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ABSTRACT

This thesis reports the design and outcomes of several circuits intended for transcranial
magnetic stimulation (TMS) and repetitive transcranial magnetic stimulation (rTMS) research. In simple
terms, TMS circuits are composed of four main blocks: high voltage power source, energy storage bank,
control switch, and coil. Each one of these blocks has characteristics that influence how well the circuit
will perform for TMS procedures. A successful TMS research circuit must have the ability to emit
controlled electromagnetic pulses through a coil connected to it. For the first block, voltages ranging
from 50 V to 2 kV were used. In the second block, capacitances ranging from 15 uF to 660 uF were used.
For the third block, four types of control switches were used, including power metal-oxide-
semiconductor field-effect transistors (Power MOSFETSs), gas discharge tubes (GDTs), insulated-gate
bipolar transistors (IGBTs), and silicon-controlled rectifiers (SCRs). Lastly, for the coil block, different
types of coils with different parameters were used. All of the aforementioned block characteristics
influence the overall performance of the TMS circuit. Much was learned from each testing phase, and
the experience was used to improve the following designs. The latest design uses an external high
voltage power supply, has a capacitance of 660 uF, uses an IGBT device as the switching device, can

drive a wide variety of coils, and is successful enough to be used for TMS research.
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CHAPTER 1: INTRODUCTION

Transcranial magnetic stimulation (TMS) is a non-invasive way to stimulate neurons in the brain.
Neuron stimulation can be used as a form of therapy for people who have mental illnesses. There are
hopes that TMS may be a solution to effectively treat mental diseases like depression and Alzheimer's

disease; this is one of the many reasons why continuing to develop and research TMS is necessary.

High-power electromagnetic waves are required to perform non-invasive neuron stimulation on
a subject. These electromagnetic waves need to be strong enough to travel through the skull and into
the subject's brain. The characteristics of these waves can determine how effective they are at
stimulating neurons. The more control there is over these characteristics, the better chance of
conducting successful TMS trials. Special circuitry is required to generate high-power electromagnetic

waves that allow control of important circuit parameters which influence wave characteristics.

In a simplified manner, a TMS circuit is composed of a high voltage power source, energy
storage bank, control switch, and coil. Even though the simplified composition contains four main
blocks, some factors should be considered within each block, and each block can be its own intricate
sub-circuit. The following sections demonstrate what it takes to create a circuit that can be used to
conduct successful TMS trials on small animals and be robust enough to withstand the electrical stress

of high-power electromagnetic wave generation.

The idea of designing a TMS circuit for research purposes was proposed by Dr. Hines, a
professor of neuroscience in UNLV's psychology department. His expertise is in performing research that
focuses on brain function and topics associated with the central nervous and peripheral systems. Having
a TMS circuit that can perform well is advantageous to be able to carry out neuroscience research. The

work documented in this thesis was associated with the neuroscience research conducted by Dr. Hines



and his group; they will be referred to as the "Hines group" from this point forward. The goal of the
author and Dr. Baker was to explore different TMS circuit designs and determine what works best. Once
a circuit was designed and created, it would go through initial in-house testing and then be handed off
to the Hines group for further testing; the testing feedback was invaluable when finding ways to
improve the circuit's performance. Various design revisions led to the latest TMS circuit currently being

used by the Hines group for research.



CHAPTER 2: POWER MOSFET TMS CIRCUIT (V1)

The composition of this first circuit can be simplified by referring to the main blocks of a TMS
circuit. For the high voltage power source block, a high voltage power supply available in the lab was
used. As for the energy storage bank, it is composed of a single 100 uf electrolytic capacitor. An
additional capacitor slot was added to the PCB design to allow the ability to include another 100 pf
capacitor in the energy storage bank. When the second capacitor is added, the resulting equivalent
capacitance of the storage bank is 200 pf. The next block to describe is the control switch; a power
MOSFET was used in this first attempt of the circuit. The gate of the power MOSFET is triggered through
an external function generator. The parameters of the function generator determine how the switching
occurs when the circuit is triggered. Lastly, there is the coil connected to the circuit that emits the
electromagnetic waves needed for TMS. Note, a flyback diode was included in the design to prevent the
MOSFET from frying when it gets turned off; the left-over energy stored in the coil is dumped to ground

through the diode.

The following figures show the schematic diagram and PCB design of the first version of the TMS

circuit. Below is a description of the first design.

e Thereis a top and bottom ground plane that covers most of the board on both sides. The two
planes are connected through several vias.

e Vias heavily surrounded the source pin of the MOSFET to ensure a solid connection to the
ground plane, given that the planes provide the return path of the current to the capacitor.

e The high voltage traces were made extra wide since a big spike of current could run through
them depending on the testing situation.

e Aninput called Ext. HV+ was included, providing the ability to charge the capacitor bank instead

of using the onboard DC-DC converter.



e Banana jacks are used for high voltage and ground connections.
e For the signal in and out, SMA connectors were used.

e Euro-style headers were used to facilitate the connection of the coil to the circuit.
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)
=\
(o)
O

(_CONVERTER

C O O O O
Signal_Out UNLY
Daniel Senda aEN Dr. Baker
==2e1o= " ‘ 1 Research Group

Figure 2.4 — Front view of the assembled circuit board (V1) |




Figure 2.5 — Back view of the assembled circuit board (V1) |

Something to note is that several of the components in this design were selected to help the
circuit withstand high amounts of power. A DC-to-DC converter was added to the PCB design to step up
the input voltage of an average power supply to the high voltages required for TMS procedures.
However, it was not used since the converter's output current was minimal, and charging the capacitor
bank would take too long. Having the external high voltage input made testing quicker and easier. It was
also easy to select various voltages using the high voltage power supply. Also included in the PCB design
was a 100:1 onboard attenuator for probing. As it turned out, the attenuator was not very useful, and a

high voltage differential probe was used during circuit testing instead.

Once the circuit was populated and soldered, in-house testing had to be conducted to ensure
the circuit functioned as intended. The test consisted of ten measurements. The high voltage part of the
circuit was powered using a Stanford Research PS350 high voltage power supply and was increased in
increments of 50 V (50 V — 500 V). A Rigol DG1022 function generator was used as the pulse signal

source to trigger the circuit. The signal used to switch the MOSFET gate was a single pulse that was 0.5



ms long and had an amplitude of 10 V. A coil with a plastic spool was used with an LCR meter inductance

measurement of 715 uH, as shown by the picture below.

B PRECISION" 889

Figure 2.6 — Plastic spool coil and measured inductance

The following figures show a couple of the results from the test. The yellow trace is the input
signal, 10V, that triggers the MOSFET/circuit. The blue trace is the drain voltage of the MOSFET; this
was measured with the differential probe. Note that the scale of the blue trace changes from picture to

picture to capture the entire signal.
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Figure 2.7 —Trial 1 of circuit 1 at 50V: (250 ps/div horizontal, and 25 V/div vertical) |
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| Figure 2.8 — Trial 10 of circuit 1 at 500V: (250 ps/div horizontal, and 250 V/div vertical) |

From the oscilloscope figures, it is noted that the input pulse time is small enough not to allow
the 100uF capacitor bank to discharge fully. Having a small input pulse could be helpful because it cuts
down on the recharging time of the capacitor. The blue trace measures the voltage at the drain of the
MOSFET, node "Vout." Take the last waveform picture, for example; before the input pulse goes high,
the blue trace is resting at the voltage of 500 V. After the input pulse goes high, the voltage at the
MOSFET's drain shoots down to about 0 V. Then, after the input pulse goes low again, the voltage at the
MOSFET's drain goes back up to about 400 V. The MOSFET was not kept on long enough to discharge the
capacitor fully. Eventually, this voltage does go back up to 500V again if given enough time to recharge.
The oscilloscope setup used for these tests was not able to capture when recharging happens. Also,

when the MOSFET is off, the voltage on both sides of the coil is the same as it should be.

After initial testing was completed, the board was handed off to the Hines group for further

testing. The purpose of the hand-off was to have the group test the circuit and give feedback on what

8



should be changed or improved based on research needs. Unfortunately, the Hines group was not able
to finish planned testing because the circuit failed. Upon initial inspection, it was easy to see that the
capacitors were not charging up because the current draw from the high voltage power supply was
constant. The circuit was further troubleshooted, and it was found that the power MOSFET had burned
out. The component was replaced and sent back to the group for testing once more. Again, the same
issue occurred. The weak point of this circuit was the power MOSFET. It turns out that when the input
pulse signal time is increased, it can quickly burn the MOSFET because it allows for a high current to flow

for a more extended period. This issue led to some experimentation with the circuit.

TMS circuits are known to emit a "click" when they are triggered. The clicking noise comes from
the coil when the circuit is triggered. There seems to be a correlation between the sound level and the
strength of the electromagnetic wave created when TMS circuits are triggered [5]. This led the Hines
group on a mission to get a louder click from the coil since the one being emitted using the 0.5 ms long
pulse was relatively soft. In an attempt to achieve a more audible click, the pulse length time was
increased. However, increasing the pulse length was leading to the demise of power MOSFETSs. To try
and decrease the probability of burning MOSFETSs, the 100k resistor in series with the gate of the
MOSFET was removed, and a short was added. The reasoning behind making the change was to turn the
MOSFET on/off much faster. By speeding up the switching times, the amount of time the device spends
in triode decreases, which could alleviate some stress and hopefully help increase the circuit life. In
addition, this change could maybe help increase the audible level of the click. Once the change was

made, more testing ensued.

For the next testing phase, the rest of the circuit was kept the same. The schematic diagram
below was updated to reflect the change to the TMS circuit. This test consisted of five trials. The high

voltage part of the circuit was powered using the high voltage power supply and was increased in



increments of 100 V (100 V — 500 V). Like the previous tests, the input signal used to switch the gate of

the MOSFET was a pulse that was 0.5 ms long and had an amplitude of 10 V.
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RS

Vs

E.HHI.IF D1
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Figure 2.9 — Changed schematic diagram for Power MOSFET TMS Circuit (V1) |
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| Figure 2.10 — Picture of the modified circuit board (V1) |
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The following couple of pictures show some results from this testing phase. The yellow trace is
the input signal pulse that triggers the circuit. The blue trace is the drain voltage of the MOSFET. Note

that the scale of the blue trace changes throughout the trials to capture the entire signal.
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Figure 2.11 — Trial 1 at 100V: (250 ps/div horizontal, and 50 V/div vertical) |
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Figure 2.12 — Trial 5 at 500V: (250 ps/div horizontal, and 250 V/div vertical) |

As can be observed from the oscilloscope figures, the voltage at the drain of the MOSFET has a
steeper voltage change indicating that the MOSFET is switching faster. Unfortunately, the click of the
coil was not noticeably louder. Also, even if the MOSFETs were less likely to burn out, it would not help

when longer input pulses are used.

The first presented challenge was to determine what change to make in the design of the circuit
to get a louder click, which loosely correlates to the strength of the magnetic field emitted by the coil.
After going through a TMS article, it was noted that the authors of the piece were using air core and iron
core coils [9]. Up to this point, only air core coils had been used, and testing with an iron core coil would
be a change that could improve the results. The use of iron core coils was brought up to the Hines
group, and the group worked to create a few of these types of coils to test. In addition, the TMS article

used a modified triangle wave as the input pulse. The magnetic field output of the circuit closely

12



resembled the input waveform. A triangular waveform input was programmed into the function
generator for a quick run with the MOSFET circuit, but as expected, the output was not triangular. For
the most part, MOSFETs are either entirely on or off. However, there is the triode region where the
MOSFET is in the middle of both states. The time frame the MOSFET spends in the triode region is small
under these tests and is why the resulting output takes on a square form rather than a triangular form,
as seen in the figure below. The option to design a circuit where the output closely resembles the input
was added to the list of ideas that could be attempted at some point if other approaches did not meet

circuit performance requirements.

TRIGGER
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CH1
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ot 111 lIllEllllEll"; : F:,Smg

(B B NN
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Coupling
.
T
26~-Jul-13 00:02 < 10Hz

| Figure 2.13 — Triangle wave input at 500V: (250 us/div horizontal, and 250 V/div vertical) |

A video found online by the Hines group sparked ideas on potentially modifying the current
circuit design to improve performance [6]. The video creator was using a bank of capacitors for his TMS
circuit, while the MOSFET circuit being tested by the Hines group only had one capacitor. As previously
mentioned, the PCB board was designed with an additional capacitor slot that made it simple to add
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another 100uF capacitor in parallel with the current capacitor. Another notable observation from the
video was the person was using a silicon-controlled rectifier as the switching mechanism in his circuit.
The generated list of ideas was a good place to refer to when seeking out more changes that could

improve the circuit design.

The most straightforward changes to implement from the list were to use iron core coils and
add the additional capacitor to the circuit. One of the characteristics of iron core coils is that they usually
create stronger electromagnetic fields than an air core coil of the same size. By having a stronger
electromagnetic field, the click from the coil should be noticeably louder when the circuit is triggered.
Again, the strength of the electromagnetic wave and coil click loosely correlate, and at this initial stage
of testing, that was enough for the group to go by. The Hines group designed and created iron core coils

using 3D printed plastic coil spools with hollow centers filled with iron powder.

An important thing to note is there is a downside to having an iron core coil. Although the
electromagnetic field of an iron core coil will be stronger, the coil also loses focality [3]. Focality is the
ability of the coil to produce a narrow and focused wave that is more precise and accurate when it
comes to stimulating specific parts of the brain. It is essential only to stimulate the targeted area of the
brain when conducting TMS procedures on a subject, and good focality is necessary for accuracy. By
having a less focal wave, the risk of stimulating other parts of the brain not targeted by the operator of
the TMS device is increased. Although focality is vital for performing TMS procedures on subjects, it was
not strictly considered for these initial tests since no subjects were being used. The main goal was to
experiment with the circuit to get better ideas on how to improve it to meet the Hines group

requirements.

Once the changes were officially made to the MOSFET circuit, using an iron core coil and extra

capacitor, another test was performed following the same procedures as the previous test. However,
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this time the oscilloscope was not used to get waveforms because the focus had shifted to the volume
level of the coil click. The coil click was not scientifically recorded; the operators' hearing was used to
note a noticeable difference in volume levels between the air core and iron core coil clicks.
Unfortunately, the coil clicks seemed to be about the same, so it was concluded that iron core coils did
not make a significant improvement in terms of coil click volume. The author placed a ring, made out of
a staple, on top of the coil before triggering the circuit when testing. When triggered, the ring would
jump off the spool. This helped give the author a visual confirmation that the coil was emitting an
electromagnetic wave. Still, it was not strong enough to meet the Hines group performance
requirements. Dr. Baker suggested creating a circuit that could handle higher voltages to see if that

would make a difference in the volume level of the coil clicks, leading to an unusual experimental circuit.
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CHAPTER 3: GAS DISCHARGE TUBE (GDT) EXPERIMENTAL TMS CIRCUIT

The subsequent desired change was to increase the high voltage capability of the TMS circuit.
For this round, the goal was to at least be able to get up to a high voltage of 1.2 kV. Designing a circuit
that can operate at this voltage level can be challenging since it narrows down the components that can
be used in the circuit. Only a few components can handle this amount of high voltage, and ample
component research was required to generate an appropriate parts list. One of the highest voltage
ratings for power MOSFETs was 1.2 kV and initially seemed to be the perfect solution for the control
switch block. However, as the voltage rating for these MOSFETSs increased, the amperage rating
decreased. The current rating on these high voltage power MOSFETs was too low to consider using in
this next circuit version. After conversing with other students in Dr. Baker's group, Angsuman Roy
suggested that a gas discharge tube (GDT) be used as the control switch. Angsuman did warn that it
would be an unorthodox way to use the GDTs, but it would meet the voltage and current requirements
for the test circuit, so it was decided that it was worth the attempt. The next challenge was to find
capacitors that had voltage ratings of at least 1.2 kV. The highest-rated electrolytic capacitor checked in
at 600 V. The only capacitors that could handle this amount of voltage were ceramic or film capacitors.
Still, the downside to these is that the capacitance values were low. Once the parts list was finalized, the

components were ordered. The circuit was then constructed when the parts arrived.

The GDT acquired had a discharge voltage of 2 kV, which exceeded the 1.2 kV goal. The
capacitor bank of this experimental circuit was composed of fifteen 1 uf film capacitors, rated to a DC
voltage of 2 kV, connected in parallel. The high voltage that fed the circuit came from the same Stanford
Research power supply previously used. Lastly, an air core coil with a plastic spool was used. The figure

below is a schematic diagram showing how everything was connected.
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Figure 3.1 — Schematic of experimental GDT circuit

Figure 3.2 — Finished experimental GDT circuit

As can be seen from the picture, the circuit was just put together without a PCB for
experimental purposes only. One thing to note is there is a significant disadvantage to using a GDT as
the control switch is that the precise time the GDT fires is not easy to control/predict. It is not like the
previous MOSFET-based design that fires when it is triggered through the input signal. In addition, the
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circuit is very bulky because the film capacitors used are big, and fifteen are needed to get a higher

capacitance for the energy storage bank.

The way this circuit works is simple. The high voltage power supply is turned on at 2 kV, and the
operators wait until the capacitors charge up to that voltage. The GDT will automatically switch once the
capacitors reach a charge of 2 kV dumping the energy stored in the capacitor bank into the coil. This
straightforward procedure was followed a few times to test the circuit. The main goal of these tests was
to determine if the significant increase in high voltage would create a noticeably louder coil click. Once
the high voltage power supply was turned on, the operators waited for the circuit to fire. Eventually, it
did fire, but the results were not impressive. It seemed like the GDT component itself made a louder
noise than the coil. Three different types of coils with different characteristics were used with this setup,
as seen in the figures below. Again, none of them emitted a noticeably loud coil click. After some
pondering, the best explanation for the unfortunate results was that the capacitor bank was not large

enough to store enough charge to dump into the coil when triggered.

Figure 3.3 — Air core coil (118 Q and 87 mH). Max current flow is above 4 A (500 V/118 Q) |
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| Figure 3.5 — Iron core coil (3.8 Q and 1.55 mH). Max current flow, MOSFET has 1 Q, is 100 A

At the end of the GDT circuit testing, it was decided that this circuit was not the way to go.
Again, the control over the circuit was small because of the nature of a GDT. As stated before in the
beginning, to have a high-performing TMS circuit, it is vital to control as many factors of the circuit as
possible. In addition, going up to a much higher voltage with a combination of a low-value capacitor
bank did not seem to make a significant difference in the coil click volume level. Therefore, the GDT

circuit was put to rest, and new developments were pursued.
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CHAPTER 4: COMPREHENSIVE COIL TESTING BEGAN

One of the following things explored that could have influenced the coil click volume level was
the coil design. An observation from the previous testing was that the coil's resistance was affecting how
much current was flowing through the circuit. These tests were conducted using coils with 36 gauge
magnet wire with roughly 270 turns. It was proposed to experiment with a variety of coils in future trials
to see how they perform. First, different gauge coils that went down to 28 gauge magnet wire were to
be used. In addition, using different shapes of coils was to be tested. Lastly, the polarity of the coil was

something to start paying closer attention to.

The Hines group made several different types of coils to experiment with in the following tests
and sent over various coils tested in-house using the MOSFET TMS circuit (V1). Among all tested, there
were a couple that stood out the most. After several tests, the two coils that seem to be noticeably
louder are the figure-8 coil that was epoxied and the iron core coil composed of smaller gauge wire, as

seen below.

BIC PRECISION" 8898  Bench LCF
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Figure 4.1 — Figure-eight coil (1.4 Q and 52.6 pH) |
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| Figure 4.2 — Iron core coil (4.7 Q and 1.14 mH) |

Given that the coils made a noticeably louder coil click when triggered, they and everything else
were handed off to the Hines group for further testing. Again, it was concluded that the circuit with the
louder clicking coils still did not meet envisioned performance. Therefore, a new TMS circuit design with
better performance parameters was needed. Dr. Baker suggested trying a stacked MOSFET TMS circuit

that could theoretically deliver 1.2 kV to the coil while withstanding higher currents.
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CHAPTER 5: STACKED MOSFET TMS CIRCUIT (V2)

The goal of the stacked MOSFET circuit was to create a circuit that could deliver 1.2 kV to the
coil, have good current capabilities, and have a larger sized capacitor bank than V1. In addition, the idea
of having control over the control switch, unlike the GDT, was essential. MOSFETs are used in this
design, like in V1, so control over the switching block was gained back. On another note, the unique
design of this circuit allows the use of power MOSFETs rated for 600 V. Given that the MOSFETs are
stacked, the voltage drop across each MOSFET would be 600 V when the circuit is operating at its 1.2 kV
limit [2]. The advantage of using power MOSFETSs rated for 600 V versus 1.2 kV is that the current rating
for the 600 V MOSFETs is higher. The schematic diagram below shows the design of the stacked MOSFET

TMS circuit (V2).
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| Figure 5.1 — Schematic diagram for Stacked MOSFET TMS Circuit (V2) |

The MOSFETSs in this design saturate at 100 A and had to be kept in mind when testing; this
means that the voltage across the inductor could go to zero before the input signal shuts off the TMS

switching control. Therefore, special care is needed to use narrower trigger pulse lengths to prevent
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burning the MOSFETSs. The voltage across an inductor is related to the current flow in the inductor
through the equation V = L*di/dt. If the voltage is 1.2 kV, then for an inductance of 1 mH, the di/dt is
1200V/1e-3H or 1.2A/s. So for a 100 s time frame, the current in the inductor changes linearly from 0
to 120 A. This rapid rise in current is something essential to consider when setting the input pulse
length. During the testing of V1, a 500 s pulse length was used, and if that burned the MOSFETSs, then a
shorter time was used. When the current in the MOSFETSs saturates, that is stops going up, so too does
the current in the inductor (the same current flows in the MOSFETSs as in the inductor). If the current
stops increasing, then di/dt = 0, and thus the voltage across the inductor goes to zero. The drain voltages
of the MOSFETSs will shoot back up to 1.2 kV while they are still pulling 70 A, which will blow up the

MOSFETSs. So, starting with narrower pulse widths when testing should be done.

After the schematic design, the next step in the process was to find all of the components used
in the circuit. Once all the components were found, the proceeding step was to design the PCB for TMS

V2. Below are some highlights of the PCB design.

There is a top and bottom ground plane, and they are connected with several vias.
e Banana jacks are used for the high voltage and ground inputs.

e An SMA connector is used for the signal-in utilized to trigger the MOSFETSs.

e A euro-style header is used to connect the coil to the circuit.

o The current limiting factor is power MOSFET

o Continuous drain current: 46 A at 25 degrees Celsius

o Pulsed drain current: 212 A at 25 degrees Celsius
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Figure 5.3 — Back view of rendered PCB design (V2) |
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The PCB design was then sent to be manufactured, and the components needed to populate it
were ordered. Once everything was received, the board was assembled. The initial testing focused solely
on the MOSFETs to make sure they were switching correctly, based on the input signal. The testing was
started by inputting 25 V into the HV input and connecting the function generator to the signal-in input.
The function generator was set to send a pulse of 500 Js. When the energy storage bank reached a
voltage of 25V, the circuit was triggered through the function generator. By probing this setup while
repeating the previous steps, it was noticed that only MOSFET M1 (the one with the gate connected
straight to the function generator) was switching. After pondering why this behavior was occurring, it
was realized that having a high voltage input of 25 V was not enough to cause MOSFET M2 to switch.

The resulting VGS in MOSFET M2 was too low and did not go above the threshold voltage.

Therefore, it was decided to test at higher voltages and observe the minimum high voltage
needed to get MOSFET M2 to switch when the circuit is triggered. The procedure used to get a ballpark
of the minimum high voltage was to start the high voltage input at 50 V and go up in increments of 50 V
until MOSFET M2 starts switching. Note, since there was going to be higher voltage input, the function
generator pulse length was shortened from 500 [s to 100 s to reduce the possibility of a MOSFET
failure. Once this testing started, MOSFET M2 did not start switching until the 400 V step was reached.
Thus, the circuit needs to have a minimum high voltage of around 400 V for the stacked MOSFETSs to
switch as designed to operate. In other words, the 400 V input could create a large enough VGS to

surpass the threshold voltage of the MOSFET.

Now that the switching of the stacked MOSFET design was confirmed to work with a minimum
high voltage of 400 V, more official testing was planned. The following procedure consisted of testing
the high voltage limits of the circuit, going from 400 V to 1.2 kV in 100 V increments. In addition, the

pulse length was kept at 100 s for the MOSFETs sake, and a round spool coil was used. The procedure
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had the author test the MOSFETSs after each increment and confirm if they survived. Also, the author
was listening to the volume of the coil clicks and determining if they got louder. The circuit made it up to
1.2 kV with no issues. It is believed that having a small pulse length helped increase the survivability of
the MOSFETs by a significant amount. Lastly, the click of the coil did get louder at the 1.2k kV step, but it

still was not significantly louder as hoped for.

The interest in performing rTMS was still present, so another test was planned to test whether it
could perform rTMS successfully. Repetitive Transcranial Stimulation (rTMS) is a handy feature to
experiment with for neuroscientists, the Hines group in this situation. So, it was one of the desired
features wanted by the group. The function generator was programmed to send a cycle of five 100 ps
pulses, which was used to begin testing. The high voltage input was set to the max of 1.2 kV, and once
the circuit fully charged, it was triggered. The results were interesting; the click of the coil seemed to be
a bit louder with rTMS than regular TMS. However, the circuit stopped working after the test.

Unfortunately, The MOSFETSs could not handle the stress caused by an rTMS input signal.

After looking more into why the circuit stopped working when using rTMS, it was realized that
the rTMS process would not work with the stacked MOSFET circuit design. While the MOSFETSs can
quickly turn on together when triggered, the turn-off speed is limited. This will cause one of the
MOSFETSs to burn out, and then the other will follow. So, it was concluded that for this circuit design, the
traditional TMS technique, which is a single pulse at a time, would be executed when conducting further

tests. The dead MOSFETs were replaced, and the circuit was returned to normal operating conditions.

The subsequent interest was to observe how using different types of coils would influence the
performance of this circuit. The previous few tests were conducted using the round spool coil, which
had a higher resistance and inductance than the others. It was decided to use the figure-eight coil for

this following test, which had a lower resistance and inductance. This test was similar to one conducted
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before, where the high voltage started at 400 V and was incremented by 100 V up to 1.2 kV. The
function generator was programmed to send a single 100 Ls pulse when triggered. The results of this
test were a bit different in that the MOSFETs burned up after going over the 700 V step. It seems that
the reduction in resistance and inductance caused the current flowing through the MOSFETSs to increase
significantly, to the point where the circuit could no longer handle a voltage higher than 700 V. This was
an important observation to make because it helped map out the limitations and shortfalls of this

stacked MOSFET design. The circuit was repaired again and was brought back to a fully functional status.

The round spool coil was used again for the next set of trials conducted, but this time with
varying pulse lengths. First off, the circuit successfully handled pulse lengths ranging from 25 [s to 500
Hs. Also, it seemed like the coil click volume peaked at about 100 Ls, anything below sounded softer,
and anything above sounded similar. Through testing and brainstorming, the idea of placing the coil on
top of a metal plate to observe if the coil would jump due to the magnetic field it created came to

fruition.

At 100 Us, the coil jumped about an inch off the plate due to the magnetic field it created.
However, at 500 [s, the coil shot off the plate due to the stronger magnetic field produced. The pulse
length influenced the magnetic force that acted to lift the coil from the metal plate. From this
observation, it was firmly concluded that pulse width could also be another vital factor that should be

considered, rather than just the coil click emitted by the coil.

At this point, the stacked MOSFET circuit was tested enough to be able to know its limitations.
The circuit was handed off to the Hines group, along with the results from the in-house testing. More
tests were conducted, and during the testing, MOSFETs were burned a few times, and the circuit was

promptly repaired each time to allow for more testing time. It was concluded that this design was a bit
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closer to meeting requirements, but it still had significant downfalls, mainly that the MOSFETs were

burning out too often, causing the circuit not to work until repaired.

The author and Dr. Baker went over some options on what could be done to make the circuit
design better. The stacked MOSFETs could handle the highest voltage of 1.2 kV as long as the coil being
used had a relatively large resistance and inductance. In other words, if the coil resistance and
inductance were too low, the circuit would fail at the higher voltages because the stacked MOSFETs
would burn out. One of the ideas that came across sounded like it could help alleviate the MOSFET
burning issues, and the proposed solution was to increase the number of stacked MOSFET paths. The

following section goes into more detail about what this design change means.
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CHAPTER 6: THREE PATH STACKED MOSFET TMS CIRCUIT (V3)

The next TMS circuit design that was created was the three-path stacked MOSFET TMS circuit
(V3). The main change with this design was two additional paths for current to flow through were
added, so instead of having one path like the previous design, this design has three. The idea is that the
current will now be divided amongst the three paths, which would, in theory, allow the circuit to handle
more significant amounts of current flow. The main problem that the previous circuit had was that the
stacked MOSFETs kept on burning out because of high current flow. The hope with this new design is
that it should take three times as much current because there are three equal paths. This should allow
more testing with a broader range of coils and without fear of breaking the circuit. The following image

is the schematic design for the third attempt at creating a TMS circuit to meet the needs of the Hines

group.
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Figure 6.1 — Schematic diagram for three-path stacked MOSFET TMS Circuit (V3) |

The next step in the process was to design a PCB with the circuit seen above. Fortunately, the
design was very similar to the previous one, so this step was easy to execute. The design was finalized,

and below are a few comments about it.

e There is a top and bottom ground plane, and they are connected with several vias.
e Banana jacks are used for the high voltage input, 5 V input, and ground.
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An SMA connector is used for the signal-in input to trigger the onboard MOSFET driver, which
then controls the switching of the MOSFETSs.
This version has three double-stacked MOSFETs in parallel to increase the amperage handling
capabilities of the circuit.
A euro-style header was used to connect the coil to the circuit.
The current limiting factor is power MOSFET

o Continuous drain current: 46 A at 25 degrees Celsius

o Pulsed drain current: 212 A at 25 degrees Celsius

Figure 6.2 — Front view of rendered PCB design (V3) |
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Figure 6.3 — Back view of rendered PCB design (V3) |

Once the PCB was designed, the next step was to send the design files to a PCB manufacturer to

create the PCB. As soon as the files were sent, more parts were ordered to populate the board. The

figure below shows the fully soldered board ready to be tested.
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| Figure 6.4 — Picture of the fully assembled circuit board (V3) |

The initial testing of this new TMS circuit design was very similar to the testing of the previous
stacked MOSFET design. The testing procedures were planned to test the high voltage handling
capabilities of the circuit, so the high voltage input was started at 400 V and went up to 1.2 kV in 100 V
increments. Note, the starting voltage was set to 400 V. The MOSFETs will not switch appropriately until
the high voltage input is around 400V or higher, just like the previous design. The pulse length was kept

at 100 ps, and several different coils were used during the tests.

The results were close in comparison to V2 results when using a coil with a 20-ohm resistance.
An advantage of this V3 design is that testing lower resistance coils resulted in fewer issues. A coil with a
resistance as low as 3.8 ohms was used, and the circuit held up well. The author was able to charge up
to 1.2kV, and the circuit kept working (sending single 100 ps pulses with plenty of time between pulses)

using this coil. Although, when in the process of discharging the circuit from 1.2 kV, by repeatedly
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pressing the trigger button within a small-time frame, one of the MOSFETs gave out. These tests
concluded that V3 is more robust than V2, but MOSFETSs can still fail when in a close range of 1.2kV and

using low resistance coils.

After this in-house testing, the circuit V3 was handed off to the Hines group for further testing.
One of the coils of best interest to the group had resistance and inductance on the lower end of the
spectrum. It was managed to expose the weak point of the circuit through testing, resulting in a few
burned MOSFETs throughout the testing process. Although TMS V3 was more robust than V2, it still had
issues when testing at high voltages with specific coils. In addition, experimenting with different trigger
pulse lengths (usually longer than 100 us) was pursued, and the MOSFETSs did not handle well during
these tests. The reason is that the longer the pulse length, the more current flows through the
MOSFETs. Even though three paths equally divide the current flow, it is still not enough to keep it alive
when using longer pulses in combination with low resistance coils. Although this design was a bit more
robust than V2, it still did not meet the full expectations of the Hines group, so a change to the design

was imminent.
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CHAPTER 7: PROTOTYPE IGBT TMS CIRCUIT

Version three of the TMS circuit still seemed to have downfalls even with the improvements,
which led back to the drawing board. The author and Dr. Baker decided that an attempt to make a
prototype TMS circuit using an IGBT as the switching device was an excellent path to follow next. An
IGBT is an insulated gate bipolar transistor that can handle high voltage and high current by design.
However, driving an IGBT can be challenging because the gate tends to have high capacitance. If the
IGBT gate is not driven appropriately, it can damage it and lead to circuit failure. The goal was to create
a working prototype as soon as possible to test if a design using an IGBT would be promising. Therefore,
a more rudimentary process was taken to design and assemble the circuit quickly and speed up the

process of testing.

The construction of this circuit was promptly completed and included a driving circuit, IGBT,
capacitors, and coil. The circuit was connected with a thick gauge wire to help it withstand high current,
which occurs when low resistance coils are connected to the circuit. The circuit was then put in an
appropriately sized cardboard box to close off the high voltage connections. Putting it in a box was a
safety measure, so when it came to testing the prototype, there was an additional layer between the

operator and the high voltage/current running through the circuit.
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Figure 7.1 — Schematic diagram of IGBT TMS circuit prototype
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Figure 7.2 — Connector diagram of IGBT TMS circuit prototype
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Figure 7.4 — Inside view of IGBT TMS circuit prototype |

The IGBT TMS prototype circuit was tested using the usual circular spool coil, and it worked well.

The next step was to continue pushing the prototype to see how well it performs when using different
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coils and to test the robustness of this design. Therefore, like the previous versions, the circuit was
tested with different coils, and the high voltage incremented from 100 V to 1.2 kV in 100 V steps. A side
note about this prototype circuit is that the high voltage tests can begin at lower voltages since there is
no lower voltage limit like the stacked MOSFET design. However, since the interest is higher than 100 V
voltages, the lower limit did not matter. One of the nice things about this design is that the IGBT was

able to survive higher voltage tests because of the electrical characteristics of the IGBT.

The box prototype was given to the Hines group for testing. Again, one of the focuses was
determining how well the circuit would hold up when using different types of coils. The same conclusion
as in-house testing was arrived at; the circuit was more robust than previous versions. Due to the
promising results of the testing, the Hines group wanted to move forward and have the author create a
more official version of the circuit by designing an actual PCB. The nice thing about designing the PCB is
that the parts list was already made, and the components that were to be used were known because

they were needed for the box prototype.
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CHAPTER 8: OFFICIAL IGBT TMS CIRCUIT (V4)

The design of the official IGBT TMS circuit was straightforward. The box prototype and PCB are
pretty much the same circuit but with a few changes. The main difference was the addition of four
additional capacitor slots that could be populated to increase the size of the energy storage bank. By
implementing this change, the circuit now could increase the capacitance by three times of the last two
versions. This gave the Hines group another variable to play with that could potentially help achieve the

testing goals. Below are some comments about the PCB design.

There is a top and bottom ground plane that are connected with several vias.

e Banana jacks are used for the high voltage input and ground.

e An SMA connector is used for the signal-in input used to trigger the circuit.

e V4 uses an IGBT (no more MOSFETSs) that can handle a higher amount of current and voltage.
e A euro-style header is used to connect the coil to the circuit.

e The current limiting factor is IGBT

o Continuous drain current: 900 A

o Pulsed drain current: 1800 A
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Figure 8.2 — Front view of rendered PCB design (V4) |
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| Figure 8.4 — Fully assembled circuit board (V4) |
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Once the PCB was received from the manufacturer, the board was populated and soldered. The
finished board went through some quick in-house tests to ensure it worked like the box prototype
circuit. After it was confirmed that it operated as intended, it was handed off to the Hines group for
more testing. After conducting some tests, the board, unfortunately, stopped working. After some initial
troubleshooting, the problem seemed to be the IGBT device. Although it was hard to believe at first, it

was confirmed that the IGBT had stopped working.

The IGBT was replaced, and all the capacitor slots were populated, increasing the capacitance of
the capacitor bank three times, as requested by the Hines group. This change was requested to observe
how it affected the performance of the circuit. When the updated circuit underwent testing, it worked
for four triggers but then stopped working again. The initial thought was that the increase of
capacitance in the capacitor bank was overloading the IGBT. Still, Dr. Baker suggested it was likely that
the capacitor on the collector of the BJT was too big and causing the gate of the IGBT to burn out. It was

recommended to lower the capacitor on the collector of the BJT to one-fourth of the original value.

The original capacitance value on the BJT collector was 22 nF, so it was decreased to 5 nF. When
the circuit was tested for functionality, it would not do anything when the input pulse used to trigger the
circuit was sent. It seemed that the smaller capacitance did not store enough energy to trigger the gate
of the IGBT. Next, a 10 nF capacitor (half of the original value) was soldered to the collector of the BJT.
With this new change, the circuit started to work correctly again when triggered. A test was planned
where the high voltage began at 200 and went up to 1.2 kV in 200 V increments to determine if this
change helped increase the survivability of the BJT. The circuit survived a high voltage of 1 kV, but when
1.2 kV was tested, the circuit pulsed once and then stopped working. Unfortunately, another IGBT was

burned.
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Either the circuit was not working as well as hoped, or there was a mistake somewhere in the
circuit. More testing and investigating were conducted, and upon a closer inspection of the schematic
diagram of the circuit, Dr. Baker was able to catch a mistake. When testing the avalanche transistor
driver by itself during the box prototype phase, a capacitor was added to it to simulate the load that the
IGBT gate would have [1]. The author got caught up in making the PCB the same as the box prototype
and forgot those were in the circuit to simulate the gate. So, this caused an issue with the driver because
it was driving a bigger load. Those unnecessary capacitors reduce the drive strength and cause the IGBT
to turn on slower, which is bad for the component. The desire is to have the IGBT be fully-off or fully-on
so that the voltage across its collector to emitter is zero when conducting the big current. The good

thing is that this was an easy fix, the capacitors were removed, and the circuit was good to go.

O \g : o
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I

| Figure 8.5 — Mistake in the design of official IGBT TMS Circuit (V4) |

In addition to finding a mistake, some calculations were conducted to better understand the
exact load the driver must drive. The input capacitance of the IGBT is 56 nF, and the reverse transfer
capacitance is 2.2 nF (with Miller effect say 1200/10*2.2nF, this is roughly 250 nF). Therefore, the total
capacitance the avalanche driver must drive is approximately 300 nF (56 nF + 250 nF). So, the VGE
driving the IGBT is (assuming the avalanche transistor breaks down at 120V) VGS = 120*22/(300 + 22) =

8.19 V. This is marginal; see the figure below. Based on this, it was decided to use something a little
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bigger in place of the 22 nF to boost the VGE to 15V. It was assumed that the IGBTs were burning out

because they were not driven hard enough (opposite what was thought before).
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Figure 8.6 — IGBT datasheet table used to demonstrate the issue [4] |

Once the new changes were made (no added capacitors at the gate of the IGBT, and 47 nF
capacitor at the collector of the BJT), testing of the board resumed. The high voltage was started at 800
V for these tests, and a 1 ms pulse length was used to trigger. On the first trial, the coil jumped up off
the table; it was a powerful reaction. The coil was sitting directly over the metal cross member under
the table, and it is believed that the electromagnetic field was large enough to use the cross member to
jump. A second trial at 800 V was conducted while recording with a phone. The coil jumped again, but
this time also emitted sparks and burned the coil, as seen in the figures below. One of the initial

thoughts was that if higher voltages were to be tested, it would burn up the coils to be used. On the
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bright side, however, the IGBT was still alive, and the results looked promising. Thus, further testing of

the circuit continued.

| Figure 8.8 — Sparks created by the malfunctioning coil |

Upon wanting to conduct further testing, the circuit would not do anything when triggered. This
time it was the BJT from the avalanche transistor driver that had burned out. It was suggested to add a
3.3 ohm resistor in series with the IGBT gate in hopes that it could help the survivability of the BJT. After

this modification was done, more tests were conducted, concluding that 600 V was the max voltage the
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BJT could handle before it died. Fortunately, even at 600 V, the coil click being emitted was noticeably
louder than in previous versions of the circuit. It was assumed that this was a good indicator that the

electromagnetic wave created was more powerful and good enough for the Hines group.

The board was delivered to the Hines group, and the group pulsed the board a few times at 600
V. The initial impression based on the coil click was that it would probably meet most of the
requirements. Different types of coils were tested, and in the process, another BJT burned out. This
time, the voltage did not go above 600 V when testing, so now the thought was that even 600 V was too
much for the circuit to handle reliably. The added 3.3-ohm resistor in series with the IGBT gate was
replaced with a 50-ohm to try and alleviate this issue. Although it did seem to help a bit, it was not a
game-changing difference when it came to the survivability of the BJT. Another downside to this design
is that rTMS would probably overwork the BJT in a small-time frame and keep burning out. Even so, the
Hines group thought that maybe it could be good enough for more in-depth testing based on the good

results observed when the circuit was working.

Based on the positive feedback, more intensive in-house circuit testing was planned to
determine just how effective the 50-ohm resistor change was. The process involved pulsing the circuit
twenty times at set intervals. The high voltage was started at 400 V and went up in increments of 50 V
up to 1.2 kV (a total of 320 pulses). Surprisingly, the circuit survived this robustness testing, and nothing
burned out. A coil with a smaller gauge magnet wire was used (it seemed to have a thicker insulation
coating). From so many pulses, the coil got compacted and took a spherical shape, as seen in the

following figures.

After finishing the robustness testing, a different coil was used to observe if the outcome would
be different. A coil with the same magnet wire but fewer turns was used and tested with the high

voltage at 1.2 kV. During this test, the IGBT burned out and was replaced with a new one. Based on the
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results of these and previous tests, it was concluded that the coil must not be too small in terms of
inductance and resistance. It is believed that the large current caused by a small/shorted coil at close to

1200 V will cause the IGBT to burn out.

The smaller gauge magnet wire coating was durable enough to survive 320 pulses. However, in
earlier tests, a coil with a larger gauge magnet wire was used, which was susceptible to shorting because
it seems to have a weaker coating that wears out during more prolonged use. It is believed that the
shorting from the larger gauge coil (which caused the spark show) caused the IGBT to die. Therefore, it
would be wise to keep these limits in mind when continuing further tests with this circuit. If larger gauge
coils are to be used, it is suggested only to use them a few times to reduce the possibility of shorting.
Alternatively, the operator should not be too ambitious in setting the high voltage input and use lower

voltages.

Figure 8.9 — Coil used for the interval robustness tests (insulating coating on magnet wire survived) |

Figure 8.10 — Coil that burnt the IGBT when the circuit was charged to 1.2 kV and pulsed |
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Figure 8.11 — Side by side comparison between the two coils

Although the circuit seemed to be working well enough for the Hines group, Dr. Baker and the
author did not feel fully confident in the design due to the downfalls and wanted to improve it. Based on
the failures, the improvement would have to occur in how the IGBT is driven. The reason the avalanche
transistor driver was used was in the first place is because it cuts down on the need for another power
supply. The avalanche transistor driver works directly off the high voltage applied to the circuit. It was
decided that the downfall of needing another power supply to operate a better-designed driver would

outweigh the reliability issues.
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CHAPTER 9: PROTOTYPE SCR TMS CIRCUIT

During the time frame of designing a better driver for the IGBT, it was decided to experiment
with replacing the IGBT with an SCR (silicon-controlled rectifier) on the V4 TMS board and observe the
outcomes. It was relatively simple to retrofit the IGBT board to accept an SCR in its place. The resulting

circuit can be seen in the schematic circuit below.

Figure 9.1 — Schematic diagram of SCR TMS circuit
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Figure 9.2 — Fully assembled SCR circuit board |
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The SCR circuit is a simpler design than the IGBT circuit. The convenient thing about using an
SCR versus an IGBT is that there is no large load, large gate capacitance to drive. An SCR is a type of
thyristor and is triggered through its gate. Once an SCR is triggered, the internal switching closes the
circuit and remains closed until all of the energy in the circuit is dissipated, and both sides of the SCR are

at equilibrium. Once equilibrium is reached, the SCR will reset itself and will open the circuit.

To operate the SCR TMS circuit seen in figure 9.1, the first thing that needs to be done is to turn
on the high voltage power source to charge the energy storage bank. Once the energy storage bank
reaches the desired level of charge, the power source is turned off. A function generator is connected to
the gate of the SCR through a diode, which is used to mitigate function generator damage in case the
SCR fails, used to trigger the SCR. The function generator is set up to send a pulse to trigger the circuit
when the operator is ready. All the energy stored in the capacitor bank is dumped across the coil when
the circuit is triggered. The circuit remains active until all the energy is dissipated through the coil and
parasitics of the circuit. When equilibrium is reached, the SCR resets, and the circuit is no longer active.

At this point, the circuit is ready to be charged up again to repeat the process.

This circuit worked well when performing in-house testing. However, the downside to using an
SCR as the control switch is that there is no control over when to shut off the device. When the circuit
was triggered, the SCR would remain closed until all the energy from the capacitor bank was depleted.
Then, once everything stabilizes, the SCR resets itself and opens, allowing it to recharge and pulse again.
As stated before, having the most control possible over the switching is desirable for the Hines group.
Since this device cannot be switched off, no more tests were pursued with it, given that the IGBT circuit

was showing promising results.
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CHAPTER 10: IMPROVED DRIVER DESIGN FOR IGBT TMS CIRCUIT

The best place for improvement for the IGBT TMS circuit was to redesign the driver circuit. The
previous versions used an avalanche transistor circuit to drive the IGBT and ran off the high voltage
input. Although this method of driving the IGBT worked, it was unreliable and would stop working for
the most part. There are too many factors to account for to predict when the avalanche transistor driver
would give out accurately. So, it was decided to create a new driver design that was much more reliable

and could handle driving any IGBT connected to the circuit.

The design started with a simple inverting topology driver to start simulating with. It was also
decided that it would be good to simulate driving a capacitive load of 1 puF. The capacitive load is used to
simulate the input capacitance of an IGBT. The IGBT used in the previous design has an input
capacitance of 56 nF, so designing a driver that can successfully drive a 1 uF input capacitance was a

worthy goal. This would, in theory, help the circuit drive just about any IGBT without issues.
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Figure 10.1 — Initial IGBT driver design
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The initial driver design was tested through simulations, and changes were made to chase a
better design. The first change made was to go from an inverting topology to a non-inverting topology.
This change was made to make it more intuitive to switch the IGBT and increase the drivability. An
additional stage was added to the driver design to get this desired change. Also, more research was
conducted into what MOSFETSs to use in the design. The idea was to start with smaller MOSFETSs that are
easy to drive in the first two stages of the driver. The MOSFETSs in the third stage were increased in size
to increase the drivability. Finally, the MOSFETs in the fourth stage were further increased in size to get
a strong drive signal to the IGBT gate. The idea is that as the signal propagates through the driver, it gets
faster and stronger, given that the stages size up. Another thing that was kept in mind when selecting
the MOSFETs is to have NMOS and PMOS of each stage have characteristics that will allow them to have
a middle switching point. Lastly, the design includes a set of three decoupling capacitors that help keep

the driver voltage steady when triggering.
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Figure 10.2 — Improved and finalized IGBT driver design
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Figure 10.3 — Simulation results of finalized IGBT driver design

As can be seen from the simulation results above, the driver design performed well at driving a 1
UF input capacitance load. One last thing to mention was that the components were selected to be small
surface mount components, so it would not increase the size of the PCB board. As previously stated, the
one downside is that the driver needs a 15 V input to power it. This means that the new PCB design
containing this driver will have an additional input that requires 15 V. Therefore, an additional power
supply is needed to power the redesigned onboard driver. It was considered to include a DC-to-DC
converter to convert the high voltage to 15V, but since the high voltage varies too much, it was not
worth pursuing. Overall, the purpose of this design was to have a reliable driver that could handle any

IGBT connected to it.
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CHAPTER 11: IGBT TMS CIRCUIT (V5.1 AND V5.2)

Now with a new driver that can drive the IGBT successfully, the IGBT should survive more
aggressive testing. This got the author thinking that the size of the PCB could potentially be cut down by
replacing the massive IGBT with a smaller and less expensive one. After some research, a smaller IGBT
was found that could handle 1.2 kV that was seven times cheaper. However, this IGBT could not take as
much peak current as the big one. The large Infineon IGBT can handle a peak current of 1800 A, while
the newly found one could take a peak current of 700 A. When designing the TMS circuits, one of the
goals was to keep the PCB footprint small, if possible. Therefore, it was decided to create two versions

of this next revision, one with the large Infineon IGBT and one with the smaller IXYS IGBT.
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| Figure 11.1 — Schematic diagram of IGBT TMS circuits (V5.1 and V5.2) [8] |

Below are a few comments about each design.

TMS V5.1

e Thereis a top and bottom ground plane that are connected with several vias.
e Banana jacks are used for the high voltage input, 15 V input, and ground.
e An SMA connector is used for the signal-in input used to trigger the circuit.

e V5.1 makes use of the big IGBT that can handle a high amount of current.
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e A MOSFET driver was added to allow for more control over the triggering of the IGBT.
e A new high voltage euro-style header was used to connect the coil to the circuit (it has higher
current/voltage ratings and should also be more mechanically stable).
e The current limiting factor is IGBT
o Continuous drain current: 900 A

o Pulsed drain current: 1800 A

The following pictures show the rendered board.

TMS Circuit
V5.1

Figure 11.2 — Front view of rendered PCB design (V5.1) |
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Figure 11.3 — Back view of rendered PCB design (V5.1) |
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Figure 11.4 — Fully assembled circuit board (V5.1) |

TMS V5.2

e Thereis a top and bottom ground plane connected with several vias.
e Banana jacks are used for the high voltage input, 15 V input, and ground.
e An SMA connector is used for the signal-in input used to trigger the circuit.
e V5.2 makes use of a smaller IGBT that helps reduce PCB footprint size.
e It also has a MOSFET driver to allow for more control over the triggering of the IGBT.
e |t uses a new high voltage euro-style header to connect the coil to the circuit.
o The current limiting factor is IGBT
o Terminal current limit: 900 A

o Pulsed current limit: 700 A, 1ms at 25 degrees Celsius
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The following pictures show the rendered board.

TMS Circuit

V5.2

| Figure 11.5 — Front view of rendered PCB design (V5.2) |

Figure 11.6 — Back view of rendered PCB design (V5.2) |
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| Figure 11.7 — Front and back pictures of the fully assembled circuit board (V5.2) |

Once the PCBs were received from manufacturing, the first board that was assembled was V5.2.
The reason is that this is the board that contains the smaller IGBT and the thought was to test its limits
and see if it can stack up to the bigger IGBT. To test this new board, the same procedure to test the first
IGBT circuit was used. Unfortunately, the circuit had issues right at the start. When the 15 V power
supply would be powered on for the MOSFET driver, the power supply voltage would go to almost zero
and draw the max current. The power supply was quickly turned off to prevent damage to the supply.
From the observation, it was assumed that something was shorting out, and it was not noticeable. Quick
troubleshooting was conducted, but it was not enough to determine the issue, and more in-depth

troubleshooting was needed.

One sure thing was that the problem was in the driver part of the circuit, so the focus was put
there. First off, the signal input was set to constant ground, so the driver should be resting in the off
state when power is applied. The circuit was not powered during this test, just the driver using 5 V to
begin troubleshooting. If everything was working correctly, the red voltage values shown below should

be seen when probing.
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Figure 11.8 — Probing reference guide used to troubleshoot driver|

As soon as 5 V was applied to the driver, the voltage would drop, and the max current would be
drawn. The highest voltage that did not draw max current was 2.8 V. The input voltage was left at 2.8 V,
and the nodes in red above were tested. N1 had 2.8 V, so that node was good. However, N2 was at
about 2 V and not 0 V. It was believed that the voltage at N1 was not high enough to entirely turn off the
PMOS in the second stage of the driver (which would make sense why N2 was not 0 V). The problem
with going up to a higher voltage to observe if the proper voltages are seen is that it shorts out the
power supply. The MOSFETs were replaced to see if that was causing the issue, but that did not make
any difference. The best thought at this point of testing was that something had to be shorted on the

PCB.

Dr. Baker started helping investigate further into the issue by resorting to looking at the PCB
design files and ended up finding the problem; the PMOS devices were put backward in the PCB
software. Due to the nature of the software, the author first creates a schematic with all of the
components that will be on the PCB board. Then it is double-checked to make sure everything is wired
up correctly on the schematic. After the author confirms that everything looks correct, the PCB layout

design takes place, and the schematic becomes the reference to how everything is connected.
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Unfortunately, the author overlooked the orientation of the PMOS devices in the driver subcircuit and
connected the drains to VDD when the sources should be connected to VDD. This was a silly mistake
that was not so obvious to see. Thankfully because of Dr. Baker's experience and expertise, the issue

was spotted in the schematic diagram, as seen below.

Figure 11.9 — Schematic diagram showing where the mistake was made

Initially, it was thought that it would be as easy as flipping the PMOS devices upside down and
swapping the drain and source pins. However, after further investigation of the PMOS devices, it was
not that easy due to how the pins connections were designed, so some jerry-rigging would be required
to make the change successfully. The PMOS components were flipped upside-down and then rotated to
where the drain and source leads lined up with the corresponding PCB pads. The gate pins were left
floating away from the gate pad connection on the PCB. So, a small wire was soldered from the gate pin
of the PMOS to the gate pad of the PCB for the first two PMOS devices. The third PMOS device was

slightly different and required the author to bend the gate pin far enough to solder directly to the gate
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pad on the PCB. These connections were double-checked using the continuity function on a multimeter

to ensure everything had a solid connection.

Hines Group

hinesgroup.net

Figure 11.10 — Close-up of correction of the error

Once everything was soldered correctly, as seen in the figures above, every stage of the driver
was tested, and all of them worked. Now the real testing could be continued involving the high voltage
and signal-in inputs. As a quick test, the circuit was charged up to 200 V, and a 1 ms pulse was used to
trigger the circuit, and the circuit worked as intended. The voltage in the capacitor bank almost dropped
to zero with a 1ms pulse, so the pulse length was reduced to 10 ps to observe how the performance
changed. The results were great; a charge of 200 V lasted a good number of pulses before the charge of

the capacitor bank ran out. Lastly, a test to observe how well this circuit could handle rTMS was devised.
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A train of five, 10 us pulses were programmed onto the function generator to see if the circuit could
take it. The circuit held up and worked as theorized. The next step in the process would be to test using

testing procedures with more structure.

Two main tests were conducted, and both consisted of testing the high voltage limits of the
circuit. The procedure was to start the high voltage input at 200 V and increment by 100 V up to 1.2 kV.
The only difference between the two tests is the characteristics of the coil being used. Both tests had

the same pulse parameters set on the function generator, which are the following:

Pulse parameters:

e Period-1ms

e Amplitude - 10Vpp
e Offset-5V

e Impedance - High Z
e Duty Cycle - 50%

e Ton-0.5ms

o Number of pulses - 1 (In burst mode)

The first coil used was made from a smaller gauge wire, and it had no spool and had an air core.
This coil had a resistance of 0.1 ohms and an inductance of 1.57 uH (these parameters are so small that
they can almost be considered a wire/short). When going through the first experiment, the circuit held
up to 500 V. On the following trigger, which was at 600 V, the circuit stopped working. After
troubleshooting to figure out the issue, it was confirmed that the IGBT burned out. It was noted that
these results are surprisingly good for the new, smaller IGBT. The reasoning behind the note is that the

coil used for this test could pretty much be considered a short (which means high current flows through
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the IGBT during pulses). The burnt IGBT was replaced with a new one to continue with the second

experiment.

The second coil used for this experiment was made from the larger gauge magnet wire, and it
had the usual cylindrical plastic spool. The coil had a resistance of 24 ohms and an inductance of 1.62
mH. When starting the second experiment, the circuit was not functioning correctly. At 200 V, the circuit
was arcing when pulsed. It took some time to figure out what was wrong with the circuit, given that the
arcing seemed to come from the coil connector. After further troubleshooting, it was figured out that
the diode had also burned out along with the IGBT from the first experiment. The arcing created a hole

in the diode, and it started eating away at the pad on the board as well. The damage can be seen in the

figures below.

| Figure 11.11 — Pictures of burnt diode and damage to the board |

The circuit board was fixed, and the second experiment was continued. Again, the procedure
was the same as the first experiment, and the high voltage input was to be tested from 200 V to 1.2 kV
in 100 V increments. Fortunately, the circuit held up to 1.2 kV with no issues. These test results gave the
author a better outlook on the capabilities of the circuit. It should handle most coils with higher
resistance and inductance (note that the tests were conducted using a pulse length of 0.5 ms).
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An additional test was conducted to recheck the rTMS capabilities of the circuit. The function
generator was set to send a 0.5 ms pulse every 10 ms continuously. The circuit was then charged to 1
kV, and soon after, the function generator was turned on, sending the continuous 0.5 ms pulses to
trigger the circuit. Once again, the circuit operated the way it was intended and survived the ambitious
test. This high-stress experiment created so much heat that it caused the magnet wire coating of the coil
to start smoking and can be noted in the figure below by the smoke charring left on the desk after

testing.

| Figure 11.12 — Picture showing charring left on the desk from test |

Based on the excellent results of the tests, the circuit was ready for the Hines group to test. A
note of advice was given to the group for testing: if the coil resistance is on the smaller side, try not to
go all the way up to 1.2 kV to reduce the chances of frying the IGBT. Either way, if it turned out that the
new IGBT was still not good enough for the envisioned testing, there was the option to solder up IGBT

V5.1 with the large Infineon IGBT.
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The Hines group started further testing with this updated board version, and it went very well.
The primary type of signal focused on was two trains of four pulses (pulse lengths of 100 ps) that were
200 ms apart, which are considered rTMS signals. In addition, different types of coils were used
successfully. The one that seemed to work best based on the testing was the coils with the larger gauge
magnetic wire. Something appreciated with this design was that by having more control over the
switching of the IGBT, the capacitor bank remained charged enough for multiple pulses before needing a
recharge. One of the coils used for a test had a resistance on the higher end, and the group was able to
get a little over twenty triggers before the voltage in the capacitor bank got too low and needed

recharging (with pulse lengths of 50 ps).
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CHAPTER 12: CONCLUSION

Transcranial Magnetic Stimulation (TMS) is a type of non-invasive neuron stimulation. A device
that generates high-power electromagnetic waves is required to perform this type of procedure. TMS is
an evolving technology, and the probability of advancements increases as more research is conducted
[7]. Exploring different ways to create and improve the TMS devices used for this research helps
facilitate technology growth. The work documented here analyzes different TMS circuit designs created
for TMS research. Generally, TMS circuits are composed of four main blocks: high voltage power source,
energy storage bank, control switch, and coil. Every block has distinct characteristics that influence how
well the TMS circuit will perform. Based on the outcomes of testing and experimentation, avenues were
found to improve the performance of specific blocks and the circuit design overall. Arguably, the block
that had the most noticeable effect on circuit performance was the control switch. Four control switches
were tested, including power metal-oxide-semiconductor field-effect transistors (Power MOSFETSs), gas
discharge tubes (GDTs), insulated-gate bipolar transistors (IGBTs), and silicon-controlled rectifiers (SCRs).
Fortunately, a neuroscientist and his team currently use the latest circuit design (V5.1) to help drive the

advancements and understanding of transcranial magnetic stimulation.
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