which makes them well-suited for transformers and inductors operating at high
frequencies (up to several tens of MHz) with minimal losses and high @ factors. Although their
saturation flux densities are relatively low and permeability ranges from a few hundred to 15,000,
ferrites come in a wide variety of core shapes, enhancing their versatility for different applications.
Unlike magnetic metals, ferrites can be used at very high frequencies without the need for laminating.

Overall, the choice of magnetic material depends on the specific application requirements such as
frequency, permeability, and saturation flux density. Ferrites are often preferred for high-frequency
applications due to their low loss and high resistivity, while magnetic metals are suitable for low to

medium-frequency applications where high saturation flux density is required.

3.5 Power MOSFET

A metal-oxide-semiconductor field-effect transistor (MOSFET) is a type of transistor that is widely
used in electronic devices and circuits. It operates by controlling the flow of current between the
source and drain terminals using an electric field generated by the voltage applied to the gate
terminal.

Initially developed in the mid-1970s, the vertical power MOSFET was created to address limita-
tions in existing power bipolar transistors, such as low current gain and inability to operate at high

frequencies. Power MOSFETs replaced these by offering voltage-controlled operation, high input
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Figure 3.8: Structure of an n-channel MOSFET. Source - [I153|(©©) (2018), with permission from
Elsevier.

impedance, and faster switching speeds, making them ideal for a wide range of applications.
MOSFETSs are key components in modern electronics, offering advantages such as voltage-controlled

operation, high input impedance, and fast switching speeds. Over the years, advancements in MOS-

FET design have focused on reducing internal resistance and improving performance for various

applications, from power supplies to switch-mode power supplies, and beyond.

3.5.1 Structure & operation

A MOSFET consists of three primary components: the drain (D), source (S), and gate (G). As
depicted in Fig[3.8] the MOSFET’s operation is controlled by these elements:

Gate insulator: The gate is separated from the semiconductor material by a silicon dioxide
(SiO2) layer, serving as an insulator.

PN junction diode: There is a PN junction diode situated between the source and drain. This
diode allows current to flow when the voltage between the drain and source is negative, and it can
withstand reverse voltages applied to the MOSFET.

Transistor function: The MOSFET functions as a transistor when a positive voltage is applied
between the drain and source.

Channel formation: Applying a positive voltage to the gate-source terminals repels positive
charges in the P-type regions and attracts electrons. When the gate-source voltage surpasses a

certain threshold, it forms a conductive path, or channel, between the source and drain.
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Current flow: This channel permits current to flow from the drain to the source. Increasing the
gate-source voltage attracts more electrons, enhancing the current flow.

Carrier movement: The conduction current consists of electrons moving from the N+ source
region through the channel and into the N+ and N- drain regions.

Without gate voltage: When no voltage is applied to the gate, the MOSFET behaves like an open
switch, preventing current from flowing between the source and drain.

With positive gate voltage: Applying a positive voltage to the gate generates an electric field
that draws electrons into the channel between the source and drain. This creates a conductive
channel, allowing current to pass through. At lower drain voltages, the MOSFET acts as a variable
resistor, with resistance controlled by the gate voltage. At higher gate voltages, the resistance of
the drift region (the area between the channel and the drain) may become significant.

Current saturation: When the drain voltage reaches and exceeds the gate voltage, the MOSFET
enters saturation, where the current flow stabilizes. This saturation is beneficial for switching
inductive loads, as it limits current during transitions but can result in substantial power dissipation.

In summary, the N-channel MOSFET operates as a transistor when a positive voltage is applied
to the gate-source terminals. This voltage induces a channel that facilitates current flow from the
drain to the source. When the gate voltage is applied, it enables current conduction through the
channel.

Talking particularly about power MOSFET, they operates the same way by controlling the flow
of current between its source and drain terminals using a gate bias voltage. It supports high voltage
and high current, and its behavior can be controlled by the gate voltage, making it suitable for
various applications including power switching. Power MOSFETs and regular MOSFETS (sometimes
called small-signal MOSFETs) are both types of metal-oxide-semiconductor field-effect transistors,
but they are designed for different applications and have different characteristics. Power MOSFET

have:

1. High power handling: Power MOSFETs are designed to handle higher currents and voltages
compared to regular MOSFETs. They are used in power electronics applications where high

power levels are involved, such as in power supplies, motor control, and audio amplifiers.

2. Low on-resistance: Power MOSFETs typically have lower on-resistance compared to regular
MOSFETs. This is important in power applications because it reduces power losses and im-

proves efficiency.

3. High input capacitance: Power MOSFETs often have higher input capacitance, which can affect

their performance in high-frequency applications.

In summary, the main differences lie in their power handling capabilities, on-resistance, switching
speeds, and intended applications. Power MOSFETs are optimized for high-power applications,
whereas regular MOSFETSs are used in low-power applications where fast switching speeds and small

size are more important.
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3.6 TMS coil

In this study, the TMS coil constructed by Khokhar et al. [I36] was utilized. As an initial phase,
resistance and inductance measurements of the coil (Fig. were conducted. The coil comprises
50 turns of copper wire with a conductive diameter of 0.4 mm wound around a 5 mm diameter
carbonyl powdered iron core (Micro Metals, U.S.A).

The inductance of the coil was measured to be 22 pH. Using Agilent E4980A four-point impedance
meter, resistance and reactance value for the various frequency ranging from 50 Hz to 2 MHz was
observed. It gives an idea about in which range of frequency we need to pulse the TMS coil so that

its electrical characteristics are unaltered.

H=4mm

Figure 3.9: Geometry of the mouse coil designed by khokhar et al. [I36] (©) [2021], IEEE
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Figure 3.10: Measurement of the TMS mouse coil inductance and resistance taken using Agilent
E4980A four-point impedance meter

As depicted in Fig. [3.10] the resistance remains constant throughout the low-frequency range

whereas the reactance varies linearly to frequency.
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Chapter 4

Circuit design

Introduction to chapter

This chapter provides a comprehensive overview of the development and experimental validation
of the pulse generation prototype designed to enhance TMS applications. It begins with a detailed
explanation of the block diagram representation of the prototype, followed by a full circuit diagram
and a description of the components used. The development process is outlined in stages, illustrating
the evolution from initial design to a successful prototype. The modes of operation are discussed,
with each circuit block explained in detail. Notably, the initial successful stage of the prototype
was published in the proceedings of IECON 2023 (flagship annual conference of the IEEE Industrial

Electronics Society), and the corresponding publication is included at the end of this chapter.

4.1 Block diagram of the prototype

Figure depicts the overall block diagram of my proposed supercapacitor-based high-power pulse
generator. In the block diagram representation, there are two stages highlighted by red and blue
dotted rectangles. The first stage (red dashed block) is the power stage, which handles high voltage
and current. The second stage (blue dashed block) is the switching control stage, which operates at
low voltage. An opto-isolator is used to isolate these two stages, ensuring electrical protection and
safety. I aimed to design a circuit that diverges from existing literature, focusing on a self-sufficient
and low-cost solution. Traditionally, high-voltage/high-power pulse generators in the power elec-
tronics field are constructed using a high-voltage power supply combined with a pulse shaping stage
[66, 168, 169]. Upon reviewing various traditional techniques, I identified that supercapacitors (SCs)
can serve as the core energy supply element for pulse generators due to their exceptionally low equiv-
alent series resistance (ESR), which translates to a maximum power capability of V—Q, where V is
the rated capacitor voltage and R is the ESR.

I initially tested the circuit using a 12 V, 12.8 m2 supercapacitor bank of 95 Farads (four 380 F
SCs in series) with a power capability of 2.8 kW and a total energy delivery of 6.8 kJ. This setup
produces enough TMS pulses per discharge to effectively excite the TMS coil. The key advantage

of SCs over electrolytic or film capacitors is their combined energy storage and power delivery
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capability, making them a crucial component of this low-cost pulse generator.

During the design and build approach, I could not find any papers or articles on supercapacitor-
based pulse generators for even high-power pulse applications. Therefore, developing a new and
modifiable circuit for TMS took precedence over being guided by existing literature. Additionally,
creating a circuit with fewer switches was a priority because controlling multiple switches may
become complex and difficult. Consequently, I designed a high-voltage pulse generator using a
single MOSFET control and explored various ways to utilize the MOSFET in pulse shaping beyond its
typical on/off functionality.
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Figure 4.1: Block diagram of TMS pulse generator prototype . Power stage (high voltage/current)
and switching control stage (low voltage) highlighted by red and blue dotted rectangles. An opto-
isolator isolates the stages for protection and safety.

4.1.1 Charging circuit (Block 1)

For this prototype, the supercapacitor bank is charged to 5 V using a standard 3 A, 0-30 V
laboratory DC power supply (BK precision 1670A).
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4.1.2 Pre-storage primary energy source (Block 2)

The Block 2 (Fig. primary energy source is a supercapacitor bank (C1) constructed from four
3-V, 380-F supercapacitors connected in series to give a net capacitance of 95 F, and a maximum
working voltage of 12 V. When charged to 5 V, this bank can store a total energy of %C’VOQC = 1188 J.
This energy is sufficient to generate approximately 20 TMS pulses of 100 ps pulse width per dis-
charge, even with a 1 V input, and a voltage drop of only 0.2 V per discharge in the supercapacitors.
Utilizing a higher capacity supercapacitor (SC) could produce significantly more pulses with an even
smaller voltage drop (& 0.02 V with a 3000 F SC). This will be discussed in detail in Section [4.4.1]

Total ESR of the capacitor bank is 12.8 m{) which can provide a maximum short circuit current
of 937 A. This potentially high short circuit DC current capability indicates that it can drive a
very high current into the primary of the step-up transformer (Block 3), subject to additional loop
resistances created by the connectors and the other parasitic resistance.

Our broader power electronics research team at the University of Waikato focuses on supercapacitor-
assisted (SCA) techniques and their applications [165], 170-I73]. This foundation of knowledge on

supercapacitors inspired me to develop this new approach.

4.1.3 Step-up transformer (Block 3)

Given that a mouse TMS coil requires an excitation voltage of 200 to 500 V [105], we need to
upscale the output voltage of the supercapacitor bank by a significant factor. For this purpose, we
have tested the suitability of a step-up transformer with a single-turn primary and large turns ratio
(1:60 range).

This single turn primary coil allows very high primary loop current which will be within the
short circuit current of the SC bank. If we build the secondary winding with a very large number
of turns (several thousands), we can get high voltage at the secondary. However, from the detailed
equivalent circuit of the transformer, ohmic resistance of the secondary will limit the maximum
current deliverable to the load.

Since the designed transformer has higher secondary turns, secondary winding resistance will
be dominant, and it will reduce the current into the load. To overcome this issue, we opted to
charge an electrolytic capacitor from this stepped-up voltage. The maximum power delivered to the
secondary will depend on the total resistance of the secondary (given a single turn case, primary

resistance can be neglected).

4.1.4 Delivery-side high-power output stage (Block 4)

Theoretically we should be able to drive the TMS coil directly from the secondary via the series
switch. Given that the secondary referred magnetizing inductance and the ohmic resistance of the
secondary coil dominate, achieving high current capability will not be possible. For that reason,
I have inserted a high voltage electrolytic capacitor-based charging circuit block in series with an
electronic switch controlled by the processor board. As the ESR of a SC decreases with capacitance

value, if a higher current is required we could simply use a high value SC to improve the circuit.
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A high-frequency diode and a high-voltage rated electrolytic capacitor (C2) are coupled to the
secondary of the transformer to achieve a DC output voltage which is sufficient to drive a high-
power pulse into the TMS coil. During each ON period of Switch-1 (MOSFET S1 in Fig. ,
the transformer’s secondary winding, possessing high self-inductance, forms a series path with the
rectifier diode and the output electrolytic capacitor. The transformer secondary resistance limits
the rate of current change, thereby restricting the amount of charge that can accumulate on the
capacitor during the ON interval. In order to charge the capacitor to the required voltage it is
necessary to repetitively trigger S1. So the processor (Block 6) drives the gate of S1 with a pulse
repetition rate of 8 kHz for a total integration time of 2 s. During this charging time, MOSFET S2
is OFF.

The energy stored in the electrolytic capacitor is then delivered to the TMS coil by driving the
output MOSFET (S2 in Fig. with a triangular gate-control voltage (Block 5).

4.1.5 Variable slope triangular waveform generator for S2 (Block 5)

Creating a versatile waveform generator that can produce a triangular waveform with adjustable rise
and fall slope is an important part of this circuit. One effective method involves utilizing constant
current sources to charge and discharge a capacitor. This approach ensures that the rate of change
of voltage across the capacitor remains constant, resulting in a triangular waveform. This setup
provides precise control over the generation of a triangular waveform with adjustable slope. The use
of constant current sources, analog switches, capacitor selection based on frequency, and feedback

mechanism through the comparator ensures reliable and accurate waveform generation.

. \ \
Turn on Threslhold voltage

4

- Adjustable slopes

0 50 100 150 200
Time (us)

Figure 4.2: Triangle gate voltage showing the adjustable slope and threshold voltage (vr)
Using a triangular gate voltage for a MOSFET offers several advantages:

1. Reduced switching losses:

Smooth transition: A triangular gate voltage provides a smoother transition between the on
and off states of the MOSFET compared to a square pulse. In the case of the triangular wave
gate signal, the benefit is being able to control the output current pulse waveform through

control over the rate of MOSFET on-off transitions. Figure shows the MATLAB-captured
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triangle gate voltage generated by the arbitrary waveform generator with adjustable slopes

and the threshold voltage marked.

Controlled dv/dt and di/dt : The gradual increase and decrease in gate voltage control the
rate of change of voltage (dv/dt) and current (di/dt) more effectively, minimizing losses due

to rapid switching transients.

2. Lower electromagnetic interference (EMI):

The softer switching characteristics of a triangular gate pulse reduce the high-frequency com-
ponents generated during switching. This results in lower EMI, which is beneficial for com-
pliance with electromagnetic compatibility (EMC) standards and reduces interference with

nearby electronic devices.

3. Enhanced gate control:

A triangular gate pulse allows for more precise control over the gate charge, leading to better
control of the MOSFET switching behavior. This can be particularly useful in applications

requiring precise timing and control.

4. Reduced ringing and oscillations:

The smoother transition provided by the triangular gate pulse helps to minimize ringing and
oscillations that can occur during switching events. This leads to more stable operation and

reduced risk of false triggering or noise issues.

5. Improved efficiency:

By reducing switching losses and EMI, and improving thermal management, the overall ef-
ficiency of the power conversion process is improved. This can be particularly important in

high-efficiency power supply designs and other power electronics applications.

The TMS coil voltage is determined by the rate of change of current (di/dt). The maximum
voltage is achieved when the MOSFET is turned off as rapidly as possible (fast switching), which is
maximized by using a sharp (rectangular) gate signal. In contrast, a triangular wave gate signal
allows for control over the output current pulse waveform by adjusting the rate of the MOSFET’s
on-off transitions, enabling more precise shaping of the current pulse.

In my circuit, using a triangular gate voltage offered the added benefit of producing higher volt-
age across the TMS coil. Additionally, by adjusting the symmetry of the triangular waveform, I was
able to further increase the voltage output without making any changes to the circuit components.
This flexibility in tuning the gate voltage allows for optimizing the performance of the TMS coil,
achieving higher voltages as needed for effective stimulation.

The next chapter will provide further details of this waveform generator, including circuit di-
agrams, equations, and a thorough explanation of its operation. This will offer a comprehensive

understanding of how this method results in a triangular waveform with an adjustable slope.
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4.1.6 Arduino controlled driver circuit for S1 (Block 6)

The S1 pulse is generated by an Arduino program, which is then routed through a driver circuit
designed to interface with the primary side of a transformer. The driver circuit employs an opto-
isolator, specifically the 4N25, to achieve electrical isolation between the low-voltage control side
and the high-voltage side of the transformer. This isolation is crucial for ensuring the reliability and
safety of the design, as it protects the low-voltage control electronics from potential high-voltage
spikes.

The Arduino generates the initial control pulse, which is then fed into the driver circuit. Within
this circuit, a transistor is used to amplify the voltage of the control signal, ensuring that it is strong
enough to drive the subsequent stages. After amplification, the signal passes through the opto-
isolator. The opto-isolator uses an LED and a phototransistor to transfer the control signal across
an insulating barrier, maintaining electrical isolation while allowing the signal to be transmitted.

This combination of the Arduino-controlled pulse generation, voltage amplification via the tran-
sistor, and signal isolation using the opto-isolator ensures that the driver circuit can reliably control
the primary side of the transformer. The opto-coupler not only provides protection but also enhances

the robustness of the design, making it suitable for applications involving high voltages.

4.2 Circuit diagram & component list

In this section, the complete details of the developed hardware prototype are presented, accom-
panied by photographs of the various components. The Table included in this section provide
a breakdown of the cost of each component used in the prototype, with the total amount reach-
ing 170 NZD, highlighting the affordability and cost-effectiveness of the design. The total cost of
170 NZD demonstrates that the design is economically viable for research or small-scale manufac-

turing purposes.

Table 4.1: List of components and the associated costs

Component Assignment Nominal rating Cost (NZD)
C1 Electrolytic-capacitor 330 puF, 450 V 12
C2 Supercapacitor 380 F, 3V, 3.2m{, 257 A 20
S1 Charging switch 40 V, 1.35 mS2, 350 A 8
S2 Discharging switch 650 V, 24 mQ, 120 A 39
D High-frequency diode 1.2 kV, 75 A 8
T Step-up transformer 1:60 Turns ratio 3
A ARDUINO UNO 5V, 14 digital I/O pin 50
Others (Resistance, transistors) 30
Total cost 170
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Figure displays the full circuit diagram, which includes the S1 and S2 driving circuits, as
well as the Arduino microcontroller that controls the switching operations. The diagram provides a
comprehensive view of how the different components are interconnected to create the pulse generator
for transcranial magnetic stimulation. Table [£.2] lists the entire component set used in the circuit.
Figure offers a more detailed look at the prototype through three subfigures: Fig. 4.4|a) shows
the circuit diagram, laying out all key elements, including the power supply, MOSFET switches,
control circuitry, and the step-up transformer used for generating the necessary voltage for TMS
applications. Fig. (b) presents a photograph of the hardware setup, displaying the actual pro-
totype of the main circuit. This image provides a visual reference for how the circuit components
have been physically arranged and connected. Fig. (C) depicts the entire system, including the
coil holder, which is used for measuring the magnetic field generated by the TMS coil.

Overall, this section offers a comprehensive overview of the prototype’s design and construction,

from the circuit diagrams and component lists to the physical hardware setup.
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4.3 Main circuit development idea

1.

Supercapacitor (SC) as energy source: The initial phase of this project involved experimenting
with supercapacitors as the primary energy source. Supercapacitors, despite their invention
in 1957, have seen significant advancements in their application in electronics. These devices
offer substantial advantages due to their high energy density and capacity to deliver high
currents. The last decade, particularly from 2010 to 2020, was critical for the development
and commercialization of supercapacitors [174]. Although their operating voltage is typically
below 5 V, their low internal resistance minimizes energy loss, making them highly efficient
for TMS application. Their capability to provide high current is particularly beneficial for

applications requiring rapid discharge rates.

. Step-up transformer: Given the low voltage output of supercapacitors, a step-up transformer

was employed to increase the voltage. The transformer design was critical, necessitating careful
selection of the magnetic core material and the winding ratio to ensure optimal performance.
By designing the transformer with a single primary turn and multiple secondary turns, the
voltage output was significantly increased, facilitating higher voltage operations necessary for

the circuit.

MOSFET for chopping DC: To utilize the step-up transformer, which operates with alternating
current (AC), it was essential to convert the direct current (DC) from the supercapacitors
into a form compatible with AC. This was achieved using a MOSFET, which chops the DC into

pulsating DC, mimicking an AC signal suitable for transformer operation.

. Rectification and capacitor storage: The pulsating DC voltage generated was subsequently

rectified and stored in an electrolytic capacitor. This storage mechanism allows the converted

voltage to be switched and utilized according to the desired pulse patterns for the application.

. Controlling pulse sequences: Precise control over the pulse sequences delivered to the coil was

essential. The stored high or medium voltage in the electrolytic capacitor was manipulated
to deliver in any required pulse pattern, ensuring accurate and controlled delivery of energy
to the coil.

Rigorous testing of prototype circuit: The prototype circuit demonstrated effective physical
excitation of the coil, indicating that sufficient current and magnetic field were generated for
the intended application. This successful operation validated the initial design and function-

ality of the circuit.

Pulse shaping with MOSFET: Further refinement involved shaping the pulses to achieve the de-
sired waveform characteristics. Various pulse shapes were tested, with triangular gate voltage

showing particularly promising results in optimizing the pulse delivery.

Development of software model: To mitigate the risks and costs associated with testing high
voltage components and to test pulse shaping with different gate input/wave shapes, a soft-

ware model was developed to predict circuit behavior. This model allowed for extensive
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Figure 4.5: Mode-1 (red dashed lines) of the circuit topology of the power stage

experimentation and refinement of the prototype in a virtual environment. By correlating the
experimental results with simulations, a robust software model was established that accurately

predicts the circuit performance.

Overall, the development approach combined practical experimentation with simulation-based
refinement, providing a systematic and efficient pathway to optimize the pulse generator prototype.
This methodology facilitated tailored adjustments based on software model predictions, enhancing

the prototype to meet specific user needs effectively.

4.4 Modes of operation

The prototype circuit operates in three modes: charging the supercapacitor, charging the electrolytic

capacitor, and excitation of the TMS coil. I will now discuss each mode in turn.

4.4.1 Mode-1: Charging the supercapacitor bank

Figure shows mode 1. In this mode, I utilize a standard laboratory power supply to charge the
supercapacitor bank C1, Comprising four 3 V, 380 F supercapacitors connected in series to achieve
a maximum voltage of 12 V and an effective capacitance of 95 F (380/4), the bank exhibits minimal
voltage drop per discharge. Hence, recharging the supercapacitor bank C1 after each discharge is
unnecessary, even though it is charged to only 2 V. The utilization of larger supercapacitor will
allow for a prolonged operation without recharging. The conducting path for Mode-1 is depicted in
Figure [4.5] with red dashed lines.

Over the last two decades, many capacitor manufacturers have started manufacturing superca-

pacitors, consequently the prices of these devices have started coming down, particularly for the
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Figure 4.6: Total pulse count of the respective supercapacitors with an initial voltage of 2 V used
as a source for the prototype to test the SC’s ability as a pulse generator source.

lower capacitance devices from 1 F to 500 F [6]. The most useful properties of supercapacitors are:
(i) very long life compared to limited life-cycle batteries, and (ii) low equivalent series resistance
(ESR) which results in high power delivery capability.

The experimental results generated by the use of different sizes of supercapacitors (SC), detailing
the overall pulse capacity of each capacitor type is shown in Fig The supercapacitor bank has
the capacity to charge upto 12 V but in this experiment, all supercapacitors were charged to 2 V
and utilized as a primary power source for the prototype. The initial excitation of the TMS coil
resulted in a reduction in the input supercapacitor voltage in the range of 0.02 to 0.2 V only. The
experiment was conducted over 8 discharge sequences to provide insights on pulse count and energy.
Notably, supercapacitors with higher capacitance exhibited a lower reduction in voltage, enabling
a greater number of excitation with the supply voltage of 2 V.

This observation is particularly promising, as even at a voltage of 2 V, a high capacitance
supercapacitor can generate up to 2000 pulses. In contrast, continuous theta burst stimulation or
intermittent theta burst stimulation (iTBS) typically use only 600 to 1200 pulses. Therefore, this
makes the supercapacitor an excellent option as a source for the circuit to generate enough pulses
for TMS. This capability ensures that the supercapacitor can provide a stable and sufficient pulse
count for effective therapy sessions, demonstrating the potential for supercapacitors in advanced
medical devices. The cumulative pulse count for different supercapacitors, depicted in Fig. [4.6]
further underscores their suitability as a superior power source for pulse generation.

The voltage drop, representing energy loss in 95 F and 3000 F supercapacitors, is shown in

Fig. The 3000 F supercapacitor maintains high energy levels throughout discharge with minimal
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Figure 4.7: Energy discharge of 95 F (blue) and 3000 F (red) supercapacitors with 2 V initial
voltage. This illustrates that the 3000 F supercapacitor can sustain high energy levels throughout
the discharge process with minimal losses.

losses. Supercapacitors have very low and constant equivalent series resistance (fractional milliohms
to a few milliohms), resulting in a high power density far superior to rechargeable batteries. By
combining the series supercapacitor module with a low ESR, you can use a step-up transformer to
output a high secondary voltage (vs).

The supercapacitor’s equivalent circuit model is a capacitor in series with an equivalent series
resistor, with the latter proving crucial in determining instantaneous current through the load.
Supercapacitors exhibit low ESR in the milliohm range, ensuring efficient energy transfer. The
Ragone plot [I75] indicates that supercapacitors are approaching the energy density of lead-acid
batteries, offering higher life cycle capabilities. Despite the limitation of a 3 V DC voltage rating
per cell, supercapacitors outperform other capacitors in energy storage and delivery, as evidenced by
their Farad rating. By connecting supercapacitors in series, the low voltage issue can be mitigated.

As depicted in Fig. by increasing the size of the supercapacitor module from 95 F to 3000 F
with a precharged voltage of 2 V, the total number of pulses keep increasing with the size of the
supercapacitor. This illustrates that for a given TMS experiment there is no necessity to have a
specially designed DC power supply for the input supercapacitor stage. Once the SC module is

precharged, the low voltage DC source can be disconnected by opening the switch.

4.4.2 Mode-2: Charging the electrolytic capacitor

Figure [1.§ shows the mode 2. Utilizing the advantageous properties of supercapacitors as discussed

above, I have successfully constructed a prototype [79] with the TMS coil developed by Khokhar
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Figure 4.8: Mode-2 (red dashed lines) of the circuit topology of the power stage

et al. [136]. The circuit topology involves the utilization of a precharged supercapacitor, initially

charged to a low voltage, such as 2 V.

The operation begins by activating MOSFET S1 at a frequency of 8 kHz. This high-frequency
switching pumps energy into a step-up transformer. The transformer’s high-voltage secondary
winding feeds a rectifier circuit, which charges a high-voltage electrolytic capacitor. A processor
subsystem, not depicted in the circuit diagram (Fig. , manages the operation of MOSFET S1
[79].

In this mode, the high-frequency switching of DC voltage from the supercapacitor bank results
in a pulsed DC voltage. Because the transformer operates solely with AC, this alternating DC
voltage functions equivalently to AC, allowing for voltage step-up. To achieve the required voltage
across the capacitor C2, MOSFET S1 is operated for 2 seconds at an 8 kHz frequency. A ferrite
toroidal core is used for the transformer, with a self-wound 1:60 turns ratio to achieve the necessary
voltage step-up. The operational path for Mode-2 in the circuit is illustrated in Figure with red

dashed lines.

The inductance of an inductor can be measured by analyzing its impedance at a specific fre-
quency. Accurate RLC meters are used for this purpose, as they can measure both the real and
imaginary components of the impedance, effectively providing the R-L series equivalent network.
Measurement of the transformer parameter was important in this stage of research. In the open
circuit test of a transformer, where the secondary winding is left open and no current flows through
it, the primary winding inductance measured using an LCR meter primarily reflects the magnetiz-
ing inductance (Lp). This is because the absence of current in the secondary winding ensures that

the primary winding inductance measurement is not influenced by the leakage inductance, which
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Figure 4.9: Equivalent circuit of the transformer

is typically negligible under these conditions due to the minimal coupling between winding (fewer

primary turns).

Conversely, in the short circuit test, the secondary winding is short-circuited, resulting in max-
imum current flow through the winding. Here, the inductance measured from the primary winding
reflects the total primary leakage inductance (¢;,) of the transformer. This includes the inductance
associated with the magnetic flux that does not directly link both winding due to leakage paths,

such as gaps or imperfect coupling between primary and secondary winding.

These tests provide essential insights into transformer characteristics crucial for designing effi-
cient and reliable electrical systems and power electronics applications, ensuring that the transformer

operates within specified parameters and minimizes losses [167].

Given that a TMS coil requires an excitation voltage of several hundred volts, we need to upscale
the output voltage of the supercapacitor bank by a significant factor, of order sixty-fold. For this
purpose, I have tested the suitability of a step-up transformer with a single-turn primary and large
turns ratio (1:60 range). The single turn primary allows a high drive current into the transformer
primary winding. Referring to Figures and and symbol definitions in Table the initial

voltages appearing across the primary and secondary coils are:

Vp = Voo — (Te + 1w + 7p)ip

Us =N Up, where n = Ng/ N,

If the parasitic resistances r. (internal resistance of supercapacitor), ry (wire resistance) and rp
(primary winding resistance) are too large, the primary voltage will be too low to create a high-

power output pulse. Vi represents the open-circuit voltage of the supercapacitor bank.

As per the definition of self-inductance [167], the total self-inductance of primary (L;) and

secondary (Lg) windings can be expressed as the sum of magnetizing and leakage components:

L1:Lp+€p
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Table 4.3: Symbol definitions and values for the transformer equivalent circuit

Measured values

bol Descripti
Symbo eseription primary, secondary

Ly, Ls Magnetizing inductance $.33 uH. 32.5 mH

for primary, secondary

ly, s Leakage inductances 0.29 pH, 977 uH
rp, s  Winding resistance 5.8 mf2, 12 Q
Np, Ny Number of turns 1, 60

Up, Vs Transformer voltages - -

ip, & Transformer currents - -

Primary winding Secondary winding

(a) (b)

Figure 4.10: (a) Ferrite core ZW42207TC and (b) wound transformer with 1:60 turns ratio.

L2:Ls+€s

By referring all inductive components to the secondary, the total self inductance of the secondary

side takes the form:
Lo = n?(Lp + £p) + s (4.1)

Open-circuit and short-circuit measurements of the transformer core were carried out to estimate
the relevant transformer parameters. Inductance for both windings were measured using a Agilent
E4980A four-point impedance meter at 10 kHz; see Table From Eq , the secondary winding
will have a total self-inductance of Ly = 32 mH, thus the secondary circuit is highly inductive. In
this preliminary design, the transformer was wound on a highly-permeable toroidal ferrite core type
ZW42207TC (Magnetics) using a turns ratio of 1:60. Figure depicts the toroidal core and the

wound transformer.
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Figure 4.11: Mode-3 of the circuit topology. Gate control signals for S1 and S2 ensure that these
switches are never ON at the same time

It should be noted that the transformer used in this design was not fully optimized, with only
basic sizing and turns ratio considerations applied based on preliminary requirements. A compre-
hensive transformer design, including optimization of core material selection, winding configuration,
leakage inductance minimization, and loss reduction strategies, was not undertaken. As a result, the
energy transfer efficiency across the transformer could be substantially improved through a more

detailed design approach.

4.4.3 Mode-3: Excitation of TMS coil

Figure shows Mode 3. Upon reaching the required voltage, MOSFET S2 is triggered to initiate
the excitation of the TMS coil. At this time, MOSFET S1 is turned off. Triggering S2 can be
accomplished using various gate voltage waveforms. By employing different waveform types, we can
regulate the coil current and voltage pulse parameters of the TMS coil, thus providing the pulse
generator circuit with an additional pulse-shaping feature.

In the final stage of the TMS excitation circuit, a crucial element is introduced to control the
output pulse through power MOSFET. The power MOSFET can be treated as a variable resistor, with
its gate voltage determining its resistance, thereby altering the discharge rate of the capacitor. Using
a MOSFET as a dynamic element rather than a simple switch is innovative in TMS applications.

By manipulating the resistance of the MOSFET, we can effectively change the discharging rate of
the capacitor, allowing us to modify the output pulse without the need for additional components.
This not only simplifies the circuit but also enhances its versatility, enabling precise control over the
pulse characteristics. This means that by adjusting the gate voltage, we can control how quickly or

slowly the capacitor discharges, effectively shaping the output pulse which opens up new possibilities
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for pulse generation.

The MOSFET as a variable resistor has been successfully modeled, with simulation results match-
ing experimental data as demonstrated in Chapter 6. This validates the effectiveness of the approach
and ensures its reliability in practical applications. The model developed for one MOSFET can be ex-
panded to include multiple MOSFET, allowing for greater flexibility in circuit design. This approach
involves modeling the MOSFET as a variable resistor, which acts as a dynamic element in the circuit,
and can be applied to other types of existing circuit topologies in literature [80, 104}, 105} [136].

In summary, by treating the MOSFET as a variable resistor in the TMS excitation circuit, [ have
unlocked a new level of control and versatility. This innovative approach not only simplifies the
circuit but also enhances its performance and adaptability, paving the way for advancements in

neuromodulation and related fields.

Conclusion

In conclusion, the development of the pulse generator prototype for TMS demonstrated innova-
tive integration of supercapacitors, step-up transformers, MOSFET, and pulse-shaping techniques to
achieve efficient energy conversion and controlled pulse delivery. The selection of supercapacitors
as the primary energy source proved effective for the prototype. Extensive research into developing
a simple and efficient prototype, distinct from existing circuits and literature, was successful. The
circuit successfully operated with effective pulse shaping.

Two main achievements emerged from this research. Firstly, the identification and utilization
of a reliable power source were crucial, as the existing circuits utilized a high-voltage source, which
can be costly. Secondly, the precise timing control of MOSFET for on-off switching, coupled with the
triangular gate voltage providing a high rate of voltage change, potentially influencing the magnetic
and electric fields developed by the TMS coil.

The successful validation of the prototype demonstrated its ability to generate sufficient current
and magnetic field for TMS applications, affirming the effectiveness of the designed circuit in meeting
operational requirements. This work was published and presented at the 49th Annual Conference
of the IEEE Industrial Electronics Society (IECON 2023) [79], and is included below.

4.5 Publications

4.5.1 Paper published in proceedings of IECON 2023

The following paper was presented at 49th IECON23 (IEEE Industrial Electronics Society Confer-
ence), held from October 16-19, 2023, at Marina Bay Sands Expo and Convention Centre, Singa-
pore, and published in the IEEE proceedings of the conference [79]. An attribution detailing the
contributions from the authors is included in the Appendix



IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society | 979-8-3503-3182-0/23/$31.00 ©2023 IEEE | DOI: 10.1109/IECON51785.2023.10311985

Supercapacitor based adjustable high power pulse
generator for medical research applications

Soniya Raju
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Abstract— High power pulse generators with variable
parameters are helpful in many applications in the industrial
and medical fields. The traditional approach to design these
pulse generators is to start with a high voltage DC power supply,
energy storage capacitor, and a wave shaping circuit. However,
building a high-voltage DC power supply itself is a complex task
and it ends up in a complicated circuit with several high-voltage
components hence adding to the total cost.

This paper presents a unique new approach to designing a
supercapacitor-based high-voltage pulse generator with a lower
number of components and simple two-winding transformer.
First experimental circuit developed based on this new approach
is presented here with variable pulse generator capable of
several hundred volts peak voltage with loop current capability
of several hundred amperes.

Keywords—Supercapacitors, High voltage engineering, Pulse
generator, Transformer, transcranial magnetic stimulation.

L INTRODUCTION

High voltage, high power pulse generators are used in
many applications such as medical research, fence energizers
and lightning surge simulators. There are many different
approaches to design and build high power pulse generators.
Some start with a high voltage DC power supply followed by
wave-shaping circuits. Marx type pulse generators use
voltage multiplier techniques [1]. Similar to Marx generator,
a Tesla transformer [2] is also used to charge a pulse forming
circuit.

Commercial versions of pulse generators come from
many sources. Barth Electronics supply systems up to 2 kV,
Kentech up to 12kV and Integrated Technologies using spark
gap up to 120kV [2]. These versions provide single shot
excitations of 10 to 20 pulses, but are not affordable in some
applications due to excessive costs. With the evolution of
power electronic switches with high voltage capabilities,
numerous solid-state based high voltage pulse generators
have also been proposed. Examples of power electronics-
based pulse generators (PG) vary from mimicking the
classical generators, such as the Marx generator to emerging
new topologies and converters. Utilizing basic switched-
mode power supply (SMPS) circuits like boost, buck-boost
and the isolated buck-boost or the flyback in high voltage
(HV) pulse generation topologies were being used a lot due
to their voltage step-up capabilities. Sungwoo Bae [3]
presents a high-voltage bipolar rectangular pulse generator
using a solid-state boosting front-end and an H-bridge output
stage. This circuit has more than 4 switches and many
capacitors with high-voltage resistors. This is also an
extended version of the Marx generator. Soo-Hong Kim [4]
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gives a model consisting of a capacitor charging power supply
using a series-connected full-bridge pulse width modulation
(PWM) converter for pulsed power applications. In [5] an
input buck-boost converter feeds a stack of low voltage (LV)
switch—capacitor units at the output stage. But a complicated
control algorithm is required, and only unipolar pulses are
generated. Xin Zan [6] proposes a medium voltage pulse
power generator for the accurate current interruption. The
authors have presented a module in a 4.5kV pulse generator
using a high voltage switch stack, an insulated-gate bipolar
transistor (IGBT) half-bridge module, and a high-voltage
diode stack.

A single-stage LC resonant pulse generator can also be
configured to boost the output voltage and current from the
input voltage source, which can reduce the cost of the input
high-voltage switches and high-voltage dc sources. A pre-
charged capacitor bank can be used by an LC resonant
capacitor bank pulse generator to create a pulse through an
inductor. Some papers also describe replacing the pre-
charged capacitor bank with the Marx generator. LC circuit
with a boost circuit module is also used for high-voltage pulse
generation [7].

Based on the literature review on various pulse generators,
most have used pre-charged capacitors combined with
various DC-DC converters to step up the voltage. Pulse
generators should be compact, modular, and easy to step up
to higher values. As a general observation from the study,
high voltage pulses are generated mostly using low voltage
switches connected in series which results in a huge number
of switches and the losses associated with them. Also, some
have used high-voltage switch modules, resistors, and diodes
which comes at a high cost. With the development of solid-
state pulse power technology, it plays a crucial role in
industrial applications, biotechnology, and medical research.
So far, the standard and available high-voltage pulse
generators such as lightning surge simulators have very costly
and complex circuits. Pulse generators are also used in the
electric fencing circuits by companies like Gallagher [8] for
the animal management systems. These systems use circuits
with a high voltage DC source and shaping circuits.

In Section III of the paper, we develop a completely new
design approach to a high-voltage pulse generator in a cost-
effective manner and simple design approach based on a
supercapacitor module as the starting energy source. With our
wider power electronics research team at University of
Waikato focus on supercapacitor assisted (SCA) techniques
[9] and applications the background knowledge on
supercapacitors motivated us to develop this new approach.
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IL. PULSE GENERATOR FOR MEDICAL
RESEARCH APPLICATIONS

Our research project is aimed at developing a pulse generator
for transcranial magnetic stimulation (TMS).

A.  Specific requirements of the pulse generator for
medical applications

High voltage supply or pulse generator is often used for
medical applications such as Cell Electroporation Therapy
(EPT), genetic therapy, ultrasonic cleaning, chemical-free
bacterial decontamination, medical imaging and transcranial
magnetic stimulation (TMS) [10]. All these systems’
effectiveness may depend on i) pulse voltage ii) duration iii)
pulse shape and iv) adjustability of shape. The references used
so far mostly have used design approaches based on an
electrolytic capacitor with high voltage rating and high voltage
metal oxide silicon field effect transistors (MOSFET) [11].

As we are specifically focused on transcranial magnetic
stimulation (TMS) application, so far mainly the conventional
way of pulse generation is based on an LC oscillator circuit
and an inverter topology [12]. TMS requires electronic
circuitry which is a technical challenge for the design of a
practical flexible pulse. The produced pulse should have high
voltage and high current with the required magnetic field that
can energize the small animal brain in TMS coil application.
Here we have considered small animals because at a
preliminary stage, we aim at producing several hundred volts
at a high current only. Our aim was for a 10 — 20 J per pulse
for small animal brain excitation for a short duration (a few
hundred microseconds) and this can easily be discharged from
a capacitor for each pulse. Section III of the paper provides
the background of supercapacitors and a supercapacitor-based
approach. Then Section IV provides a background to
innovative approach used in this design. Section V
summarizes the characteristics of the first prototype and its
testing. Finally Section VI gives an insight to the potential
application of TMS and then follows with the conclusion and
future development plans for this design.

1.  SUPERCAPACITOR & SUPERCAPACITOR-
BASED APPROACH

Supercapacitors (SC) are a new form of energy storage
devices with a very high power density and a long life cycle
compared to rechargeable battery chemistries. Today there are
supercapacitors with single cell capacitance values from 0.2 F
to over 70,000F [13]. Their only weakness compared to
electrolytic or film capacitors is the low DC voltage rating in
the range of 2.5 to 4.2 V in general. When a high voltage
capability supercapacitor bank is required, several cells are
connected in series, similar to building battery banks with
single cells.

Fig. 1 shows the equivalent of a rechargeable battery and
a supercapacitor feeding a variable resistive load Rp. A
rechargeable battery is basically a voltage source with internal
resistance, which can be quantified by a DC source and
lumped resistance r;,,. Similarly a SC is also shown by its
charged capacitance and the equivalent series resistance (ESR)
as in Fig 1(b). For the cases here, load voltage Vg, is given by,

v

LN 1
1+ Jut (
Ry

Vi

SW (on at t=0)

§I’iw R Lg gfccg) I

-iv =ilc=V
(t=0)

gm

(@ (b)
Fig. 1. Equivalent model of (a) rechargeable battery (b) supercapacitor

From equation (1) it is clear that the load voltage keeps on
reducing as the internal resistance increases. So, a good energy
source should have very low internal resistance with a high
open circuit voltage. Power delivered to load can be written as

Vo @)
_R_L —
1+ nt
(1)
For the maximum power condition ddTP =0,
v
Prax= F‘m 3)

when the internal resistance is equal to the load resistance.

Given this discussion, maximum power is restricted by the
internal resistance. In many rechargeable batteries, the internal
resistance increases with the discharge in general. Even
though we get a near-constant open circuit voltage due to the
electrochemistry in the cell, the available power keeps
reducing due to the increase in internal resistance (Fig. 2).

As Fig.2 depicts, a battery’s internal resistance keeps
increasing with the discharge. However, in a similar size
supercapacitor (SC) the ESR is much lower and it does not
increase with the discharge. For this practical reason, if we
select a suitable SC or a bank of SCs based on the previous
maximum power delivery discussion, it can pump out a
significantly high power. Moreover, a SC has the energy
storage capability given by Equation (4) and this translates to
a significant amount of Joule energy capability even for a very
small SC. Given that a SC can be simplified as a Model in
Fig.1(b), and the capacitor is initially charged to V,, the total
energy stored in the capacitor is given by.

1 2
E 2CVC 4)
When the switch is activated at t=0, the instantaneous current
through the load is
T, o= —
Rp =0 R+, 5)

This equation shows how important is the ESR in
supercapacitors. Compared to other capacitors and energy
storage device (ESD), supercapacitors have ESR in the range
of milliohms. In a general R-C loop, including the ESR, time
constant becomes
=Ry +1,)C Q)

Within 2 time constants, nearly all energy can be discharged
[13]. As per information in Table 1, physically small and
lower-cost SCs have significantly high energy storage
capability, high current capability and high maximum power
delivery based on Equation (3). Fig. 3 physically compares
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electrolytic capacitors and small SCs. If the internal series
resistance of the device is too large, while extracting energy
from the energy source, a significant share of it is wasted
within the source in the form of heat. This can adversely affect
the lifetime of the devices too.
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Fig. 2. Comparison of internal resistance variation with the percentage
discharge—6V energizer battery and a 3000F 2.7V EDLC from
VINATech.[13]
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Fig. 3. Comparison of symmetrical double-layer capacitors (low-cost
devices) with electrolytic capacitors of the similar canister sizes [13]

As per [14], supercapacitors are gradually trying to reach
the energy density of lead -acid batteries while providing
much higher life cycle capability than all rechargeable
batteries. However, the only limitation is its DC voltage rating
is not more than 3V per cell. Referring to Table 1, we can
appreciate that a single SC in the range of few Farads to 500
Farads can store adequate energy to generate several pulses
of the range of 10 to 20 J per pulse, based on a single full
charge.

IV.  SUPERCAPACITOR TRANSFORMER
COMBINATION FOR HIGH VOLTAGE PULSE
GENERATOR.

Fig. 5 indicates the block design approach for the Pulse
generator prototype. Block A is a low voltage DC power
supply to charge the SC bank B. In Block B, right now we
have used 4 series connected supercapacitors of the size
380F/3 V which creates a total capacitance of 95 F. Total ESR

of the capacitor bank is 12.8 mQ which can provide a
maximum short circuit current of 937 A as in Fig. 4. This
potentially high short circuit DC current capability indicates
that it can drive a very high current into the primary of the
step-up transformer (Block C), subject to additional loop
resistances created by the connectors and the other parasitic
resistance.

TABLE I. SUMMARY OF VARIOUS HY-CAP NEO 3V
SUPERCAPACITORS (VINATECH) AND ITS MAXIMUM POWER
CAPACITY (SOURCE VINATECH DATASHEET [15]

ES | Max. | Short | Max | Max
C_apa R Curr circuit Pow | Ener
Part Number citan * gy
ce (F) (m | ent Current er
QW | W | w| D
WEC3R0106QG 10 45 10 66.67 50 45

WEC3R0156QG 15 55 12 54.55 41 67.5

WEC3R0256QG 25 30 21 100 75 112.5
WEC3R0606QG 60 20 40 150 113 270
VEC3R0107QG 100 8 78 375 281 450

VEC3R0407QG 380 | 3.2 | 250 937.5 703 1800
VEC3R0507QG 500 | 32 | 288 937.5 703 2250
*Max. current-continuous Rated current given by the datasheet

N L \A
*Short Circuit current -Instantaneous short-circuit current (ES_R)

To achieve high secondary current capability, governed by
the turns ratio, we have used just one turn in the primary. This
single turn primary coil allows very high primary loop current
which will be within the short circuit current of the SC bank.
If we build the secondary winding with a very large number
of turns (several thousands), we can get very high voltage at
the secondary. However, from the detailed equivalent circuit
of the transformer in Fig. 6, ohmic resistance of the secondary
will limit the maximum current deliverable to the load.
Following mathematical relationships provide the basis of the
design calculations.
Maximum current possible from the supercapacitor (SC)
e

r.t1+Rp (7
Where r. -ESR of supercapacitors, r; — loop resistance,
Rp-primary winding resistance

If r=0,

Ve
r+Rp (8)

Since we have designed a single turn and large diameter
primary winding, Rp can be neglected.

By Kirchoff law,

Vetr, + LS if =0
Secondary Load voltage, Vi =N*Vp

I=

where L=Ls +]I\\J—4 ()
(10)

N*Vp

Ri+Rg (1 1)

Since the designed transformer has higher secondary turns,

secondary winding resistance will be dominant, and it will
reduce the current into the load.

So, approx. maximum current, I; =

I¢ |

V¢

Fig. 4 Primary side of the transformer with SC source
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Fig. 5. Design flow/block approach for the prototype

To overcome this issue, we opted to charge an electrolytic
capacitor from this stepped-up voltage. In Figure 6(b), the
maximum power delivered to the secondary will depend on
the total resistance of the secondary (given a single turn case,
primary resistance can be neglected). Magnetizing inductance
contributes to the open circuit’s maximum voltage.

Open-circuit and short-circuit measurements of the
transformer core were carried out to estimate the relevant
transformer parameters referring to Fig 6. All inductance
measurements of both windings were carried using an LCR
meter (Fluke PM6304) over a range of frequencies from 1 to
10 kHz. Measurements carried out at 10 kHz, resulted in
approximate values of Lm = 8.6uH; Lp =0.29uH; Ls=977uH
and Lm’=33.5mH.

Theoretically we should be able to drive the TMS coil in
block E directly from the secondary based on the series
switch. Given that secondary referred magnetizing
inductance and the ohmic resistance of the secondary coil
starts dominating as in Figure 6, the high current capability
will not be achieved. For that reason, we have inserted a high
voltage electrolytic capacitor-based charging circuit block in
series with an electronic switch controlled by the processor
board. As indicated in Table I, with the ESR of a SC
decreasing with capacitance value, if a higher current is
required we could simply use a high value SC to improve the
circuit.

A.

The transformer was wound over a ZW42207TC core, which
is a high-permeability ferrite material from MAGNETICS.

Selection of the magnetic core.

(a)

Fig. 6. (a) Detailed equivalent circuit of a transformer (b) simplified model of the transformer referred to secondary side

Table II presents a summary of the magnetic parameters of
the selected core material. With reference to Figure 7, the
pulsating DC across the primary is magnified by the turns
ratio. Then this voltage is rectified by a diode and electrolytic
capacitor of high voltage to energize the TMS coil which is
turned on by the second switch in block D.TMS coil is made
by winding 50 turns of 0.4 mm copper wire on 19 mm long
Carbonyl Powder iron core. This is the coil used to excite the
nerve cells of small animals.

Future improvements will include pulse shaping circuits
which is an important aspect of a perfect pulse generator.
Fig.7 indicated the overall circuit with an Arduino
microprocessor board used as a controller to drive MOSFETSs
(one in block A, B, and block D in Fig. 5).

B.

A string of 4 series connected supercapacitors acting as
the DC source is connected to the step-up transformer through
a switch that operates at high frequency (>10kHz). The
stepped-up transformer’s output voltage is rectified using
IN4007 and stored in the electrolytic capacitor. Once fully
charged, the capacitor is discharged to the TMS coil (load)
through a MOSFET. The pulse for each switch is
programmed in a microprocessor in such a way that it
complements each other.

Driver circuit using Opto isolator 4N25 is used in the
primary side of the transformer. Isolation from the high
voltage is an added advantage of using optocoupler in driver
circuit for reliability of the design.

Working pulse generator prototype building

oror

(b)
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Fig. 7. Proposed prototype & experimental setup. (a) Circuit Diagram

TABLE II. MAGNETIC PROPERTIES OF W FERRITE
MATERIALS MANUFACTURED BY MAGNETICS, USA [16]

MATERIAL w

Initial permeability(y) 10,000
Max. Usable frequency (MHz) <0.5
Relative loss factor <7 (10kHz)
Curie Temperature (°C) >135

Flux density (mT) 390

V. PULSE GENERATOR PROTOTYPE TESTING

In this section we analyse our experimental results. Since
hardware operates at higher voltage, we tested with lower
voltage as a preliminary effort to ensure that the circuit is
working as per designed. The capacitor voltage of 30V and
Coil current of 40A from an input of 3 V from test setup is
shown in Figure 8. The capacitor voltage was measured
throughout the charging time and quick discharge through the
TMS coil when switch 2 is turned on. The coil current is
measured using Tektronix A622 AC/DC current probe during
the discharge time of 1.5 ms. It was observed that we could
charge the capacitor in the charging block to 400 V from 10V
SC supply using the test setup. Even with low voltage stored
in a capacitor (50 V), we could energize the mouse coil with
a 250 mT magnetic field.

20

10

Capacitor Voltage (V)

0

0 2 4 6 Time(s) 8§

PROPOSED CIRCUIT

(b) Experimental set up

VL APPLICATION

Over the last few decades, there are many research and
improvements on the Human TMS that have been carried out.
Whereas in small animals, TMS coils are less explored. This
is a challenging area to work with because of the small size
coil and to develop electric and magnetic field intensity
required to stimulate the neurons. TMS, Transcranial
Magnetic Stimulation, works on the principle of Faraday’s
law of electromagnetic induction. A time-varying current-
carrying coil placed on the surface of the brain produces a
magnetic field. This magnetic field which permeates a
conductive medium (e.g., brain tissue), can induce an electric
current in the tissue. The brain is a potential electrical
conductor, in which we have neurons that are inherently
excitable and can produce action potential when stimulated.
So, this induced magnetic field may produce an eddy current
in the brain sufficient to stimulate the axon hillock of each
neuron [17][18][19]. Many aspects come into the picture as
we design a circuit since there are a lot of constraints. These
include that there should be a balance between high current
and low heating, the inductance of the coil should be low, and
whether a long or short-duration pulse is to be used.

Since it’s a very useful and less explored area in the field
of medical science, this prototype is designed to excite the

e
=

TMS Coil Current (A)

0 4 8 1.2 Time (ms) 1.6

Fig. 8. Oscilloscope waveforms of charging/ discharging capacitor voltage and TMS coil current during the discharge
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Fig.9. (a) The magnetic field of the TMS coil measured 2mm above the coil during a single pulse (b) Overall magnetic field along with measurements taken

on the sensor and 2mm above the coil

small animal brain. Figure 9 (a) shows the test result of the
30V charged capacitor and its corresponding magnetic field
measured during the discharge period using the SS496A1
solid state hall effect sensor by Honeywell. Since the sensor
is of low sensitivity, the field gets saturated at low voltage.
So, we scale up various readings by placing the coil i) on the
sensor i1) 2mm above iii) 3mm above iv) 4mm above, etc. The
graph shown in Figure 9(b) gives a conclusion that 250mT is
obtained at 2mm below the coil using the above method.

VII. CONCLUSION AND FUTURE WORK
This research proved that SC based Pulse generator (PG)
can be designed without extra high-voltage transistors and
diodes. The very basic version developed proved that it can
energize a TMS coil adequately. Further improvements will
allow a much higher performance variable PG based on the
same basic prototype. Further work is in progress.

As this is the preliminary stage of the research, there
are many limitations that are to be removed and updated in the
next stage. The main changes include discharging the fully
charged capacitor (400V) through an appropriate MOSFET
that can withstand high currents. Next is to change the input
SC to two parallel strings of series supercapacitors and to
observe whether the increase in input current can increase the
charging rates, or whether replacing it with higher capacitance
can cause any effects. This circuit can also be designed to have
higher voltage and current by changing the turns ratio and
stepping up to a higher voltage. The pulse shaping block is the
major area needed to be implemented in the next stage.
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4.5.2 Journal of Biomedical Physics & Engineering Express

The paper titled "Supercapacitor-Based Pulse Generator with Waveform Adjustment Capability for
Transcranial Magnetic Stimulation (TMS)" has been published in the journal Biomedical Physics
& Engineering Express. An attribution detailing the contributions from the authors is included in
the Appendix
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Abstract

In transcranial magnetic stimulation (TMS), pulsed magnetic fields are applied to the brain, typically
requiring high-power stimulators with high voltages and low series impedance. TMS pulse generators for
small animal coils, are underexplored, with limited dedicated circuits and simulation models. Here, we
present a new design for a high-power TMS pulse generator for small animals, utilizing a pre-charged
supercapacitor that is sufficient to produce repeated pulses for TMS applications without the need for
recharging. This approach eliminates the need for expensive high-voltage components and a high-voltage
power supply. In this paper, we detail the design approach and basic block diagrams of a supercapacitor (SC)
based TMS pulse generator, along with its experimental results. The findings indicate that the new circuit
enables a complete test using just a single charge of an SC module. The proposed circuit functions as a

versatile pulse-shaping device, where the MOSFET is treated as a dynamically varying resistor element rather
than a traditional switch; allowing pulse parameter variations. We analyze a novel circuit for generating and
controlling TMS pulses in small animal coils, and demonstrate its effectiveness through experimental results.

1. Introduction

Transcranial magnetic stimulation (TMS) is a non-
invasive technique that uses electromagnetic induction to
electrically stimulate neural tissue, including the cerebral
cortex and peripheral nerves. Developed in the mid-1980s
by Barker and colleagues (Barker et al 1985, 1991), TMS
has become an essential tool in both experimental
neuroscience and clinical practice (Wassermann and
Zimmerman, 2012; Valchev et al 2018; Peterchev et al
2015). By modulating neuronal activity, TMS provides
valuable insights into brain function and offers therapeutic
benefits for various neurological and psychiatric disorders,
including major depressive disorder, Parkinson's disease,
stroke, and anxiety disorders (Iglesias 2020; Somaa 2022;
George et al 2010; Menzies et al 2008; Osuch et al 2009;
Camera et al 2024; Smith and Stinea 2016). TMS works by
placing a stimulation coil over the head to generate rapidly
changing magnetic fields. These pulses penetrate the scalp
and skull, inducing secondary ionic currents in the brain
tissue. Unlike direct electrical stimulation, which requires
electrodes on the scalp, TMS induces currents non-
invasively, offering high spatial and temporal precision
(Gomez-Tames et al 2020).

High-voltage and high-power pulse generators are
used in many applications such as transcranial magnetic
stimulation (TMS), lightning surge simulators and fence
energizers (Peterchev et al 2007). Typically these pulse
generators are designed by combining a high-voltage DC
source with pulse-shaping circuits and high-voltage semi-
conductor switches (Mankowski and Kristianse 2000;
Elserougi et al 2016; Zan et al 2023). Given the require-
ment for safety-related isolation within the circuits and
the high cost of high-voltage components, the develop-
ment of a high-power pulse generator poses significant
challenges. Most human TMS pulse generators (Goetz
et al 2012; Peterchev et al 2007; Koponen and Peterche
2020) are based on inverter topologies to generate a high-
voltage pulse. Due to the constrained affordability of
commercial pulse generators, research groups are moti-
vated to develop their own high-power pulse generators
(Selvaraj et al 2018; Peterchev and Murph 2013; Sorkhabi
etal2021; Alietal 2023).

There are various approaches to designing and
building high-power pulse generators in other appli-
cations as well (Yan et al 2020; Cheng et al 2021; Li et al
2015; Jiang et al 2022; Elgenedy et al 2017). Some start
with a high voltage DC power supply followed by

©2024 The Author(s). Published by IOP Publishing Ltd
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wave-shaping circuits (Peterchev and Murph 2013).
Marx type pulse generators use voltage multiplier
techniques (Cheng et al 2022). Similar to the Marx
generator, a Tesla transformer is also used to charge a
pulse forming circuit (Zhao et al 2019). Despite inno-
vations like solid-state Marx generators and Tesla
transformers aimed at enhancing efficiency, these sys-
tems remain complex, expensive, and require multiple
stages and components.

Moreover human TMS topologies are unsuitable
for small-animal stimulation coils for several reasons.
Firstly, constructing a medium to high voltage circuit
for such a small coil is challenging. Additionally, it is
crucial to address heating and losses associated with
the small animal coil and ensure adequate protection.
The literature provides mouse-specific TMS circuits
designed to address these challenges (Wilson et al
2018; Tang et al 2017; Selvaraj et al 2018; Nieminen
et al 2022; Khokhar et al 2021; Tang et al 2016). These
circuits are tailored to accommodate the smaller size
of the coil, provide appropriate voltage levels for sti-
mulation, and mitigate heating and losses associated
with the smaller coil size. Additionally, TMS pulse
generators, especially those for small animals, are
under-explored, with limited dedicated circuits and
simulation models. A supercapacitor-based pulse gen-
erator (Raju et al 2023) offers a promising solution,
leveraging higher energy density, rapid charging and
discharging capabilities, and longer lifetimes. The
supercapacitor approach could provide efficient, cost-
effective, TMS pulse generation for small animals.

Most small animal brain stimulation research
(Selvaraj et al 2018; Khokhar et al 2021; Nieminen et al
2022) has relied on common circuits rather than
specifically designed ones. These circuits typically use
capacitor discharging and free-wheeling through
diodes or inverter topologies. A significant drawback is
the lack of a specific input source, necessitating either a
high-voltage supply or a high-voltage capacitor,
depending on the application, or a basic DC lab supply
for smaller circuits. The primary differences among
these circuits are found in the driving circuitry or con-
trol mechanisms, and they often lack provisions for
pulse shaping.

Here, we describe the development of a pulse gen-
erator prototype for small animal TMS coils (Wilson
etal2018; Khokhar eral 2021; Tang et al 2015,2018). A
new supercapacitor-based pulse generator approach
for TMS (Raju et al 2023) draws from research on
supercapacitor use in power converters and protection
systems (Kularatna and Jayanand 2020; Udayanga et al
2021). This design leverages the energy storage cap-
abilities of supercapacitors to deliver consistent and
reliable pulses for TMS without the need for tradi-
tional high-voltage components.

This article details our research on developing an
electronic circuit for TMS pulse shaping. There are
currently very few dedicated circuits (Tang et al 2016;
Khokhar et al 2021) designed specifically for mouse

SRajuetal

coils, and the ones that exist offer limited pulse-shap-
ing capabilities. Addressing this gap in the literature,
we have developed a novel prototype circuit with
wave-shaping functionality and a self-sufficient power
source capable of producing continuous TMS pulses.
Traditional TMS circuits typically employ MOSFET's
as simple switches (Peterchev et al 2007; Goetz et al
2012; Sorkhabi et al 2021). However, MOSFETSs can
also be utilized to achieve finer control over coil
current and voltage. This study introduces an innova-
tive pulse-shaping method that involves dynamically
varying the gate voltages of MOSFETs, enabling them
to act as dynamic elements rather than only switches.
This approach significantly enhances TMS pulse-
shaping capabilities without requiring substantial
additional hardware.

2. Adequacy of alow-cost SC module as the
primary energy source for a TMS pulse
generation

2.1. General properties of commercial SC compared
to electrolytic capacitors

Within the past decade, supercapacitors (SCs) have
rapidly developed as a long-life energy storage solu-
tion. Technically, an SC can be considered to have a
capacitance that is one million times larger than that of
a typical electrolytic or film capacitor of the same
canister size.

Compared to a rechargeable battery, an SC is cap-
able of delivering very high power due to its extremely
low equivalent series resistance (ESR). When a capa-
citor is connected to aload the maximum power deliv-
ery is governed by the internal resistance of the
capacitor. The power transfer theorem (Kularatna and
Gunawardan 2021) predicts that the maximum power
deliverable by the capacitor is

‘/OZC
Finax = 4r. W

However, the primary limitation of an SC s its low
DC rating compared to an electrolytic capacitor.
Table 1 compares the key specifications of these two
device families from a designer's perspective.

2.2.Power and energy delivery capabilities of
supercapacitors and normal capacitors
Supercapacitors are designated as high power-density
devices owing to their remarkably low ESR, typically 1
to 2 orders of magnitude smaller than that of electro-
Iytic capacitors. Table 1 compares power delivery
capability and maximum energy content for a repre-
sentative set of paired supercapacitors and electrolytic
capacitors having similar canister volumes.
Supercapacitors have medium energy density with
high-power density (calculated by % /mass). A simi-

4r,
larly-sized electrolytic capacitor has higher power

delivery capability but lower energy storage capacity.
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Table 1. comparison of the supercapacitors and electrolytic capacitors.

Capacitor (F) Rated voltage (V) ESR (mQ?) Max current* Short circuit current” ™ Max power® w) Max energy (J)
25 3 30 21 100 75 112.5

100 3 8 78 375 281 450

4380 3 3.2 250 937.5 70 1800

500 3 3.2 288 937.5 703 2250
3000 3 0.23 2663 13k 9.7k 13.5k
220 1 450 1206 2.34 0.37k 422k 22.3
9330 1% 450 340 3.62 1.3k 1489k 334

680 1 200 36 4.15 5.5k 277.7k 13.6
2200 1 400 60 16 6.7k 666.7 k 176
5600 p 500 49 21 10.2k 1275k 700

* continuous rated current given by the data sheet.
b estimated instantaneous short-circuit current V. /r..
¢ maximum instantaneous power.

¢ highlighted rows correspond to the capacitors used in the TMS stimulation circuit described in this manuscript.

Electrolytic capacitors are unable to sustain high
power delivery over an extended period due to their
low time constant.

2.3. Concept behind the SC-based TMS pulse
generator

As shown in table 1, a SC can store enough energy to
generate a series of TMS pulses, based on its energy
storage capacity, as listed under the maximum energy
column. For example, a 95 F SC can store approxi-
mately 45 J with 1V voltage, which is sufficient to
generate over 190 TMS pulses. If we use a 3000 F SC,
the number of pulses would significantly increase to
2000. This energy storage capacity can be further
increased by charging the supercapacitor to a higher
voltage, allowing it to store even more energy and
thereby generate a greater number of TMS pulses.
However, given that SCs typically have a low rated
voltage, a voltage step-up circuit is necessary to raise
the voltage to the required level for stimulation.

In Khokhar et al (2021), a DC supply with an out-
put impedance of 10 2 was used, while Tang et al
(2016) employed a bipolar voltage-programmable
power supply (KEPCO BOP 100-4M, TMG Test
Equipment, Melbourne, Australia) with an output
impedance of 4 m{2. In comparison, using a super-
capacitor results in significantly lower equivalent ser-
ies resistance (ESR), with values as low as 0.23 m{2 as
the capacitance increases (see table 1).

In section 3, we demonstrate how a supercapacitor-
based primary energy source can be connected to an elec-
trolytic capacitor-based output stage using inexpensive
magnetic components and solid-state switches.

3. Prototype construction

Figure 1 depicts the overall block diagram of this
supercapacitor-based high-power pulse generator. In
the block diagram representation, there are two stages
highlighted by red and blue dotted rectangles. The first

stage (red dashed block) is the power stage, which
handles high voltage and current. The second stage
(blue dashed block) is the switching control stage,
which operates at low voltage. An opto-isolator is used
to isolate these two stages, ensuring electrical protec-
tion and safety. Since this research focuses solely on
the development of the electronic circuit, without
involving any animal testing, only circuit protection
measures have been implemented.

3.1. Charging circuit (Block 1)

For this prototype, the supercapacitor bank is charged
to 5V using a standard 3 A, 0-30V laboratory DC
power supply (BK precision 1670A). This block can be
disconnected once the supercapacitor module has
reached the required voltage level, as the supercapa-
citor is capable of producing pulses without the need
for recharging.

3.2. Pre-storage primary energy source (Block 2)

The Block 2 (figure 1) primary energy source is a
supercapacitor bank (C;) constructed from four 3-V,
380-F supercapacitors connected in series to give a net
capacitance of 95 F, and a maximum working voltage
of 12'V.

It can produce up to 6840 pulses with a 12 V input
with each pulses of 2 ] of energy and a voltage drop of
only 0.2 V per discharge in the supercapacitors. Utiliz-
ing a higher capacity supercapacitor (SC) could pro-
duce significantly more pulses with an even smaller
voltage drop (= 0.02 V with a 3000 F SC). With larger
capacitance, the energy density is also higher, allowing
the supercapacitor to sustain a greater number of pul-
ses with a single charge. Figure 2 presents the exper-
imental results obtained using the prototype witha 1V
supply, demonstrating pulse count capacity across
supercapacitors with different capacitance values.

One key advantage of this design is that the series-
connected SC module can be pre-charged by any sui-
table laboratory power supply and the SC module can
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Figure 1. Block diagram of prototype TMS pulse generator. Power stage (high voltage) and switching control stage (low voltage)
highlighted by red and blue dotted rectangles respectively. An opto-isolator isolates the stages for protection and safety.
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be used for repeated sets of pulses for a given experi-
ment without the need for the DC power supply to be
connected continuously.

3.3. Step up transformer (Block 3)

Given that a TMS coil requires an excitation voltage of
several hundred volts, we must increase the output
voltage of the supercapacitor bank by a significant
factor. For this purpose, we have tested the suitability
of a step-up transformer with a single-turn primary
and large turn ratio (1:60 range). The single-turn
primary allows a high drive current into the transfor-
mer's primary winding. The equivalent circuit of a
transformer, as discussed in Valchev and den Bossch
(2018), is shown in figure 3. Referring to figure 1 and

figure 3, and symbol definitions in table 2, the initial
voltages appearing across the primary and secondary
coils are:

= Voo = (e + 1w + )i 2
ve=n v 3)

where n = N,/N,and V. is the open-circuit voltage of
the supercapacitor bank. If the parasitic resistances r.,
1 (wire resistance) and r,, are too large, the primary
voltage will be too low to create a high-power output
pulse.

As per the definition of self-inductance (Valchev
and den Bossch 2018), the total self-inductance of
primary (L;) and secondary (L,) windings can be
expressed as the sum of magnetizing and leakage

4
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Figure 3. Equivalent circuit of the transformer.
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Table 2. Symbol definitions and values for the transformer
equivalent circuit.

Measured values pri-
Symbol  Description mary, secondary
L, L, Magnetizing inductance for 8.33 uH, 32.5mH
primary, secondary

Cosls Leakage inductances 0.29 uH,977 uH
Tps Ts Winding resistance 5.8 mf, 122
Np, Ny Number of turns 1,60
Voo Vs Transformer voltages -
ips I Transformer currents -
components:

Li=Ly+6 @
and

Ly=1Li+ ¢ ©)

By referring all inductive components to the second-
ary, the total self-inductance of the secondary side is:

Ly =n*(Ly, + &) + G (6)

Inductance for both windings was measured using a

Fluke PM6304 LCR meter at 10 kHz; see table 2. From
equation (6), the secondary winding will have a total
self-inductance of L, = 32mH, thus the secondary
circuit is highly inductive. In this preliminary design
the transformer was wound on a highly-permeable
toroidal ferrite core type ZW42207TC (Magnetics)
using a turns ratio of 1:60.

3.4. Delivery-side high-power output stage (Block 4)
A high-frequency diode and a high-voltage rated electro-
lytic capacitor (C,) are coupled to the secondary of the
transformer to achieve a DC output voltage which is
sufficient to drive a high-power pulse into the TMS coil.
Given that the transformer secondary has a high
inductance which comes in series with the diode and
capacitor in the secondary side, during each ‘on’ period
of Switch-1 (MOSFET Sl in figure 1) there will be limited

charge accumulation in the electrolytic capacitor. In
order to charge the capacitor to the required voltage it is
necessary to repetitively trigger S1. So the processor
(Block 6) drives the gate of S1 with a pulse repetition rate
of 8 kHz for a total integration time of 2 s. During this
charging time, MOSFET S2 is ‘off’. The energy stored in
the electrolytic capacitor is then delivered to the TMS coil
by driving the output MOSFET (S2 in figure 1) with a
triangular gate-control voltage (Block 5). A full circuit
diagram is shown in figure 4. The analysis of a resistor-
diode combination placed in parallel with the TMS coil is
explained in section 6.

The TMS coil is modeled as an inductance L in series
with an internal resistance r (see figure 5). The coil is
energized by discharging the electrolytic capacitor (Cy)
via the non-linear resistance rpg of MOSFET S2. The
time-varying current i; is measured with a current-
clamp probe (Tektronix A622), then validated with
MATLAB by integrating the measured inductor voltage
v ™, Figure 6 shows (a) the gate voltage, (b) the voltage
over the C, and the current through the coil, and (c) the
voltage over the coil and the drain-source voltage, as a
function of time. We first identify from figure 6 the volt-
age over the coil (without resistance) as:

VL(t) = Lﬂ =

o () — i (Hn (7)

We map this first-order differential equation to a
finite difference equation approximation by mapping
dip — ANip = ("' —i"),anddt — At the
oscilloscope time base resolution (time between con-
secutive samples). This

;on+1 Fn
ILn — 1L
L -

— (y,measyn _ j n. 8
A (™) L' ¥

giving an Euler update equation for i "1,
; ; A )
R (e SR U NNC)

where n = 1...N is the time-step index for a total
of N = 2500 samples. The initial condition is

5
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Figure 5. Equivalent model of the RLC circuit in the prototype consisting of the electrolytic capacitor C, with internal resistance ¢,
non-linear resistance rpg of MOSFET S2, and TMS coil with inductance L with internal resistance ;.

it(t =0) =0 — i"=! = 0. We can thus predict the
current at the (n + 1)”’ step given a measurement of
coil voltage and current at the n ™ step.

The comparison between modelled and measured
currents is shown in figure 6. The current-probe has a
bandwidth of dc-100 kHz, so gives a much slower
response than the v ™ (¢) oscilloscope reading (band-
width 0-10 MHz). To correct for current probe delay, we
advanced the measured current trace by 2 us prior to
plotting (figure 6). This leftwards timing offset was also
applied to the current traces displayed in MATLAB plots
of figure 6, figure 7, figure 8, and figure 9.

3.5. Other requirements

There was no need for AC decoupling capacitors in the
supply lines, as the circuit operates exclusively on DC
power. The supercapacitors are charged using a DC
power supply, and all wire lengths in the circuit have

been kept as short as possible. Our goal was to design a
low-cost and reliable pulse generator. To achieve this,
we employed an optocoupler (figure 1), which per-
formed exceptionally well. The optocoupler provided
the correct gate voltage while ensuring effective isola-
tion, thereby eliminating the need for a biasing
resistor.

4. Circuit testing

In this proof-of-concept experiment, the S1 driver
circuit with microprocessor block (Block 6 in figure 1)
generates an 8 kHz square-wave voltage to repetitively
trigger S1 until the output electrolytic capacitor (C,)
attains a predetermined voltage set at 30 V for this
experiment. The gate voltage to S2 is provided by an
adjustable triangular generator creating a triangular
voltage waveform of variable slope.

6
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Figure 6. Circuit response measured during TMS coil excitation obtained with 1 V of input to the supercapacitor (a) Triangular
control voltage of MOSFET 2 gate (the triangular wave is not captured for the initial 25 s due to configuration of the triggering
mechanism in the oscilloscope); (b) Measured electrolytic capacitor voltage (red) and measured/ calculated TMS coil current (black/
blue); (c) Drain-source voltage of MOSFET (green) and measured TMS coil voltage (blue).
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In this study, the TMS coil constructed by
Khokhar et al (2021) was utilized. As an initial phase,
resistance and inductance measurements of the coil
were conducted. The coil comprises 50 turns of copper
wire with a conductive diameter of 0.4 mm wound
around a 5 mm diameter carbonyl powdered iron core
(Micro Metals, U.S.A). The inductance of the coil was
measured to be 23 ©H and resistance as 212 m¢2 using
an Agilent E4980A four-point impedance meter.

As shown in figure 6, the electrolytic capacitor (C,)
has a starting voltage of 30 V. This C, starting voltage
was obtained by energy transfer (at 8 kHz for 2 s) from
the C; supercapacitor that had been prechargedto 1 V.
C, is subsequently progressively discharged to the
TMS coil by periodically triggering S2 with a 10 kHz
triangular gate voltage with 50% symmetry (meaning
the rise time is 50% of the total rise and fall time), gen-
erating a TMS pulse with a peak voltage 150 V, peak
current 40 A, and peak instantaneous power 6 kW.
The peak voltage is the inductive response to the rapid
reduction in current when MOSFET S2 switches off.

We then increased the supercapacitor voltage to
3V and activated S1 for a duration of 4 s, allowing the
electrolytic capacitor to reach 100 V. Employing the
same 50% symmetry and 10V peak-to-peak trian-
gular waveform to activate S2, we observed a TMS
pulse with a peak negative voltage of amplitude 276 V,
peak current 124 A, and a peak instantaneous power
34.2 kW. Results are shown in figure 7.

As illustrated in figure 8, by altering the symmetry
of the 10 kHz triangular voltage drive to MOSFET S2,
the circuit can generate significantly higher output
voltages without re-configuring the hardware. Testing
the configuration with 80% (80:20 rise-fall) symmetry
resulted in a voltage pulse of amplitude 508 V. As well

as amplitude, the system enables convenient adjust-
ment of TMS pulse shape, including rise and fall time.
A pronounced increase in peak coil voltage and the
emergence of oscillations around 1 MHz, caused by
fast switching transitions (dv/dt and di/dt) as well as
parasitic inductance and capacitance, are observed in
figure 8. This behaviour results from rapid turn-off
and can be mitigated using an RC circuit in the TMS
output stage and an improved gate driver circuit to
mitigate the gate capacitance. Further investigation is
required to fully understand and address this problem.

In addition, modification of gate-voltage ampl-
itude allows further changes in the TMS current and
voltage pulse characteristics. Figure 9(a) depicts the
impact of varying the gate-voltage amplitude on the
rise, fall, and pulse width of the TMS current wave-
form. Increasing the peak gate voltage from 7V to
10 V increases the pulse width and pulse height of the
TMS coil current. Figure 9(d) shows how the sym-
metry of the gate voltage influences the TMS voltage
and current pulse shape, as well as the pulse width. A
shorter fall time results in a shorter pulse duration but
produces higher amplitude voltage pulses.

5. Magnetic field measurement

To measure the magnetic field produced, the coil was
placed in an adjustable holder above a Hall effect
sensor, figure 10(a). Existing literature (Tang et al
2016; Wilson et al 2018) indicates that magnetic field
strengths of less than 200 mT are typically achieved
for mouse coils. However, magnetic fields as high as
800 mT with a 50V input have also been reported
(Khokhar et al 2021), accompanied by an electric field

7
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intensity of 10 V/m. However, with 80% symmetry and
only with 1V input from the supercapacitor, we were
able to generate a magnetic field exceeding 200 mT,
which may be sufficient to stimulate brain cells in small
animals (Selvaraj et al 2018; Khokhar et al 2021). The
magnetic field (B-field) measurement process utilized an
SS496A1 Hall effect sensor. The Hall effect sensor was
calibrated using a Helmholtz coil (Khokhar et al 2021).
Figure 10(b) illustrate the magnetic flux density (B-field)
from 0 mm to 4 mm distance from the coil with 80%
symmetry gate voltage input.

For the 0 mm and 1 mm cases, the magnetic field
exceeded the sensor's maximum range of 200 mT. To
estimate the magnetic field beyond this range, a scaling
factor was applied to the 2 mm results, ensuring that
the estimated field aligns with the measured field
below 200 mT (Khokhar et al 2021). Increasing the
input voltage would enhance the output voltage and
magnetic field strength. Higher input voltages would
lead to increased C, voltage, resulting in higher
induced voltages across the inductor and stronger
magnetic fields.

6. Enhanced pulse shaping with resistor-
diode combinations

Most TMS circuits incorporate a discharge path into
the TMS coil circuit. This is often for the purpose of

preventing high voltages over the switches, but also
has the advantages that, the circuit gains additional
control over the energy release from the coil, allowing
for more precise manipulation of the pulse character-
istics, such as width, amplitude, and overall shape.

The addition of a resistor-diode combination in
parallel with the TMS coil (figure 11) serves a role in
controlling the discharge rate of the coil when the
MOSFET (S2) is turned off. This setup functions simi-
larly to a snubber circuit, which is commonly used in
electronic circuits to protect components and shape
waveforms by controlling the voltage and current
transitions.

When the switch S2 is on, the current flows
through the TMS colil, storing energy in the magnetic
field of the inductor. Without the R-diode (figure 4),
upon turning off the switch S2, the current flow
through the coil would typically drop rapidly leading
to a high, potentially damaging voltage over S2. How-
ever the diode parallel to TMS coil (figure 11) allows
the current to continue flowing through the resistor,
rather than abruptly stopping. This creates a path for
the inductor's stored energy to discharge more gradu-
ally. The resistor in the combination sets the rate at
which the energy is dissipated. A higher resistance
shortens the time it takes for the current to decay to
zero, manifested through the % time constant. Con-

versely, a lower resistance results in a more prolonged
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discharge. This controlled discharge extends the dura-
tion of the negative phase of the voltage waveform
across the TMS colil, allowing you to shape the pulse
more effectively.

Figure 12 clearly shows the difference between the
original prototype (figure 4) and the modification with
the resistor-diode combination (figure 11). When the
MOSFET S2 turns off, the current drop is delayed,
allowing for more gradual energy dissipation. This
delay in current reduction translates into a longer-last-
ing and more controllable negative phase of the TMS
pulse.

7. Discussion

We have presented a new design approach for a
supercapacitor-based pulse generator providing a test-
bed for a low-cost flexible pulse generator for applica-
tions such as TMS excitation. This system can generate
a tension of several hundred volts across the TMS coil
using a low-voltage supercapacitor bank, and allows
wave-shaping adjustment of the TMS current and
voltage pulse, by varying the rise-fall symmetry of the
triangular gate voltage. All experiments were con-
ducted using a 1 V input from the supercapacitor (SC)
during the initial testing phase of the prototype

(figure 4). With this low input voltage, the design
achieved a peak output voltage pulse of 500V and
generated a magnetic field exceeding 200 mT for a
pulse of 100 us width. These initial experiments served
as a proof of concept, demonstrating the design's
effectiveness and confirming its suitability for TMS
applications, meeting the necessary requirements for
successful stimulation. Using a supercapacitor bank
with a 12 V input allows for the generation of multiple
TMS pulses without the need to recharge the energy
source. Due to the very low equivalent series resistance
(ESR) of the supercapacitors, the voltage drop is
minimal, enabling the voltage to be maintained across
several pulse sequences, making it well-suited for
reliable TMS applications. In the initial stage, with a
1V input, we are generating 20 pulses per discharge.
However, if there is a need to increase the number of
pulses, we can replace the supercapacitor with one that
has a higher capacitance value and charge it to a higher
voltage (like 12 V). This modification would allow the
circuit to continuously generate pulses in the range
of 2000 pulses. The pulse count, however, is also
dependent on the pulse width; a wider pulse width
would reduce the total number of pulses.

An Arduino was chosen for this prototype design
because it is easy to program and offers great flexibility
in controlling various components. It is ideal for rapid

10
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development and experimentation, allowing us to
send control signals to the S1 gate and manage the tri-
angle waveform generator for S2, as shown in figure 4.
The key advantage of using a programmable processor
like the Arduino than any electronic circuit is its pre-
cise control, adaptability for future changes, and the
convenience of integrating multiple functions into a
single unit, making it a cost-effective and efficient
solution for the prototype stage. While the Arduino is
a suitable choice for this development, the possibility
of using other micro-controllers/software will also be
explored in the future.

Our prototype demonstrates that a supercapacitor
(SC) can serve as a reliable and low-cost energy source
for a TMS pulse generator, effectively replacing the
high-voltage sources used in existing topologies
(Peterchev et al 2011; Goetz et al 2012). By treating the
MOSFET as more than just a switch, and using a trian-
gular pulse, we observed that the TMS voltage and cur-
rent pulse parameters could be controlled through
adjustments in the rise and fall times of the triangular
pulse. This approach confirms the SC's suitability as an
alternative energy source and the enhanced function-
ality of the MOSFET in pulse shaping.

The pulses presented in this study are of smaller
pulsewidth. This serves as a preliminary test to evalu-
ate the suitability of the design for TMS applications.
Higher power applications can be achieved with the
same prototype, although this would necessitate addi-
tional safety measures, such as sealing the components
to prevent accidental contact.

8. Conclusion

This article presents a new design technique for TMS
pulse generator based on a small supercapacitor bank
as the primary energy source, eliminating a high
voltage DC power supply. We use medium-canister
size supercapacitors with common low-cost passive
components such as a step-up transformer based on
an inexpensive core, medium voltage electrolytic
capacitors and low-cost MOSFETs. The SC has proven
to be an excellent energy source, capable of retaining
its voltage across many pulse sequences without
needing to be recharged. Additionally, in this
approach, the MOSFET is treated as a dynamic
element, enabling effective pulse shaping. Pulse shap-
ingis an under-explored area in TMS, and by adjusting
the symmetry of the triangular gate voltage, the pulse
width can be varied, offering control over TMS pulse.
The circuit prototype has the ability to adjust the pulse
parameters which adds an innovative dimension
previously under-explored in TMS pulse generators.
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4.5.3 Poster presented

I presented posters detailing the early stages of my research at several key conferences in 2023.
At the NZIP (New Zealand Institute of Physics) & Physikos 2023 Conference, held at Massey
University’s Albany Campus in Auckland from July 3-5, I shared initial findings and developments
in my research. Additionally, I showcased my early work at the Australasian Winter Conference
on Brain Research (AWCBR) in Queenstown during August/September 2023. These presentations
provided a platform for discussing preliminary results and engaging with the scientific community,
reflecting my commitment to advancing research in the field.

Both posters from these conferences are attached in the Appendix [A] for reference.



Chapter 5

(Gate voltage control

Introduction

This chapter explains the control mechanism for generating gate voltages for S1 and S2, focusing
primarily on the S2 switch. By controlling S2, we can effectively shape the TMS output pulse.
The development process of the gate voltage is detailed, highlighting the transition from conven-
tional square gate voltages to the triangular shape. The impact of the symmetry in the triangular
pulse waveform, specifically the rise and fall times, on the output pulse is examined. The chapter
also discusses the successful operation of the prototype, outlining the development stages and ex-
perimental results with various gate voltages. These findings demonstrate the circuit effectiveness
in producing precise and adjustable pulses. The research advancements are documented in the
attached conference papers, underscoring the practical benefits and innovative approaches of this

work.

5.1 Sequence of S1 and S2

5.1.1 Switching mechanism of S1

S1 switch is operated at 8 kHz, and its main function is to control the charging of the electrolytic
capacitor. When S1 is closed, the supercapacitor begins charging the electrolytic capacitor. This
process takes only 2 seconds to charge the capacitor from 1 V to 30 V. Once the electrolytic capacitor
reaches the required voltage, S1 is switched off. Any high frequency can be used here approximately
between 1 kHz to 10 kHz. This switching is to make a pulsating DC equivalent to AC as input to

the transformer primary so that it can step up the voltage.

The switching mechanism of S1 is crucial in ensuring that the capacitor is charged efficiently
within the desired time frame. It allows for precise control over the charging process, ensuring that

the capacitor reaches the desired voltage level effectively.
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5.1.2 Switching mechanism of S2

The S2 switch operates once the electrolytic capacitor (C2) reaches the required voltage of 30 V. Its
purpose is to control the discharge of the capacitor (C2), thereby providing the necessary excitation
to the TMS coil. In my setup, I used an 10 kHz switching frequency for the S2.

Initially, the circuit is started with a low voltage input, and C2 charges up to 30 V. Since the
energy stored at 30 V is relatively low (even less than 1 J), for testing purposes, I employed a
smaller pulse-width gate voltage of 100 us (10 kHz) so that I can have prolonged pulses. However,
this same circuit can be adapted to use millisecond pulse-widths, which will be discussed in detail in
Chapter[7l The prototype can also be scaled up by using capacitors with higher capacitance values,
allowing for greater energy storage. This makes it suitable to use in existing continuous theta burst
stimulation (¢TBS) patterns which uses pulse-width of 500 us.

When S2 is closed, the charged electrolytic capacitor discharges its stored energy through the
coil. This results in the generation of medium to high voltage across the coil, creating a strong
magnetic field for coil excitation.

The decision to operate S2 at 30 V is strategic. Although the capacitor can handle higher
voltages (up to 100 V), the prototype testing is kept conservative at 30 V to avoid stressing the

MOSFET excessively. This ensures the reliability and longevity of the components.

5.1.3 Pulse sequence

In the test setup, the pulse sequence involves operating S1 for 2 seconds to charge the electrolytic
capacitor, followed by closing S2 to discharge the capacitor to the TMS coil. This setup ensures
that both switches never turn on simultaneously; when S1 is on, S2 is off, and vice versa. This
alternating operation prevents any overlap in their functions and ensures the proper sequence of
charging and discharging required for the TMS pulse generation. The 8 kHz (125 us) pulses for 2
seconds ensure efficient charging (C2), while the subsequent 10 kHz (100 ps) pulses maintain the
discharge until the capacitor (C2) is fully discharged. This typically results in about 20 pulses from
single discharge, but increasing the capacitor voltage can yield more pulses.

Figure depicts the S1 and S2 pulse pattern in the operation of the pulse generator prototype.
It provides a conceptual representation of the pulse pattern rather than precise measurements of
pulse width and frequency, as the original measurements of pulse width are too fast to be accurately
shown. Therefore, Figure serves as an illustrative depiction of the operational sequence of S1
and S2 in the prototype.

In summary, the switching mechanism of S1 and S2 plays a critical role in controlling the charging
and discharging processes of the circuit, ensuring precise timing and efficient operation. The pulse

sequence facilitates effective excitation of the TMS coil.

5.2 Shaping of gate waveform

This section details the progressive development and enhancement of a circuit prototype designed

for TMS coil excitation. It covers the initial design and successful construction of the prototype,
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Figure 5.1: Graphical representation of the S1 and S2 MOSFET gate patterns (pulse-widths are
approximate and intended solely to illustrate the pattern); (a) S1 gate pattern: An 8 kHz pulse
is applied to the S1 MOSFET for 2 seconds, followed by an off state. (b) S2 gate pattern: After 2
seconds, the S2 MOSFET is triggered with a 10 kHz pulse.

subsequent stages of pulse shaping, and advancements in voltage handling and scalability. The
journey from conceptualization to practical implementation is documented, highlighting significant

milestones and experimental insights that contributed to the research success.

5.2.1 Stagel

The first stage of the circuit prototype was successfully designed and built. This design, along with
the results, was published and presented at the 49th Annual Conference of the IEEE Industrial Elec-
tronics Society (IECON 2023) [79], held at the Marina Bay Sands Expo and Convention Centre in
Singapore from October 16-19, 2023. The conference paper titled "Supercapacitor based adjustable
high power pulse generator for medical research applications" is included before this chapter.

In the initial phase, the circuit utilized standard components, including IN4007 diodes and
MOSFET rated at 100 V and 200 A. Although these were not high-power components, they effectively
charged an electrolytic capacitor (C2) to 30 V from a 3 V input supplied by a supercapacitor. This

setup successfully generated a magnetic field of 250 m'T, causing the coil to vibrate. These results
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provided a proof-of-concept that the circuit could function as a pulse generator for exciting the
TMS coil.

5.2.2 Stage II

Output filtered voltage
—_— _—

Figure 5.2: Low-pass filter topology
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Figure 5.3: The oscilloscope output displays the square gate voltage (yellow) and the filtered output
(blue). The low-pass filter, designed with a cutoff frequency of 800 Hz, is tested using a medium-
range frequency input to demonstrate its filtering capabilities.

Following the successful pulse generation and TMS coil excitation, efforts were directed towards
pulse shaping within the existing circuit, exploring whether the circuit’s intrinsic ability to shape
pulses was feasible; if not, consideration was given to adding extra components. The motivation
to use filters initially stemmed from the idea of shaping the pulse by altering the excitation pulse

(gate voltage to S2) rather than directly modifying the output voltage/current pulse. By focusing
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on changing the shape of the gate voltage pulse, it was possible to control the on/off pattern of the
gate voltage, thereby influencing the resulting TMS pulse shape. Initially, a square gate voltage
was generated directly using an Arduino program. To achieve more nuanced waveform shapes,
such as slope types, the simplest and most straightforward approach seemed to be using filters.
Therefore, RC differentiator/integrator filters were employed to transform the square waveform into
various slope waveforms. This approach sparked the realization that there is significant potential
in manipulating the input signal to S2 using filters or other methods. This aligns with the goal of
effectively and efficiently shaping the TMS pulses.

I designed a low-pass filter (Fig[5.2) with a cutoff frequency of 800 Hz and tested its response
using input signals of 1 kHz and 2 kHz. The input signal, initially a square wave, was transformed
into triangular and sawtooth waveform using the filter. The low-pass filter effectively smoothed the
input signal as shown in Fig and demonstrating its ability to filter out higher frequency

components.
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Figure 5.4: The oscilloscope output illustrates the square gate voltage (yellow) alongside the filtered
output (blue). Designed with a cutoff frequency of 800 Hz, the low-pass filter is tested using a higher
frequency input, effectively demonstrating its filtering capabilities.

Next, I designed a high-pass filter (Fig. with a cutoff frequency of 8 kHz. When applied
square wave input, the high-pass filter acted as a differentiator, producing an output with a sharp
rise and a slow fall. This behavior is characteristic of high-pass filters, which emphasize rapid
changes in the input signal. The output featured in Fig and a sharp rise and a slow fall,
highlighting the filter differentiator-like behavior.

By varying the duty cycle of the square wave input voltage, I was able to modify the output
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Figure 5.5: High-pass filter topology.
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Figure 5.6: The oscilloscope output displays the square gate voltage (yellow) and the filtered output
(blue). The high-pass filter, designed with a cutoff frequency of 1 kHz, is tested using a higher
frequency input to demonstrate its filtering capabilities.
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Figure 5.7: The oscilloscope output displays the square gate voltage (yellow) and the filtered output
(blue). The high-pass filter, designed with a cutoff frequency of 1 kHz, is tested using a medium-
range frequency input to demonstrate its filtering capabilities.
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Figure 5.8: Oscilloscope demonstration of a 90% pulse applied to S2 switch from the filter (blue
waveform) and the resulting TMS current pulse (yellow waveform) measured using Tektronix A622
current clamp
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Figure 5.9: The pulse width variation is achieved by controlling the duty cycle of S2 (filtered square
gate voltage) within the circuit. This gave the idea of using the gate voltage slope to adjust pulse
parameters.
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Figure 5.10: Circuit parameters measured during TMS coil excitation (a) Triangular control voltage
of MOSFET 2 gate with turn on/off points marked. Blips due to input capacitance are also shown.
Note that the triangular wave is not accurately captured for the initial 25 ps due to the configu-
ration of the triggering mechanism in the oscilloscope. (b) Measured electrolytic capacitor voltage
(magenta) and measured TMS coil current (black); (c) Drain-source voltage of MOSFET (blue) and
measured TMS coil voltage (green).

of the high-pass filter. This allowed some control over the characteristics of the filtered output
signal. Specifically, adjusting the duty cycle changed the timing of the sharp rise and slow fall in
the output waveform, demonstrating the filter responsiveness to changes in the input signal duty
cycle. A higher duty cycle resulted in a longer duration of the sharp rise, while a lower duty cycle
shortened this duration.

The high-pass filter was particularly useful in generating specific current pulse shapes when
driving a gate voltage with varying duty cycles. Oscilloscope measurement with 90% square Arduino
output, filtered and applied to S2 switch, with the resulting TMS current pulse shown in Fig. [5.8]
By adjusting the duty cycle, I was able to control the characteristics of the TMS current pulses
effectively, achieving the change in pulse shape as shown in Fig [5.9

By adjusting the duty cycle of the square gate voltage, the duration of the filtered output
changed, demonstrating that modifying the MOSFET gate voltage allowed control over the output
pulse than simply using it as an on/off switch.

From these filter experiments, I developed the idea that varying the slope of the gate voltage
waveform can significantly influence the behavior of the MOSFET. Unlike traditional square wave
gating, which operates primarily as an on/off switch, controlling the slope variation offers a more
nuanced approach to modulating the output pulse. This insight opens up possibilities for more

sophisticated control strategies, where the timing and duration of pulse characteristics can be finely
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tuned to suit specific application requirements.

Experimentation with different waveform from the pulse generator, including arbitrary wave-
forms and triangular shapes, revealed further potential for pulse shaping. Adjusting the symmetry
of the triangular waveform altered the slope angle, changing the instant at which the MOSFET turned
off and thereby modifying the TMS pulse shape. Notably, the highest voltage was attained when
the MOSFET turned off. When the positive slope of a triangle gate waveform crossed the threshold
voltage, the electrolytic capacitor C2 discharged, and the inductor stored energy. As the negative
slope crossed the threshold voltage, the MOSFET turned off, causing a rapid current fall. This rapid
di/dt induced a high voltage across the inductor in the TMS coil. The measurements and points of
turn on and turn off are showed in Fig|[5.10

The current-probe has a bandwidth of DC-100 kHz, so gives a much slower response than the
measured vr,(¢) oscilloscope reading (bandwidth 0-10 MHz). To correct for current probe delay, I
advanced the measured current trace by 2 us prior to plotting (Fig. [5.10). This leftwards timing
offset is applied to the current traces throughout this thesis. In the course of analyzing the circuit
behavior, a distinct blip was observed in the gate voltage response, as marked in Fig. [5.10} This
anomaly is believed to be associated with the gate capacitance, as the blips exhibit a curvy struc-
ture similar to capacitor charging and discharging. Gate capacitance is a parameter in high-speed
switching applications as it directly influences the switching behavior and overall performance of
the circuit. Rapid charging and discharging of the gate capacitance can also lead to voltage spikes,
contributing to the observed blip

Initially, a laboratory pulse generator was used for the triangular waveform, later replaced by a
dedicated triangular waveform generator. The generated voltage across the inductor not only has
a high amplitude but also increased rapidly which will induced a high rate of change in the electric
field, of significance for TMS coil performance for brain stimulation. These improvements and
insights were detailed in the 2024 Annual Conference of the IEEE Industrial Electronics Society
(IECON) held on 3-6 November, 2024 in Chicago, Illinois. The text of the conference paper is
included after this chapter.

5.2.3 Stage III

Building on the successful prototype implementation and pulse shaping, the next phase tested the
circuit capability to handle higher voltages. Initially, C2 was charged to 30 V from 1 V, and
subsequent testing involved charging C2 to high voltage from 5 V input, resulting in higher voltage
and current across the TMS coil. These advancements are discussed and published in the attached
journal paper (Section , illustrating the circuit versatility and scalability.

To further enhance the versatility and effectiveness of the circuit design, I embarked on develop-
ing a predictive MATLAB model. The model is described in detail in Chapter [6] This model aims to
anticipate the performance and effects of incorporating high voltage components into the system.

The development and refinement of this pulse generator for TMS coil excitation demonstrate
significant progress, from initial prototype stages to advanced pulse shaping and up-scaling capa-
bilities.
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5.3 Control circuit for generation of S1 and S2 pulse

The control mechanism for the gate pulse generation of the S1 MOSFET utilizes an Arduino micro-
controller. The Arduino generates a square gate pulse with a frequency of 8 kHz. This pulse is then
amplified using a Bipolar Junction Transistor as shown in the corresponding Fig (left side).
The amplification stage ensures that the gate pulse has sufficient power to drive the MOSFET.
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Figure 5.11: Gate voltage generation for S1 and the triangular waveform generator for S2, both
controlled by Arduino

To achieve isolation between the main power circuit and the control circuit, the amplified gate
pulse is fed into an opto-isolator. This isolation is crucial for protecting the Arduino and other
control components from high voltages and currents present in the main power circuit. The output
from the opto-isolator is then directed to the gate of S1 through a variable resistor (R4). The
variable resistor allows for adjustment of the gate voltage amplitude, enabling either soft or hard
switching of the MOSFET. Soft switching reduces switching losses and electromagnetic interference
(EMI), while hard switching can provide faster transitions.

The S2 MOSFET requires a triangular gate voltage for its operation. To generate this, a variable
slope adjustable triangular waveform generator is employed as shown in Fig. (right side). This
generator allows for the adjustment of both the slope and symmetry of the triangular waveform.

The core of this generator is a constant current source circuit, which includes zener diodes, resistors,
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Figure 5.12: S1 (left) and S2 (right) gate voltage oscilloscope measurements from the driver circuit

and transistors.

The constant current source is designed to charge and discharge a capacitor linearly, creating a
triangular voltage waveform across it. The zener diode (Z) and a resistor divider network provide
a stable reference voltage, which is applied to the base of NPN (N) and PNP (P) transistors.
This configuration ensures a constant current flow through the capacitor, controlled by the emitter
resistor. The direction of the current, whether positive (charging) or negative (discharging), is
controlled by the switches Q:A and Q:B. When Q:A is activated (on) and Q:B is deactivated (off),
the current flows through the capacitor, resulting in the charging of the capacitor. Conversely, when
Q:A is deactivated (off) and Q:B is activated (on), the current flows through the capacitor in the
opposite direction, causing it to discharge. This switching mechanism allows for the generation of
a stable triangular wave with a controllable slope. By varying the emitter resistor (RA & RB),
the current, and hence the slope of the triangular waveform, can be adjusted. The mathematical

relationship governing the triangular waveform is given by:

Q = IAt = CAV (5.1)
AV I
AT (52)

where () is the charge stored in the capacitor, C' is the capacitance, At is the charging or discharging
time which is approximately 5RC (time constant), and AV is the voltage change across the capacitor.

Therefore, the voltage of the capacitor over time can be expressed as:

Vi = é / RCL (5.3)

Two current sources are utilized to manage the charging and discharging cycles of the capacitor.
These sources provide a constant current, ensuring a linear change in voltage over time, crucial for
generating a precise triangular waveform. The choice of capacitor is critical as it determines the

frequency of the triangular waveform. Since the time constant determines the rise time and fall
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time, it directly influences the pulse width of the waveform. The inverse of the pulse width gives
the frequency. Higher frequencies necessitate smaller capacitors to achieve shorter charging and
discharging times, while lower frequencies require larger capacitors. Analog switches control the
flow of current for charging and discharging the capacitor. During the charging phase, one switch
closes to allow current flow into the capacitor, while the other remains open. During the discharging
phase, the roles reverse. The control signal to turn on the switches for the charging and discharging
paths is provided by an Arduino. The pulse output from the driver circuit for S1 and S2 is shown
in Fig.

In conclusion, the control circuits for S1 and S2 MOSFETs are designed to ensure precise gate
pulse generation and isolation from the main power circuit. The Arduino and BJT amplifier setup
for S1 and the constant current source-based triangular waveform generator for S2, combined with
appropriate control mechanisms, provide robust and adjustable control suitable for various experi-

mental conditions.

5.4 Demonstrating control over TMS coil current pulse shape

This section delves into the experimental evaluation of using triangular waveform to control pulse
shapes for TMS applications. By manipulating the symmetry and amplitude of the triangular
gate voltage, significant variations in the resulting voltage and current pulses in the TMS coil were
observed. These experiments demonstrate the potential for precise control over pulse characteristics,
crucial for optimizing TMS efficacy. The investigation also explores the generation of biphasic
pulses and the effects of symmetry change, highlighting the versatility and scalability of the circuit
prototype. Detailed measurements of the magnetic field generated by the TMS coil at various

distances further illustrate the practical implications of these findings.

5.4.1 Experimental results

In practical testing, the circuit was primarily operated using the supercapacitor input due to obser-
vations of achieving approximately 500 V output with a 3 V input, suggesting that further increases
in input voltage could potentially damage the circuit. Experimental analyses were successfully con-
ducted within this medium voltage range. Even with lower input voltages, notably larger magnetic
fields were observed compared to previous literature findings [136].

Moreover, the exploration of pulse shaping aspects necessitated sufficient voltage, affirming the
adequacy of the chosen voltage range for conducting comprehensive research. While the circuit
can be adapted for higher voltage operations by adjusting component specifications, the medium
voltage range proved sufficient and conducive for effective experimentation and analysis.

Experimental data shown in Fig highlight the effects of different symmetry configurations
of the triangular gate voltage on the resulting voltage and current pulses in the TMS coil. For
instance, a 50% symmetry (50:50 rise -fall) results in a voltage amplitude of 164 V, whereas an 80%
(80:20 rise-fall) symmetry produces a voltage amplitude of 320 V. These results were achieved with
the capacitor C2 charged to 30 V from a 1 V SC input, demonstrating the significant impact of
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Figure 5.13: Experimental results of 50% and 80% symmetry of the triangular gate voltage (10 kHz)
given to S2 and its TMS coil current and voltage pulse respectively. 50% symmetry causes a current
pulse of amplitude 47.2 A and voltage ~200 V. Whereas, 80% symmetry gate voltage produces a
current pulse of amplitude 50 A and ~320 V voltage. Raw traces have been smoothed with a
Whittaker filter [176), [I77] to reduce oscilloscope 8-bit digitization noise.
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Figure 5.14: Oscilloscope measurement of 50% triangular gate voltage (yellow), TMS coil current
measured using Tektronix A622 (red), voltage across the TMS coil (green)
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waveform symmetry on pulse amplitude. With a 90% symmetry (90:10 rise-fall), the voltage could
reach up to 500 V, although the MOSFETs were not heavily strained during these experiments,
indicating the potential for even higher voltages with increased input. The figure depicts the
oscilloscope output demonstrating 50% symmetry as a proof of concept. High voltage capabilities
will be demonstrated using a developed MATLAB model in Chapter [7, showcasing the detailed
potential of the circuit prototype.

CH1™ 10,04 CH2 0,08 M 1.00ms
CH3. 5.00Y 20-Noy-2317:26. - .

Figure 5.15: Oscilloscope demonstration of biphasic pulse. Magenta waveform represents the gate
voltage, while yellow waveform shows the TMS current pulse

To explore the generation of biphasic pulses, experiments were conducted by varying the capac-
itance of C2 from 330 uF to 100 pF. The oscilloscope measurements captured the waveform shown
Fig.[5.15] illustrating how changes in C2 affected the shape and characteristics of the output pulses.
This investigation aimed to optimize the pulse generation process, ensuring compatibility with TMS
applications. The results, depicted in Fig. provide insights into the capacitor role in shaping
the output waveform for enhanced TMS efficacy.

The investigation explored the effects of varying the symmetry and amplitude of the triangular
gate voltage on the current and voltage pulses of a TMS coil, revealing significant changes in their
characteristics. The amplitude variations, as shown in Figure influenced the rise and fall times
of the corresponding coil current and voltage pulses. However, the more intriguing aspect was the
variation in the symmetry of the triangular waveform, which had a pronounced effect on the slope
of the falling edge of the triangle, thereby impacting the rate of change of current (di/dt) and the
inductor voltage.

In my thesis, "symmetry" refers to the balanced rise and fall characteristics of the triangle
waveform used, ensuring uniformity in the waveform’s transitions and facilitating predictable signal
modulation and pulse shaping in circuit applications. A perfectly symmetric triangular waveform
has equal rise and fall times, while an asymmetric waveform has unequal rise and fall times. In
the experiment, the symmetry was varied from 10% to 90%, as illustrated in Figure The
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Figure 5.16: The measured coil current for different symmetry gate voltage waveform when C2 =
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Figure 5.17: Dependence of TMS pulse characteristics on peak gate voltage (a) Peak gate voltage
is stepped from 7 V to 10 V; (b) TMS coil current pulse for respective gate voltage; (¢) TMS coil
voltage.
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Figure 5.18: Dependence of TMS pulse characteristics on gate voltage symmetry (a) Gate voltage
is varied from 10% to 90% symmetry; (b) TMS coil current pulse for respective gate voltage; (c)
TMS coil voltage.

experiment results can be summarized as:

1. Triangle waveform dynamics- At 10% symmetry, the rise time is very short, and the fall time
is relatively long. This creates a waveform where the voltage quickly reaches its peak and
then slowly returns to the baseline. Conversely, at 80% symmetry, the rise time is extended,
and the fall time is significantly shortened. This results in a waveform where the voltage rises
gradually and then rapidly drops back to the baseline. So clearly, here the gradient dvgs/dt

influences the strength and duration of the negative vy, component.

2. Impact on current waveform (di/dt)- The steepness of the falling edge of the triangular wave-
form directly affects the rate of change of voltage over time (dv/dt). At higher symmetry
percentages (such as 80%), the falling edge becomes much steeper. This increased dv/dt
translates to a higher di/dt (rate of change of current) in the TMS coil because the voltage
across an inductor (vr,) is proportional to the rate of change of current through it (di/dt), as

described by the equation:

where L is the inductance of TMS coil. Therefore, with a steeper fall slope at 80% symmetry,

the current slope (di/dt) increases sharply, indicating a rapid change in current.

3. Inductor voltage and pulse width- The sharp increase in di/dt due to the steep fall slope

generates a higher voltage across the inductor. This is because the voltage induced in the
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inductor is directly proportional to the rate of change of current. As the fall time shortens,
the current reaches its peak and then quickly returns to zero. This change in pulse width

affects the timing and intensity of the pulses generated by the TMS coil.

The effectiveness of the circuit is demonstrated by its capability to generate high-voltage pulses
from relatively low input voltages. As observed in the experimental results, a voltage of 500 V
was achieved at 90% symmetry with just a 1 V input from the supercapacitor. This indicates that
by adjusting the symmetry of the triangular gate voltage, the circuit can be fine-tuned to achieve
the desired pulse characteristics, making it highly efficient for applications requiring precise and
powerful pulse generation.

In my experiments, I observed that using a 10% symmetry for the triangle gate voltage results
in an increased fall time. This adjustment also leads to a longer voltage pulse width due to the
slower decay of the current. Conversely, when the symmetry is increased to 90%, the fall time of
the current pulse is significantly decreased. This change causes a reduction in the pulse width of the
voltage pulse. At this high symmetry, the gate voltage drops very quickly, which generates higher
voltage peaks. Additionally, during my tests at 90% symmetry, I encountered 1 MHz oscillation
harmonics, indicating potential issues with stability and higher frequency noise. Due to these rapid
voltage drops and associated harmonics, I limited my experiments to a maximum of 90% symmetry
to avoid excessive oscillations and ensure more reliable measurements.

In summary, the variation in the symmetry of the triangular gate voltage has significant effects
on the current and voltage pulses in the TMS coil system. Increasing the symmetry to 90% creates
a much steeper fall slope in the triangular waveform, resulting in a higher rate of change of current
(di/dt) through the coil. This increased di/dt generates a higher voltage across the inductor. The
experimental results, depicted in Figure [5.18] underscore the circuit efficiency in generating high-
voltage pulses from low input voltages, highlighting its potential for applications that require high
field (electric/magnetic) intensity pulse generation. This investigation provides valuable insights
into how waveform symmetry can be leveraged to optimize the performance of TMS coils and

similar electromagnetic systems.

5.5 Magnetic field Measurement

To measure the magnetic field produced, a setup (Fig. |5.19) was arranged with the coil placed in an
adjustable holder above a Hall effect sensor that convert output voltage into equivalent magnetic
field measurements. Experiments conducted with a 50% symmetry triangular gate voltage at various
distances from the sensor showed the magnetic field generated by the TMS coil.

The magnetic field (B-field) measurement process utilized an SS496A1 Hall effect sensor, which
was selected for its capability of measuring B-fields up to approximately 200 mT. The Hall effect
sensor was calibrated using a Helmholtz coil setup by Dr. Marcus Wilson [136].

For the measurement of the B-field along the axis of the coil, which was expected to be purely
axial, the sensor was oriented accordingly as in the Fig.[5.19] Measurements were taken as a function

of both axial distance (z) and radial distance (r) from the coil axis. However, close to the coil at
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Figure 5.19: Laboratory setup for B-field measurement featuring an SS496A1 Hall effect sensor
and a TMS coil mounted on an adjustable stand, enabling precise distance adjustments between
the sensor and the coil (left). A zoomed-in view of the Hall effect sensor and the coil within the
measurement setup (right).
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Figure 5.20: Experimental trials conducted with a 50% symmetric triangular gate voltage at dis-
tances ranging from 0 mm to 4 mm from the sensor, illustrating the observed magnetic field gener-
ated by the TMS coil.
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Figure 5.21: Experimental trials conducted with a 80% symmetric triangular gate voltage at dis-
tances ranging from 0 mm to 4 mm from the sensor, illustrating the observed magnetic field gener-

ated by the TMS coil.
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Figure 5.22: Oscilloscope measurement of 50% triangular gate voltage (yellow), TMS coil current
(magenta), voltage across the TMS coil (green), magnetic field equivalent voltage measured by
SS496A1 solid-state Hall effect sensor (blue) at 0 mm distance
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Figure 5.23: Oscilloscope measurement of 80% triangular gate voltage (yellow), TMS coil current
(magenta), voltage across the TMS coil (green), magnetic field equivalent voltage measured by
SS496A1 solid-state Hall effect sensor (blue) at 0 mm distance

higher supply voltages, the B-field exceeded the sensor maximum measurable field of 200 mT. To
address this, an indirect estimation method was employed for high-intensity fields. This method
was based on the assumption that the B-field on the axis (r = 0) could be expressed as a product of
two functions: B(z,V) = f(2)g(V), where f(z) is a function of distance from the coil, and (g(V))
is a function of the supply voltage. In the direct measurement phase, the B-field at the base of the
coil (z = 0 mm) was measured, at which point the sensor reached its maximum measurable field.
Additionally, the B-field 2 mm below the coil was measured, providing a reference measurement
at a location where the B-field was weaker and within the sensor measurable range. To facilitate
comparison, a scale factor () was determined such that B(z = 0 mm, V) = aB(z = 2 mm, V).
This scaling accounted for the reduction in field strength due to the increased distance from the coil.
Using the determined scale factor «, the B-field at the base of the coil was estimated by multiplying
the measurements made 2 mm below the coil by «. This method allowed for the estimation of the
B-field in high-intensity regions where the field strength exceeded the sensor direct measurement
capability.

In summary, the magnetic field measurement process involved a combination of direct calibra-
tion using known B-fields, direct measurement within the sensor range, and an indirect estimation
method for high-intensity fields. The calibration ensured accurate sensitivity determination, while
the indirect method allowed for the extrapolation of B-field strengths in regions exceeding the sen-
sor direct measurement capabilities. This comprehensive approach enabled detailed mapping of the
B-field around the coil, ensuring accurate measurements even in high-intensity regions.

Given that TMS is a contactless procedure, understanding the field strength at around 2 mm
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distance is crucial. Figures and illustrate the magnetic flux density (B-field) in milli-Tesla
at different distances from the coil by the above measurement technique. The oscilloscope output
in Figures and for 50% and 80% symmetry is presented as proof of concept.

Increasing the input voltage would proportionally enhance the output voltage and magnetic
field strength. Higher input voltages would lead to increased C2 voltage, resulting in higher in-
duced voltages across the inductor and stronger magnetic fields, thus further optimizing the system

performance for generating high-intensity pulses.

Limitations & conclusion

One of the primary limitations of the prototype arises from the use of a MOSFET as a resistive
element rather than a traditional switch. When the MOSFET is treated as a dynamic element, it is
gradually turned on, causing its resistance to vary depending on the applied voltage. This operation
often pushes the MOSFET into its threshold region, where it functions more as a variable resistor
than a switch. As a result, there is inherent energy loss due to resistive heating, which consequently

reduces the amplitude of the output pulse.

Additionally, the entire analysis and development of this prototype have been conducted using
a single TMS coil. The coil inductance and resistance values play a crucial role in determining
the overall system performance. Changes in the coil characteristics, such as different inductance
or resistance values, could introduce new effects and alter the pulse shape, and magnetic field
strength. This means that while the prototype works effectively with the current coil configuration,
it may behave differently if other TMS coils with varying electrical properties are used. Testing
with different coils would be necessary to understand the broader applicability of this approach
across different setups. These factors should be considered for further optimization and potential

expansion of the prototype’s capabilities.

This chapter provides an overview of the development of the full prototype and the evolution
of using a triangular gate waveform for S2. It explores how the triangular gate voltage shapes the
output TMS pulses, emphasizing the effects of symmetry and amplitude changes on the rise, fall,
and pulse width of these pulses. By manipulating the amplitude and symmetry of the triangular
pulse, the research demonstrated significant alterations in the temporal characteristics of generated
pulses. Notably, achieving a voltage of 500 V at 90% symmetry from a modest 1 V SC input
highlights the prototype efficiency in converting low voltages into high-voltage pulses. Additionally,
observations show that changes in symmetry can result in magnetic fields exceeding 300 mT. Fur-
thermore, I have demonstrated the ability to transform pulse shapes from monophasic to biphasic
through capacitance adjustments although I have not developed bipasic pulses further. These find-
ings underscore the critical relationship between gate waveform characteristics and the resulting

TMS output, contributing to advancements in magnetic stimulation technologies.
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5.6 Paper published in proceedings of IECON 2024

The following paper was presented at 50th IECON24 (IEEE Industrial Electronics Society), held
from November 3-6, 2024, in Chicago, Illinois, and has been published in the IEEE proceedings
of the conference titled "Effects of Different Triggering Mechanisms on Pulse Shaping of a TMS
Pulse Generator Based on Supercapacitor Energy Storage". A poster detailing the paper was also
presented and is included in Appendix[A] An attribution detailing the contributions from the authors
is included in the Appendix [E]
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Abstract—High-voltage pulse generators are useful in many
applications such as transient surge simulators, electric fence
energizers, and transcranial magnetic stimulation (TMS) systems.
Traditionally they are based on a high-voltage DC power supply
with or without voltage multipliers for raising the voltage to
several thousand volts. In contrast to these complex and costly
approaches, we use a pre-charged supercapacitor followed by a
step-up transformer and associated output circuitry to develop
an inexpensive and flexible high-voltage pulse generator for
applications in transcranial magnetic stimulation. Qur new ap-
proach is to use the high-power delivery capability of commercial
supercapacitors. In this work, we explore the advantages of
different waveforms applied to the MOSFET associated with the
secondary stage of the circuit topology and how they affect the
final pulse shape.

Index Terms—Electrical stimulation, Magnetic stimulation,
Pulse circuits, Supercapacitors, Transcranial magnetic stimula-
tion (TMS)

I. INTRODUCTION

Traditional high-voltage and/or high-power pulse gener-
ators are used in miscellaneous engineering and scientific
applications such as (i) TMS, which is used clinically to
treat depression, anxiety, Parkinson’s disease and multiple
sclerosis [1], (ii) electric fence energizers and (iii) transient
surge simulators also known as lightning surge simulators [2].
Generally, these high power pulse generator designs are based
on the conventional Marx generator [3], and Tesla transformer
[4]. Nowadays, these circuits are modified by incorporating
switched-mode power supply (SMPS) circuits such as boost,
buck-boost, and the isolated buck-boost or flyback converter
for various applications.

In TMS, a coil carrying a time-varying current is placed
on the surface of the scalp to produce a magnetic field
that stimulates the brain. To energize the TMS coil, a high-
power pulse generator is required, and designing one is a
technical challenge. The pulse needs to be delivered to the
coil very rapidly, in the range of one-tenth of a millisecond.
The conventional way of producing a TMS pulse consists of
an RLC-oscillator circuit, where the interaction between the

University of Waikato
Hamilton, New Zealand
marcus.wilson@waikato.ac.nz alistair.steyn-ross @ waikato.ac.nz

Marcus Wilson
School of Science

Alistair Steyn-Ross
School of Science
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pre-charged capacitor and the inductor (TMS coil) produces
the TMS pulse. Many circuits, categorized as monophasic,
biphasic, and polyphasic pulse circuits [5-8], have been used
in TMS applications; these circuits are mainly improved
versions of inverter topologies. Pulse width is an aspect that
has not been studied much before because the variation of
pulse width was not possible in conventional stimulators. In
order to delve into the intricacies of TMS action on brain cells,
small animal TMS studies play a crucial role, allowing for a
detailed understanding of its mechanisms [1, 9-11]. Therefore,
our initial focus has been on developing a prototype of a small
animal TMS coil.

Given that there are two types of TMS experiments (i)
for human brain excitation (ii) for small animal studies, our
project aims the second type, where few hundred volts peak
and a current range of 50 to 100 A is adequate. Most TMS
pulse systems are built around a high voltage source (which
could be expensive) and associated pulse shaping circuits,
which can generate a specific number of repeated pulses for
given experimental sequence. With the background expertise
of our wider research team on supercapacitors and superca-
pacitor applications, we recognized that we can eliminate this
expensive high voltage source, by the use of a pre-charged
low voltage supercapacitor (SC) module and a suitable step
up converter and a pulse shaping circuit, concentrating on the
design aspects of the SC module and the pulse shaping stage,
while maintaining the low cost aspects of the implementation.

Our research presents a novel approach to high-power pulse
generation for TMS, eliminating the need for traditional high-
voltage DC power supplies. By leveraging the high-power
delivery capabilities of supercapacitors, we have created a
cost-effective and flexible design that significantly reduces the
overall system complexity and expense. This design offers
precise control over pulse parameters such as amplitude,
width, and rise and fall times, providing versatility previously
unexplored in TMS pulse circuit design. We have success-
fully tested a proof-of-concept prototype, demonstrating its
efficacy through experimental measurements and MATLAB-
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Fig. 1: Circuit topology with TMS coil

based theoretical calculations. Fine-tuning the triangular gate
voltage supplied to the final switch allows easy adjustment
of the voltage and current pulse in the inductive magnetic
coil used in TMS experiments. This innovative methodology
introduces a new dimension to TMS pulse generation, offering
significant advantages over conventional approaches.

Our team has successfully developed a supercapacitor-based
pulse generator [12], enabling the production of a magnetic
field of approximately 100 mT suitable for small animal brain
excitation. To enhance the flexibility of our prototype, we
conducted tests with various shapes of gate voltage waveforms,
discovering their capability to deliver high-power pulses and
adjust pulse shape. This paper presents a detailed study docu-
menting our incremental improvements in different waveform
configurations and their respective effects. In Section II, we
emphasize the significance of utilizing supercapacitors as a
power source in our circuit by experimental data, while Section
III elucidates the operational modes of our pulse generator.
Sections IV, V, and VI explain the effects of square, triangular,
and sinusoidal waveform gate voltages on the transcranial
magnetic stimulation (TMS) coil, respectively. Section VII
encapsulates our findings and their implications for future
advancements in supercapacitor-based pulse generators.

II. IMPORTANCE OF SUPERCAPACITOR AS SOURCE IN
PULSE GENERATOR

Over the last two decades, many capacitor manufacturers
have started manufacturing supercapacitors, consequently the
prices of these devices have started coming down, particularly
for the lower capacitance devices from 1 F to 500 F [6]. The
most useful properties of supercapacitors are: (i) very long life
compared to limited life-cycle batteries, and (ii) low equivalent
series resistance (ESR) which results in high power delivery
capability.

A. Supercapacitor based pulse generator implementation; A
circuit design summary

Utilizing the advantageous properties of supercapacitors as
discussed above, we have successfully constructed a proto-
type [12], simplified circuit diagram of which is depicted
in Fig. 1 with the TMS coil developed by our team [9].
The circuit topology involves the utilization of a precharged
supercapacitor, initially charged to a low voltage, such as
2 V. By activating MOSFET S1 at a frequency of 8 kHz,
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Fig. 2: Total pulse count of the respective supercapacitors with
initial voltage of 2 V
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Fig. 3: Energy discharge of 90 F and 3000 F supercapacitor
with 2 V initial voltage

we pump energy to a step-up transformer where the high
voltage secondary winding feeds a rectifier circuit charging
a high-voltage electrolytic capacitor. A processor subsystem
(not depicted in the circuit diagram) manages the operation
by halting the function of S1 and activating the output switch
S2, which drives the TMS coil [12]. For comprehensive details
regarding the circuit design, refer to [12].

B. Commercial supercapacitors and their useful attributes

Table I illustrates the experimental results generated by
the use of different sizes of supercapacitors (SC), detailing
the pulse generated in each discharge and the overall pulse
capacity of each capacitor type. The supercapacitor bank has
the capacity to charge till 12 V but in this experiment, all
supercapacitors were charged to 2 V and utilized as a primary
power source for our prototype. The initial excitation of the
TMS coil resulted in a reduction in the input supercapacitor
voltage, as indicated in Table I. The experiment was conducted
over 8 discharge sequences to provide insights on pulse count
and energy. Notably, supercapacitors with higher capacitance
exhibited a lower reduction in voltage, enabling a greater
number of excitations with the supply voltage of 2 V.

The consistent number of pulses per sequence, ranging
between 17 and 20, is also documented in the Table 1.
Increasing the input voltage in the supercapacitor bank leads to
a rise in the number of pulses produced. As depicted in Fig. 2,
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TABLE I: Generated pulse details from supercapacitor.

SUPERCAPACITOR . . . Avg. voltage Avg. No:of pulses
Supercapacitor voltage/ maximum pulse count at each discharge sequence
capacitance, ESR reduction (V) | in single discharge
Ist 2nd 3rd 4th Sth 6th 7th 8th
Vsc (V) 2.01 1.62 | 1.33 | 1.09 | 091 | 0.76 | 0.63 | 0.54 0.21
90F, 12.8m{2
Pulse count 22 20 20 18 19 13 13 13 17
Vsc (V) 2.02 191 | 1.80 | 1.70 | 1.61 | 1.53 | 1.45 | 1.38 0.09
280F, 3.2m()
Pulse count 17 21 17 19 19 17 20 20 19
Vsc (V) 2002 | 1.94 | 1.89 | 1.83 | 1.78 | 1.72 | 1.67 | 1.62 0.05
500F, 3.2m$2
Pulse count 20 18 20 18 21 17 16 20 19
Vsc (V) 2004 | 196 | 1.92 | 1.89 | 1.86 | 1.83 | 1.80 | 1.79 0.03
1000F, 1.6m<2
Pulse count 16 19 21 19 20 16 19 19 19
Vsc (V) 2.00 193 | 191 | 1.89 | 1.88 | 1.87 | 1.86 | 1.85 0.02
3000F, 0.23m$2
Pulse count 18 16 20 21 20 21 20 20 20
TABLE II: Key components of the prototype
Component Assignment Nominal rating Part number Manufacturer
Cl Electrolytic-capacitor 330 uF, 450 V B43634C5337M062 EPCOS
Cc2 Supercapacitor 380 F, 3V, 3.2 m, 257 A VEC3R0387QG VINA Tech
S1 Charging switch 40V, 1.35 m€2, 350 A IRFP4004PbF Infineon Technologies
S2 Discharging switch 650 V, 24 m©2, 120 A IXFK120N65X2 IXYS-Littelfuse
L TMS coil 27 pH, 200 mQ Carbonyl powder iron core- P1224-340/9 Micrometals
D High-frequency diode 1.2kV,75 A STTH75S12W STMicroelectronics
T Step-up transformer 1:60 Turns ratio Ferrite core ZW42207TC Magnetics

by increasing the size of the supercapacitor module from 95 F
to 3000 F with a precharged voltage of 2 V, the total number
of pulses keep increasing with the size of the supercapacitor.
This illustrates that for a given TMS experiment there is no
necessity to have a specially designed DC power supply for the
input supercapacitor stage. Once the SC module is precharged,
low voltage DC source can be disconnected. The number of
output pulses and the associated voltage drop for each case of
supercapacitor module is detailed in Table I.

It may be asked why a lithium rechargeable battery is not a
good fit for the design instead of a supercapacitor. A com-
parison between rechargeable batteries and supercapacitors
as energy storage devices shows that efficiency and power
delivery are significantly influenced by internal resistance. The
energy discharge due to the release of TMS type pulses based
on two different sized supercapacitor is depicted in Fig. 3.
The internal resistance of rechargeable batteries increases with
discharge, resulting in a decrease in available power despite
a constant open circuit voltage; in contrast supercapacitors
maintain a constant equivalent series resistance (ESR) that is
about one to two orders of magnitude smaller than that of
lithium rechargeable batteries of comparable size. As a result,
supercapacitors can deliver very high currents into an external
circuit.

Fig. 4: Mode-1 (blue dotted line) and Mode-2 (red dotted lines)
of the circuit topology of the power stage

III. MODES OF OPERATION

Figures 4 and 5 shows the modes of operation of the proto-
type designed with the hardware components in Table II. This
circuit operates in three modes: charging the supercapacitor,
charging the electrolytic capacitor, and excitation of the TMS
coil.

A. Mode-1: Charging the supercapacitor bank

In this mode, we utilize a standard laboratory power supply
to charge the supercapacitor bank. Comprising four 3-V, 380-
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Fig. 5: Mode-3 of the circuit topology. Gate control signals
for S1 and S2 ensure that these switches are never ON at the
same time

F supercapacitors connected in series to achieve a maximum
voltage of 12 V and an effective capacitance of 95 F (380/4),
the bank exhibits minimal voltage drop per discharge, as
indicated in Table I. Hence, recharging the supercapacitor
bank C1 after each discharge is unnecessary, even though it is
charged to only 2 V. The utilization of larger supercapacitor
will allow for a prolonged operation without recharging. The
conducting path for Mode-1 is depicted in Figure 4 with blue
dotted lines.

B. Mode-2: Charging the electrolytic capacitor

In this mode, high-frequency switching of DC voltage from
the supercapacitor bank results in an pulsed DC voltage.
Utilizing a transformer that operates solely with AC, this
alternating DC voltage is equivalent to AC and undergoes
voltage step-up. To attain the required voltage across C2,
MOSFET S1 is operated for 2 seconds at 8 kHz frequency.
A ferrite torroidal core is employed for the transformer, with
a self-wound 1:60 turns ratio to achieve the necessary step-up.
The operational path for Mode-2 in the circuit is illustrated in
Figure 4 with red dotted lines.

C. Mode-3: Excitation of TMS coil

Upon reaching the required voltage, MOSFET S2 is triggered
to initiate the excitation of the TMS coil. The operational mode
is depicted in Figure 5. Triggering S2 can be accomplished
using various gate voltage waveforms, with their effects dis-
cussed in Sections IV, V, and VI. By employing different
waveform types, we can regulate the current and voltage pulse
parameters of the TMS coil, thus providing the pulse generator
circuit with an additional pulse-shaping feature.

IV. EFFECT OF SQUARE GATE VOLTAGE TO S2- INITIAL
TESTING

We initially conducted tests using a 50-Hz square-shaped
gate voltage generated by an Arduino microprocessor, leading
us to conclude that the circuit [12] is capable of creating a
high-voltage pulse generator suitable for TMS applications.
Our experiments revealed that this setup generates a magnetic
field of 100 mT, sufficient to excite neurons in the mouse brain

Duty Cycle
—D =10%
—D =30%

D =50%
—D =80%
—D =90%

B
o
T

N
o

TMS coil current (A)

o

0 0.5

1.5
Time (ms)

Fig. 6: The pulse width variation by controlling the S2 duty
cycle (filtered square gate voltage) within the circuit
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Fig. 7: The variation in pulse width with respect to the duty
cycle

[14]. However, since our initial tests did not yield significant
pulse shaping results, we explored various possibilities using
different types of gate voltage waveform. To achieve this, we
filtered the square voltage from the Arduino using a filter
consisting of an RC differentiator with a cutoff frequency of
80 Hz, with a square input voltage of 333 Hz. By adjusting
the duty cycle of the square voltage from the Arduino, we
observed variations in the pulse width of the TMS coil current.
Figure 6 illustrates the pulse-width variation at different duty
cycles, while Fig. 7 demonstrates that this change in pulse
width is directly proportional to the change in duty cycle. This
phase showed promising results, indicating that altering the
gate voltage waveform could facilitate pulse shaping without
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Fig. 8: Current and magnetic fields are proportional implying
the TMS core is linear
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Fig. 9: MATLAB simulation results of 50% and 90% symmetry of the triangular gate voltage (10 kHz) given to S2 and its
TMS coil current and voltage pulse respectively. 50% symmetry causes a current pulse of width 60 us, rise-time of 47 us
and fall-time of 10 us and voltage ~ 200 V. Whereas, 90% symmetry gate voltage produces a current pulse of 55 us width,
53 us rise-time, 6 us fall-time and ~ 500 V voltage. Raw traces have been smoothed with a Whittaker filter [13] to reduce

oscilloscope 8-bit digitization noise.
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Fig. 10: Oscilloscope measurement of 50% triangular gate
voltage (yellow), TMS coil current measured using Tektronix
A622 (blue), voltage across the TMS coil (green)

requiring additional circuitry specifically designed for pulse
shaping.

Given that this circuit is intended for TMS applications,
we measured the magnetic field using an SS496A1 solid-state
Hall effect sensor to confirm that we achieved the minimum
magnetic field required to excite a small animal brain. Figure 8
depicts the current pulse and magnetic field of a 50% duty
cycle pulse, showing a clipping at 100 mT magnetic field.

Although the clipping suggests that the magnetic field may
exceed 100 mT, it should be noted that the Hall-effect sensor
has a limitation of measuring a maximum of 100 mT.

V. EFFECT OF TRIANGULAR GATE VOLTAGE TO S2

After successfully experimenting with the filtered square
gate voltage, we proceeded to test a triangular gate voltage
(applied to S2) with a frequency of 10 kHz. Utilizing the
adjustability feature provided by the variable slope of the trian-
gle, we replicated the experimental setup using the triangular
gate voltage.We charged the supercapacitor to 1 V and allowed
the electrolytic capacitor to charge up to 35 V. Remarkably,
even with 50% symmetry, we achieved a voltage of 190 V
and peak instantaneous power of 9.5 kW for a period of 60 us
(pulse-width). This significant increase in voltage is attributed
to the rapid drop in current during the negative-slope portion
of the triangular gate voltage. Furthermore, by adjusting the
symmetry to 90%, we observed an even more rapid negative
slope, leading to a higher rate of change in current as MOSFET
S2 turns off. This rapid change in current generates a voltage
magnitude of 500 V and peak instantaneous power of 30 kW.
Figure 9 illustrates the MATLAB-captured TMS pulse param-
eters at 50% and 90% symmetry. The variable symmetry of
the triangular gate voltage thus provides ample scope for pulse
shaping. The oscilloscope measurement of the TMS voltage
and current pulse are depicted in Fig. 10.
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Fig. 11: Oscilloscope measurement of sinusoidal gate voltage
(yellow), TMS coil current (blue), voltage across the TMS coil
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VI. EFFECT OF SINUSOIDAL GATE VOLTAGE TO S2

Given the smooth rise and fall time of a sinusoidal wave-
form at 10 kHz, we proceeded to test the experimental setup
with sine waveform as well. Figure 11 displays the oscillo-
scope readings of the TMS parameters observed during coil
energization. We recorded a voltage magnitude of 268 V and
a current of 61 A using the same 1 V supercapacitor source.
This voltage reading exceeds that achieved with the triangular
50% symmetry gate voltage.

VII. CONCLUSION AND FUTURE WORK

In this project we have shown that by the use of pre-
charged SC module followed by a traditional up-converter we
can develop a useful pulse generator for TMS experiments on
small animals. In order to shape the pulse, we have developed
a unique low cost transistor drive circuit and tested it on the
basic SC based pulse generator. Adjustable pulse parameters
were easily achieved by the proposed wave shaping circuit
based on a triangular waveform generator with symmetry
adjustment. Further developments are in progress.
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Chapter 6

MATLAB simulation

This chapter explains the process of developing a MATLAB simulation to model a MOSFET, allowing
predictions of its behavior and output of the developed prototype. Initially, here I outline the
background study conducted for modeling and explain how I modified existing equations to function
within the circuit. Subsequently, I describe the creation of the MATLAB model based on experimental
data and then making a complete simulation MOSFET model which can predict the output TMS
current and voltage as a function of time according to the gate voltage input as a function of time.

MOSFET principles are described in Chapter [3
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Figure 6.1: Equivalent model of RLC circuit in the prototype consisting the electrolytic capacitor
C5 with internal resistance r¢. For modeling, S2 is considered as a nonlinear resistance rpg, where
rps depends on the gate-source voltage, and TMS coil of inductance L with internal resistance rr,.
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The TMS excitation circuit (RLC) is the last stage of the prototype which is illustrated in
Fig. [6.1] The objective is to develop a model that solves the differential equation of the RLC
circuit.

since
ve = vr, + (TL + ¢ + s )iL (6.1)

where ovp, = Ldé—tL

we obtain a differential equation for iy, from Eq. [6.1}

di 1 .
CTtL =7 [vc — (rL + rc + TDs)iL] (6.2)

Thus if we know rpg, we can find iy, (¢).

In these equations, I do not consider the MOSFET as a typical switching component. Instead,
it is treated as analog, where the MOSFET behaves like a variable resistor controlled by the voltage
applied to the gate. Thus, the main aim is to determine the resistance of the MOSFET at each
instant whenever there is an input gate voltage and utilize it in the differential equation (Eq. .
The following are the steps I took to develop the MOSFET MATLAB model:

1. Development of the drain-source current equation, ir., as a function of vgs (Section [6.1)):
No equation or expression determines the drain-source current at all the MOSFET regions
(subthreshold, at the threshold, above-threshold). So I modified an existing equation used in

the literature [I78] to fit experimental results.

2. Computing the resistance of the MOSFET: After developing an equation for the current in
step 1, the next step is to find the MOSFET drain-source voltage equation. To achieve this,
experimental data of vpg (drain-source voltage), vgs (gate source voltage), and ir, (TMS coil
current) is utilized. Curve fitting is employed on the graph of vpg versus vgg to obtain the
vpsft equation. Curve fitting involves creating a mathematical function or curve that best fits
the series of data points obtained from plotting vpg versus vgg. With the vpggy equation in

hand, the rpg,, of the MOSFET can be determined by:

UDsy, (VGs)

iLg (VGS) (63)

3. MATLAB model (Section : Now I can use this rpg,, in the differential Equation as:

di 1 -
d—; =7 [vc — (rL 4+ 7¢ + rpsg, (vas) )iL) (6.4)

and solve it using any solver available in MATLAB for a given vgg(t) profile. I have used

odel5s to obtain good output results depending on the input gate voltage.

I have chosen the MATLAB platform for simulation instead of other options due to the need
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for precise characterization of the MOSFET, specifically the IXFK120N65X2, used in the experi-
ment. The circuit performance heavily depends on the MOSFET’s turn-off behavior, particularly the
dynamic change in resistance during switching.

It would be ideal to simulate the circuit with SPICE or another circuit simulator to demon-
strate directly the need for an improved modelling approach. In the early stages of modeling, I
explored both LTsPICE and PROTEUS. However, neither platform had the exact MOSFET model
(IXFK120N65X2) available. In LTSPICE, the closest available model failed to turn on at the correct
threshold voltage, and adjusting the parameters proved nontrivial. Similarly, Proteus did not offer
the required device or allow sufficient customization for accurate behavioral representation. While
further customization in LTSPICE may have been possible, I opted for MATLAB due to its flexibility
in numerical modeling and the ability to implement custom equations and control over simulation
logic. This approach allowed for detailed control of model behavior through code and produced
simulation results that closely aligned with experimental observations.

To further improve model fidelity, I calculated the instantaneous resistance of the MOSFET using
experimental data. Additionally, due to the absence of a unified drain-source current equation valid
across all operating regions in existing literature, I developed a new equation to ensure continuous
modeling across the cutoff, triode, and saturation regions.

While circuit-level simulations using conventional SPICE tools were considered, they were ulti-
mately not pursued beyond preliminary trials, as they failed to reflect the critical switching charac-
teristics of the actual device. The adopted MATLAB-based modeling provided a more accurate and

adaptable framework for the study’s objectives.

6.1 Expression for drain current of MOSFET

Here, I explain the stage-by-stage development of the drain-source current equation:
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Figure 6.2: (a) Drain current against gate-source voltage for various temperatures and (b)
drain current against the drain-source voltage for various gate source voltages of the MOSFET
IXFK120N65X2 from data-sheet
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A MOSFET operate across four distinct regions as shown in Fig. subthreshold, at the thresh-

old, above threshold in a linear manner, and above the threshold in saturation mode.

6.1.1 Subthreshold (vgs < vr)

In the subthreshold region, also known as the weak/cutoff region, the transistor remains in an "off"

state with minimal conduction. The small current flow is described by an exponential function of

VGs:

iD ~ iDO exp (UGS_UT> (65)
7 UTh

where applied gate voltage (vgs), threshold voltage (vr), thermal voltage (vry), and a subthreshold

ideality factor (n) is used. The ideality factor accounts for the subthreshold division of the applied

voltage between the gate insulator and the depletion layer [179].

6.1.2 Above-threshold (vgs > vr)

In above-threshold region where the MOSFET is turned on, there can be two region depending on
the drain current characteristics with respect to drain-source voltage as in Fig [6.2(b). They are

linear and saturation mode.

1. In triode/linear /ohmic mode (vgs > vr,vps < (vgs — vr)), the MOSFET is fully turned on,
and the channel is strongly formed, allowing current to flow easily between drain and source.
In this region, the channel resistance is minimized and approximately constant, characterized
by a low drain source resistance. The device behaves like a voltage-controlled resistor. The

drain current in linear/ohmic mode is :

2
ip = /J'nCox% <(UGS — UT)UpS — UD; ) (6.6)
where u, is the charge carrier effective mobility, Cyy is the gate oxide capacitance per unit
area, gate width (W) and gate length (L) [I80, [I8T]. According to this equation, when the
drain voltage is small when compared with (vgs — vr), the drain current-voltage relationship
becomes linear:

ip = pinCo ((UGS - UT)UDS) (67)

W
L
2. The saturation mode (vgs > v, vps > (vgs — vT)), the MOSFET channel experiences pinch-

off near the drain end. Although the drain-source voltage continues to increase, the current
becomes relatively independent of vpg and primarily depends on vgg. The drain current in
saturation mode is:
W
L

ip = Mncox [UGS - UT]2 [1 + )\UDS] (68)
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The parameter A accounts for the impact of channel length modulation on drain current,
known as the Early effect [I82]. It represents the change in drain current with respect to
drain voltage due to variations in the channel length. Combining both modes, the equations
(Eq. and exhibits a linear behavior with saturation at the end. Fig. shows the

data-sheet version of input and output characteristics with different regions.

6.1.3 Near threshold

There is a commonly overlooked region in analysis and application of transistors, known as the
threshold voltage region [I83-186].

However, in my application, MOSFET operates at and near threshold region since the high voltage
across TMS coil is achieved at the time of switch off (when gate voltage goes below threshold).
Surprisingly, this region has not been thoroughly analyzed by researchers. Analytical solutions like
the parallel plate charge control model and the unified charge control model exist [I87HI89|, yet
they lack precise analytical solutions for the subthreshold or near-threshold region. Finally for many

applications, the approximate solution used from these models are :

in = 2ign |14 ~exp (L8 VT (6.9)
2 7 UTh

where 7 is the current corresponding to the minority carriers at threshold. This equation can be

further expressed in terms of a variable X:
X _
ip = 2ipIn [1 + } ,  where X =exp (UGSUT> . (6.10)
2 7 UTh

Subthreshold region: In the subthreshold region (vgs < vr), where X < 1, we can approxi-

mate the exponential term for small values as:

X X
In[1 + 5] Ny for small X. (6.11)
This simplifies Eq. [6.9}
X _
ip ~ 20, [} — iy exp (”GS”T) . (6.12)
2 nUTh

Above-threshold region: In the above-threshold region (vgs > wvr), where X > 1, the

exponential term dominates. We can approximate it as:

In [1 + )2(] ~ In [ﬂ . (6.13)



120 MATLAB simulation

and Eq. simplifies to:

ip ~ 2 In <1> 49 les T (6.14)
2 MUTh
At threshold: At the threshold (vgg = vr), we have:
X =1, (6.15)
so the equation becomes:
. . 1 . 3
ip = 2i,In 1—i—§-1 = 2i,1n ) (6.16)

Thus threshold condition, the current ¢p is not equal to ..

Equation [6.9] is suitable for both above and below the threshold but not near the threshold
[178], 190l 19T]. All analytical approaches available are designed for lower power and small-signal
MOSFETs. But no analytical model have been developed for power MOSFETs. I initially tried to use
Eq. to fit the data points of the measured drain current versus gate voltage for power MOSFET,

but failed. Thus I modified the drain current equation to read:

: _ P
ip = © o1+ exp ves —or (6.17)
In2 7 UTh

This equation can be further expressed in terms of a variable X:

" In2

iD In[1 + X?], where X = exp (UGS_UT> . (6.18)

7 UTh
Where, I have introduced a new parameter, the exponent p, and replaced the factor 2 in Eq.
: 1
with 5.
Figure [6.3((a) illustrates the failed curve fit using Eq. while Fig. [6.3(b) demonstrates the
successful fit achieved by employing the modified equation (6.17]), which aligns much better with
the data points (black dotted points).

The reason for the modification become apparent by analyzing it in three different regions.

1. SUBTHRESHOLD: In the subthreshold region (vgs < vr), where X < 1, Tuse p = 1 (I
have given the maximum value for the p since subthreshold region characteristics is of more
exponential behavior):

lo

n?2

ip = ;5 In[1+ X], (6.19)
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Figure 6.3: (a) Current curve fit (red line) of the data points (black dots) from experiment using
Eq. which failed to fit; (b) current curve fitting done using modified equation Eq. which

was a successful fit with the data points
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and using
In[l1+ X]~ X for small X (6.20)
we obtain
) lo vGs — UT
N — . 6.21
‘D In2 xp ( 7 UTh > ( )
This equation resembles an exponential growth similar to general MOSFET characteristics,
Eq. [6.5]
2. ABOVE-THRESHOLD: In the above-threshold region (vgs > vr), where X > 1 and I

use p &~ 0.2 (the value of p reduces from below-threshold to above-threshold as we need the

current curve to change from exponential to linear), ip becomes a linear equation:

lo

D = In[1 + X7 .22
i = 1% In[1 + X7 (6.22)

and using
In[l1 + X?] ~In X? for large XP (6.23)

we obtain
in =~ In[X?) =  In [exp (U687 ’ (6.24)

D™ 2 In2 P 7 UTh '
lo (vGs —UT

_ 6.25
pln2< 7 UTh ) ( )

The equation (6.17)) requires a gate-voltage dependent variable p to capture the changes oc-
curring from subthreshold to above-threshold behaviors. Therefore, the addition of parameter

p to the equation is justified.

AT-THRESHOLD: At threshold, when vgg = vy, X? = 1 for any value of p
ip = 11102 In[1 + X?] =i, (6.26)

The modified term (In 2) was added in Eq. so that at threshold condition ip should be

equal to 7g.

By modifying the equation to depend solely on gate voltage, I achieved a consistent fit across



6.1 Expression for drain current of MOSFET 123

subthreshold, threshold, and above-threshold regions. The decision to introduce a gate-voltage-
dependent parameter p was based on systematic analysis of experimental data, where standard
models failed to capture the smooth transition from exponential to linear behavior. Setting p ~ 1
for subthreshold and reducing it to p ~ 0.2 above threshold allowed accurate interpolation between
regions. The inclusion of the In 2 term ensured the model satisfied the boundary condition ip(vgs =
vr) = ip. These modifications were validated by improved fitting accuracy, as shown in Fig. [6.3|(b),

confirming their appropriateness both analytically and experimentally.

This approach treats the MOSFET as a variable resistance governed solely by the gate-source
voltage, simplifying the analysis compared to treating it as a switch. However, it indirectly incor-
porates the influence of drain-source voltage on the resistance, thereby accounting for its effect in
the model.

The crucial aspect of my application revolves around understanding MOSFET characteristics
when the MOSFET is turning off, particularly the voltage and current across the TMS coil when the
MOSFET is off. This necessitates a robust equation that accurately models behavior near, below and
above the threshold. Through modification and analysis of experimental data, I derived the new
equation (Eq. capable of effectively modeling high-power MOSFET behavior, thus addressing

the limitations of existing analytical approaches.

When the MOSFET transitions during switching events, the presence of an inductive load, such
as the coil in this setup, significantly influences the current path. As shown in Fig. [6.3] a reverse
current path is observed during switching events, which is an entirely expected outcome due to the
inductive nature of the load. During turn-off, as the gate-source voltage (vgs) drops below the
threshold voltage (Vy,), the coil attempts to maintain current flow, leading to a temporary reverse
current through the MOSFET’s intrinsic body diode. Similarly, during turn-on, as vgg crosses above

Vn, the channel reforms and restores forward conduction.

Additionally, the observed separation between forward and reverse switching trajectories can be
attributed to hysteresis effects caused by asymmetric MOSFET switching behavior. During turn-on,
the drain voltage is high, resulting in a small gate-drain (Miller) capacitance (Cgq), typically around
0.1 nF. This small capacitance enables rapid charging of the gate and fast channel formation. In
contrast, during turn-off, the drain voltage is close to zero, leading to a much larger Cyq value (ap-
proximately 7 nF), significantly increasing the time required to discharge the gate. This asymmetry
causes the effective gate control dynamics during turn-on and turn-off to differ, contributing to the

observed loop behavior in the coil current waveform.

While the developed model primarily focuses on capturing the MOSFET’s behavior through an
effective, gate-voltage-dependent resistance, it does not explicitly model reverse conduction paths
such as body diode effects. Nevertheless, the observed switching behavior confirms that the model
provides a consistent and accurate representation of the device’s dominant behavior during the
transitions of interest, validating its suitability for the intended analysis.

The measured data (black dots) in Fig. show considerable variability, including instances
where vgg appears to reverse with increasing 41,, particularly in the 5 V to 6 V gate voltage range.

This variability is likely associated with the small “blips”—semi-circular deviations indicating a brief
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rise and subsequent fall in gate voltage (Fig. [5.10). These anomalies are presumed to result from
the Miller plateau effect [192], which becomes prominent during the MOSFET’s turn-on and turn-off
transitions. This effect may lead to irregularities in the measured vgg for a given iy, especially near

the threshold region where gate capacitance dynamics are most sensitive.

6.2 Computing the resistance of the MOSFET

Now that the drain-source current equation that accurately fits the experimental data is developed,
the next step is to determine the resistance of the MOSFET. To do so, the voltage fit equation
is also required. Experimental data is utilized to understand the MOSFET behavior in the circuit
prototype, observing how its drain current and drain-source voltage change at various gate voltages.
Here is the method followed to obtain both voltage and current fits, which allow us to calculate the
resistance fit. This information guided in developing an appropriate model.

Equation was employed for current characteristics, and then aimed to derive equations
for voltage and resistance characteristics by fitting curves using the hyperbolic tangent function.
Here is a brief overview of different types of functions that can be employed in equations to fit the

characteristics.

6.2.1 Sigmoid and hyperbolic tangent function
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Figure 6.4: (a) Sigmoid and (b) Hyperbolic tangent function over the domain —5 <z <5

The term "sigmoid function" typically refers to any function that has an S-shaped curve. In the
context of machine learning and neural networks, the logistic sigmoid function is commonly used. It

is a specific instance of a sigmoid function and shares similar properties with the hyperbolic tangent

function. The logistic sigmoid function <s(x) = lJr%)haus an S-shaped curve that ranges from 0 to

1 as its input varies from negative to positive infinity. As its input approaches negative infinity,
the sigmoid approaches 0, and as its input approaches positive infinity, sigmoid approaches 1. The
logistic sigmoid function is commonly used in binary classification problems in machine learning as

an activation function in the output layer or as a gating mechanism in recurrent neural networks.

et—e T
et+e T

ical function related to the regular tangent function but applicable to hyperbolic angles. With a

The hyperbolic tangent function (tanhx = >, often abbreviated as tanh, is a mathemat-
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range of (—1, 1), it proves particularly valuable in neural networks and various mathematical appli-
cations, commonly employed for mapping input values to a range suitable for activation functions.
The tanh function has a characteristic S-shaped curve that ranges from —1 to 1 as its input varies
from negative to positive infinity. It is an odd function, meaning that tanh(—z) = — tanh(z). As
its input approaches negative infinity, tanh(x) approaches —1, and as its input approaches positive
infinity, tanh(x) approaches 1. The shape of the tanh function resembles that of the logistic sigmoid
function, as illustrated in Fig. yet its output values span from —1 to 1, distinct from the sig-
moid range of 0 to 1. These operations provide flexibility in manipulating the tanh function to suit
specific requirements, enabling adjustments in both position and range. Scaling and offsetting the
tanh function allows us to ensure that the desired curve remains within a specific range, particularly
if the graph exhibits the characteristic S-shaped or sigmoid curve.

In summary, both the hyperbolic tangent function and the sigmoid function share similar char-
acteristics with their S-shaped curves and are commonly used in various applications, including

machine learning, neural networks, and mathematical modeling.

6.2.2 Voltage fit
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Figure 6.5: (a) 50% symmetry gate voltage with forward path (0 to 10 V) and reverse path (10 V
to 0) marked (initial 25 ps of the triangular wave is not captured accurately due to the oscillo-
scope triggering configuration); (b) measured drain-source voltage and (c) coil current from the
experimental setup used for the mosfet model (To correct for current probe delay, I advanced the
measured current trace by 3 us prior to plotting)

In my attempt to model the MOSFET S2 (Fig. [6.1) as a non-linear resistance, my goal is to

calculate the resistance of the MOSFET at every instance when it is on or off. To do this, I measured
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vps and ip from the experimental setup using a triangle gate voltage as input.

Figure shows the experimental drain-source voltage and coil current (equivalent to drain
current) for a 50% symmetry triangular gate voltage. I then plotted the vpg against vgg using
the experimental data points (blue dots) as shown in Fig Here, only the forward path is
modeled, which was sufficient for the analysis presented. The forward path varies from 0 V to 10 V,
covering nearly the full range of gate-source voltages used in the experiment. Although the reverse
current path was not explicitly modeled, its occurrence is expected due to the inductive nature of
the load, as discussed earlier. The observed reverse behavior does not impact the validity of the
forward-path-focused model developed here.

By analyzing the trajectory of the transfer characteristics (blue dots in Fig. 7 I found that it
follows a hyperbolic tangent path since it has both upper and lower limit values. Therefore, I used

the equation:

S <D1 + Dy + (D3 — Dy) tanh <”GS_”T>> (6.27)
2 T UTH
Here, D1 and D> represent the upper and lower limits of the blue dotted curve in Fig v is the
threshold voltage, the gate-to-source voltage at which the S2 just begins to turn on and vy is the
thermal voltage of the MOSFET. The term inside the hyperbolic tangent function is the argument of
the tanh function. The tanh function is a sigmoidal or S-shaped curve that ranges from —1 to 1 as
its input varies from negative to positive infinity. The input of the tanh function is the expression
()
1 VTH
When the gate-to-source voltage vgg is far below the threshold voltage (subthreshold), the
argument of the tanh function becomes very negative, causing the output of the tanh function
to approach —1. Conversely, when vgg is far above vr (above-threshold), the argument becomes
very positive, causing the output of the tanh function to approach 1. As vgs approaches vr (at
threshold), the argument approaches 0, and the output of the tanh function approaches 0. The
term (Do — D7) will be always negative which scales the range of the transition region and make
the sigmoidal ranges from positive to negative. Finally, the entire expression is halved and added
to upper and lower limits of the curve, likely for normalization purposes, ensuring that the output
ranges from Dp and Ds. In summary, the tanh curve (red curve in Fig in this context represents
the gradual transition of the drain-to-source voltage as the gate-to-source voltage varies around the

threshold voltage of the MOSFET. The parameters used in curve fitting are provided in Table

6.2.3 Current fit

From the experimental data of Fig. the current versus gate voltage graph is illustrated in
Fig. (a) with black dots, and fitted using Eq. . Typically, small-signal MOSFETs exhibit an
1 value ranging from 1 to 2. However, in this analysis, I selected the 7 values listed in Table to
achieve a more accurate fit, with 7 being treated as a fitting parameter. Choosing 7 values greater

than 1 is required to attain a better alignment with the experimental data, particularly given the
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Figure 6.6: Drain-source voltage versus gate voltage of the experimental result (blue). Red colored
curve shows the modeled drain-source voltage fitted curve in the forward path using the Eq.

specific behavior of power MOSFETs. Equation (6.17)) is modified to read

. Pfit
. 1o UVGs — Ut
= —1 1 _ 2
e = n2 n( " {exp< 72 VTH ﬂ > (6.28)

where the exponent p — pgt is now a tanh function of MOSFET gate voltage,

1 vasg — U
Pie = 5 <p1 + p2 + (p2 — p1) tanh <GST>) (6.29)
1n3 UTH

The variation of pg against the gate voltage is shown in Fig. [6.7]

6.2.4 Resistance fit

Once we achieve an accurate fit for drain-source voltage and drain current, we can compute the

MOSFET resistance as the ratio of voltage to current:

Tmm:%ﬁi (6.30)
Lgt
L <D1 + D3 + (D2 — Dy) tanh (ﬁ)) (6.31)

. _ Pfit
(o for (i)

As aimed, MOSFET is now modeled as a resistive element whose drain-source resistance rpg is a
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Table 6.1: Parameters and their values used for curve fitting equations

Parameters Symbol Values
Resistance of in- T, 0.22 Q
ductor

Inductance L 0.22 uH
Internal resis- rC 0.22
tance of Cq

Initial voltage of ve(0) 30V

C
Thermal voltage UTh 26 mV
Threshold voltage vT 6.0V
Parameters used in Equations
UDSg¢ Eq. 6.27] Dl,DQ, m 20, 0.47 12
i1, Eq. (6.28 10,72 8, 16
Drit Eq 6.29 b1,P2, 13 17 0137 10
1
0.8 ]
0.6 ]
o
04r 1
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Figure 6.7: Variation of exponent pg variable with respect to the gate-source voltage (vgg)

10
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nonlinear function of vgg only.

rpsg, = f(vas) (6.32)

10

V)

Ves

Figure 6.8: (a) Transfer characteristics with fitted current curve (red line) using the Eq. [6.28; (b)
the input admittance characteristic with fitted drain-source resistance curve using the Eq. [6.31

Figure [6.§ shows the current fitted curve in the transfer characteristics and the resistance fit
curve in the input admittance characteristics. With the knowledge of MOSFET resistance at different
points, we can effectively solve the RLC circuit using the differential Eq.[6.33] This approach allows
us to establish a MOSFET model grounded in experimental data, refining the equations accordingly.
Such a model serves as a versatile tool for predicting MOSFET characteristics and, consequently,

projecting the circuit output based on various input gate voltages applied to MOSFET S2.

This analysis is shown as a 3D plot in Fig. [6.9]illustrating relationships between gate-source volt-
age, drain-source voltage, and drain current or resistance, contributing to a thorough understanding

of the MOSFETSs behavior across different conditions.

6.3 MATLAB MOSFET model

By now, curve fitting and equations for the voltage, current, and resistance of the MOSFET have
been obtained. The next step is to develop a fully simulated model that solves the RLC circuit
with the MOSFET as shown in Figure[6.I] As mentioned earlier, the MOSFET is treated as a variable
resistance defined by rpsg, . The differential equation of the circuit is solved utilizing both Euler’s

method and the odel5s solver. The circuit differential equation is:



130 MATLAB simulation

10

200 S h
o
vos V) ’

Figure 6.9: 3 dimensional view of the output characteristics of the MOSFET and dynamic resistance
curve; (a) The output characteristics is shown in black dotted lines and red curve shows the fitted
drain-source voltage in the forward path; (b) Black dotted lines represent the dynamic characteristics
and red curve shows the fitted drain-source resistance.

&~ T lve— (ru+ 7+ rosy, i) (6.33)
Any vgs(t) sequence can be used to test the circuit. Here I generate a triangular gate voltage signal
using a pulsetran MATLAB function, which simulates gate driving signals. The functions to model
the drain-source voltage and drain-source current is explained as before based on experimental data
using tanh and modified equation. By incorporating these equations, the code aims to accurately
capture the behavior of the MOSFET within the RLC circuit, facilitating dynamic simulations of

voltage and current waveform over time.

I solve the system using either ode15s or Euler’s method. Euler’s method is only used in the
initial stage of the model development since it was an easier option. However, it was later only used

to compare the results; it is not a better choice to use with this system due to its limitations.

Euler’s Method is a simple numerical method for solving ordinary differential equations. It
approximates the solution at each time step by using the derivative at the current time step to
predict the value at the next time step. While it is straightforward to implement, it may not be
as numerically accurate or stable as other methods, especially for stiff systems or when the time
step is large. Stiff system means the dynamics of the system involve widely varying time scales
in which some variables may change rapidly while others change slowly. Here, Euler’s method
calculates the capacitor voltage and loop current at each time step. The process involves computing

the derivatives of the state variables (capacitor voltage and loop current) and then updating their
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Figure 6.10: Euler method solution of the RLC differential equation; (a) Triangular gate control
voltage of MOSFET S2 (magenta); (b) electrolytic capacitor voltage (black) and TMS coil current
(red); (c) TMS coil voltage (blue)

values using these derivatives multiplied by the time step. This iterative process continues until the

desired end time is reached.

odel5s solver is mainly used in this MATLAB model to solve the differential equation. odel5s
solver is a MATLAB function that uses a variable-order solver based on the numerical differentiation
formula (NDF') method for stiff and non-stiff systems. It is more robust and accurate than Euler’s
method, particularly for stiff systems where the stiffness ratio is high. It automatically adjusts
the step size to control errors, making it more suitable for a wide range of ordinary differential
equation (ODE) problems. odel5s adapts its time step dynamically throughout the simulation
to control error, ensuring accuracy while maintaining stability. It achieves this by evaluating the
derivatives at multiple time points within each time step and adjusting the step size accordingly.
This solver is particularly advantageous for stiff systems, where the stiffness ratio is high, as it
automatically adjusts the time step to capture rapid changes accurately without compromising
stability. Here, odel15s is recommended for solving the RLC circuit due to its ability to handle
stiff systems effectively, providing more accurate and reliable results compared to FEuler’s method,
especially considering the potential stiffness of the RLC circuit with a MOSFET. However, Euler’s

method is also provided as an alternative for comparison if computational resources are limited.

Figures[6.10] and [6.11] shows the Euler method and ode15s solver solution results of the output
TMS coil voltage and current respectively. MATLAB offers several other ODE solvers but odel5s
worked well in this system with relatively accurate results which are close to the experimental

values. The current probe used in the experiment has a bandwidth of DC-100 kHz, which leads to
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Figure 6.11: Comparison of odel5s solver solution of the differential equation with the measured
experimental values. The experimental measurement is the MATLAB capture of the oscilloscope

reading shown in Fig.
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Figure 6.12: Oscilloscope measurement of MOSFET gate voltage (yellow), TMS coil voltage (ma-
genta) and TMS coil current (blue). Gate voltage rise-fall symmetry is set at 50%.
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a slow response time. In contrast, the oscilloscope used for vy, (t) voltage measurements, has a much
higher bandwidth of 0-10 MHz. To correct for current probe delay, I have advanced the measured
current trace by 3 us prior to plotting (Fig. |6.5). This leftwards timing offset was also applied to
the current traces displayed in MATLAB plots of Figures [6.11] and [6.13] Figure [6.11] shows a good
match between experimental measurements and MATLAB model predictions for a triangular gate
input voltage. Figure shows the oscilloscope capture results of the same 50% symmetry gate
voltage input used in simulation.

MATLAB simulations produce a perfect gate waveform without any distortion. However, in the
experimental setup, the gate waveform exhibits minor distortions caused by the 8-bit quantization
noise in digital oscilloscope captures. In Figure [6.11] the leading edge of the gate voltage shows a
step discontinuity instead of the expected smooth voltage ramp. This discrepancy arises because
the initial 25 us of the triangular wave is not captured accurately due to the oscilloscope triggering
configuration. However, focusing on the second pulse, I observe a good alignment between the simu-
lation results and the circuit measurements. Since I have not modeled the charging and discharging
of the gate-drain capacitance, this process causes a small blips (black circle) at the threshold voltage
of the gate voltage, as shown in Fig.[6.11] These small imperfections can affect the current and volt-
age waveforms, making them slightly less precise compared to the ideal simulations. Despite these
minor differences, the experimental waveforms match the MATLAB-generated output, confirming
that the curve-fitting equations have successfully captured the nonlinear resistance behavior of the
MOSFET.

This approach of modeling the mosfet and solving the circuit equation offers several advantages.
Firstly, by incorporating a comprehensive mathematical model of MOSFET behavior, the simula-
tion results are more accurate and reflective of real-world scenarios. Secondly, the flexibility of
the code allows for easy modification and adaptation to different MOSFET specifications or circuit
configurations. Overall, this code segment serves as a robust tool for analyzing RLC circuits with
MOSFETS, enabling researchers to gain insights into circuit performance and behavior under varying

conditions.

6.3.1 Testing the MOSFET model with different gate voltages

The developed MATLAB model was tested for versatility by applying different input gate voltages:
a sinusoidal gate voltage and a triangular voltage with a dead-zone. A sinusoidal gate voltage of
10 kHz frequency with a 10 V},, was used for testing. Solving the differential equation using the
odel5s solver, I obtained TMS current and voltage waveform from the simulation. Figure [6.13]
superimposes the simulation predictions against experimental measurements from the oscilloscope
capture shown in Fig. [6.14] The experimental results closely matched the simulation results.

Furthermore, the model performance was evaluated using a triangular gate voltage input with
a deadzone. This input signal also had a frequency of 10 kHz and an amplitude of 10 V. Utilizing
the odel5s solver, I solved the differential equation and extracted the TMS current and voltage
waveform from the simulation.

This test was conducted to assess whether pulses could be generated at wide intervals, as TMS
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operates at 200 ms repetition with three burst of 20 ms apart pulses. By adding a dead-zone to
the triangular waveform, the same triangle was modified to create pulses spaced further apart. The
model versatility was evaluated by applying this modified triangular gate voltage input, alongside
a sinusoidal input, in the simulation. The obtained simulated TMS current and voltage waveform
(Fig. were compared with experimental results (Fig. , confirming the model accuracy
under different input conditions. The close agreement between the experimental and simulation
results demonstrates the model capability to accurately predict the TMS voltage and current pulse

shape across a variety of input voltages.

6.4 Limitations and summary

A summary of the key aspects and challenges encountered during the development of the MATLAB

model follows:

1. Data sheet limitations: The data sheets provided only the on-resistance value for the MOSFET.
The model needed to account for the MOSFET behavior when turned off, particularly to cal-
culate the maximum voltage across the TMS due to stored energy release. Accurate modeling

required knowing the resistance at every instant, which was challenging due to limited data.

2. Gate capacitance exclusion: The current MATLAB model did not explicitly include gate ca-
pacitance, a parameter that typically affects the MOSFET’s switching behavior. Surprisingly,
the model still showed remarkable accuracy in predicting experimental results, though incor-

porating gate capacitance would add complexity to the model.

3. Measurement difficulty: During the MATLAB model development, accurately measuring the
inductor voltage was a challenge. To overcome this, two probes were used to measure the
TMS voltage; one for lower voltage levels and another for higher voltage levels. This approach

helped in creating a more accurate model.

Despite the challenges, a robust MOSFET model was developed through full simulation. This model
could predict the system’s output with any input, and its predictions were verified against experi-
mental data, showing strong alignment with the results. These aspects highlight the complexities of
developing a MATLAB model for MOSFET behavior in TMS applications, particularly when dealing
with incomplete data and unexpected experimental conditions.

Although explicit curve fitting for the reverse path has not yet been performed, the observed
hysteresis-like separation between the forward and reverse trajectories is expected based on the
switching behavior of the MOSFET with an inductive load. Specifically, as discussed earlier, the
combination of the coil’s stored magnetic energy during switching transitions and the strong voltage
dependence of the gate-drain (Miller) capacitance (Cgq) introduces asymmetry between turn-on
and turn-off dynamics. Despite focusing the modeling efforts solely on the forward path from 0
to 10 V, the developed model continues to provide a reliable prediction of the output behavior
when compared to experimental results. This is attributed to the similarity in the overall shape

of the resistance versus gate voltage relationship between the forward and reverse paths, as shown
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in Fig. [6.8] despite the presence of a time shift. Consequently, even without explicit reverse path
modeling, the simulation captures the essential features of the coil voltage waveform, including the
negative phase during turn-off, in close agreement with experimental observations.

When the last RLC stage of the prototype was simulated in MATLAB Simulink and Proteus, the
results were surprising. Even though Proteus has components that mimic actual hardware charac-
teristics, the MOSFET did not behave like it did in the experiment. Since I have set the threshold,
calculated resistance and curve fitted to match the experimental conditions, which resulted in a
model that closely aligned with the experiment. I believe that the built-in component models in
software will not replicate the results as accurately as the MOSFET MATLAB model.

While the RLC circuit appears simple, accurately capturing the MOSFET’s characteristics and
understanding its behavior is a complex task. I feels confident that this work on a single MOSFET
model has provided a strong foundation, making it easier to create MATLAB models for new MOSFETS

with minimal experimentation in the future.

6.5 Publications

6.5.1 Paper published in proceedings of APEC 2025

The following paper was presented at IEEE Applied Power Electronics Conference and Exposition
(APEC), held from March 16-20, 2025, in Atlanta, USA, and will be published in the IEEE pro-
ceedings of the conference titled "Supercapacitor based TMS pulse generator design- Experimental
results versus MATLAB MOSFET simulation model". I received a travel grant from the Neurological
Foundation and the Hackett Memorial Trust to present this paper in the USA.

An attribution detailing the contributions from the authors is included in the Appendix [E]
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Abstract—Supercapacitors are ideal for short-term energy
storage due to their high instantaneous power capability. Unlike
traditional high-voltage DC power supplies typically used in
transcranial magnetic stimulation (TMS) applications, a pre-
charged supercapacitor module can serve as a cost-effective alter-
native for building a pulse generator with adjustable waveform
capabilities. This approach utilizes a supercapacitor module with
a capacitor bank rated at a few hundred farads and 10 V, com-
bined with a step-up transformer-based converter and medium-
voltage MOSFETSs to meet TMS requirements. The output of this
pulse generator, including the effects of varying gate voltages,
can be accurately predicted using a robust model. This paper
presents the design of a MOSFET model, incorporating a newly
derived equation that effectively captures the subthreshold, near-
threshold, and above-threshold regions of the MOSFET operation.
Experimental results are provided and compared with MATLAB
model simulations, demonstrating the model’s accuracy and
effectiveness.

Index Terms—Electrical stimulation, Magnetic stimulation,
Pulse circuits, Supercapacitors, Transcranial magnetic stimula-
tion (TMS)

I. INTRODUCTION

High-voltage and high-power pulse generators are essential
for applications such as transcranial magnetic stimulation
(TMS) [1-6], lightning surge simulators, and fence energizers
[7]. Traditional designs, combining high-voltage DC sources
with pulse-shaping circuits and high-voltage semiconductor
switches, face significant challenges due to safety isolation
requirements and high component costs [1, 6, 813]. Despite
innovations like solid-state Marx generators and Tesla trans-
formers aimed at enhancing efficiency, these systems remain
complex, expensive, and require multiple stages and com-
ponents. Most existing pulse generators also lack provisions
for pulse shaping and demand high-voltage supplies or high-
voltage capacitors, further complicating their use [14-21].
Additionally, TMS pulse generators, especially those for small
animals, are underexplored, with limited dedicated circuits and
simulation models. A supercapacitor-based pulse generator
[22] offers a promising solution, leveraging higher energy
density, rapid charging and discharging capabilities, and longer
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lifetimes. This approach could provide more efficient, cost-
effective, and precise pulse control, advancing TMS research
significantly.

Existing TMS circuitry uses MOSFET as switches, but they
have the potential to shape coil current more precisely. This
study introduces a model that predicts coil current by varying
the gate applied to the MOSFET, incorporating a novel MOSFET
drain current equation derived from real-time experimental
results. Emphasizing MOSFET operation at and near the thresh-
old region is critical for achieving high voltage across the TMS
coil during switch-off. The model overcomes challenges such
as limited-accurate data available from MOSFET datasheets.

II. SUPERCAPACITOR BASED PULSE GENERATOR (SCPG)

In a TMS pulse generator applications, the pulse generator
is expected to drive certain amount of energy into the TMS
coil and this may be in the range of few tens of joules
to few hundred joules. With this requirement coming as
primary requirement, we see that the commercially available
supercapacitors (SC) could be easily configured into a pre-
stored energy module to deliver multiple test pulses in one
shot when required without using a continuously rated high-
voltage DC power supply. The cost of this approach was found
to be much less here due to the elimination of a high-voltage
DC power supply.

The design approach for this TMS pulse generator leverages
the capability of a charged supercapacitor to release a very
high instantaneous current, which is predominantly controlled
by the load side impedance rather than the SC’s internal resis-
tance. Considering a small supercapacitor module composed
of 4 series-connected 380 F cells, this module has a short-
circuit current capability of %, where the equivalent series
resistance (ESR) of a single cell is approximately 3.2 mf2.
In cases where a larger storage module is required, using
3000 F cells with an ESR of 0.23 m(2 provides 14 times greater
current capability. This straightforward practical consideration
indicates that the primary loop current is mainly governed by
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Fig. 1: Proof-of-concept of prototype- (a) Overall system showing external drivers to S1 from Arduino processor board and
triangle voltage waveform generator for S2; (b) experimental power stage; (c) Full circuit prototype setup

the resistance and inductance parameters of the primary side
of the step-up transformer.

Our team has successfully developed a supercapacitor-based
pulse generator (SCPG) [22] as shown in Fig. 1, capable of
producing a magnetic field of approximately 400 mT suitable
for small animal brain excitation. This prototype can shape
the output TMS current and voltage, crucially without needing
additional external snubber or hardware setups like the existing
topologies [6, 11]. The triangular gate input waveform, with
its adjustable slope, enables a slower turn-on and turn-off than
using MOSFET as switch, impacting the current and voltage
pulses in the TMS coil system. Increasing the symmetry of
the triangular waveform to 80% (80:20 rise-fall) resulted in a
steeper fall slope as shown in Fig. 2, higher rate of change of
current (di/dt), and a narrower pulse width of the voltage and
current pulses. The developed MATLAB model of the MOSFET
accurately predicts these outcomes, making it essential for
future work in optimizing pulse shapes for TMS applications.

Using a 1 V input SC supply, we achieved a 250 V output
TMS voltage pulse. For higher peak voltage of the output
pulses we can proportionately increase the SC bank voltage.
This can be further increased by adjusting the input triangle

TABLE I: List of components and the associated costs

Label Component Nominal rating Cost
(USD)

Cl1 Electrolytic-capacitor 330 uF 450 V 7
Cc2 Supercapacitor 380 F 3V, 32 m 12
S1 Charging switch 40V, 1.35 m€, 350 A 5
S2 Discharging switch 650 V, 24 m2, 120 A 24
D High-frequency diode 12kV,75 A 5
T Step-up transformer 1:60 Turns ratio 2
A ARDUINO UNO 5V, 14 digital I/O pin 30
Others 20

Total cost 105

gate voltage symmetry. The results shown in Fig. 2 are for
a 1 V input, which already produced a significant magnetic
field (400 mT). Higher voltage outputs and pulse shaping
are possible with change in optimal input gate voltage
which can be determined through simulation models. Table I
provides a breakdown of the cost of each component used
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in the prototype, with the total amount reaching 105 USD,
highlighting the affordability and cost-effectiveness of the
design. The total cost of 105 USD demonstrates that the
design is economically viable for research or small-scale
manufacturing purposes.

One key advantage of this design is that the series-connected
supercapacitor module can be pre-charged using any suitable
laboratory power supply. This allows the SC module to deliver
repeated pulse sets for a given experiment without requiring
continuous connection to a DC power supply. Additionally,
we have developed a new MOSFET equation that fills a gap
in the literature, providing a model that closely aligns with
experimental data.

III. NEED FOR NEW EQUATION

In our application, we require the MOSFET (S2 in Fig. 1)
to operate at and near threshold point since the high voltage
across the TMS coil is achieved at the time of switch off (when
gate voltage goes below threshold). Surprisingly, this region
has not been thoroughly analyzed by researchers. Analytical
solutions such as the parallel plate charge control model and
the unified charge control model exist [23-25], yet they lack
precise analytical solutions for the sub-threshold or near-
threshold region.

For many applications, the approximate solution for drain
current used from these models is:

UGs — Ur )}
7 Uth

where 4o is the initial current (at threshold), applied gate
voltage (vgs), threshold voltage (vr), thermal voltage (vry),
and a sub-threshold ideality factor (n) is used. This solution is
suitable for both above and below the threshold but not near
the threshold [26-28]. All the analytical approaches available
are designed for lower power and small-signal MOSFETS,
whereas we are using a power MOSFET. There is no specific
analytical calculation data available for power MOSFETs. We
initially tried to use Equation (1) to fit the data points of the

1
ip=21,In {1+26Xp< €))]

measured drain current versus gate voltage, but failed to do
so as shown in Fig. 3(a). Thus we modified the drain current
equation as a function of gate voltage only as:

UGs — Ut

(el (550)])

where we have introduced a new parameter p to describe
the transition from below-threshold to above-threshold as
we need the current curve to change from exponential to
linear. Figure 3(a) illustrates the failed curve fit using Eq. 1,
while Fig. 3(b) demonstrates the successful fit achieved by
employing the modified equation (2), which aligns much better
with the data points (black dotted points).

The reason for the modification becomes apparent by ana-
lyzing Eq. (2) in three different regions.

The Eq. 2 can be further expressed in terms of a variable

).

3)

2

lo

In2

UGs — Ut
7 UTh

ip =

In[1+ X?], where X =exp (

A. Subthreshold

In the subthreshold region (vgs < vr), where X < 1, we
use p = 1 (we have given the maximum value for the p since
subthreshold region characteristics is of more exponential
behavior):

. o
= In[l1+ X 4
D 1n2 n[ + ]7 ( )
and using
In[l1+ X]~ X for small X
we obtain
ip A~ o exp vGs T UT ) 5)
In2 1 UTh

This equation resembles an exponential growth similar to
general MOSFET characteristics [29].
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B. Above-threshold

In the above-threshold region (vgs > vr), where X >1 and
we use p =~ 0.2 (the value of p reduces from below-threshold
to above-threshold as we need the current curve to change
from exponential to linear), ip becomes a linear equation:

g
ip = —— In[1 + X?
b= 15 n[l + X7 (6)
and using
In[1 4+ X?] = InX? for large XP
we obtain
. 1o 1o UGs — Ut
= In[XP] = 1 e
© 7 2 n[X7] In2 n[exp( 7 UTh >]

lo (vGs — Ur
=p— | —— 7
ST ( 1 UTh ) ™

The equation (2) requires a gate-voltage dependent variable
p to capture the changes occurring from subthreshold to above-
threshold behaviors. Typically, small-signal MOSFETs exhibit
an 7 value ranging from 1 to 2. However, in this analysis,
we selected the 1 value to achieve a more accurate fit. In this
context, 7 is treated as a fitting parameter. Thus, choosing 7
values greater than 1 is justified to attain a better alignment
with the experimental data, particularly given the specific
behavior of power MOSFETS.

C. At-threshold
At threshold, when vgs = v, XP = 1 for any value of p
lo
In2
The modified term (In 2) was added in Eq. (2), so that at
threshold condition ip should be equal to 4.

The crucial aspect of our application revolves around under-
standing MOSFET characteristics during turn-off, particularly
the voltage across and current through the inductor as the
MOSFET transitions to its non-conducting state. This necessi-
tates a robust equation that accurately models behavior below,
near and above threshold. Through analysis of experimental
data, we derived the new equation (Eq. 2) capable of effec-
tively modeling high-power MOSFET behavior, thus addressing
the limitations of existing analytical approaches.

By modifying the equation to depend solely on gate voltage,
we achieved a successful fit that aligns with all operational
regions. This method treats the MOSFET as a variable resis-
tance controlled by gate-source voltage, simplifying analysis
compared to switch-based models. It indirectly accounts for
the influence of drain-source voltage on resistance, enhancing
model accuracy.

ip = —> In[l + X?] = i, 8)

IV. DEVELOPMENT OF MATLAB MODEL

The TMS excitation circuit (RLC) is the last stage of the
prototype, illustrated in Fig. 1. The objective is to develop a
model that solves the differential equation of the RLC circuit.
since

ve = oL + (1L + rc + Tps)iL &)
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where 7 (internal resistance of the TMS coil), r¢c (ESR of the
capacitor C2), and L (inductance of the TMS coil) are known
from experimental measurements. Given the measured values
of vc ( C2 capacitor voltage) and vy, (inductor voltage), we
can determine 4y (¢). Our approach is as follows:

1) Development of the drain-source current equation,

1L, = ?p as a function of vgs: As in Eq. (2).

2) Computing the resistance of the MOSFET: Curve fitting

is performed by plotting the measured vpg versus vgs
(from Fig. 4) and deriving an equation for vpgg; to fit the
data points. Curve fitting involves creating a mathematical
function or curve that best approximates the series of data
points obtained from plotting vps versus vgs. With the
Upsfir €quation in hand, the rpg, of the MOSFET can be
determined by:

Ups;, (vGs)

10
irg (VGs) (10

rDSm =

where

1 vGs — U
UpSs = 5 <D]_ + D2 + (DQ - Dl) tanh <ZIS’UTHT>>
(11)

Equation (2) is modified to read as:

3)

. _ Pfit
i, = 2o (1 + lexp Yes — Ut (12)
' In2 72 UTH

where the exponent p — pg; is now a tanh function of
MOSFET gate voltage,

1 vGgs — U
P =5 (Pl + p2 + (p2 — p1) tanh (GST>>
73 UTH

MATLAB model: Now we can use this 7pg, in the
differential Equation. (9) as:

dip 1

A
and solve it for a given vgs(¢) profile. The circuit’s
performance hinges on the MOSFET’s turn-off behav-
ior, and relying solely on the on-resistance provided in
datasheets or MOSFET models in simulation software like
SPICE is inadequate. This model addresses the gap in the
literature where a universal drain-source current equation
applicable across all regions is missing, leading to the
necessity of developing a new equation.

ve — (rL 4 rc + rps,, (Vgs))iL] (14

V. VERIFICATION

The MATLAB model for our supercapacitor-based pulse

generator (SCPG) was validated using the odel5s solver,



aligning closely with experimental data. Figure 5(a) and 5(b)
compares simulation and experimental results for a 50% sym-
metry gate voltage, demonstrating consistency. The MOSFET
behavior was accurately captured through curve fitting. A
10 kHz, 10 V sinusoidal gate voltage (Fig. 5(c)) showed
simulation results matching prototype tested results based on
the oscilloscope outputs (Fig. 5(d)), affirming the model’s
accuracy in predicting TMS behavior under varied conditions.

VI. CONCLUSION

In conclusion, the developed prototype is a low-cost su-
percapacitor based pulse generator (SCPG) for TMS with
pulse shaping capabilities, achieved without the need for
any external snubber or additional wave-shaping circuit. The
developed MATLAB model for our SCPG demonstrates robust
accuracy in predicting TMS current and voltage waveforms
under various input conditions. Through careful validation
against experimental data, including sinusoidal and triangular
gate voltages, the model reliably captures MOSFET behavior.
This tool enhances understanding and optimization of pulse
generator performance, offering valuable insights for future re-
search and applications in neurostimulation and related fields.
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Dynamic Nonlinear Resistance Model for a Power
MOSFET 1in an Oscillatory RLC Circuit
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and Nihal Kularatna, Senior Member, IEEE

Abstract— This paper presents the development of a new
MATLAB MOSFET model specifically designed for RLC circuits.
The key contribution is the formulation of a novel equation
that accurately captures the device behavior across subthreshold,
above-threshold regions and at threshold point, addressing
limitations in existing models. The developed model treats the
MOSFET as a variable resistance element, with the resistance
changing dynamically at each instant, enabling the solution
of differential equations governing the RLC circuit. Curve
fitting and refinement were conducted based on experimental
results, leading to a close match between the simulations and
experimental data. The model was tested with triangle, sinusoidal
and quadrilateral gate voltages, and the simulation results show
good match with the experimental data, demonstrating the
model’s accuracy. It provides a straightforward way to predict
performance, making it easier to refine and optimize the design
gate voltage before physical implementation. This work provides
a solid foundation for MOSFET modeling in oscillatory RLC
circuits, which can be applied to a wide range of power electronics
applications.

Index Terms— Supercapacitors, transcranial magnetic stimu-
lation (TMS), power semiconductor switches, pulse generator,
magnetic stimulation, pulse circuits, nonlinear MOSFET model.

I. INTRODUCTION

ETAL-OXIDE semiconductor field effect transistor

(MOSFET) models play a crucial role in simulating
and understanding device behavior in power -electronics.
Various MOSFET models have been developed to accurately
represent their characteristics in circuit simulations. These
models fall into three broad categories: physics-based,
analytical, and behavioral. Physics-based models, often used
in technology computer-aided design (TCAD) simulations,
focus on detailed internal phenomena such as electron
mobility, channel length modulation, and threshold voltage
shifts. While these models offer high accuracy, they can be
computationally intensive and difficult to use for practical
applications in power circuits due to the complexity of
the physical phenomena being modeled [1], [2]. Analytical
models, such as the Unified Charge Control Model (UCCM),
rely on mathematical expressions to describe device behavior
and to provide a clear relationship between key parameters
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like current, transconductance, and threshold voltage. Though
more efficient for simulations than physics-based models,
they can become complicated when high accuracy is
required [3], [4].

Behavioral models, including widely-used SPICE models,
are designed to simplify the simulation of MOSFETs for
practical applications like power converters, automotive
systems, and switching devices. These models focus on
representing the overall electrical behavior of the MOSFET
rather than the internal physical details. SPICE models are
generally preferred for applications requiring fast and efficient
simulation because they strike a balance between accuracy
and simplicity. A SPICE model for a 6.5 kV SiC MOSFET
was recently developed to closely match the device’s static
and dynamic characteristics, demonstrating how behavioral
models can still achieve reasonable accuracy for power
applications [5]. While behavioral models are simpler and
more user-friendly, they can lack the precision needed for
complex scenarios, particularly where parasitic elements (stray
inductance and capacitance) or extreme operating conditions
such as high switching frequencies or elevated temperatures
come into play.

One of the major challenges in MOSFET modeling is
the accurate simulation of switching behavior and parasitic
effects. SiC MOSFETs offer lower on-state resistance than
traditional silicon MOSFET, higher breakdown voltages, and
faster switching speeds, making them suitable for high-
voltage and high-frequency applications [6]. While several
models have been proposed for SiC MOSFETS, such as the
Hefner model and its derivatives [7], these models often
require extensive parameter extraction from datasheets or
experimental data, limiting their practical use in everyday
circuit design. A recent approach involves using a modified
Enz-Krumenacher-Vittoz (EKV) model [8] for SiC MOSFETS,
which offers a single equation for the entire operating
range, from weak to strong inversion. This model has been
successfully applied to simulate SiC MOSFETs in high-
frequency switching applications, with validation against
experimental data.

Several studies have focused on modeling SiC power
devices. PSpice is widely used for SiC MOSFET modeling,
but its limitations in handling complex equations can affect
accuracy [8]. MATLAB/Simulink, with superior simulation
and data processing capabilities, offers an alternative.
Tornello et al. [9] developed an analytical model for
single and parallel SiC configurations, achieving accurate
switching transient behavior and energy loss predictions

1549-8328 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Proof-of-concept prototype. Gate control signals for MOSFET S1 and S2 ensure that these switches are never ON at the same time. (a) Overall system

with photos inserted showing external drivers to S1 from Arduino processor board, gate-drive waveform generator for S2 and oscilloscope; (b) experimental

power stage.

compared to SPICE models using 2D and 1D Look-Up
Tables (LUTs) for device characteristics. Ferretti et al. [10]
implemented a MATLAB-based approach to create I-V-T maps
(lookup tables), including operating regions not covered in
datasheets. Zeng et al. [11] conducted modeling research
on parasitic capacitances (Cqs) and (Cgq) using MATLAB
Simulink, extracting values from datasheets and curve-fitting
for accuracy. While these studies relied on datasheet-based
modeling and simulation, none explored the internal MOSFET
variations, such as dynamic resistance changes, highlighting a
gap in the current research.

Wang et al. [12] proposed a modeling method using PSpice
with a dual voltage-dependent lookup table approach based on
the envelope of the switching trajectory. Their method defines
the value ranges for gate-source voltage (vgs) and drain-source
voltage (vpg) during interterminal capacitance operation
periods, considering only essential data within the switching
trajectory and discarding unnecessary information outside it.
Talesara et al. [13] implemented an analytical subcircuit model
for SiC MOSFETs into Synopsys Saber [14], validating it
against measured DC characteristics. They employed distinct
equations for sub-threshold and threshold regions instead
of a unified equation and used a Simulink-based approach
rather than a purely mathematical one. Yang et al. [15]
employ small-signal oscillations, utilizing linear analysis

without attempting to model the actual switching phase
transition.

Despite these advancements, existing MOSFET models
still face limitations when applied in circuit simulations,
particularly in power electronics. Many models are either
too complex for practical use or fail to accurately match
experimental results, especially in scenarios involving parasitic
inductance and capacitance, which are common in power
circuits. Engineers often encounter difficulties when trying
to use off-the-shelf MOSFETs for which detailed models are
unavailable. For instance, while several SiC MOSFET models,
such as the Hefner model and SPICE models, are available,
they often require complex parameter extraction processes and
do not always capture all the physical phenomena that occur
at different operating temperatures or switching speeds [16].
This highlights the need for a more simplified and generalized
MOSFET model that can closely match experimental data
without the need for extensive parameter tuning.

This paper aims to address this gap by proposing a new
MOSFET model, developed in MATLAB, which is based
on experimental results and tailored for use in electrical
RLC circuits as first trial step. The model introduces a
new equation that simplifies the representation of MOSFET
behavior, focusing on the static and dynamic characteristics
that are critical for power electronics applications. Unlike
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existing models that are either overly complex or limited in
their accuracy, this model is designed to be easy to implement
while maintaining close alignment with experimental results.
This approach offers a practical solution for engineers looking
to simulate MOSFETs in power converters, motor controllers,
and other high-voltage applications, where both accuracy and
simplicity are essential. By bridging the gap between detailed
physics-based models and simplified behavioral models, the
proposed model provides a more balanced solution for modern
power electronics design [5], [6], [8], [16], [17].

This paper details the development of a MATLAB simulation
to model a MOSFET, enabling predictions of its behavior and
the output of an RLC circuit. This RLC circuit is integral to
the supercapacitor-based TMS pulse generator [18], which has
been developed and successfully tested. To advance the design
further, a simulation model was essential to verify output
pulses, perform precise pulse shaping, and assess the impact of
varying gate voltages on TMS pulse characteristics. However,
no existing MOSFET equation or model was suitable for this
application, prompting us to derive a new equation and create
a MATLAB MOSFET model tailored for in-depth analysis.
The process begins with an overview of the background
study conducted for modeling, followed by modifications to
existing equations to ensure proper functionality within the
circuit. The creation of the MATLAB model is then described,
based on experimental data, resulting in a complete MOSFET
simulation model capable of predicting output current and
voltage as functions of time, in response to gate voltage
input. Finally, a comparison between the modeling and
experimental results for a different scenario is presented.
This study presents a solution applicable to any oscillatory
RLC circuit incorporating a MOSFET, offering insights and
modeling techniques beneficial for a range of applications
beyond TMS pulse generation.

II. EXPRESSION FOR DRAIN CURRENT

Figure 1 shows the overall system, including the circuit
diagram of the TMS pulse generator setup. This pulse
generator [18] incorporates an RLC circuit in the final stage to
excite the TMS coil. We developed this MOSFET model as part
of our research study focused on pulse shaping capabilities and
predicting the output TMS pulse. In this section, we discuss
the modeling of the RLC part alone for a generic study.

Consider an RLC circuit containing an embedded MOSFET
to control oscillatory current as shown in Fig. 2. We explicitly
include the internal resistances of the capacitor (rc) and the
inductor (r).

Applying Kirchhoff’s voltage law to Fig. 2,

vc = vL + (rL +rc + rps)iL (D

where the ideal inductor voltage is given by v, = L%
Equation (1) can be rewritten as a first-order differential
equation,
diy,
dt

Thus if we know rps, we can numerically integrate Eq. (2) to
find iy (¢).

1
=T [vc — (rL + rc + rps)iL] )

vc — iLrc v+
MOSFET S1 as nonlinear resistance
iL DS
Ve — iLT‘C L+ iLTL
Fig. 2. The circuitry illustrates a RLC circuit, featuring the electrolytic

capacitor C along with its internal resistance rc feeding an inductive load
characterized by an inductance L and its internal resistance rp,. It includes a
MOSFET switch represented as a nonlinear resistance rpg, which depends on
the gate-source voltage.

In these equations, we do not consider the MOSFET as a
typical switching component. Instead, it is treated as an analog
device, which behaves like a variable resistor controlled by the
voltage applied to the gate. The challenge is to determine the
time-varying resistance of the MOSFET as a function of input
gate voltage for incorporation into differential equation (2).

By controlling the gate voltage vgs, a MOSFET can be
operated in distinct regions as shown in Fig. 3(a): subthreshold
(vgs < vr), and above-threshold (vgs > wvr). When gate
voltage exceeds threshold, the MOSFET output characteristics
moves from linear to saturation mode as vgs increases. Our
focus is on developing a unified description for MOSFET
behavior that encompasses transition through threshold.

A. Subthreshold (vgs < vr)

In the subthreshold region, also known as the weak/cutoff
region, the transistor remains in an ‘off’ state with minimal
conduction. The small current flow into the drain is described
by an exponential function of vgs:

U — U
ip A ipg eXp (GST) 3)
1 UTh

where applied gate voltage (vgs), threshold voltage (vr),
thermal voltage (vTh), and a subthreshold ideality factor (i) is
used. The ideality factor accounts for the subthreshold division
of the applied voltage between the gate insulator and the
depletion layer [20].
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Fig. 3. (a) Drain current (Ip) against gate-source voltage (vgs) of 25°C and (b) drain current against the drain—source voltage for various gate voltages
for MOSFET IXFK120N65 x 2 from data-sheet [19].The red dotted line in (b) indicates the above-threshold separation between linear and saturation modes,
corresponding to vpg being less or greater than (vgg — vT) respectively. The threshold voltage (vr) is set to 4 V here for demonstration, as the datasheet
specifies a range for vt between 3 and 6 V.
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Fig. 4. (a) Curve fit (red line) for the MOSFET drain current i1, for data points (black dots) from experiment using Eq. (7) which failed to fit; (b) improved
curve using equation Eq. (15), provided a good match for the forward-path measurements.

B. Above Threshold (vgs > vr) drain-source voltage as in Fig 3(b). These are linear (also
referred to as triode or ohmic), and saturation modes.

In the above-threshold region, there are two operation modes 1) Linear mode (vgs > vr,vps < (vgs — vr)), the

depending on the drain-current characteristic with respect to transistor activates, creating a narrow channel for current
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to flow from drain to source. This region operates like
a resistor, its conductance controlled by the gate-source
voltage. The drain current in linear/ohmic mode consists
of linear and quadratic terms as:

2
i = fnCor ((UGS — vr)ups — 2 ) (4)
L 2

where w, is the charge carrier effective mobility, Cox is
the gate oxide capacitance per unit area, gate width (W)
and gate length (L) [21]. According to this equation,
when the drain voltage is small, the drain current
becomes a linear function of vps:

. w
ip = U Coxf(vGS — UT)UDS. )

2) The saturation mode (vgs > vT, vps > (vGgs —vT)), also
above threshold, and since drain voltage is greater than
the source voltage, it results in an increased electron
dispersion and conduction through a broader channel.
The drain current in saturation mode is:

W
ip = tnCox - [vGs — vrl?[1 + Avpsl.  (6)

The parameter A accounts for the impact of channel
length modulation on drain current, known as the Early
effect, and it is measured in inverse volts (V~!) [22].
It represents the change in drain current with respect
to drain voltage due to variations in the channel length.
Figure 3(b) shows the data-sheet version of input and
output characteristics with the boundary between linear
and saturation modes marked by the red line.

C. Near Threshold (vgs = vr)

In our application, we require the MOSFET to operate
at and near threshold since the high voltage across the
inductor coil is achieved at the time of switch off (when gate
voltage goes below threshold). Surprisingly, this region has not
been thoroughly analyzed by researchers [4], [23]. Analytical
solutions like the parallel-plate charge-control model and
the unified charge-control model exist [24], [25], [26], yet
they lack precise analytical solutions for the subthreshold or
near-threshold region. For many applications, an approximate
solution used in these models is [4]:

1 _
iD:2%mp+2mpCGSlwﬂ )

7l UTh

where ig is the current corresponding to the minority carriers
at threshold. This equation can be further expressed in terms
of a variable X:

X —
ip=2i,In|1+ — |, where X =exp Yas — vt . (8)
2 1N VTh

Equation 7 can be evaluated across different regions to
determine its applicability for sub-threshold, above-threshold,
and near-threshold regions.

1) Subthreshold Region: In the subthreshold region (vgs <
vr), where X « 1, we can approximate the exponential term
for small values as:

In[1 +

1~

for small X. )

(S

2
This simplifies Eq. (7):

. X . UGS — UT
ip~x2ip|—|=lcexp{ —— ).
2 NUTh

2) Above-Threshold Region: In the above-threshold region
(vgs > vT), where X > 1, the exponential term dominates.
We can approximate it as:

(10)

In|1+ X 1 X (11)
n —|~In|—=|.
2 2
and Eq. (7) simplifies to:
1 —
ip ~2 ioln ()+2i0"GSUT, (12)
2 NVTh

in agreement with Eq. (3).
3) At Threshold: At the threshold (vgs = vr), we have:

X=1, (13)

so the equation becomes:

1 3

Thus at the threshold condition, the current ip is not equal
to io.

Equation (7) is suitable for both above and below the
threshold regions but not near the threshold region, as ip is
not equal to the initial current at the threshold point [27],
[28], [29]. All analytical approaches available are designed
for lower power and small-signal MOSFETs. But no analytical
model have been developed for power MOSFETs. We initially
tried to use Eq. (7) to fit the data points of the measured drain
current versus gate voltage for our power MOSFET, but failed.
Thus we modified the drain current equation to read:

; _ p
ip = fo In{1+4 |exp vos — vt
In2 1 UTh

This equation can be further expressed in terms of a variable
X:

(14)

(15)

ip = l—oln[l + XP], where X = exp ves — T | (16)
In2 1 UTh

Where, we have introduced a new parameter, the exponent p,
and replaced the factor 2 in Eq. (7) with 1[112 for reasons that
will be explained in Section IV.

Figure 4(a) illustrates the failed curve fit using Eq. (7),
while Fig. 4(b) demonstrates the successful fit achieved by
employing the modified equation (15), which aligns much
better with the data points (black dotted points).
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III. METHODOLOGY

The following summarizes the steps we took to develop the
MOSFET MATLAB model:

1) Development of the drain-source current equation, irg,:
No equation or expression determines the drain-source
current at all the MOSFET regions (subthreshold, at the
threshold, above-threshold). So we modified an existing
equation used in the literature [27] to fit experimental
results as shown Eq. 15.

2) Computing the resistance of the MOSFET: After
developing an equation for the current in step 1, the next
step is to find the MOSFET drain-source voltage equation.
To achieve this, experimental data of vpg (drain-source
voltage), vgs (gate source voltage), and i1, (TMS coil
current) is utilized. Curve fitting is employed on the
graph of vpg versus vgs to obtain the vpgge equation.
Curve fitting involves creating a mathematical function
or curve that best fits the series of data points obtained
from plotting vps versus vgs. With the vpsf; equation
in hand, the rpg;, of the MOSFET can be determined by:

upsg, (VGs)
'DSg = —
iLg (VGs)
3) MATLAB model: Now we can use this rps; in the
differential Equation 2 as:

% = % [vc —(rL+rc+ rDsm(sz))iL]
and solve it using any solver available in MATLAB for
a given vgs () profile. We have used odel5s to obtain
good output results depending on the input gate voltage.
We have chosen the MATLAB platform for simulation
instead of other options because the need for pre-
cise characterization of the MOSFET, specifically the
IXFK120N65 x 2, used in the experiment. As the circuit
performance depends on the MOSFET turn-off behavior,
relying solely on the on-resistance provided in the data
sheet or MOSFET models in simulation software such
as SPICE would not be adequate. Therefore, we have
chosen to calculate the resistance of the particular
MOSFET at every instant using the experimental data
we have. Furthermore, there is a gap in the available
literature, as there was no common drain-source current
equation that could be used in all regions. Hence, we had
to develop a new equation.

amn

(18)

IV. DISCUSSION OF MODEL

We now explain the introduction of the In2 divisor and the
exponent p in Eq. (15). It is critically important to note that
p is itself a function of (vgs — vT), as shown by the fitting in
the next section.

A. Subthreshold

In the subthreshold region (vgs < vr), where X < 1, we set
p = 1 (this is the maximum value for the p to capture the
exponential characteristic of the subthreshold regime):

. io
ip = — In[1 + X],

In2 (19)
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and using

In[1 4+ X]~ X for small X

) UGS — UT
ip~ —exp|———).
In2 1 UTh

matching the Eq. (3), exponential form expected for MOSFETS.

we obtain

(20)

B. Above Threshold

In the above-threshold region (vgs > vr) where X >1,
we use p ~ 0.2 (the value of p reduces from below-threshold
to above-threshold as we need the current curve to change
from exponential to linear), ip becomes a linear equation:

o

ip = — In[1 + X7] 21)
In2
and using
In[1+ XP]~InX? for large X?
we obtain
. . _ p
ip = l—oln[X”] — l—oln exp UGs — Ut
In2 In2 1 UTh
= plo (Yesur (22)
In2 1 UTh

Equation (15) requires a gate-voltage dependent variable p
to capture the transition from subthreshold to above-threshold
behavior.

C. At Threshold
At threshold, when vgs = vy, X? =1 for any value of p
. o Pl
ip = lr12ln[l—I—X 1=1io
The modified term (In 2) was added in Eq. (15), so that at
threshold ip should be equal to ip.

The exponent p is defined by a tanh function of MOSFET

gate voltage,
p=1: (m + p2+ (p2 — p1) tanh (”GSUT)) ery
2 1 VTH

By modifying the Eq. 7, we achieve a successful fit
that aligns with the subthreshold, at threshold, and above
threshold regions. This approach treats the MOSFET as a
variable resistance governed solely by the gate-source voltage,
simplifying the analysis compared to treating the MOSFET as
a switch. Moreover, it indirectly incorporates the influence of
drain-source voltage on the resistance, thereby accounting for
its effect in the model.

The crucial aspect of our application revolves around
understanding MOSFET characteristics during turn-off, partic-
ularly the voltage across and current through the inductor
as the MOSFET transitions to its non-conducting state.
This necessitates a robust equation that accurately models
behavior below, near and above threshold. Through analysis
of experimental data, we derived the new equation (Eq. 15)
to model high-power MOSFET behavior, thus addressing the
limitations of existing analytical approaches.

(23)
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Fig. 5. (a) Gate voltage with forward path (0 to 10 V) and reverse path (10 V

to 0) marked (the triangular wave is not captured for the initial 25 us due to
configuration of the triggering mechanism in the oscilloscope); (b) measured
drain-source voltage and (c) coil current from the experimental setup used
for the MOSFET model (To correct for current probe delay, we advanced the
measured current trace by 3 us prior to plotting).

V. COMPUTING THE RESISTANCE OF THE MOSFET

Now that the drain-source current equation that accurately
fits the experimental data is developed, the next step is to
determine the resistance of the MOSFET. To do so, the voltage
fit equation is also required. Experimental data is utilized
to understand the MOSFET behavior in the circuit, observing
how the drain current and drain-source voltage vary with
gate voltage. We now describe the method used to obtain
both voltage and current fits, which allow us to calculate the
resistance fit.

A. Voltage Fit

In our attempt to model the MOSFET S1 (Fig. 2) as a
nonlinear resistance, our goal is to calculate the instantaneous
dynamic resistance of the MOSFET at every instant throughout
the oscillatory cycle. To do this, we measured vpg and ip from
the experimental setup using a triangle gate voltage as input.

Figure 5 shows the experimental drain-source voltage (vps)
and coil current (ip) (equal to drain current ip) for a
triangular gate voltage. We then plotted vps against vgs
using the experimental data points (blue dots) as shown in
Fig 6. Here, only the forward path is modeled, which was
sufficient for the analysis. Additionally, the forward path varies
from 0 to 10 V, which covers the full range of gate voltage used
in the experiment. By analyzing the trajectory of the transfer
characteristics (blue dots in Fig. 6), we found that it follows
a hyperbolic tangent path since it has both upper and lower
limit values. Therefore, we used the equation:

1 VGs — U
VDS = 5 (D1 + Dy + (D2 — Dyp) tanh (SISUTHT)) (25)

The parameters used in curve fitting are provided in Table I.

B. Current Fit

From the experimental data of Fig. 5, the current versus
gate voltage graph is illustrated in Fig. 8(a) with black dots,
and fitted using Eq. (15). Typically, small-signal MOSFETSs
exhibit an 1 value ranging from 1 to 2. However, in this

Reverse path

o W
“J’ Il Il

0 2 4 6 8 10

Fig. 6.
(blue). Red colored curve shows the modeled drain-source voltage fitted curve
in the forward path using Eq. (25).

Drain-source voltage versus gate voltage of the experimental result

TABLE 1
PARAMETERS AND THEIR VALUES USED FOR CURVE FITTING EQUATIONS

Measured Symbol Values
parameters

Resistance of induc- L 0.22 Q
tor

Inductance L 0.22 uH
Internal resistance of re 0.22 Q
(&

Initial voltage of C4 vc(0) 30V
Thermal voltage UTH 26 mV
Threshold voltage vr 6.0 V

Fitting parameters used in Equations

vps;, Eq. (25) Dy, Dy, 20,04, 12
ip Eq. (15) i0,M 8, 16
pse Eq. (26) P1,P2, N2 1, 0.13, 10

analysis, we selected the 1 values listed in Table I to achieve
a more accurate fit, with 1 being treated as a fitting parameter.
Choosing 71 values greater than 1 is required to attain a better
alignment with the experimental data, particularly given the
specific behavior of power MOSFETS.

We use p as a function of (vgs — vr), fitted to experimental
data. Specifically the exponent of Eq. (15) is given by
p = put(vgs — vr) where

1 UGS — UT
prit(vGgs — vr) = 3 (p1 + p2 + (p2 — p1) tanh ())
M2 VTH

(26)

The variation of pg; against the gate voltage is shown in Fig. 7.

C. Resistance Fit

Once we achieve an accurate fit for drain-source voltage
and drain current, we can compute the MOSFET resistance as
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Fig. 7. Variation of exponent pg; with respect to the gate-source
voltage (vgs)-

the ratio of voltage to current:

UDS
DSy = T 27
fit
3 (Dl + Dy + (D2 — D)) tanh (iflsﬁ))
= (28)

. p
e (1 [ewe (550) )

The MOSFET is now modeled as a resistive element whose
drain-source resistance rpg is a nonlinear function of vgs only,

rpsg, = f(vGs) (29)

Figure 8 shows fitting curves for current and resistance. The
3D plot in Fig. 9 illustrates the relationship between gate-
source voltage, drain-source voltage, and drain current (top
panel) or resistance (bottom panel).

VI. MODELING THE RLC CIRCUIT WITH TIME-VARYING
MOSFET RESISTANCE- MATLAB SOLUTION

With the knowledge of the time-varying MOSFET resistance,
we can model the RLC circuit using a first-order differential
equation. This approach allows us to establish a dynamic
MOSFET description grounded in experimental data. Such a
model serves as a versatile tool that encapsulates MOSFET
dynamics and allows prediction of the circuit output for
arbitrary input voltage waveforms applied to MOSFET gate.

Once fitting parameters for the MOSFET voltage, current,
and resistance equations have been obtained, the next step is to
develop a simulation model that solves the MOSFET-controlled
RLC circuit shown in Figure 2. The MOSFET is treated as a
variable resistance rps;,. The circuit differential equation is:

% = i[vc - (rL +rc+ rDsﬁl(sz))i}
where ri, rc, vc and L are given in Table I, and rps;, (vgs) is
given in Eq. (27). Any vgs(#) waveform can be used to test
the circuit. Here we use a triangular gate voltage generated by
the pulstran MATLAB function to match the experimental
setup shown in Fig. 5.

In this MATLAB model, Euler’s method was initially used
to solve the differential equations for capacitor voltage and

(30)
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loop current but was later replaced by the more robust
odel5s. Euler’s method, while simple, often struggles with
accuracy and stability, especially in ‘stiff’ systems where
variables change at different rates. ode15s, a variable-order
solver, dynamically adjusts the time step for better error
control and is more suited for handling the stiffness of
the equations describing the MOSFET-controlled RLC circuit.
While MATLAB offers a range of ODE solvers, odel5s
proved to be the most effective for this system, delivering
accurate results that closely match the experimental values.

We have implemented the simulation to replicate oscillo-
scope readings, where the time base resolution determines the
displayed output. Using the odel5 solver, a resolution of
0.04 us corresponds to a total simulation duration of 0.4 ms,
while a resolution of 0.2 us allows viewing five output cycles
over 1.6 ms. We observed that the Euler solver performs
effectively only at smaller time base resolutions and struggles
at higher resolutions where more than two cycles need to be
visualized.

The current probe used in the experiment has a bandwidth of
DC-100 kHz, which leads to a slow response time. In contrast,
the oscilloscope used for vy (t) voltage measurements, has a
much higher bandwidth of 0-10 MHz. To correct for current
probe delay, we advanced the measured current trace by 3 us
prior to plotting (Fig. 5). This leftwards timing offset was also
applied to the current traces displayed in MATLAB plots of
Figures 10(a) and 11(a). Figure 10(a) shows a good match
between experimental measurements and MATLAB model
predictions for a triangular gate input voltage. Figure 10(b)
shows the oscilloscope capture results of the same 50%
symmetry gate voltage input used in simulation.

MATLAB simulations produce a perfect gate waveform
without any distortion. However, in the experimental setup,
the gate waveform exhibits minor distortions caused by
the 8-bit quantization noise in digital oscilloscope captures.
In Figure 10, the leading edge of the gate voltage shows
a step discontinuity instead of the expected smooth voltage
ramp. This discrepancy arises because the initial 25 us of
the triangular wave is not captured accurately due to the
oscilloscope triggering configuration. However, focusing on
the second pulse, we observe a good alignment between the
simulation results and the circuit measurements. Since we
have not modeled the charging and discharging of the gate
capacitance, this process causes a small blips (black circle)
at the threshold voltage of the gate voltage, as shown in
Fig. 10. These small imperfections can affect the current
and voltage waveforms, making them slightly less precise
compared to the ideal simulations. Despite these minor
differences, the experimental waveforms match the MATLAB-
generated output, confirming that the curve-fitting equations
have successfully captured the nonlinear resistance behavior
of the MOSFET.

VII. VALIDATION

As a test of the simulation equations, we replaced the
triangular gate voltage with a 10 kHz 10 Vj, sinusoidal
signal, but modeled with the same parameters as the triangle
waveform we compared the output from the odel5s solver
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drain-source resistance curve using Eq. (27).
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(a) Transfer characteristics with fitted current curve (red line) and measured data (black dots) using Eq. (15); (b) drain-source resistance with fitted
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Fig. 9. Three dimensional view of the output characteristic of the MOSFET and dynamic resistance curve; (a) The measured output characteristic is shown
in black dots, and the red curve shows the fitted drain-source voltage in the forward path; (b) black dots show the dynamic characteristic and, the red curve

shows the fitted drain-source resistance.

with experimental measurements. Figure 11(a) superimposes
the simulation predictions against experimental measurements
from the oscilloscope capture shown in Fig. 11(b). It is
interesting to observe that the output current and voltage
waveforms are surprisingly insensitive to the shape (triangular
or sinusoidal) of the input gate voltage drive signal. This is
because the high voltage occurs near the threshold region

primarily during turn-off, as the inductor coil only stores
energy at that point. In both sinusoidal and triangular
waveforms, the slope/points near the turn-off point around
the threshold region is similar, resulting in comparable output
behavior.

Figure 12 presents the experimental and MATLAB results
for the quadrilateral gate voltage waveform. The results
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Comparison of odel5s solver solution of the differential equation with the measured experimental values. The experimental measurement is the

MATLAB of the oscilloscope view shown in (b). Blips due to charging and discharging of gate capacitance are highlighted (black circles). Note that the

triangular wave is not accurately captured for the initial 25 us due to the configuration of the triggering mechanism in the oscilloscope;
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(a) odel5s Solver solution of the differential equation (red) and experimental results (blue) with sinusoidal gate voltage input; (b) Oscilloscope

measurement of sinusoidal gate voltage (yellow), output coil voltage (magenta) and coil current (blue).
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Fig. 12. Verification of experimental and MATLAB data with a quadrilateral
gate voltage of 10 V amplitude.

indicate a good match between the TMS current and voltage
pulses observed in the experimental setup and those from the
MATLAB simulations.

VIII. DISCUSSION

This approach to MOSFET modeling offers two key advan-
tages. Firstly, by incorporating a comprehensive mathematical

model of MOSFET behavior, simulation results provide a good
match to the real-world scenarios. Secondly, the flexibility
of the code allows for easy modification and adaptation
to different MOSFET specifications or circuit configurations.
Overall, this code segment serves as a robust tool for analyzing
MOSFETs-driven RLC circuits, enabling researchers to gain
insights into circuit performance and behavior under varying
conditions.

However, our approach is carried out in the context of an
RLC circuit. Use of Equations (27)-(28) implicitly assumes
particular voltage vps dynamics, and would likely need
modifications for a different context. Here we have curve fitted
with the parameter range that we got from the experimental
data and also by looking the pattern. In contrast, variation
of ips with vgs near threshold is likely to be more robust,
approximately independent of vps as shown in Fig. 3(b).
Although we have not yet performed reverse path-curve fitting,
Figures 8 and 9 shows a hysteresis separation from the forward
path; we believe it is closely related to the gate capacitance
charge and discharge dynamics [30]. Despite focusing solely
on the forward path from O to 10 V, the model still offers a
reliable prediction of the output compared to the experimental
results. This accuracy can be attributed to the similarity in
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shape between the forward and reverse paths in the resistance
plot shown in Figure 8, despite a time shift. Consequently,
even without explicitly modeling the reverse path, the negative
phase of the voltage in the simulation aligns closely with the
experimental results.

During experimental data collection, several measurement
challenges were encountered. The oscilloscope resolution
made it difficult to capture the full range of data with the
maximum number of points for both high and low voltage
levels. When using a 100X probe, the minimum voltage values
lacked accuracy. To address this, two probes were employed:
a 100X probe for higher voltage levels and a 10X probe for
lower voltage levels. The data from both probes were then
combined in the MATLAB model.

Additionally, the resolution of the current probe and the
oscilloscope differed, and we were unable to calibrate the zero-
current setting on the probe. As a result, the initial inductor
current values (i) were not zero or very small, as expected.
These imperfections will be addressed in the next stage of
the model, where the gate capacitance will be considered.
The energy dissipated and power delivered during the tests
were lower than the rated values specified in the datasheet.
Additionally, the MOSFET did not heat up during testing,
indicating minimal thermal stress. As a result, the temperature
effect has not been considered in the current analysis.

Existing studies on SiC MOSFET modeling, such as those
by Tornello [9], Ferretti [10], and Wang [12], emphasize
datasheet-based methods, lookup tables, and linear analyses
without considering switching transients. However, they often
overlook internal variations like dynamic resistance changes.
Our approach addresses this gap by modeling the MOSFET as
a dynamically varying resistor, considering smoothing phase
transition between the sub threshold and above threshold
region rather than piecewise analysis offering deeper insights
into device behavior and predicting the output.

IX. CONCLUSION

The development of the analytical model for nonlinear
MOSFET dynamics faced several challenges, including limited
data from datasheets, unexpected experimental observations,
and measurement difficulties. Despite these hurdles, the model
was successfully refined to accurately predict system behavior.
The neglect of gate capacitance effects, although simplifying
the model, did not significantly impact the accuracy of
the results, which closely matched experimental data. The
complexity of modeling MOSFET dynamics in the RLC
circuit became evident, particularly when simulation tools
like Proteus failed to replicate real-world results. However,
by fine-tuning resistance, threshold values, and utilizing curve
fitting based on a physical descriptions of the near threshold
region, the MATLAB model provided reliable predictions.
This work offers a strong physical foundation for power
MOSFET modeling, allowing for more accurate simulations
with minimal additional experimentation.

This study can be significant because, in the existing
literature, there are primarily Simulink block models or
subthreshold equations, with no dedicated equation available
to cover the full operating range of a MOSFET. Our approach

can serve as a valuable tool for other researchers to evaluate
circuits where the MOSFET is treated as a dynamically varying
element.

X. FUTURE WORK

In future work, we are working to incorporate stray
inductance and capacitance effects into the model, as these
factors play a critical role in circuit performance. While this
study focuses on the initial development stage, we recognize
the importance of addressing these elements and will include
them in the next phase.
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Chapter 7
Pulse shaping

Introduction

This chapter explores the optimization of TMS pulses through parameter adjustments in a devel-
oped pulse generator prototype and a corresponding MATLAB model. The primary focus is on
understanding how changes in the C2 capacitor voltage and capacitance, gate voltage amplitude,
and symmetry impact the TMS output pulses. By leveraging these modifications, the chapter aims
to provide insights into extended pulse duration, and customized pulse shapes, thereby enhancing
the effectiveness and flexibility of TMS protocols. Also I validated the modified triangular voltage
waveform with four distinct points and tested various possibilities by changing the on time and off
time slopes. This exploration aimed to understand their effects on TMS output pulses. I conducted
experimental validations and compared the results with MATLAB simulations, demonstrating a high
degree of correlation between the two. Additionally, a comprehensive analysis of the pulse shaping
capacity of the circuit is provided, offering deeper insights into optimizing TMS pulse characteristics

for more effective applications.

7.1 Parameter changes

In the pursuit of advancing TMS technology, a pulse generator prototype has been successfully
developed and tested. This prototype demonstrates the ability to create and control TMS pulses.
Additionally, a MATLAB model has been developed that relatively accurately replicates the experi-
mental results. The MATLAB model serves as a powerful tool for simulating and analyzing the TMS
pulse output under various conditions. By adjusting different attributes of the prototype within the
model such as component values, frequency, and gate voltage, we can observe the resulting TMS
pulse characteristics.

In the previous chapters, I have focused on experimenting with a 100 us gate waveform pulse
width. This choice is based on using a 1 V input to charge the C2 capacitor to 30 V, which serves
as the basis for all initial testing. Increasing the input voltage to the supercapacitor (SC) and
consequently raising the voltage on the C2 capacitor would result in higher voltage and current

pulses in the TMS coil. This chapter will discuss these effects in more detail.
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For safety reasons and to ensure the MOSFET operates within safe limits, I have maintained the
same voltage settings used in the test prototype. In my experiments, I took precautions to avoid
stressing the components with higher voltages, which could potentially damage the circuit. Such
damage would necessitate replacing and rewiring the entire setup, posing a risk of loosening the
TMS coil winding and altering its inductance.

Therefore, I have not altered the test setup. Instead, I have used a MATLAB model to predict
the outcomes of parameter changes. Some of these predictions have been experimentally verified
using the test setup, and the results are similar. This consistency indicates that the MATLAB model
is reliable for predicting the relationship between gate voltage and TMS output pulse. Exploring
the effects of changing components and operating parameters in the model offers significant ad-
vantages. It enables the ability to predict and analyze the outcomes of modifications without the
need for extensive physical experimentation. This approach not only saves time and resources but
also broadens the scope for experimentation, facilitating the exploration of various configurations
and enhancements. By leveraging the MATLAB model, I can investigate various scenarios without
physically altering the test setup, ensuring the integrity of the components and the accuracy of the
coil inductance. This approach provides a safe and effective means of understanding and optimizing
the circuit performance.

I conceived the idea to use a triangular gate voltage waveform due to its ability to induce
transitions between on and off states through its varying slopes. By adjusting the symmetry of the
triangular waveform, which refers to the rise-to-fall ratio, I can effectively modify the output pulse
shape. For instance, a 60% symmetry implies a 60:40 rise-to-fall ratio. By varying the symmetry,
I can achieve different pulse shapes, allowing for control over the output TMS pulse. Initially,
I experimented with a standard triangular waveform to understand its effects. Later, I explored

modifications to the triangular waveform to further refine and control the TMS output pulse.

7.1.1 Effect of C2 voltage and capacitance

The following analysis explores how changes in the C2 capacitor voltage affect the output pulse in
a TMS circuit. The parameters used in this section are provided in Table [7.1]

Firstly, consider the scenario where the voltage of the C2 capacitor is increased to a higher
value. For instance, when the voltage is raised to 500 V, the output voltage is significantly higher

compared to the initial prototype condition where the capacitor voltage is 30 V.

Table 7.1: Parameters and their values used in subsection m

Parameters Values
Capacitance (C2) 1500 pF
C2 voltage 500 V

The relationship between the capacitor voltage (V) and the energy stored (E) is given by the
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equation:

1
E = §CV2 (7.1)

This equation (Eq. indicates that the energy stored in the capacitor increases quadratically
with the voltage. Therefore, a higher initial voltage in the C2 capacitor results in a substantially
greater energy reserve, which translates into higher and more numerous output pulses.

Another significant parameter to consider is the capacitance of the C2 capacitor. Replacing the
C2 capacitor with one of higher capacitance results in a greater number of pulses per discharge
cycle. This is because a larger capacitance allows the capacitor to store more energy at the same
voltage, thereby sustaining the pulse generation for a longer duration until the amplitude drops
below the set minimum.

Figure[7.1]demonstrates the output parameters of TMS when the C2 capacitor is replaced with a
capacitance of 1500 pF and charged to 500 V | showing that increasing the capacitance and voltage
of C2 leads to a higher number of pulses.

10 1

0 9 1 1.5 2 5

Time (ms)

Figure 7.1: TMS output parameters when the C2 capacitor (330 uF- orange dotted lines) is replaced
with 1500 pF (blue) and charged to 500 V, showing that increasing the capacitance and voltage of
C2 contributes to a higher number of pulses

The energy stored in a capacitor, as in Eq. [7-]] is dependent on both the capacitance and the

voltage. By increasing the capacitance (C'), the total energy available for discharge increases, given
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the same initial voltage. This results in a prolonged discharge period, during which more pulses can
be generated.

To enhance the charging rate of C2, several strategies can be implemented. Firstly, by increasing
the voltage of the SC (C1) capacitor from 1 V to 10 V or higher, the charging speed of C2 can be
significantly improved. Additionally, I employed an 8 kHz gate voltage with a 50% duty cycle for
S1. By adjusting the duty cycle and frequency, the charging time can be further optimized, allowing
for faster charging rates. Moreover, the charging rate can be expedited by reducing the resistance
in the circuit, which involves selecting an SC with a low ESR. Capacitors with higher capacitance
typically exhibit very low ESR, making them ideal for this purpose. Therefore, C1 can be replaced
with any low ESR capacitors available.

As discussed in the Section higher capacitance SC not only have lower voltage loss and
reduced ESR but can also withstand and efficiently charge C2 without the need for frequent recharg-
ing. This ensures a more stable and rapid charging process, improving the overall performance and
reliability of the TMS system.

To summarize, the analysis reveals that increasing either the voltage or the capacitance of
the C2 capacitor in a TMS circuit significantly enhances the output pulse characteristics. Higher
initial voltage increases the amplitude and number of pulses, particularly when coupled with higher
gate voltage symmetry. Similarly, a higher capacitance extends the duration of pulse generation,
providing a greater number of pulses per discharge cycle. These adjustments to the C2 capacitor

parameters are crucial for optimizing TMS output and exploring the full potential of the prototype.

7.2 Usefulness of the prototype in cTBS pattern

Continuous theta burst stimulation (¢TBS) has become a standard procedure in TMS applications
[49, 50, 57, (77, 193, [194]. The ¢TBS pattern consists of bursts of high-frequency pulses delivered in
a rhythmic pattern, typically at theta frequency (5 Hz). Typically ¢TBS consist of burst of three
pulses 20 ms apart repeated every 200 milliseconds (5 Hz burst rate). Often 600 or 1200 pulses are
delivered , although the total number of pulses can vary [195-200]. The parameters used in this
section are provided in Table

Table 7.2: Parameters and their values used in subsection

Parameters Values
Supercapacitor input 1V
Capacitance (C2) 330 puF
C2 voltage 30V

Testing the ¢cTBS burst pattern with the initial prototype parameters (30 V C2 capacitor voltage)
revealed an initial pulse voltage amplitude of 200 V. This demonstrates the potential of the prototype
to produce existing pulse pattern even with basic parameters. However, modifying these parameters,

as previously discussed, can yield higher voltages and sustain pulse production for a longer duration.
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Figure 7.2: Demonstrates the ¢TBS sequence produced by the MATLAB model. c¢TBS delivers
bursts of three pulses 20ms apart, repeated at every 200 milliseconds (a burst rate at 5 Hz in the
theta range) with the pattern continuing for a total duration typically ranging from 20 seconds to
several minutes.
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Figure 7.3: A zoomed-in view of a single pulse within the ¢TBS pattern shown in Fig. 7.2, providing
enhanced illustration and clarity of the pulse characteristics.
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Figure 7.4: Oscilloscope capture of a single pulse within the ¢TBS pattern shown in Fig. ,
providing enhanced illustration and clarity of the pulse characteristics. Yellow represents the gate
voltage, green depicts the TMS current pulse, and magenta illustrates the TMS voltage pulse in the
experimental setup.

The tested ¢TBS pattern used a 100 us triangle pulse-width with bursts occurring every 20 ms
and repeated every 200 ms. The pulse parameters can be modified by adjusting the amplitude and
symmetry of the gate voltage, allowing for further customization of the pulse shape. Changes in
the triangle sequence of the gate voltage can also produce different phase patterns, enhancing the

flexibility of the stimulation protocol.

Figures and show the pulse pattern of ¢TBS produced by a MATLAB model. It demon-
strates that the model accurately replicates the pulse patterns used in TMS, including the capability
to generate high coil voltage pulses with a prototype. Figure offers a detailed zoom-in on a sin-
gle pulse within the continuous theta burst stimulation (¢TBS) pattern. Additionally, Figure
presents the single pulse obtained from the laboratory setup, providing a clearer and more illustra-

tive depiction of the pulse characteristics.

The initial test setup used a 100 us pulse-width, which is significantly faster than the typical
c¢TBS pulse. Despite this, the pattern has been illustrated using the same pulse width for consistency.
However, it is possible to reproduce the ¢TBS pattern with a pulse width of 500 us for each gate

voltage.

Using the test setup parameters, such as a C2 voltage of 30 V and a capacitance of 330 uF,
the pulses do not last long due to the limited energy stored in C2. For validation, Figure
presents the 500 ps pulse-width gate voltage tested with the prototype setup. To address this, we
can adjust the values in the MATLAB model. Figure demonstrates the ¢TBS pattern with a
500 ps pulse width, where the C2 voltage is increased to 150 V and the capacitance is raised to
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Figure 7.5: This figure demonstrates the ¢TBS pulse generated by the MATLAB model with a 500 us
pulse width, shown with the experimental test setup. Yellow represents the gate voltage, green
depicts the TMS current pulse, and magenta illustrates the TMS voltage pulse in the experimental

setup.
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Figure 7.6: Demonstrates the ¢TBS pulse generated by the MATLAB model with a 500 us pulse
width. The prolonged and higher amplitude pulses result from adjusting the capacitance of C2 to

1500 puF and increasing the voltage to 150 V.
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1500 pF. This modification shows that the same prototype can be adapted to various setups by
changing the component values or increasing the capacitor voltage to handle higher amplitude or
a greater number of pulses. This experimental data suggests the system is capable of adapting to
different pulse widths by appropriately adjusting the voltage and capacitance of C2.

By varying the pulse width and adjusting the circuit parameters accordingly, the system demon-
strates flexibility in generating different ¢TBS patterns, ensuring compatibility with various exper-
imental requirements. This approach highlights the importance of component selection and config-
uration in achieving desired pulse characteristics while maintaining the integrity and performance
of the circuit.

These figures and their corresponding explanations provide insights into various aspects of TMS,
including pulse patterns, parameter variations, and model capabilities. The prototype demonstrated
the ability to produce high-voltage, sustained pulses with the ¢TBS pattern, confirming its potential
for effective modification. By leveraging these adjustments, the TMS prototype can be optimized
to produce higher voltages and more sustained pulses, offering greater control over the stimulation
parameters. This flexibility is crucial for tailoring TMS treatments to individual needs and exploring
new therapeutic possibilities [119, 201, 202].

7.3 Triangle gate voltage- summary

By utilizing a triangular gate voltage waveform, I observed significant effects on the characteristics
of the TMS pulses, depending on the waveform symmetry. When employing a 10% symmetry,
the TMS current pulse exhibited an extended fall time, resulting in a longer decay phase, while
the peak current was slightly reduced. Conversely, with a 90% symmetry, the TMS current pulse
demonstrated a shorter fall time and a slightly higher peak current. Importantly, the overall pulse
width—defined as the duration from the current rising from effective zero to when it returns to
effective zero—remained relatively unchanged. Instead, what was controlled was primarily the fall
time of the current pulse, affecting the shape of the pulse rather than its width. Correspondingly, in
the voltage pulse, the fall time and peak voltage were influenced in a consistent manner. Figure [7.7]
illustrates the impact of modifying the symmetry and amplitude of the gate voltage waveform on
the TMS output voltage and current pulses.

Therefore, adjusting the symmetry of the triangular gate voltage waveform is an effective method
for varying the fall time of the current TMS pulse. If the goal is to achieve a longer fall time and
pulse width in the voltage TMS pulse, a lower symmetry (such as 10%) should be used. Conversely,
for a shorter fall time in the current TMS pulse and reduced voltage pulse width, a higher symmetry
(such as 90%) is beneficial.

Additionally, changing the amplitude of the gate voltage pulse has a direct impact on the pulse
characteristics. Increasing the amplitude of the gate voltage pulse leads to an increase in the pulse
width, rise time, and fall time of the current TMS pulse.

The current through the TMS inductor coil is directly influenced by the gate voltage waveform
applied to the MOSFET as discussed here. Variations in the gate voltage shape and timing affect the
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rate at which the current changes, its peak value, and its duration. Also voltage across the TMS
inductor coil is similarly affected by the gate voltage waveform. Adjusting the waveform can control
the coil voltage pulse rise and fall times, amplitude, and width, impacting the induced magnetic
field strength and temporal characteristics.

In summary, by manipulating the symmetry and amplitude of the gate voltage waveform, we
can control the rise time, fall time, and pulse width of both current and voltage TMS pulses. These

adjustments provide valuable flexibility in optimizing TMS pulses for various applications.
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7.4 Modification of triangle gate voltage

So far, I have explored the effects of triangular gate voltage on the TMS coil, discussing how the
symmetry and amplitude of the triangular gate voltage influence TMS pulse parameters such as
rise time, fall time, and pulse width. In this section, I will examine the impact of quadrilateral gate
voltage on the TMS coil and how varying the points within the quadrilateral can affect the shaping
of the TMS voltage and current pulses. The parameters used in the following sections are provided
in Table Refer to the Fig. illustrating the quadrilateral with four points labeled P1, P2, P3,
and P4, defined at different voltages (V1, V2, V3, V4) and times (T1, T2, T3, T4).

Table 7.3: Parameters and their values used in subsections to

Parameters Values
Supercapacitor input 1V
Capacitance (C2) 330 uF
C2 voltage 30V
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Figure 7.8: Point defined in a quadrilateral gate waveform
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Figure 7.9: Turn-on slope representation in a quadrilateral waveform

In Fig P2 and P3 are positioned on the left side of the quadrilateral, allowing for the
adjustment of P2 around the turn-on threshold voltage to observe the effects on pulse shaping.
Additionally, in Fig. [7.10] P3 is placed to the right and P2 at the center, enabling the modification
of P3 to alter the turn-off timing and voltage, and thereby analyze the resulting effects. Lastly,
another condition is examined, which involves the hold-on time. In this scenario (Fig. , P2 and
P3 are maintained on either sides with respect to the center. This approach allows for delaying the

turn-off time, resulting in a longer pulse width for the TMS pulse.
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Figure 7.10: Turn-off side representation in a quadrilateral waveform
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Figure 7.11: Hold-on time representation in a quadrilateral waveform

7.4.1 Effects of turn-on variations

In this analysis, the focus is on the points P2 and P3, primarily P2. The turn-off side is kept
constant (Fig. , and its effects are not considered in this examination.

I have varied the P2 point with respect to voltage while keeping it at the same time instant as
shown in Fig. (first plot). This P2 variation occurs around the threshold region, specifically
from 4.5 V to 6 V. As a result, the current pulse width increased, and the starting time of the TMS
voltage pulse shifted due to the changing turn-on times. Additionally, the current rise/fall slope
variations influenced the amplitude of the coil voltage pulse. These adjustments had a significant
impact on the current rise time, which in turn affected the pulse width of the voltage pulse. A faster
turn on in gate voltage led to a quicker rise time for the current, shortening the voltage pulse width.
This occurs because a steeper slope allows the current to reach its peak value faster, resulting in a
shorter duration for the voltage pulse. Conversely, a more gradual gate voltage turn on extending
the rise time, leading longer coil voltage pulse width. In this case, the current takes longer to reach
its peak value, thereby elongating the voltage pulse.

Fig. is examined, where the violet graph shows a faster turn-on, leading to a quicker rise
time of the current pulse as the transition from turn-on to maximum gate voltage is faster. The rise
time here is measured at 80 s (violet). In contrast, the blue waveform turns on at 0.05 ms, while
the violet turns on at 0.02 ms. This delay in turn-on is due to the slope change from P1 to P2. The
gradual slope change from turn-on to the maximum gate voltage at P3 results in a slower rise time,
measured at 120 ps (blue). This slower rise time causes a difference in pulse shape and pulse width

in the TMS voltage pulse. In the third plot, the positive phase of the violet TMS voltage pulse has
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Figure 7.12: Modified triangular voltage waveform adjusted to a quadrilateral shape, with variation
in the "on" time and its effect on the resulting TMS voltage and current pulses.

a width of 80 us, while the blue waveform has an elongated positive phase of 120 us. From this, we
can see that if an elongated positive phase of the TMS voltage pulse is needed, the slope between
P2 and P3 should be gradual, allowing the MOSFET to slowly build up the current.

By focusing on the turn-on side, the initial characteristics of the pulse can be effectively con-
trolled and modified. Therefore, any modifications aimed at improving or tailoring the positive part

of the voltage waveform should concentrate on the turn-on side.

7.4.2 Effects of turn-off variations

In this analysis, the focus is on the turn-off side, with the turn-on side kept constant to isolate the
effects of changes in the turn-off region. Specifically, I have shifted the P3 point within the range of
4.5V to 6 V, near the threshold region, allowing for different turn-off timings as shown in Fig. [7.13]

Figure [7.13] shows the analysis of the experiment. After point P2, the gate voltage starts to
decrease, as seen in the gate voltage plot (first plot). As the gate voltage decreases, the MOSFET’s
resistance increases, causing the current to reduce. This current reduction depends on the gate
voltage variation from 6 V to 4.5 V, which is the threshold region. At 6 V, the MOSFET begins to
turn off, and it is completely off at 4.5 V. The fall time depends on how gradually or slowly the gate
voltage varies between P2 and P3 and also between P3 and P4. In the violet graph, the turn-off
occurs later than in the other graphs because its V3 is at 6 V, meaning it fully turns off only after
the P3 point. Due to the gradual decrease in gate voltage from P2 to P4, the fall time of the violet
current pulse is 60 us, which affects the negative phase of the coil voltage pulse. This results in the

violet voltage pulse being broader and delayed compared to other pulses. On the other hand, the
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blue graph has a current fall time of 20 us, making the blue voltage pulse rapid and shorter. These
experiments revealed that by keeping the turn-on side constant and varying P2 and P3, the pulse
width of the voltage and the current fall time can be effectively controlled.

This capability is essential for customizing TMS pulses to meet specific requirements, such as
achieving precise amplitude, longer pulse width, and quick or slower rise/fall times. Additionally,
by adjusting the turn-off side, we can primarily influence the shape of the negative phase of the

voltage pulse.

10
=
~ 51 i
<
IS
0 \ \ \ \ \ \ \ \ \
0 .05 A 15 2 .25 3 .35 4 .45 5
50 \ \ \ \ \ \ .
<
&
0 | | | | |
0 .05 1 3 35 4 45 5
0 \ \ \ \ \ \
5 4
<100 |
>
-200 \ \ \ \ \ \ \ \ \
0 .05 B 15 .2 .25 3 .35 4 45 5
Time (ms)

Figure 7.13: Modified triangular voltage waveform adjusted to a quadrilateral shape, with variation
in the "turn off" time and its effect on the resulting TMS voltage and current pulses.

7.4.3 Investigation of hold-on time variations

In my investigation of hold-on time variations, adjustments were made by fine-tuning the P2 and
P3 points in the waveform (Fig. . This method of controlling the spacing between these points
allowed for changes in the pulse width. By varying the time between the P2 and P3 points, the
duration of the pulse could be effectively adjusted, directly impacting the amount of energy stored
in the TMS coil.

A greater time between these points resulted in a longer pulse width, enabling the coil to store
more energy, while a shorter interval led to a shorter pulse width. Figure[7.14]illustrates the results
with different hold-on timings. Each variation in timing was analyzed to observe its effect on the
TMS voltage and current pulse shapes. In Figure [7.14] the blue graph shows a larger time interval
between P2 and P3, resulting in a longer current pulse width of 450 s, while the yellow graph
results in a current pulse width of 400 us. The main idea behind the hold-on time is to increase the

pulse width of the current and voltage waveforms. If an elongated pulse is needed in the positive
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or negative phase of the pulse, hold-on points can be introduced. During this time, no switching
occurs, allowing more time for energy buildup, which leads to a longer pulse. The usage of hold-on
time will be explained further in the next sections.

The data revealed how changing the hold-on time influenced the duration of the pulses, high-

lighting the relationship between timing adjustments and energy storage within the TMS system.
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Figure 7.14: Modified triangular voltage waveform adjusted to a quadrilateral shape, with variation
in the "hold on" time and its effect on the resulting TMS voltage and current pulses.

These findings provide valuable insights into optimizing TMS pulse characteristics by manipu-
lating hold-on times, thereby enhancing control over energy delivery and overall pulse performance.

This research emphasizes the importance of a dedicated gate voltage waveform generator capable
of producing the precise waveform required. It is crucial that the output waveform remains undis-
torted when applied to the gate of a MOSFET. In my setup, the triangle waveform generator initially
produced a good triangular voltage waveform output. However, when this output was connected to
the MOSFET gate and measured, slight distortions were observed in the waveform. These distortions
are attributed to the combined effects of the inherent gate capacitance of the MOSFET, which alters
the intended triangular waveform, and imperfections in the arbitrary waveform generator output,
which was found to be neither fully clean nor perfectly accurate. As a result, the gate-source voltage
(vgs) waveform deviated from the ideal triangular shape, introducing variations in the TMS pulse
characteristics observed in the experiments.

Even when using an arbitrary waveform generator in the lab, capable of creating standard
triangle, sine, and square waveforms, generating a waveform with more than three points proved
to be imprecise. This lack of precision can impact the accuracy of the TMS pulses. Despite these
challenges, the experimental setup yielded promising results. My research suggests that fine-tuning
the gate voltage waveform can effectively shape the pulse width and waveform of TMS pulses. This
underscores the need for a perfect, undistorted gate voltage waveform to achieve consistent and

accurate results.
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7.5 Analysis of the gate voltage modification
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Figure 7.15: Input admittance characteristic with curve fitting (red) and blue box shows the variable
resistance region of the MOSFET

The findings so far discussed underscore the critical role of waveform shape and timing in
controlling the characteristics of TMS pulses. By fine-tuning the gate voltage waveform, particularly
the timing of key points, it is possible to achieve control over the pulse width and amplitude of both
coil current and voltage pulses to a certain extent. However, the question arises: what can be
done beyond this with the current prototype? In this section, I will discuss modifications to the
gate voltage and explore various adjustments that can be made, as well as identifying the optimal
operating regions for the MOSFET to achieve better pulse shaping.

The point adjustments had a limited effect on the overall pulse shape. It became apparent that
more substantial modifications to the pulse shape could be achieved by focusing on the gate voltage
amplitude, particularly around the threshold region where the MOSFET resistance is varying signif-
icantly. From the Fig. it was observed that the MOSFET resistance changes more noticeably
within the gate voltage range of 4.5 V to 6.5 V. In this range, the resistance is not constant, which
provides a more dynamic control point for pulse shaping. By adjusting the gate voltage within this
critical range, we can achieve more pronounced changes in the pulse characteristics.

The next section provides a comprehensive analysis of this approach, exploring various options
and their impacts on pulse shaping. Specifically, it examines how varying the gate voltage within
the 4.5 V to 6.5 V range can be utilized to fine-tune the pulse width, rise time, fall time, and overall
shape of both the voltage and current TMS pulses. This approach allows for more precise control

over the pulse parameters, making it possible to tailor the TMS pulses to meet specific requirements.
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For instance, by focusing on this threshold region, we can more effectively control the amplitude
of the pulse, extending or shortening the pulse width, and adjusting the rise and fall times to achieve
the desired pulse shape. This method provides a greater degree of flexibility and precision compared
to simply altering the slopes or points of the quadrilateral waveform.

In summary, while the initial experiments with point adjustments provided some control over
the pulse shape, the most effective way to achieve significant and precise modifications is by varying
the gate voltage around the threshold region where the MOSFET resistance varies. This insight

allows more advanced pulse shaping techniques, as detailed in the following section.

7.6 Summary table

In the following analysis, I explore various waveform changes and their corresponding observations
related to turn-on and turn-off times, amplitude variations, and gate voltage effects on TMS pulses.
The observations detail how these changes influence pulse width, rise and fall times, and the overall

shape of the voltage and current pulses. Table [7.4] summarizes the key findings from this analysis:



Pulse shaping

176

(st) oy,

In
"QINL ut (srf ¢) oy osLI
¢ W 1
osind o3e)joa 10ded)g :(en[q) uo-wIng I9)se e T
Ty
"s1 ()8 JO QuII) SSLI SeY] an[q SeAIOYA\ (817 ()QT) oW} oSLI e —
§ W v &
juormd doags ssof ' Yam (s11 ()Lg) Ipim asind —~ SO
JUSLIND S9seaIdU] :(03UrIO) UO-WIN) PIAR[o(] @ Z MOy
ouIr} Uo-wIng oy} Surked([
(suw) duit],
T2 4 Se ¢ @ v g 0
‘s ()G SMOYS 90®I} ON[q Y} O[IYM R R B | W A B L .
L ‘cm.u/ Q
<
‘s” GO JO OWI} OSLI B SMOYS 90RI} MO[[OA O[T, @ I N L , “N<
9 v @« ¢ @ 7 Sl S0 oo
‘osTnd JULLIND ) JO SUIT) SSLI % s T
: 102 :
>
9] SosBaIOUI ‘SDn ‘9Fe)[oA 93e3 oY) Jo apnjdure 1oy3I e S S ,
R ) A ! T 30 op ey e @ v o€ ¢ @ T & ) o”v
“Ta pue Ty 5Dq
I
SD [ a0y
Jo opnyrdure mof y3im aspnd sexeur SO jo opnjridure Moy e D[OUEOYs punOTe uowemea spuydury
SUOIJeAIaSq ) SULIOJOABAA sIojomreIeq

as[nd juarmo pue a8ejjoa ndjno QN J, UO uoljeId)e 95e)oA 9168 JO S1OHH /L O[qR],




177

7.6 Summary table

‘A G0} A9 WOL) oWy To-poy

9} Aq pojesuoe oq ued uolprod age)oa aseyd

OATIRGOU ‘A[IR[IUUIS "A O 0} A G WO oW} UO-P[OT] OY)

)M paurelye aq ued (39o1a) oseyd oaryisod pajesuole o], e

-oserd aa1y1sod pajeSuole e sey 19[o1A

(S ouit],

A

Tn
searoym ‘oseyd o8ejjoA oA131S0d POMOITRU © SeY MO[[OA e
's11 ()Gg ST 9o701A pue s1f (OGT ST YpIm osnd o8e)[oA MO[[OX e : m.. mm mN m”F. 3 omm,, T
-as[nd juermd 10j (s OT) oUII) [[B] MOTS I mm
pue (s (g) oSLT 13PMY) :(MO[[4) $o5L109P (AG) €d 03 (A9) Td @ o
(817 0¢) owmy [rey ogsey ® M (817 ()0g) owry ostr asnd HTGASIL OTI OUIES Off} 4% S0 1 v
‘sorrea 93e)oA ¢J ‘cd
juermd Iomolg :(o[dind) seseamur (A9) ¢d 01 (AG) ¢d ®
SUOIYeAIdSq ) SULIOJOARAA sIojowre e




Pulse shaping

178

“ployse1y)

oY) MO[oq ¥oe( S[[R] 93RI[0A 9)eF oY) Uoym Fursnlpe

) . (sw) oy, ,
¢ ¢ 0
AQ PoT[0I3U0D 9 OSs[e URD JuRISUl puo os[nd oy} ‘A[IR[IWIIS o , N _ Toor-
108" w Tn
SW GZU() 1R S)IR)S ‘puey 1810 o9y} uo ‘espnd QALT, 2SuRI() ) °
v v 0
sweTe() e (POYseIy}) A G oY) SOSSOId 93e)[oA , | | | '
= Ty
> .
91e3 an[q oYY} asneoa(q sw £1°() e surgoq osnd anfq oy [, e ; e : : : %m
T T T T O
‘PIOYSAIY) 97} SOSSOID le SO,
<
o8e)[0A 91e8 o) uaym Sursnlpe Aq pa[oIjuod 9q o G MOY
‘PIOYSoIY) o) €4 pUB ¢d Ul UOTYRLIBA
ued sos[nd oFejjoa pue juslInd A1) Jo jurod Furyre)s oyJ, e
§ _. 0
I 1 Ta
L 1 =02
g 3 0
T 0
. ‘ lus Ty
apm-asind s [
191I07[s sosned YdeIs ¢ MO} U} dWI} UO PO IOLIOYS e | : i : _, '
16 SDa
osind ndino poseo(] e 13
' 7 Moy
oWIT) UT I9je] PoPIys syutod Yim Ing ‘¢ Mo}y Se suweg
SUOIYeAIaSq () SULIOJOARAA sIojowreIeq




179

7.6 Summary table

g y g (W)L 7 v 0
‘ , , , , for .
3 ‘om.\x) T,
IpIm osnd Ul 90ULIDPIP oY} Ul SUIINSOT , , , 0
g y ¢ 7 | 0
‘QuR)SUI oW} PJO-WINY 9} SI00fR UDIYM ‘A T IR J Sey , // , |
- Ty
5 [
os[nd anyq o) pue ‘A ¢ 1R J sey os[nd MO[[eL o1, @ , , , , 06
g v ¢ 4 ' 0
T T T T O
"Suor s1f (gT st ospnd ST, oN[q Y3 ST $90
<
‘Suoy sl )Gz st osnd JuerInd pue 93e)[0A QAT MO[[PA o T, @ ‘ 15 1 Moy
AQ Y8 10U STy ou} Jt S100H
(su) oy,
g i 4 € ¢ 14 4 s 3 g 0 y
Ipim osnd reproiq
Ta
' [3IM sos[nd OLIJOWWAS 9I0W Ul S}NSOI JO WIN) IoMO[S @
guoy s 0T St onyq o Ty
g [
o[tym s71 )0z St os[nd o8e)[OA PUR JUSIIND UIK) e %
‘osTnd JULLIND IOPIM B O} SPEI[ W) JO-UIN) Posealou] e i SHa
L ‘mm
- 9 Moy
surwr) go-uiny isnlpe o) pourea st ¢J e -
SUOI)RAISSq SULIOJOARAA sJojowreIed




Pulse shaping

180

‘“WLIOJoARM [[B] PUR OSLI o[3uls Iojdurs

(L-T m0Y]) snotaexd oY) oxI[un ‘s[[e pue SosLl oM} SULIN)eRS]
‘Xorduwoo axouwr mou st adeys as[nd QAL ], JUSLIND ST, @
"9[0AD 98R)[0A 91RS O[3UIS © UIY)IM dOIM} JO PUR UO SUILINY
LAASOI O} SOJRIISUOWIP UWLIOJOARM ON[(] O T, @

‘Jndur o8e)joA 91e3 o[3uls e Julsn

soserd osnd o3e)[oa dATIRSOU 0M) pUR dAIISOd OM)

JO UOLRIOULS B} SMO[[R Y1 1Y} ST PIOYSOIYY o1} UM U

(srf) aum,
009 007 00¢ 002 00t 0

sqyutod ¢ M oFe}oA 93ed o} Surjerodo Jo oFejueape oy, e Ta
: , : , 05
"98e)[0A 993 oures 91} M UO Ioeq 00§ or g e i A
- T
SNy LAASOW 93 ‘A 9 03 A G'G WOIJ urege sosLl 93e)[0A 9)e3 z
, ! ! 05
003 00y 00¢ 00z 00t 0
9y} sk Inq ‘A 9 e Jo Julwiny surgeq LAASON 9], @ , , , , 0
m SHp
101801 P[OYSOIY) LAASOW O} UNIIM [[@ ‘A 9 0} oRq U} pUR I
Q MOV
A GG 0} A 9 woy syIys a8ejoa oy ‘yderd jurod-¢ oYy uy e uogoarM oFe[oA 9388 Juiod -g
syderd (enyq) jutod-¢ pue
(e8urer0) yurod- oY) ueamjaq speur st uostredwod ye
SUOIYeAIasSq SULIOJOABAA sIojowreted




7.7 Verification of experimental data with MOSFET model 181

7.7 Verification of experimental data with MOSFET model

In this section, I conducted an experimental verification of the gate voltage waveform by comparing
it with the simulated waveform generated in MATLAB MOSFET model. The comparison revealed
that the pulse shapes and pulse widths were identical between the experimental results and the

MATLAB simulations. The parameters used in this section are provided in Table [7.5]

Table 7.5: Parameters and their values used in subsections

Parameters Experiment Simulation
Supercapacitor input 1V 1V
Capacitance (C2) 330 uF 330 uF
C2 voltage 30V 30V

;Matlab model
—Experiment

0 A 2 3 4 1)
Time (ms)

Figure 7.16: Verification of experimental and MATLAB data with a quadrilateral gate voltage of
10 V amplitude

The current probe used in the experiment has a bandwidth of DC-100 kHz, which leads to
a slower response time compared to the MATLAB simulations. In contrast, the oscilloscope used
for voltage measurements, specifically for v (¢), has a much higher bandwidth of 0-10 MHz. This
difference in bandwidth capabilities explains the variations in response times observed between the
current and voltage measurements. These delays have been corrected and plotted. Figures and
present the experimental and MATLAB results of the modified triangular gate voltage waveform.

The results indicate that the TMS current and voltage pulses are identical between the experimental
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—Matlab model
—Experimental

20 - \ \ \ \ il

0 N 2 Tirﬁ% (ms) A 1)

Figure 7.17: Verification of experimental and MATLAB data with a gate voltage of 7 V amplitude

setup and the MATLAB simulations. This comparison underscores the high degree of accuracy
and consistency achieved in the experimental setup despite minor discrepancies in the waveform
slopes. By re-plotting the oscilloscope photos in MATLAB, the comparison becomes clearer. This
detailed comparison highlights the importance of considering the bandwidth and response times of
measurement instruments in experimental setups, as they can significantly influence the observed

results.

MATLAB simulations produce a perfect gate waveform without any distortion, characterized
by sharp slopes. These ideal conditions significantly impact the current and voltage waveforms,
resulting in precise and well-defined pulses. However, in the experimental setup, while the gate
waveform is nearly identical to the MATLAB-generated waveform, it exhibits minor distortions and
less sharp slopes. These small imperfections can affect the current and voltage waveforms, making

them slightly less precise compared to the ideal simulations.

The discrepancies between the experimental and simulated results in Fig. [7.16(a—c) can be
attributed to several factors, both in model assumptions and experimental conditions. First, the
model parameters were originally tuned for a triangular gate voltage input, and the same set was
used for trapezoidal waveform simulations without re-optimization. While this was done under the
assumption that the change in waveform would result in minimal variation, the flat-top regions of
the trapezoidal gate voltage introduce differences in MOSFET switching dynamics and coil response

that are not fully captured by the initial model.

In addition, the output from the arbitrary waveform generator used in the experiments was

found to be imperfect, introducing noise and deviations from the ideal trapezoidal shape. Notably,
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the gate-source voltage (vgs) shows visible distortion around 0.125 ms, likely affecting the switching
behavior of the MOSFET and contributing to further mismatch between simulation and measurement.

These conditions lead to observable discrepancies: in the experimental data (Fig. , the
inductor current (i1,) reaches a higher peak than in the simulated result, and the peak occurs
earlier. A similar trend is observed in the inductor voltage (vr,), which also shows a higher and
earlier peak compared to the model. This conclusion is drawn from the fact that the vgg distortion
alone does not fully account for the earlier and higher peaks seen in both i1, and vy, suggesting an
underlying mismatch in model dynamics. Conversely, even with a clean waveform, using parameters
optimised for a triangular input would not capture the altered switching behaviour introduced by
the flat regions of the trapezoidal signal. Therefore, the discrepancies likely result from the combined

influence of both factors.

7.8 Pulse shape comparison and replication strategy

1

S
o
1

J

R — _____________________:\'/._

——————— A== | | | |

0 1 2 3 4
Time (ms)

Figure 7.18: Existing TMS pulse generated by the pulse generator used in [I134] ©) 2014 IOP
Publishing Ltd. The red dotted rectangle represents the pulse portion I intend to replicate using
my prototype. Electric field (E) is expected to be nearly proportional to vr,.

In this discussion, I will examine the pulse shape characteristics produced by existing TMS
circuits, as referenced in Peterchev et al. (2014) [I34]. These circuits, currently used for human
TMS, generate specific pulse shapes that I aim to replicate with my pulse generator prototype
designed for a mouse coil. At present, my prototype is configured to generate only monophasic
pulses, which limits its capability to reproduce only half of the existing pulse shape, as depicted in
Figure This figure illustrates the existing TMS pulse shape of the electric field (E), which is
proportional to the TMS coil voltage. The red-highlighted area in the figure indicates the portion of
the waveform that I aim to replicate, producing a coil voltage pulse with both negative and positive

phases, with a positive phase pulse width of 60 us and a negative phase pulse width of 100 us. The
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pulse (Fig. [7.18) was digitized and used as a reference for the replication steps. The parameters
used in this section are provided in Table

Table 7.6: Parameters and their values used in subsections

Parameters Values
Supercapacitor input 1V
Capacitance (C2) 330 puF
C2 voltage 30V

I am unable to precisely replicate both the amplitude and pulse width of the reference pulse in
my prototype circuit. It is possible to independently control either pulse-width or amplitude of the
TMS pulse. As aresult, I am focusing on controlling the pulse width rather than the amplitude. The
amplitude can be easily adjusted by changing the voltage across the C2 capacitor, which directly
influences the energy stored in the circuit. This allows for easier manipulation of the amplitude

without affecting the pulse width significantly.

7.8.1 Step-1: Initial Configuration

I began the process by applying a triangular gate voltage with an amplitude of 10 V and a pulse
width of 500 us. The results are shown in Fig. I then compared the obtained TMS voltage
pulse shape to the reference pulse as shown in Fig. (b) The negative phase of the voltage
waveform (-vr,) matched the reference pulse width, but the positive phase exhibited a delayed rise
compared to the reference. This observation led me to conclude that adjustments were needed
primarily in the turn-off region of the pulse, as explained in Section Specifically, points P2
and P3 in the quadrilateral need to be shifted to the right side to influence the turn-off portion of
the pulse effectively.

The term "pulse-width" refers to the duration of the pulse measured between the points where
the signal crosses the zero-voltage line. Specifically, the positive pulse width is the time interval
during which the signal remains positive, starting from when the signal first crosses zero as it enters
the positive phase, and ending when it crosses zero again at the end of the positive phase.

As shown in Fig. the positive pulse width is indicated by the section between the initial
zero crossing, where the signal moves into the positive phase, and the final zero crossing, where the
positive phase ends. The concept also applies to the negative phase, where the negative pulse width
is similarly defined as the duration between the start of the negative phase (when the signal crosses

zero) and the end of the negative phase (when it crosses zero again).

7.8.2 Step-2: Refining the Pulse Width

In this step, I set point P2 at (250 us, 10 V) because this serves as one vertex of the triangular
voltage waveform in step-1. Next, I positioned P3 where the pulse should end. To do this, I added
60 us to the 250 us (T2), resulting in T3 being set at 310 us. The 60 us interval corresponds to the
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Figure 7.19: (a) TMS pulse parameters from the Step-1 results; (b) comparison between the reference
shape (blue) and the TMS pulse shape obtained in Step-1 (magenta).

Table 7.7: Time and voltage values at specific gate voltage points in step-2

Points (Time (us), Voltage (V))
Attempt 1 Attempt 2

P1 (0, 0) (0, 0)

P2 (250, 10) (250, 8)

P3 (310, 5) (310, 6)

P4 (500, 0) (500, 0)
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positive phase pulse width of the reference waveform. For the voltage at V3, I set it to 5 V, which is
close to the MOSFET’s threshold voltage, the point where the MOSFET turns off. This configuration
produces a rapid voltage pulse, as shown in Fig. |7.20 (black waveform).

For the next attempt (attempt 2), I aimed to reduce the slope between P2 and P3 which makes
the turn off slower, as the previous result was abrupt. This was achieved by lowering the gate
voltage amplitude, setting V2 to 8 V and V3 to 6 V (Fig. red waveform). Both attempts are
shown in Figure [7.20] with the corresponding parameters detailed in Table [7.7]

10 P2 ‘
—~ 3 —Attempt 1
E/ 5+ —Attempt 2|+
%
g 0 E‘ | | | |
0 100 200 300 400 500
50 w \ \
<
(a)
O | L L |
0 100 200 300 400 500
[ D% [ [
—~ 0
>
~-50~ g
S
-100 ‘ ! ! | ]
0 100 200 Time (,us)SOO 400 500
150 \
100 n
Z 50 -
(b) =
0 |- -
_50 | | | | | | |
-100 0 100 200 300 400 500 600 700
Time (pus)

Figure 7.20: (a) TMS pulse parameters from the Step-2 results; (b) comparison between the reference
shape (blue) and the TMS pulse shape obtained in Step-2.

7.8.3 Step-3: Alignment of Positive Portion

After step 2, the result (Fig. red waveform) closely resembles the reference waveform (Fig. [7.20
blue waveform). However, there is a timing discrepancy. My prototype’s pulse was delayed compared
to the reference. To correct this, I shifted T2 backward by 50 us, adjusting T2 to 200 us. Similarly, I
shifted T3 backward by 95 us, resulting in T3 being set to 215 ps. These differences can be observed
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Figure 7.21: (a) TMS pulse parameters from the Step-3 results; (b) comparison between the reference
shape (blue) and the TMS pulse shape obtained in Step-3 (yellow).
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in the comparison graphs (Fig. [7.20). The resultant TMS parameters and their comparison with
the reference are shown in Fig[7.21] with the corresponding parameters detailed in Table [7.8]

Table 7.8: Time and voltage values at specific gate voltage points in step-3

Points (Time (us), Voltage (V))
P1 (0, 0)
P2 (200, 8)
P3 (215, 6)
P4 (500, 0)

7.8.4 Step-4: Final Adjustments

At this stage, the alignment was good, but fine-tuning is necessary. The positive phase of the
-vy, waveform is slightly delayed. To correct this, I made small adjustments to V2 and V3, with
increments or decrements of 0.1 V. The final settings were V2 at 8.5 V and V3 at 5.8 V, resulting
in a steeper slope from P2 to P3 compared to Step-3 as shown in Fig[7.22] This adjustment aligned
the positive portion of the -v;, waveform more closely with the reference. Achieving this alignment
required two or three iterations with 0.1 V variations, as the deviation from the reference was
minimal.

The parameters used in Step 4 is detailed in Table[7.9] A comparison with the reference waveform
is illustrated in Fig. In this replication process, the focus was on achieving pulse shape accuracy
with respect to pulse width only, the amplitude of the pulse was not taken into consideration.

I also tested the same gate voltage with the points in Table in the experimental setup of
the prototype, and the results closely matched those of the MATLAB model. Additionally, the pulse

width was consistent with that of the reference pulse. The experimental results are presented in
Fig. [7.24]

Table 7.9: Time and voltage values at specific gate voltage points in step-4

Points (Time (us), Voltage (V))
P1 (0, 0)

P2 (200, 8.5)

P3 (215, 5.8)

P4 (500, 0)

It is evident that I was not able to recreate the second negative phase in the reference Fig. [7.18]
Since my circuit does not generate a biphasic current waveform, I was unable to replicate the exact
same pulse. However, I was successful in recreating both the first negative phase and the positive

phase accurately.
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Figure 7.22: TMS pulse parameters from the Step-3 and Step-4 results

60 ‘ —

N
o
I
1
|

(‘uwrou) o

v, (V)
ﬁ
|

_40 | | |
-100 0 100 200 300 400 500 600 700

Time (us)

Figure 7.23: Comparison between the reference shape (blue) and the TMS pulse shape (simulated)
obtained in Step-4 (green)
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Figure 7.24: Comparison between the reference shape (blue) and the experimental TMS pulse shape
obtained using Step-4 points (orange)

7.9 Exploring alternative pulse configurations

I have successfully replicated another pulse from [134] (Fig. [7.25| (blue waveform)) using a different
approach than starting with a triangle gate voltage. By understanding how the gate voltage works
and using the data from the summary table in Section it becomes easier to replicate any desired

pulse shape using the prototype.

7.9.1 Step-1

I began by redrawing the target pulse using MATLAB digitization, which served as a reference as
shown in Fig. . The pulse has three main points, in addition to the starting point P1 (0,0) and
the endpoint P2 (250 us, 0) as marked in Fig. m Point (2) is where the gradient of vy, starts to
fall. This corresponds to the P2 point in the gate voltage waveform. According to the summary
table in Section [7.6] Row 2, there is a similar TMS pulse result with quick rise time. That is why I
kept P2 very near to P1, so that I could achieve a quick rise time. I used a 10 V amplitude for all
the gate voltages throughout this research, so I am maintaining the same voltage amplitude as in
my initial attempt. So P2 was set at (20 us, 10), since point (2) is located at 20 us in the reference
figure. The positive phase drops at point (3), where the MOSFET begins to turn off. I set P3 at
(40 ps, 6), corresponding to the point where the MOSFET starts to turn off. Finally, P4 is where
the MOSFET completely turns off, so I set it at (150 us, 5).

The resistance variation discussed in the Section showed a change from 4.5 to 6.5 V, with a
significant resistance change between 5 V and 6 V. Therefore, I initially used 5 V when I needed to

turn on or completely turn off the MOSFET instead of 4.5 V and 6 V to start the turn-off instead of
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Figure 7.25: The existing TMS pulse generated by the pulse generator used in [134] (©2014 IOP

Publishing Ltd. features a blue waveform with a 30 us positive phase and a 100 us negative phase.
This pulse (blue) is the one I am recreating in my work.
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Figure 7.26: The reference pulse shape digitized using MATLAB.
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6.5 V. Also based on the summary table (Section in Row 3, I tried variations from 6 V to 5 V,

which resulted in a wider negative phase of the voltage pulse.

Table 7.10: Time and voltage values at specific gate voltage points in step-2

Points (Time (pus), Voltage (V))
P1 0, 0)
P2 (20, 10)
P3 (40, 6)
P4 (150, 5)
P4 (250, 0)

Table 7.11: Time and voltage values at specific gate voltage points in step-3

Points (Time (us), Voltage (V))
Attempt 1 Attempt 2

P1 (0, 0) (0, 0)

P2 (20, 10) (20, 10)
P3 (40, 5.5) (39, 5.7)
P4 (150, 5) (150, 5)
P4 (250, 0) (250, 0)

7.9.2 Step-2

With the points in Step-1, I tested the gate voltage waveform as shown in the Fig. with the
points in Table The initial rise was accurate, but the turn-off was not abrupt, and the end

position of the pulse-shape was also correct. The points to adjust were the voltages at P3 and P4.

7.9.3 Step-3

To achieve an abrupt fall from P3, I adjusted the slope between P2 and P3 by changing V3 to
5.5 V. This resulted in an abrupt voltage drop, but the negative phase was not wide enough (green
in the Fig. . In the second attempt, I set V3 to 5.7 V to smooth the slope between P2 and
P3. This resulted in the fall time aligning more closely with the reference and achieving a wider
negative phase (magenta waveform in Fig. with the same pulse width. These results are shown

in Fig. and the point details in Table
The final result of the pulse replication, compared with the reference pulse, is shown in Fig.
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Figure 7.27: (a) TMS pulse parameters from the Step-2 results; (b) comparison between the reference
shape (blue) and the TMS pulse shape obtained in Step-2 (red)
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Figure 7.28: (a) TMS pulse parameters from the Step-3 results; (b) comparison between the reference

shape (blue) and the TMS pulse shape obtained in Step-3.
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Figure 7.29: Comparison between the reference shape (blue) and the TMS pulse shape obtained in
Step-3 attempt 2 (magenta)

7.9.4 Inference from the pulse recreation

In conclusion, based on the pulse shape recreation analysis in the previous sections, my prototype
recreated the pulse shapes except the second negative phase and widths that have been proven
effective for human stimulation. Due to the limitations within my circuit, such as the specific
values of the resistance, capacitor, and inductor, I am unable to generate a biphasic current pulse
that can reproduce the exact reference pulse (Fig. . While it is possible to achieve a biphasic
current pulse by adjusting the component values, for the purpose of this study, I have used the
fixed component values in my circuit. Within these constraints, I have achieved the maximum pulse
shaping possible with the current prototype. Except for the second negative portion in Fig. [7.23]
the pulse shape closely matches the reference.

The main challenge lies in extending the duration and width of the negative phase of the voltage
pulse in the reference Fig. To address this, in the next section, I will explore incorporating an
R-diode combination snubber, which many researchers add for discharge path when MOSFET is off,
and I will discuss its effects on pulse shaping.

Additionally, using a simple lab generator and an Arduino-based pulse system, similar excitation
and neural stimulation have been achieved in mouse coils [59, [136]. My circuit prototype is capable of
generating the pulse shapes and widths that have already been shown to be effective for stimulation.
Furthermore, the circuit can produce higher amplitude pulses and modify pulse shapes, widths, and
timings by adjusting the gate voltage. This flexibility is a valuable feature, as it allows the circuit
to generate a variety of pulse types, including new shapes and widths, which can be used to test
and evaluate their effects in TMS applications. This prototype will be highly suitable for a TMS
mouse study because it enables testing with existing pulse shapes as well as the development of new

pulse shapes for further experimentation.
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7.10 Enhanced pulse shaping with resistor-diode combinations

In my circuit prototype, I utilized an RLC-like topology, incorporating a switch (S2) at the last stage
of the circuit. Existing TMS circuits [59} [105], 120, [136] often employ inverters or RLC configurations
to achieve the desired pulse shapes. However, my approach goes a step further by leveraging the
MOSFET not only as a switch but also as a wave-shaping control tool. This dual-purpose use of the
MOSFET allows for significant control over the entire pulse width of the TMS pulse by adjusting the
frequency of the gate voltage. Specifically, it enables fine-tuning of the pulse width for both the
positive and negative phase of the pulse, as explained in previous sections.

Most TMS circuits incorporate a discharge path into the TMS coil circuit. This is often for the
purpose of preventing high voltages over the switches, but also has the advantages that, the circuit
gains additional control over the energy release from the coil, allowing for more precise manipulation
of the pulse characteristics, such as width, amplitude, and overall shape. In this section, I explain
the options made available by inclusion of a discharge path.

The parameters used in this chapter are provided in Table [7.12

Table 7.12: Parameters and their values used in Section

Parameters Values
Supercapacitor input 1V
Capacitance (C2) 330 uF
C2 voltage 30V

7.10.1 Circuit modification

In my TMS prototype, the addition of a resistor-diode combination in parallel with the TMS coil as
in Fig. serves a role in controlling the discharge rate of the coil when the MOSFET (S2) is turned
off. This setup functions similarly to a snubber circuit, which is commonly used in electronic circuits
to protect components and shape waveforms by controlling the voltage and current transitions.

When the switch S2 is on, the current flows through the TMS coil, storing energy in the magnetic
field of the inductor. Without the R-diode, upon turning off the switch S2, the current flow through
the coil would typically drop rapidly leading to a high, potentially damaging voltage over S2.
However the diode D1 allows the current to continue flowing through the resistor, rather than
abruptly stopping. This creates a path for the inductor’s stored energy to discharge more gradually.
The resistor in the combination sets the rate at which the energy is dissipated. A higher resistance
shortens the time it takes for the current to decay to zero, manifested through the % time constant.
Conversely, a lower resistance results in a more prolonged discharge. This controlled discharge
extends the duration of the negative phase of the voltage waveform across the TMS coil, allowing
you to shape the pulse more effectively.

In Figure the TMS pulse output is analyzed using different resistor values in the R-diode
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Figure 7.30: Circuit modification with R-diode combination connected in parallel to the existing
prototype

Figure 7.31: Circuit modification with R-diode combination tested with different resistor values
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combination block. From this analysis, I opted for a 0.22 2 resistor in the discharge path because
it provided the longer pulse width. Specifically, with the 0.22  resistor (blue trace), I obtained a
100 us long negative voltage phase, compared to 50 us with a 1 Q resistor (red) and 30 ps with
a 6.8 Q) resistor (yellow). Given that the 0.22 Q resistor offered longer negative phase and had a
power rating of 10 W, it was suitable for the pulse duration in the microsecond range. Thus, using
the 0.22 Q resistor was both safe and effective for this application.

Note that a pulse width in the negative phase of the voltage pulse is achieved using the triangular
gate voltage, where I had previously obtained only a 25 us pulse width (refer to Section .
However, with the quadrilateral gate voltage, a larger negative voltage pulse width (80 us) can be
achieved (Section . This section analyzes the usage of the R-diode path in detail, as this block
is commonly used in most TMS circuits.

By controlling the rate of current decay, you can prolong the negative phase of the voltage
pulse and shape the overall waveform more precisely. This is particularly useful in TMS applica-
tions, where precise control over the pulse shape can significantly impact the effectiveness of the
stimulation. Additional benefits of using the resistor-diode combination in your TMS prototype

include:

1. Prolonged negative voltage pulse: By adjusting the resistor value, the duration of the negative
phase of the pulse can be effectively controlled. This adjustment allows for a prolonged
waveform compared to what was achieved in the prototype without the R-Diode combination.
This capability can be particularly beneficial in certain TMS applications where a longer

duration of stimulation is desired.

2. Enhanced control: The ability to fine-tune the discharge rate provides more control over the

pulse shape, enabling the creation of custom waveforms tailored to specific experimental.

3. Improved energy management: By carefully managing how the energy is dissipated, the pulse
can deliver the necessary amount of energy while minimizing unnecessary stress on the com-
ponents. This approach leads to more reliable and consistent performance, enhancing the

longevity of the circuit and ensuring that it operates efficiently under various conditions.

4. Increased component longevity: By avoiding sudden current and voltage changes, the resistor-
diode combination reduces stress on the MOSFET and other circuit components, potentially

extending their operational lifespan.

7.10.2 Challenges with rapid MOSFET switching

One of the challenges encountered with the prototype was the rapid switching of the MOSFET, which
limited the level of control over the pulse shape. This rapid switching caused the current fall-off
time to be excessively fast. The Fig. shows a comparison between the RLC prototype and an
enhanced version where a resistor-diode combination was added, as shown in the circuit diagram
(Fig [7.30]).
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Figure 7.32: Comparison of the TMS current pulse between the original RLC prototype and an
enhanced version with a resistor (0.22 §2)-diode combination added.

When the MOSFET turns off, or when the gate voltage reduces from 10 V, the added resistance
and diode provide a path for the current in the TMS coil to circulate. This design prevents a
sudden drop in current, instead allowing for a gradual reduction due to the controlled decay path
provided by the resistor and diode. This configuration effectively delays the current drop, ensuring
a smoother and more controlled pulse shape. This delay is crucial because it allows for more gradual
current reduction, thereby extending the fall time of the current in the inductor. This extension in

fall time directly impacts the shape and duration of the negative phase of the TMS voltage pulse.

7.10.3 Pulse shape control with resistor-diode combinations

The rise time of the pulse can be altered by adjusting the turn-on timing of the MOSFET S2.
However, this is limited by the time constant of the circuit. The voltage across the inductor is
governed by the relationship (V = L%, where L is the inductance and % is the rate of change of
current. Since the inductance of the TMS coil is constant, the voltage primarily depends on how
quickly the current changes.

Despite these limitations, the prototype demonstrates that the rise time can still be influenced
by adjusting the specific points (P2 and P3) in the waveform, as detailed in the summary Table
(Rows 3,4, 6) in Section These adjustments allow for some control over the initial characteristics
of the pulse, but the most significant improvement comes from modifying the current reduction
phase.

By incorporating a resistor (0.22 ) and a diode (IN4007) in parallel with the TMS coil, the
current reduction in the inductor can be slowed down, effectively lengthening the duration of the
current drop. This increased width of the negative phase of the voltage pulse suggests that the TMS
pulse can deliver more energy during the negative phase. Additionally, it provides the flexibility to
shape the negative phase with different pulse widths compared to the original prototype. Since the
original prototype only had a small negative voltage pulse width, adjusting within that pulse width

was limited. With the new setup, having a larger pulse width for the negative phase now allows
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Figure 7.33: (a) Voltage Pulse TMS comparison between RLC prototype and enhanced version with
resistor-diode combination (b) The zoomed-in view of the negative phase is presented, comparing
the waveform with and without the resistor-diode combination.
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for more flexibility. You can fine-tune the negative phase to achieve specific pulse shapes, which
enhances the overall capability of the TMS system.

The Figure clearly shows the difference between the original prototype and the modified
circuit with the resistor-diode combination. When the MOSFET S2 turns off, the current drop is
delayed, allowing for more gradual energy dissipation. This delay in current reduction translates
into a longer-lasting and more controllable negative phase of the TMS pulse.

The next section will delve into the effects of the resistor-diode combination in parallel with the

TMS coil, discussing the additional improvements achieved in pulse shaping.

7.10.4 Analysis

The Table presents a variety of waveforms that were modified by adjusting the turn-on and
turn-off timings, as detailed in Section [7.6] These adjustments directly influence the pulse width
of the TMS pulses. By varying the points at which the gate voltage turns on and off, different
pulse shapes and duration were achieved. This also illustrates how incorporating the resistor-diode
combination into the circuit provides additional flexibility in shaping the pulse. This modification
allows for more precise control over the pulse characteristics, enabling further adjustments to the

pulse width and shape.
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Based on the analysis, it is evident that the circuit requires a snubber circuit in parallel with
the TMS coil, particularly to shape the negative phase of the TMS voltage pulse. Additionally,
protection for the MOSFET against high switching voltages is necessary, and a resistor-diode (R-D1)
combination can be beneficial. The analysis highlighted a significant difference in the pulse width

of the negative phase when using a triangular gate voltage (Fig. [7.33]).
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Figure 7.34: Comparison between the reference shape (blue) and the Experimental TMS pulse shape
(magenta) obtained from the prototype (1 V input and 30 V C2 voltage) with R (0.22 Q)-diode
combination with the gate voltage points from Table Attempt 2.

To evaluate the necessity of the R-diode combination, I attempted to replicate the pulse from
Section [7.9]using the same 0.22 € resistor and diode configuration, with points outlined in Table[7.1]]
Attempt 2. Initially, the setup was configured with a 1 V input and the capacitor C2 charged to 30 V,
showing the resulting pulse in Fig. [7.34] To investigate whether increasing the input voltage would
enhance the pulse amplitude in the negative portion, the input was raised to 4 V, with C2 charged
to 100 V. The experimental results, presented in Figure [7.35] demonstrate that incorporating the
R-diode combination significantly broadened the negative phase of the voltage pulse compared to
Figure [7.29]

From the Fig. [7.35(b), the positive phase of the TMS voltage pulse (magenta) is larger compared
to the negative portion, leading to a situation where the area of the vy voltage graph is not zero.
The experimental output of the TMS voltage and current measurements is presented in Fig. [7.35(a).

The area can be found by integrating the voltage over time:

t
Area = / o (Y)dt’, (7.2)
#'=0
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where ¢ = 0 represents the start of the pulse and ¢ denotes the time at the end of the pulse.
The non-zero area suggests an imbalance in the pulse phases, which corresponds to a significant
resistance of the TMS coil. The voltage across the inductor vy, can be expressed using the standard

inductor equation:

g
v, = L% + 7L, (7.3)

thus,

t t t
/ 'ULClt/ = / Ldit, + 1, / iLdt/ (7.4)
t'=0 t'=0 t'=0

The first term on the right-hand side vanishes because ip, is zero at the limits. Thus, if f;zo vLdt’
is non-zero, it indicates that the resistance rp, is significant. Here, the areas under the waveforms in
Fig.|7.35|(a) were calculated using the MATLAB function trapz, which performs numerical integration

using the trapezoidal method. The resulting values for the area are:

t
/ vpdt’ = 0.00171700 Vs; (7.5)
t'=0

/t iLdt’ = 0.00786400 As; (7.6)
=0

and substituting in Eq. [7.4] I obtain ri, = 218 m(2, which is consistent with the measured value of
212 mQQ, as reported by Khokhar et al. [136] and in Table [6.1]

The role of the R-diode combination becomes relevant when the circuit’s parameters, such as
resistance, capacitance, or inductor values, are fixed and cannot be adjusted further to achieve
the desired pulse width. In such cases, where constraints limit the ability to adjust the negative
phase of the pulse, the R-diode combination provides an effective solution to extend the width of
the negative portion. By incorporating this combination, it compensates for the limitations of the
circuit and allows for better pulse shaping, particularly in the negative phase.

However, there is a limit to expanding the negative phase of the voltage pulse. This limitation
arises due to the time constant in the discharge path, given by %, where L is the inductance and R
is the combined resistance of the mouse TMS coil (r,) and the resistor in the R-diode path. The
time constant cannot be increased beyond a limit % because the resistance of the TMS coil (rg,)
is fixed. In this case, the coil’s resistance is approximately 212 m¢2, which imposes a restriction on
lengthening the negative phase of the pulse. This makes it challenging to achieve a more extended
negative phase beyond 100 us without significantly altering the coil design or circuit design.

Even if the coil design is changed, reducing the resistance while maintaining sufficient magnetic
field strength remains a significant challenge. Increasing the number of turns in the coil to increase
B-field for a given current would lead to more wire length, which inherently adds resistance. Ad-

ditionally, using thicker wire or materials with lower resistivity might reduce resistance, but this
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approach has practical limitations, such as making the coil bulkier [58]. Moreover, reducing the
number of turns would diminish the coil’s ability to generate the necessary magnetic field strength
for effective TMS, as the induced magnetic field is proportional to the number of turns. Therefore,
striking a balance between resistance reduction and maintaining adequate magnetic field strength

becomes difficult, further limiting the flexibility to shape the negative phase of the pulse.
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Figure 7.35: (a) TMS voltage and current pulse obtained from the prototype (4 V input and 100 V
C2 voltage) with R-diode combination with the gate voltage points from Table Attempt 2; (b)
Comparison between the reference shape (blue) and the Experimental TMS voltage pulse shape
(magenta)

Discussion & Conclusion

In conclusion, this chapter demonstrated the impact of increasing the capacitance C2 and voltage,
leading to the generation of more pulses. This finding highlights the scalability of the same circuit,
indicating its potential use in larger-scale applications. The prototype has shown it can generate

c¢ITBS pulses, emphasizing its practical value in TMS applications. Further modifications to the
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triangular gate waveform, by introducing four points to form a quadrilateral gate shape, were
explored. A summary table (Table [7.4) was provided to explain the effects of changing each point

in the quadrilateral waveform, illustrating how these adjustments influence the TMS output pulse.

With my current circuit configuration, I was not fully successful in reproducing the exact pulse
shape used in human TMS. This is because my prototype, in its present configuration, cannot
generate a biphasic current pulse. As a result, I was unable to produce the second negative phase
of the pulse shown in Fig [7.I8 Consequently, the current pulse generated by my circuit remains
monophasic, and further modifications are required to achieve the desired biphasic pulse shape.
In the second attempt to reproduce an another pulse (Fig. , the negative voltage phase was
not significantly extended or widened. To address this, I experimented with using an R-diode
combination to extend the discharge time, aiming to increase the pulse width of the negative phase.
Despite these efforts, the resistance of the coil ultimately limits the pulse shaping capacity. The
inherent resistance of the coil imposes a constraint on achieving the desired pulse width, making
it challenging to extend the negative phase beyond a 100 us. As a result, further modifications
are required to overcome this limitation and achieve the intended pulse shape. These modifications
include using a different C2 capacitor, which may generate a biphasic current pulse, as illustrated in
Fig. Adjusting components with varying values could influence the damping characteristics,
potentially resulting in damped or underdamped current pulses, which would affect the overall
pulse shape. Additionally, testing with an alternative TMS coil can also be explored to optimize

the current pulse characteristics.

Alternatively, treating the MOSFET as a variable switch could also be explored. This technique
can be applied in inverter topologies (Fig. , where the MOSFET’s behavior could be fine-tuned for
more precise control of pulse shaping. Furthermore, if necessary, the power source for the inverter
topology could be based on a supercapacitor, similar to the design of my prototype. This approach
could potentially be used to implement the innovative concepts introduced by my prototype into
existing inverter or cascaded circuits [120, 147, [157]. Additionally, applying triangular gate pulses to
the MOSFET in inverter topologies could offer further control and refinement in shaping the output

pulse.

I have developed comprehensive guidelines for generating the gate voltage required to achieve
specific TMS pulse shapes, utilizing the full capabilities of the prototype. However, complete suc-
cess in replicating the desired pulse shapes has not yet been achieved. This work highlights the
prototype’s versatility and emphasizes the importance of fine-tuning the gate voltage to meet de-
sired pulse characteristics. The R-diode combination was tested to improve pulse shaping and
provide MOSFET protection during high-voltage switching. Incorporating the R-diode combination
has significantly enhanced pulse shaping, especially by improving the width and performance of
the negative phase compared to the original prototype without the R-diode combination. However,
despite these improvements, the circuit has not yet fully succeeded in recreating a full range of

desired negative phase pulse widths.

Despite challenges in replicating the existing pulse shapes, this prototype is effective for gener-

ating some new pulse waveforms and widths, facilitating valuable testing of their effects and TMS
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outcomes. Although the exact shapes may not be perfectly achieved, the prototype and model
enable extensive studies on TMS with varying pulse characteristics, contributing to a deeper un-

derstanding of TMS applications.



Chapter 8

Conclusion

In this research, my goal was to design and evaluate electronic circuitry for shaping current pulses
suitable for small-scale TMS applications. The circuit was specifically designed for small animal
coils, and I was able to generate a magnetic field ranging from 200 mT to 400 mT with just a 1 V
input. Furthermore, by increasing the input voltage, the strength of the magnetic field is enhanced,
providing flexibility depending on the application requirements.

High-voltage (HV) generation is a fundamental requirement for various TMS applications, in-
cluding the system developed in this work. Traditional pulse generators typically rely on high-
voltage DC power supplies combined with voltage multipliers to achieve the necessary operating
voltages of several thousand volts. However, such approaches increase system complexity, cost, and
pose challenges in terms of safety, insulation, and energy efficiency, particularly for compact designs
such as those intended for small-animal TMS. In contrast, the method developed here achieves
the required high voltage in a more compact and cost-effective manner by utilizing a pre-charged
supercapacitor as the energy source. This approach maintains the necessary voltage levels while
significantly simplifying the circuit architecture, improving safety, and reducing both the physical
footprint and component costs typically associated with conventional high-voltage systems.

First, I developed a supercapacitor-based pulse generator, which serves as a stable voltage source
capable of producing a sufficient number of pulses for TMS treatment. This pulse generator is not
only cost-effective but also compact in size, making it a practical option for TMS systems. The use
of supercapacitors has proven to be an excellent choice, offering a continuous and reliable source
of voltage for the pulse generator. In contrast to the more complex and costly approaches, I use
a pre-charged supercapacitor followed by a step-up transformer and associated output circuitry to
develop an inexpensive and flexible high-voltage pulse generator. This new approach is to use the
high-power delivery capability of commercial supercapacitors in TMS applications.

Second, moving on to pulse shaping, I aimed to shape the pulses without introducing unnecessary
complexity in the circuit. Throughout my experiments, I explored various approaches, starting with
a square gate voltage waveform and transitioning to a triangular gate voltage. While square gate
voltages are commonly used, the triangular gate voltage provided a smoother turn-on and turn-off
transition for the MOSFET switch, allowing for more precise control over the rise time, fall time,

and pulse width of the output pulses. By adjusting the symmetry of the triangular waveform, I was
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able to fine-tune the ratio between the rise and fall times. In my circuit, the S2 switch is treated as
a dynamic element rather than a typical on-off switch. This innovative dynamic approach allows
me to use the MOSFET (S2) as a dynamically varying resistive element, offering greater control and
flexibility in the circuit behavior.

Third, in addition to the experimental results, I developed a MATLAB model of the MOSFET to
predict the TMS output pulse behavior based on the input gate voltage supplied to the MOSFET in
the circuit. This MATLAB model is the first of its kind for TMS applications and other applications,
and no similar model has been found in the existing literature. The model offers a powerful tool
to predict output pulse shape for a given input. Through detailed analysis and experimentation,
the MATLAB model has shown strong agreement with experimental data, enabling control over the
pulse width and amplitude based on the gate voltage inputs. This model may serve as a guiding
tool to design and shape pulses tailored to specific needs in TMS applications.

My circuit prototype can replicate proven pulse shapes and widths for effective stimulation, while
also generating higher amplitude pulses and adjusting shapes, widths, and timings by modifying
the gate voltage. In addition, the circuit can generate new pulse shapes, enabling tests to determine
their applicability for TMS or explore whether improved pulses might be more effective. This makes
it a valuable tool for analyzing and studying TMS in greater detail. This flexibility makes it ideal
for TMS mouse studies, allowing both the use of existing pulses and the creation of new pulse shapes
for further experimentation.

In summary, I have developed a prototype pulse generator for small coil TMS applications,
utilizing a supercapacitor as the energy source. My aim was to design a circuit with a budget
of 500 NZD, as outlined in the Section [2.4] However, I successfully developed the circuit at a
significantly lower cost of just 170 NZD (Table . Moreover, the MATLAB model I developed
based on the prototype accurately predicts the output pulse characteristics, providing a valuable
tool for designing new pulse shapes. This combined approach opens up opportunities for further
exploration in TMS research, allowing the creation of novel pulse shapes and enabling targeted
research on small animal to enhance scientific studies of TMS effects and mechanism. This research
marks an advancement in the field of TMS, particularly for small animal studies, and lays the

foundation for future developments in pulse shaping and neural stimulation.
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Future work

Building on the current research, several key areas for future investigation could significantly enhance
the effectiveness and applicability of the pulse generator.

The first critical step is Neural Stimulation Testing, as the effectiveness of the design and pulse
patterns can only be validated by demonstrating their ability to stimulate brain tissue. Pulses of
varying widths can be applied to mouse brain tissue in vitro to assess their potential for inducing
spontaneous seizures, seizure-like events (SLE), or epileptiform activity. In future experiments, a
protocol similar to Khokhar et al. [136] can be followed to assess the effects of TMS on spontaneous
seizure-like events in brain slices, focusing on both amplitude and inter-event frequency. For each
experiment, around 20 brain slices can be used, sourced from approximately 5 mice. As in previous
work [136], each slice can receive both stimulation and sham treatments in a randomized order. This
allows for a balanced comparison between actual TMS effects and sham conditions. The ability of
the pulse generator to reliably deliver pulse patterns should be tested by stimulating the mouse
brain tissue in vitro, and potential biophysical changes can be monitored over a time course of up
to 30 minutes post-stimulation. Any changes in SLE activity and the response of evoked potentials
will be crucial in determining the effectiveness of these protocols.

A wide range of pulse widths and shapes should be explored to identify the most effective config-
urations for neural stimulation. The supercapacitor (SC) module can be charged to higher voltages,
such as 12 V, and the electrolytic capacitor (C2) can be tested at higher voltages, potentially reach-
ing 200 V or more, to increase pulse strength and enhance stimulation power in TMS systems.
Additionally, experiments can include testing the pulse generator’s ability to deliver theta-burst
stimulation (TBS) and other pulse sequences to further explore their neural effects. This neural
testing is essential for optimizing the pulse patterns, as parameter adjustments to the circuit may
be necessary based on the observed stimulation responses.

Once successful neural stimulation is demonstrated, further circuit modifications can be explored
to optimize performance. The primary goal will be to assess how effectively the high-voltage pulses
generated by the current circuit stimulate neural tissue. After validating its impact, parameters such
as coil inductance and resistance can be varied to study their effects on pulse shape and magnetic
field strength. Since only one coil has been tested so far, experimenting with different mouse-specific

coils and re-evaluating neural activity will provide crucial insights into optimizing the system.
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Developing a dedicated gate voltage waveform generator for your TMS system requires precise
control over MOSFET switching to optimize pulse shape, rise/fall times, and energy efficiency. The
generator must cater to the MOSFET’s gate voltage requirements (typically 5 V to 15 V) and allow
fine adjustment of waveform parameters such as pulse width, frequency, and amplitude, ensuring ac-
curate and effective neural stimulation. Microcontrollers (MCU) or digital signal processors (DSP),
like STM32 or Texas Instruments C2000, offer flexibility through programmable pulse-width modu-
lation (PWM) outputs for precise control. For even higher precision and complex waveform needs,
field-programmable gate arrays (FPGAs) are ideal though it need more advanced design knowl-
edge. To convert digital signals into analog gate voltages, a digital-to-analog converter (DAC) can
be integrated, enabling programmable, real-time waveform adjustments. We can also incorporate
feedback control systems to adjust the waveform in real-time based on the observed performance of
the TMS circuit.

Further enhancements to the MATLAB simulation can be achieved by incorporating gate capac-
itance dynamics and accurately modeling the MOSFET’s reverse conduction path. Specifically, the
gate-source capacitance could be integrated into the model by calculating the charge accumulated
during the deviations (or blips) observed in the gate voltage waveform and comparing these to an
ideal gate voltage profile. Currently, the simulation aligns well with experimental measurements;
however, the reverse conduction path has not yet been curve-fitted. While this addition may not
result in significant differences, given the already strong match, it would further improve the model’s
accuracy and remove the blips, bringing it even closer to experimental outcomes. While gate capac-
itance has been modeled in SPICE/ANSYS Simplorer software [185, [I86], we can try incorporate
this into the MOSFET model within the MATLAB environment to improve simulation accuracy.

This research lays the foundation for the development of an innovative pulse generator, ad-
vanced pulse-shaping techniques, and comprehensive simulation models. Future work will deepen
our understanding of TMS pulse generation, optimize neural stimulation outcomes, and contribute

to designing more efficient and powerful TMS systems.
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Posters presented

This appendix showcases the posters presented at three major conferences, where key research

findings from this thesis were shared with the scientific community.

e NZIP & PHYSIKOS 2023 conference: Presented at Massey University’s Albany Campus,
Auckland, from July 3-5, 2023, this poster highlighted the early stages of research on TMS

pulse shaping and initial experimental results.

e Australasian winter conference on brain research: Held in Queenstown, New Zealand,
from August 26-30, 2023, this poster focused on advancements in TMS technology and shared

experimental findings relevant to brain research applications.

e IEEE IECON 2024 - 50th annual conference of the IEEE industrial electronics
society (IES): Presented in Chicago, Illinois, from November 3-6, 2024, this poster showcased

the latest developments in TMS pulse generator design.
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Electronic circuitry for shaping current pulses for small
scale transcranial magnetic stimulation coils

Soniya Raju, Marcus Wilson, Nihal Kularatna

INTRODUCTION

TMS, Transcranial Magnetic Stimulation,
works on the principle of Faraday’s law of
electromagnetic induction. A coil carrying a
time-varying current is placed on the
surface of the scalp to produce a magnetic
field. This magnetic field which permeates
a conductive medium (e.g., brain tissue),
can induce an electric current sufficient to
stimulate the axon hillock of each neuron.
TMS is used clinically to treat depression,
obsessive-compulsive  disorder (OCD),
anxiety, Parkinson’s disease, multiple
sclerosis, etc.

WHY?

TMS is well explored & studied in the
human brain. But some mechanisms are
still unknown. To help investigate these,
we need to carry out TMS experiments in
small animals.

 How to develop a current pulse circuit
with pulse shaping that can produce a
sufficient field strength for TMS in small
animals?

« Can this study arrive at a relation
between the pulse shape, field and
heating so that we can optimize pulse
parameters (in all aspects like time,
shape, and duration) for a particular
TMS application?

CHARGING BLOCK
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GAPS

e Commercial

stimulate the entire body of a

mouse

e Existing stimulator
produce different pulses of
width and shapes within the

circuit

Head model

TMS coil with excitation current

Magneticfield

Induced current

BENEFITS

e A specific mouse TMS circuit is

coils suitable for pre-clinical studies

cannot

and for fast prototyping and
testing.

e The TMS stimulator design for
animals may improve efficacy of
TMS application.

e This will increase the incentive
for animal studies that might
reveal the mode of action and

improve TMS.
BLOCK DIAGRAM (supercapacitor-based pulse generator)
STEP-UP CHARGING &
SUPERCAPACITOR TRANSFORMER DISCHARGING PULSE SHAPING
7
Electrolytic
Supercapacitor bank 1:N Capacitor TMS caoil

Low voltage source

o o

PULSE ANALYSIS

« Producing different pulse pattern,
E pulses with different widths,
& shapes, and sizes.
/>< « Analysing their effect on the coil
. performance.
<K Time Analyses of magnetic and electric
field produced by each type of
pulses.
E Scan Me
Time s
L L]
I

**Straight lines in waveforms are only used to depict the fields clearly

o o

WHAT NEXT ?

Considering the heating of the coil.
Optimize the possibilities and
produce a current pulse circuit for
the TMS coil.

Maximize the effect of pulse shaping
analysis for TMS application.

Opens many avenues for research
on the stimulation of animal brains.
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INTRODUCTION

TM™MS, Transcranial Magnetic
Stimulation is a procedure in
which a coil carrying a time-
varying current is placed on the
surface of the scalp to produce a
magnetic field that can induce an
electric current sufficient to
stimulate neurons.

GAPS

0 Commercial animal coils
stimulate the entire body of a
mouse.

Q Existing stimulator  cannot
produce different pulses of
width and shapes within the
circuit.

DEPRESSION

PARKINSON’S DISEASE

PULSE ANALYSIS

(1)

TMS COIL CURRENT (A)

WHY?
Small animal TMS coil circuits
Q are less explored.
Q helpful for pre-clinical studies

and for fast prototyping and
testing.
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ACHIEVEMENTS

v  Simple and inexpensive circuit.

v/ Can produce 500+ pulses from a single charged
supercapacitor bank.

v Successful pulse shaping with fall time and
pulse width control.

v/ Magnetic field and current across the coil is
linear.

v 150mT magnetic field is obtained 2mm below
the TMS coil

B E N E FITS B LOC K DIAG RAM (supercapacitor-based pulse generator)

CHARGING &

STEP-UP
TMS stlmulator des|gn CHARGING BLOCK SUPERCAPACITOR TRANSFORMER DISCHARGING PULSE SHAPING

Q improves the efficacy of TMS
application.

Qwill increase the incentive for
animal studies that might reveal

1 = —
| | |
‘ - | - ‘
—‘7 | —H= |
Lowvoltage | Supercapacitor ‘ E :
—h | LN Ca

source ] bank TMS coil (LOAD)

the mode of action and improve
TMS.

v' Graph 1 shows the pulse width
variation by controlling the
switch's duty cycle within the
circuit.

v We have attained Control over
Fall time and pulse width by
which pulse shaping is done.

v' The variation in pulse width is
proportional to the duty cycle

(2)

PULSE WIDTH (ms)

0 10%

3
3

(3)

MAGNETIC FIELD (mT)
»
=)

0

(Graph 2).

2.5 TIME (ms)

30%  40%  S0%  60%  70%  80%  90%
DUTY CYCLE

v' Current and magnetic fields are
proportional implying the core is
linear.

Graph 3 shows 10V charged
capacitor can deliver 20A current
and 90mT magnetic field. TMS
coil was excited with these
parameters. This can be scaled
up by increasing the voltage.
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ANXIETY

WHAT NEXT?

» Producing a bidirectional magnetic
field

» Attain Control over rise time

» Speeding up the pulse rate (50 Hz)

» Maximize the effect of pulse shaping
analysis for TMS application.

» Opens many avenues for research on

the stimulation of animal brains.
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Introduction h

« Transcranial Magnetic Stimulation (TMS): is a non-invasive
method that uses rapid magnetic field changes to stimulate
neurons in the brain. A coil on the scalp delivers brief, high-
intensity pulses, inducing electrical activity in specific brain areas.

« Focus on Small Animal TMS: Our project aims to develop a
prototype specifically for small animal TMS studies.

« Innovative Design: We replace expensive high-voltage supplies
with a pre-charged low-voltage supercapacitor, step-up converter,
and pulse-shaping circuit, reducing costs.

« Pulse Shaping Flexibility: The system allows precise control
over pulse parameters (amplitude, width, rise/fall times) via a
triangular gate voltage, offering more customization than
conventional TMS systems.

Block Diagram

« Charging Stage: Supplies energy to a pre-storage energy
source in preparation for pulse generation.

« Step-Up Transformer: Boosts voltage to the required level for
effective stimulation.

« High-Power Output Stage: Delivers the boosted voltage to the
TMS coil.

« Pulse Shaping: Managed by a triangle gate voltage generator,

which shapes the output pulse for precise control.

Power stage

Charging circuit

-

I Square gatevatage

o

Iolator and
protection

Switching control stage

Fig 1: Block diagram of prototype TMS pulse generator. Power stage (high voltage/current) and
switching control stage (low voltage) highlighted by red and blue dotted rectangles. An opto-isolator
&o\ales the stages for protection and safety /

a

* Lower Cost
« Longer Lifespan
« No Dedicated Power Supply

Supercapacitor (SC) as a reliable source N

+ Stable Output
« High Power Delivery

2 3 s
Discharge sequences

Fig. 2: Energy discharge of 90 F and 3000 F
supercapacitor with 2 V initial voltage

30 kW (Fig. 6).

\ width, 53 ps rise-time, 6 s fall-

Table 1: C of and
Short
C i \Zalgede ESR Max. circuit |Max Power Max
(F) (V)g (mQ) [(Current (A)| Current (W) Energy (J)
(A)
S 25 3 30 21 100 75 1125
100 3 8 78 375 281 450
380 3 3.2 250 937.5 703 1800
.
3000 3 0.23 2663 13k 9.7k 13.5k
= _E 220 450 1206 234 0.37k 42k 22.3
E 8| 680u 200 36 4.15 1.1k | 277.7k 13.6
=8| 2200 400 60 16 6.7k | 666.7k 176
o 20
) ™ —
s == L
i £ o
; ‘e\ E — )
= o .
" 1 -
PR s e 1

9 %0 50 [ 3000
Capacitance of different supercapacitors (F)

Fig 3: Total pulse count of the respective
supercapacitors with initial voltage of 2 V'

« Energy Efficiency: SC efficiently discharge energy at low
voltages, making them ideal for TMS pulse generation (Fig. 2).

» Pulse Count Advantage: Larger supercapacitors can generate
more pulses per charge cycle (Fig. 3), with less voltage drop.

Effect of triangle gate voltage

« The prototype (Fig. 4) was tested with a filtered square gate
with varying dutycycles, producing TMS current pulses (Fig. 5).
« After charging the supercapacitor (C1) to 1 V and the
electrolytic capacitor (C2) to 35 V, a peak instantaneous power
of 9.5 kW was achieved at 190 V with 50% symmetry; at 90%
symmetry, the voltage increased to 500 V with a peak power of

« 50% symmetry causes a current pulse of width 60 ps, rise-time
of 47 ps and fall-time of 10 ys and voltage = 200 V. Whereas,
90% symmetry gate voltage produces a current pulse of 55 ps

time and = 500 V voltage.

)

Supercapacitor Bank

Eloctrolytic
Capacitor

MOSFET1 |

MOSFET 2

™S Coil

Fig. 4: Main circuit prototype hardware setup

of 10 ps.

Effect of sinusoidal gate voltage

« Tested the experimental setup with a sinusoidal waveform at
10 kHz due to its smooth rise and fall time (Fig. 7).

« The recorded voltage magnitude was 268 V with a current of
61 A from a 1 V supercapacitor source, generating a TMS
current pulse with a width of 50 s, rise-time of 40 ps, fall-time

£ 200
400 \
4 0 0 2 % 4 N 6 W @
Tine ()
Fig. 6: Experimental results of 50% and 90%
symmetry of the triangular gate voltage (10 kHz)
given to S2 and its TMS coil current and voltage
pulse respectively.

« Achieved adjustable pulse

Reference

~

vitro of a fi

Conclusion

* Used a precharged supercapacitor (SC) and traditional up-
converter to create a TMS pulse generator for small animals.

« Developed a low-cost circuit for pulse shaping, successfully
tested with the SC pulse generator.

waveform generator with symmetry adjustment.
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Fig. 5: The pulse width variation by controlling
the S2 duty cycle (filtered square gate voltage)
within the circuit
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Fig. 7: Experimental results of sinusoidal gate
voltage (10 kHz) given to S2 and its TMS coil
current and voltage pulse respectively.
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Appendix B

MATLAB code for the MOSFET model

from the experimental data

This MATLAB code is implementing a model of a MOSFET based on experimental data. It begins
by loading experimental data from files, defining parameters such as inductance and resistance,
and applying smoothing techniques. The code then calculates theoretical predictions for various
quantities such as loop current and resistance/conductance of the MOSFET. Subsequently, it com-
putes nonlinear resistance and conductance of the MOSFET, fits exponential and tanh functions to
the data, and generates 3D plots illustrating the relationship between gate-source voltage, drain-
source voltage, and current or conductance. It includes fitting functions to match experimental
data, as well as visualization of the results through 2D and 3D plots. This code is to characterize
the behavior of the MOSFET based on the experimental and theoretical data to develop a MOSFET

model.

function RLC_MOSFET_330uF_expt_12

datapath = '_data/';

fnames = {
'RLC_12_330uF_0Op0O4us"
'RLC_12_330uF_0Oplus'
'RLC_12_330uF_0Op2us'
'RLC_12_330uF_0Op4us'

w N

}i
which_file = 2;

load([datapath fnames{which_file} '.mat'])

L = 22e-6; % coil inductance (22 uH)
r L = 0.22; % coil dc resistance (ohm)

t_us = leb*t;
dt = diff(t(1:2));
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MATLAB code for the MOSFET model from the experimental data

dt_us = diff(t_us(l:2))

N

)
o

= length(t_us);

apply Whittaker smoothing

smoo = le-6;

v_GS_smo = whittaker(v_GS, 1/dt, smoo);
v_DS_smo = whittaker (v_DS, 1/dt, smoo);
v_I1_smo = whittaker(v_L, 1/dt, smoo);

i

o

o

o
o

L_smo = whittaker(i_L, 1/dt, smoo);

compensate for current-probe delay

current probe seems to show ~3 us delay?

delay_iL = 3.0;

o_
i

i

o

°

i

%

i
i

V_

iL = round(delay_iL/dt_us); % index offset
L_adv = nan(size(i_L));
L_adv(l : end-o_1iL+1) = i _IL _smo(o_1iL : end); % time—-advanced

copy of i_L
ensure 1i_L_adv never goes to zero

L_adv(i_L_adv < 0.1) = 0.1;

compare theoretical prediction for loop current vs measured

value
theor = zeros(size(t_us));
theor (1) = 0.1; % no current initially

I_dc_offset = mean(v_IL_smo(t_us < 0))

for k =1 : N -1

i_theor(k+1l) = i_theor (k) + dt/L =«

(v_L_smo(k) — i_theor(k)+r_L - v_L_dc_offset + 0.4);
if (abs (i_theor(k+1)) > 200)

break;

end

end

o

°
r

G

DS =1 ./ r_DS;

%

v_

v_

nonlinear resistance and conductance of DS channel

DS = v_DS_smo ./ i_theor;

try exponential fit to subthreshold current
GS_dom = linspace (0, 10, 1001);
therm = 0.026;




55
96
o7
98
59
60
61
62
63
64
65

66
67

68
69
70
71
72

73
74
75
76
i
78
79
80
81
82
83
84
85
86
87
88
89
90
91

219

I0 = 8.0;
v_T2 = 6;
n2 = 16;

i_fit = IO0xexp((v_GS_dom - v_T2)/(n2xv_therm));

% try tanh() fit to v_DS vs v_GS

D1 = 20;

D2 = 0.4;
v_T3 = 5.5;
n3 = 12;

v_DS_fit = 0.5x(D1 + D2 + (D2 - D1)*tanh((v_GS_dom -
v_T3)/ (n3xv_therm)));

[}

% consider power—-law exponent p that follows a tanh law with

v_GS to be
pl = 1;
p2 = 0.13;

v_Tp = 6.0;

n_p = 10;

p_fit = 0.5x(pl + P2 + (P2 - pl)x*tanh((v_GS_dom -
v_Tp)/ (n_p*v_therm)));

i fit3 = (IO/log(Z)) * log (1l + (i_fit/IO).Ap_fit);

r_DS_fit v_DS_fit ./ i_fit3;

G_DS_fit 1 ./ (r_DS_fit);

[}

% figure (3)

if 1

figure (3); clf;

subplot (1,1,1);

zoom on; grid on; hold onj;

plot (v_GS_smo, v_DS_smo, '-o');
plot (v_GS_dom, v_DS_fit, '-r');
xlabel ('v_{GS} (V)");

ylabel ('v_{DS} (V)")

axis tight;

set (gca, 'yscale', 'log');

end

o\°

3D plots

o\

set up some viewing angles for 3D plots
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MATLAB code for the MOSFET model from the experimental data

az_set = [0 90 -141;

el_set = [0 0 251;

which_view = 3; % <<<<——-- choose 1, 2, or 3
want_conductance = 0; % 0 for r_DS; 1 for G_DS

want_logplot = 1;

[az, el] = deal (az_set (which_view), el_set (which_view));

figure (2); clf;

subplot (2,1,1);

plot3(v_GS_smo, v_DS_smo, i_theor, '.k');
grid on; hold on;

plot3(v_GS_dom, v_DS_fit, i_fit, 'g'");
plot3(v_GS_dom, v_DS_fit, i_fit3, 'r');

axis tight;

zlim([0.5 401);

x1lim([4 1071);

if want_logplot

set (gca, 'zscale', 'log');

end

xlabel ('"v_{GS} (V) '"); ylabel ('v_{DS} (V)'"'); zlabel('i_L (A)"');
title (' (a) Drain-source current');

view(az, el);

subplot (2,1,2);

if want_conductance

plot3(v_GS_smo, v_DS_smo, G_DS, '.k'");

grid on; hold on;

plot3(v_GS_dom, 0xv_GS_dom, G_DS_fit, '-r');
plot3(v_GS_dom, O0*v_GS_dom, i_fit ./ v_DS_fit, '-g');
z_lab = 'G_{DS} (S)"';

title_b = '"(b) Nonlinear conductance';
zlim([0.001 80]);

x1lim([4 101);

else

plot3(v_GS_smo, v_DS_smo, r_DS, '.k'");

grid on; hold on;

plot3(v_GS_dom, 0xv_GS_dom, r_DS_fit, '-r');
plot3(v_GS_dom, Oxv_GS_dom, v_DS_fit ./ i_fit, '—-g');
z_lab = 'r_{DS} (\Omega)';

title_b = ' (b) Nonlinear resistance';
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zlim([0.01 801);
x1lim([4 101);
end

if want_logplot

set (gca, 'zscale', 'log');

end

xlabel ('v_{GS} (V)'); vlabel ('v_{DS}
title(title_Db);

view(az, el);

(V) ")

zlabel (z_1lab);
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Appendix C

MATLAB simulation code for the MOSFET

model

This covers the code related to modeling the MOSFET characteristics and calculating the dynamic
resistance. It is designed to simulate the behavior of an RLC circuit with MOSFET, utilizing both
Euler’s method and the ode15s solver for Ordinary Differential Equations (ODEs)

© 0 N O Ot s W N =
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15
16
17
18
19
20
21
22

function solve_ RLC_mosfet_de

WANT_EULER = 0;

o\°
O

v0o = 30; % initial capacitor voltage
L = 22e-6; % henry
C = 330x1le-6; % farad; rating = 450 V
r L = 0.22; % ohm
C = 0.25; % ohm

o\°

r
V_th = 0.026; thermal voltage at 25 degC

% which scope time-base do we wish to simulate?

which_tb = 4; $ <<K<LK————— choose from [1 : 4]
dt_scope_set = [0.04 0.1 0.2 0.4 0.8 4]/1le6; % timebase

resolution on scope

dt_scope = dt_scope_set (which_tb);

duration = 2500xdt_scope % 2500 time-points captured
t = linspace(-0.lxduration, 0.9xduration, 1 + 2e6)"';
t_us = leb6*t;

dt = diff(t(1:2)) % timebase resolution (s)

dt_us = dtxleb;
N = length(t);

==> o0delb5s (recommended) ; 1 ==> Euler




23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39
40
41
42
43
44
45

46
47
48
49
50

o1
52
33
54
95

56
o7

224

MATLAB simulation code for the MOSFET model

D=0 : 100/1le6:t (end);
wid = 100/1e6;

skew = 0; % -1 <= skew <= +1
o = 25/1e6; % time offset

v_GS_tri = 10xpulstran(t - o, D, @tripuls, wid, skew);

% scalar version of v_GS tri (for use with ode solvers)

v_GS_t_fn = Q@(x) 1l0%pulstran(x - o, D, (@tripuls, wid, skew);

v_G = v_GS_tri; % triangular gate voltage (V)

% tanh () fit to v_DS (forward path only; reverse path ignored)
D1 = 20;

D2 = 0.4;

v_T_DS = 5.5;

eta_DS = 12;

v_DS fit fn = @(x) 0.5x(D1 + D2 + (D2 - Dl)*tanh((x -
v_T_DS)/ (eta_DS*V_th)));

% diode—law exponential kernel for drain-source current

v_T dio = 6;

eta_dio = 16;

i_kernel_fn = Q(x) exp((x — v_T_dio)/ (eta_dio*V_th));

% power—-law tuning to be applied to Ytterdal's
exponential-linear blend cfor MOSFET transition from below-
to above-threshold

pl = 1;

p2 = 0.13;

v_T p = 6.0;

eta_p = 10;

p_fit_fn = @(x) 0.5« (pl + p2 + (p2 - pl)*tanh((x -
v_T_p)/ (eta_p*V_th)));

% Ytterdal expression for drain-source current

(modified from Eg. 3.8)

I0 = 8.0;

i_fit_Ytt_fn = Q@(x) (I0/log(2)) = log(l +
(i_kernel_ fn(x))."p_fit_fn(x));

o

% MOSFET dynamic resistance (assumed to be a function of
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gate—-source voltage only

r DS _fit_fn = Q@(x) v_DS_fit fn(x) ./ 1i_fit Ytt fn(x);

r DS _fit = r DS_fit_fn(v_G)
[max (r_DS_fit) min(r_DS_ fi

if WANT_EULER

% need to impose a max drai
simulation becomes unsta

r_max = leb;

r DS _fit(r_DS_fit > r_max)

end

G_DS =1 ./ r_DS_fit;

v_C

zeros (size(t));

i L = zeros(size(t));

[}

% initial conditions
v_C (1) = VO0;
i L(l) = V0 / (r_DS_fit (1)

% solve RLC-mosfet DEs

function dydt = ode_MOSFET_
[vC, iL] = deal(y(1l), v(2));
dvC_dt = -1/C % 1iL;

di_dt = 1/Lx(vC - iLx(r_L +
dydt = [dvC_dt; di_dt];

end

if ~WANT_EULER
opts = odeset ('RelTol',le-1
'MaxStep',100/1e6) ;
[t_ode, y] = odelbs...
(Qode_MOSFET_fn, [t (1), t(e
[vC_ode, iL_ode] = deal(y(:
vl_ode = L * cdiff(il_ode)
vGS_ode = v_GS_t_fn(t_ode);

figure(7); clf;

solution figure

4

t)]

n-source resistance otherwise Euler
ble
% 100 kohm

= r max;

o\°

conductance (S)

o\

ideal capacitor voltage (V)

o\°

loop current (A)

[}

% capacitor is fully charged
+ r C + r_L);

fn(t, vy)

4

r C + r DS_fit _fn(v_GS_t_fn(t))));

% i.e., NOT Euler ==> odelbs
0, 'AbsTol',le-12,

nd)], [v_C(l), i_L(1)], opts);
Y1)y y(:,2));
./ cdiff (t_ode);

%odel5s solver
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MATLAB simulation code for the MOSFET model

pp(l) = subplot(5,1,1);

zoom on; grid on; hold on;

plot (t_odexle6, vGS_ode, '-');

pp (2) = subplot (5,1,2:5);

zoom on; grid on; hold onj;

plot (t_odexle6, [vC_ode, ilL_ode, vL_odel, '-'");
title('odelbs solution', 'FontSize',20);
xlabel ('Time (us)');

linkaxes (pp, 'x'");

xlim([t_ode(l) t_ode(end)]x1leb);

lh = legend('v\_C', '"i\_L', 'v\_L'");

set (lh, 'Fontsize', 16, 'location', 'best');

clear pp;

else

% run Euler instead of odelb5s

tic

for k=1 : N -1

R=r L + r_C+ r_DS_fit(k);

v_C(k+1) = v_C(k) - dt/C * i_L(k);

i L(k+1l) = i_L(k) + dt/L * (v_C(k) - i_L(k)*R);
if (abs(v_C(k+1l)) > 100) || (abs(i_L(k+1)) > 100)
break;

end

end

toc

end

% estimate measured (non-ideal) v_C, v_L
v_C_meas = v_.C — r_ C * 1i_1;

v_IL_meas = v_L + r_L * i_1;

figure (5); clf; % Euler solution
figure

pp(l) = subplot(5,1,1);

hold on; grid on; zoom on;

plot (t_us, v_GS_tri, 'b');
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% plot (t_us, loglO(r_DS_fit), '—--k'");
plot (t_us, r_DS_fit/le4, '—--k');
plot (t_us, G_DS/max(G_DS)=*10, '—-.g'");

lab(1l) = title('Gate voltage');
lab(2) = ylabel ('"S$Sv_{\rm{}GS}$ (V)");

pp(2) = subplot(5,1,2:3);
hold on; grid on; zoom on;

plot(t_us, i_L, 'r');

plot (le6xt, v_C_meas, '—-.g9');

plot (t_us, v_C, '-b'");

% lab(3) = xlabel ('Time ($\muSs)');

% ylim([-10 507)

lab(3) = ylabel ('$v_{\rm{}C}$ (V); Si_{\rm{}L}$ (A)");

lab(4) = title('Capacitor voltage (green/blue
(red) ') ;

pp(3) = subplot(5,1,4:5);
hold on; grid on; zoom on;

plot (t_us, v_DS, 'b');

plot (t_us, v_DS2, '--m');

plot (t_us, v_L, 'r'");

% plot (le6xt, v_L_meas, '—-.g');

lab(5) = xlabel ('Time ($\muSs)');

lab(6) = ylabel ('$v_{\rm{DS}}$; Sv_{\rm{L}}$

lab(7) = title('Drain-source voltage (blue);
(red) ") ;

% ylim([-200 2007]);

set (lab, 'interp', 'latex', 'fontsize',18)
linkaxes (pp, 'x')

xlim([t_us (1) t_us(end)])

end

); Loop current

(V) ")

Inductor voltage
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Appendix D

Component datasheets

This appendix includes the datasheets for the components used in the circuit design and measure-

ments.



International
IR Rectifier

Applications

e High Efficiency Synchronous Rectification in

PD -97323

IRFP4004PbF

SMPS HEXFET® Power MOSFET
° U_ninterruptible Power _Sup_ply 5 Vpss 40V
e High Speed Power Switching R i ]
e Hard Switched and High Frequency Circuits pston)  tYP- -35MQ
max. 1.70mQ
Ip (silicon Limited) 350A0
Benefits s Ip (Package Limited) 195A
e Improved Gate, Avalanche and Dynamic
dv/dt Ruggedness
e Fully Characterized Capacitance and D
Avalanche SOA @
e Enhanced body diode dV/dt and di/dt e,
Capability N
G
TO-247AC
G D S
Gate Drain Source
Absolute Maximum Ratings
Symbol Parameter Max. Units
Ip @ Tc=25°C  [Continuous Drain Current, VGS @ 10V (Silicon Limited) 3500
Ip @ Tc =100°C |Continuous Drain Current, Vgg @ 10V (Silicon Limited) 2500 A
Ip @ Tc=25°C Continuous Drain Current, Vg @ 10V (Wire Bond Limited) 195
Ipwm Pulsed Drain Current @ 1390
Pp @T¢=25°C  [Maximum Power Dissipation 380 w
Linear Derating Factor 25 W/°C
Vas Gate-to-Source Voltage +20 v
dv/dt Peak Diode Recovery ® 2.0 V/ins
T, Operating Junction and -55 to + 175 °C
Tsta Storage Temperature Range
Soldering Temperature, for 10 seconds 300
(1.6mm from case)
Mounting torque, 6-32 or M3 screw 10Ib:in (1.1N'm)
Avalanche Characteristics
Eas (Thermally imiteay | SiNgle Pulse Avalanche Energy ® 290 mJ
Iar Avalanche Current @ See Fig. 14, 15, 22a, 22b A
Ear Repetitive Avalanche Energy ® mJ
Thermal Resistance
Symbol Parameter Typ. Max. Units
Resc Junction-to-Case ©® — 0.40
Recs Case-to-Sink, Flat Greased Surface 0.24 — °C/W
Rosa Junction-to-Ambient ®® — 40
www.irf.com 1
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DIXYS

X2-Class HiPerFET™ IXFK120N65X2 Vs = 650V
Power MOSFET IXFX120N65X2 l,s = 120A
Rosony < 24MQ
N-Channel Enhancement Mode D
Avalanche Rated
Fast Intrinsic Diode G
S
Symbol Test Conditions Maximum Ratings
bss T, =25°Cto 150°C 650 \Y
Voen T, =25°C to 150°C, Ry, = 1MQ 650 v PLUS247
IXFX
Viss Continuous +30 \Y ( )
Vism Transient +40 \Y
o25 T, =25°C 120 A
om T, =25°C, Pulse Width Limited by T , 240 A
1, T, =25°C 15 A
E,e T, =25°C 3.5 J
P, T, =25°C 1250 w G = Gate D = Drain
N S = Source Tab = Drain
dv/dt lg <l Voo S Vpeer T, < 150°C 50 V/ns
T, -55 ... +150 °C
T 150 °C Features
T -55 ... +150 °C
T, Maximum Lead Temperature for Soldering 300 °C * International Standard Packages
Teoo 1.6 mm (0.062in.) from Case for 10s 260 °C * Low Q,
* Avalanche Rated
IVId Mounting TOque (TO'264) 1.13/10 Nm/Ib.in * | ow Package Inductance
F, Mounting Force (PLUS247) 20..120/4.5..27 N/Ib
Weight TO-264 10 g
PLUS247 6 g Advantages
* High Power Density
* Easy to Mount
* Space Savings
Symbol Test Conditions Characteristic Values
(T, = 25°C Unless Otherwise Specified) Min. Typ. Max. Applications
BV, Voo =0V, 1, =3mA 650 \ )
* Switch-Mode and Resonant-Mode
Vv V. =V, |, =8mA 35 50 V Power Supplies
il £s i * DC-DC Converters
loss Ve =£30V, V=0V +100 nA * PFC Circuits
I V. 2V V_—ov 0 uA * AC and DC Motor Drives
Dss ps T pss’ Tas T 50 m * Robotics and Servo Controls
T,=125°C 5 mA
RDS(on) VGS =10V, ID =05 IDZS, Note 1 24 mQ

© 2020 IXYS CORPORATION, All Rights Reserved DS100685D(1/20)



Green-Cap (ELECTRIC DOUBLE LAYER CAPACITORS)

D

Snap-in Terminal Type,
High Voltage Series

- Endurance : 3.0V 65°C 1500 hours
- The middle size and high capacitance, low resistance

- Charge and discharge efficiency are higher than in batteries

(03

High Voltage

Item

Characteristics

Operating temperature range

-40 ~ +65°C

Rated Voltage

3.0 VDC

Capacitance tolerance

0% ~ +20%

Temperature characteristics

Capacitance change

Within +5% of initial value at +20°C

Internal resistance change

Within 50% of initial value at +20°C

Endurance (65°C)

Test time

1500 hours

Capacitance change

Within +30% of specified value

Internal resistance change

Less than 100% of specified value

Shelf life (65°C)

After 1000 hours no load test same as endurance

(1) 1ACI<30% and AESR < 100% of specified value,

P @ 1
Life Time at RT 0 years respectively and LC < specified value
. q (2) Cycle : between rated voltage and half rated voltage
Cycle Life (25°C)"® 500,000 cycles under constant current at 25°C
® DRAWING Unit : mm
| PC Board ® Terminal
Insulating sleeve Mounting Holes
Bottom plate Terminal 0.8+0.1 o
_ 8+0 ;
704 #
; N2 N b
é ‘ 6.0+1
2-(2+0.1
Safety vent
L+3 max. | 6+1(4.0£0.5) 1.5+0.1

® CHARACTERISTIC LIST & DIMENSIONS

R . Max Continuous oF .

ated  |capacitance | ESR, 1KHz | ESR, DC |LC (72hr) Current(A) Max Peak | Specific Energy | weight |Volume| Dimension

PR (F) (me) | (mQ) | (MA) |\ 1_15°C [arT=40°C | CUTeA) [(Whykg)[(whi)| @ | (M) |@DxL(mm)
100 7.0 9.0 0.30 20.0 79 595 | 7.31 21 17 | 22x45
200 6.0 8.0 0.60 21.0 115 658 | 7.86 | 38 | 32 | 30x45
300 3.5 5.0 0.90 26.5 180 658 | 7.80 | 57 | 48 | 35X50

3.0 360 3.2 3.8 1.08 23.0 38.0 228 6.43 | 780 | 70 | 58 | 35x60

380 3.0 3.2 1.00 25.0 40.0 257 6.60 | 823 | 72 | 58 | 35X60
430 2.8 3.0 1.00 25.0 40.0 282 672 | 859 | 80 | 63 | 35X65
480 2.8 3.0 1.00 25.0 40.0 295 6.82 | 8.91 88 | 67 | 35x70

34




TEL (714) 970-9400
USA (800) 356-5977
FAX (714) 970-0400

= {MICROMETALS

POWDER CORE SOLUTIONS

DATA SHEET
Part Number: P1224-340/9
Description: Iron Powder Plain Core
0.D
] |
Dimensions: inches (millimeters)
Outside Diameter: 0.190/0.185 (4.83/4.70)
Length: 0.765/0.735 (19.43/18.67)
Material Characteristics:
Material Type: Micrometals Mix-40
w;(reference) 60 (reference)
Temperature Stability +950ppm/K typical
Finish: None

Note: Core surface will rust if exposed to high humidity and rain or not handled with
cotton gloves. The Thermal Aging properties of Micrometals Mix —40 are unique to
Micrometals alone and not our competitors. Other material properties as described in
Micrometals Power Conversion Catalog, Issue L, February 2007. Micrometals Iron Powder
Cores comply with the EU Directives 2002/95/EC and 2003/11/EC. Any possible
unintentional RoHS trace elements present are less than 100 ppm.

Micrometals Iron Powder Cores, A Division of Micrometals, Inc. - 5615 E. La Palma Ave., Anaheim, California 92807 USA
Ph: +1-714-970-9400, Toll Free in USA: +1-800-356-5977
www.Micrometals.com
Rev 5/30/2019



' [ 1/ A

Specification for:

110 Delta Drive
Pittsburgh, PA 15238

MAGNETICS ZWA42207TC Phone: 412/696-1333
_. - - Fax: 412/696-0333
® Email:magnetics@spang.com
A Division of Spang & Company
DIMENSIONS
] (mm) Uncoated | Coated | Coated
Nominal: Min: Max:
0.D. (A) 221 21.63 23.07
\ / ---- 1.D. (B) 13.7 12.75 14.19
L, Ht. (C) 7.8 7.75 8.69
B C Eff. Parameters
A A, mm’ le mm V. mm®
32.1 54 .1 1740
INDUCTANCE

AL value (nH/T?) Test conditions

7400 = 30% 10 kHz, 0.5 mT (For N =5, use 0.25 mA), 25°C

ELECTRICAL LOSSES

tan &/ Production lot limit L
M Average Test conditions
<3.510° <3-10° 10 kHz
0.5 mT, 25°C
<55-10° <4510 100 kHz
COATING
Epoxy rated for 200°C continuous operation.
Voltage breakdown rating 2,000 Vpc Min Wire-to-Wire.
NOTE

Spec. Modifications Previous Revised

Breakdown voltage > 2,000 Vp¢

LF: Detail as indicated

Breakdown voltage > 1,000 V

2005.12.16
LF: General W material

Ht Nom =7.9 Ht Nom =7.8

2007.01.11




Solid State Hall Effect Sensors

High Performance Miniature Ratiometric Linear

SPECIFICATIONS (Vs =5.0 v, t, =-40 to +125°C, unless otherwise noted)

SS490 Series

Catalog Listing Type SS495A SS495A1 SS495A2 [ SS495B SS496A SS496A1 SS496B
Supply Voltage (VDC) 4.5t010.5
Supply Current @ 25°C (mA) Typ. 7.0
Max. 8.7
Output Type (Sink or Source) Ratiometric
Output Current (mA)
Typ. Sink or Source Vs >4.5V 1.5
Min. Source  Vs>45V 1.0
Min. Sink Vs >45V 0.6
Min. Sink  Vs>5.0V 1.0
Operating Temperature -40 to +150°C (-40 to +302°F)
Magnetic Range, Gauss Typ. +670 +670 +670 +670 + 840 + 840 + 840
Min. +600 +600 +600 + 600 £ 750 + 750 +750
Output Voltage Span Typ. 0.2to (Vs-0.2)
Min. 0.4 to (Vs-0.4)
Null (Output @ 0 Gauss, V) 2.50 £0.075 | 2.50£0.075 | 2.50£0.100 | 2.50+0.150 | 2.50+0.075 | 2.50%0.075 | 2.50+0.150
Sensitivity (mV/G) 3.125 £0.125 | 3.125 £0.094 | 3.125£0.156 |3.125+0.250 | 2.50 +0.100 | 2.50 +0.075 2.50 £0.200
Linearity, Typ. -1.0
% of Span) Max. -1.5
Temperature Error
Null Drift (%/°C) +0.06 +0.04 +0.07 +0.08 +0.048 +0.03 +0.06
Sensitivity Drift (%/°C)
> 25°C Max. -0.01, +0.05 | -0.02, +0.06 | -0.02,+0.06 | -0.01, +0.05 | -0.01, +0.05 | -0.01, +0.05 | -0.02, +0.06
< 25°C Max. 0.0, +0.06 0.0, +0.06 -0.01, +0.07 | - 0.02, +0.06 0.0, +0.06 0.0, +0.06 -0.02, +0.06
BLOCK DIAGRAM MAXIMUM SUPLY VOLTAGE vs. TEMPERATURE
Vs (4)
MAXIMUM ALLOWABLE AMBIENT TEMPERATURE
stsor [ PIEER]—) | J—p— T o e
0 REGION
-
o
V= (=) z
. e
% 4.5
TRANSFER CHARACTERISTICS at Vs =5.0 VDC
Vout 125° 150°
45 VOLTS 88[?%5 AMBIENT TEMPERATURE °C
TYPICAL
2.5 VOLTS
__________ .5 VOLTS
|
_els4o —z|>20 0 3'20 640
GAUSS

2 Honeywell « Sensing and Control

For application help: call 1-800-537-6945




Teltronix:

Current Probes
A621 & A622 Datasheet

e AB22
o AC/DC - 100 kHz
o 50 mAto 100 A peak
o For DMMs and oscilloscopes

Applications

e Motor drives

e Inverters

e Power supplies

e Avionics

A621 2000 Amp AC Current probe/BNC

This industrial-style clamp-on probe has a BNC connector and can be used
with a shrouded banana plug adapter ! so it can be used on digital
multimeters, TekMeter, and oscilloscopes. The A621 can measure AC
currents from 100 mA to 2000 A peak over a frequency range of 5 Hz to

50 kHz. It provides a 1 mV, 10 mV, or 100 mV output for each Amp
measured.

A622 100 Amp AC DC Current probe/BNC

This "long nose" style clamp-on probe uses a Hall Effect current sensor to
provide a voltage output to oscilloscopes. It has a BNC connector and can
be used with a shrouded banana plug adapter ' so it can also be used on
@ digital multimeters, TekMeter, and oscilloscopes. The A622 can measure
o AC/DC currents from 50 mA to 100 A peak over a frequency range of DC to
100 kHz. It provides 10 mV or 100 mV output for each Amp measured.

The A600 Series current probes are specifically designed to support
measurements with the TekMeter® or oscilloscope.
Recommended products

Features and benefits TPS2000, TDS1000B, TDS2000C, and TDS3000C Series oscilloscopes
o AB21 and DMM4020 ', DMM4040*, and DMM4050 * digital multimeters.

o AC-5Hzto 50 kHz

o 100 mA to 2000 A peak

o For DMMs and oscilloscopes
o Clampon

1 For instruments with banana jack inputs, Tektronix part number 012-1450-00 Female BNC to banana lead adapter is required.

www.tek.com 1
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