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Abstract

Transcranial magnetic stimulation (TMS) is a method for non-invasive stimulation of the
brain. TMS devices utilize strong current pulses driven through a stimulation coil, which
induces an electric field in the brain. A multi-locus TMS (mTMS) device exploits a set
of multiple coils inducing an electric field as a linear superposition of the electric fields
of the separate coils. Using multiple coils allows electronically and rapidly shifting the
stimulation spot and spatial orientation. In the mTMS device developed by our TMS group
at Aalto University, Department of Neuroscience and Biomedical Engineering, the current
pulse waveform through a single coil is controlled with insulated-gate bipolar transistors
(IGBT) arranged in an H-bridge configuration. The IGBTs are operated as switches
manipulating the paths for the current to be driven through the coil. The transistors need
protection circuits to suppress transient voltage spikes during the switching. The device
modules, such as IGBT drivers, are controlled with logic provided by a field-programmable
gate array (FPGA), directly communicating with every device module via optical fibers.
The true parallelism of the FPGA provides a way to precisely control the current waveform
simultaneously in multiple coils. However, the current design is monolithic, making
it cumbersome to add new modules or channels because of the demand for separate
communication lines and changes required in the FPGA program. The communication
lines from the FPGA into the device leave as electrical signaling, which is converted to
optical, providing galvanic isolation and excellent noise characteristics. In this Thesis, a
proof-of-concept serial communication architecture was designed for the mTMS device. The
architecture utilizes a controller area network (CAN) protocol. The communication design
includes a physical CAN bus based on the ISO 11898-2 specification and the development
of a higher-layer communication protocol. The solution demonstrates data transmission
for the IGBT driver modules and controlling the modules over the network. In addition,
this Thesis compares the operation of two IGBT protection circuits with the same effective
electrical characteristics and different circuit topologies. Finally, the operation of the
electrical-to-optical conversion module is evaluated to increase the robustness of the
optical communication utilized in the device. CAN was found to be a suitable choice for
future mTMS devices. The currently installed protection circuits operated beyond their
limits and are suggested to be replaced with the circuits introduced in this Thesis. Last,
the optical transmission power of the EOC boards was increased by 100% to make the
communication more robust.

Keywords CAN, Classical CAN, TMS, mTMS, Snubber circuit, H-bridge
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Tiivistelma

Transkraniaalinen magneettistimulaatio (engl. transcranial magnetic stimulation, TMS)
on ei-invasiivinen aivojen stimulointimenetelméa. Menetelma perustuu aivoihin indusoita-
viin sahkokenttiin, jotka luodaan ajamalla virtapulsseja stimulaatiokelan lapi. Monipaik-
kainen TMS (engl. multi-locus TMS, mTMS) hyodynt&éa useita stimulaatiokeloja, joiden
indusoimien sidhkokenttien superpositiota voidaan kayttda hyviksi stimulaation elekt-
roniseen ja nopeaan kohdentamiseen. Aalto-yliopiston neurotieteen ja lddketieteellisen
tekniikan laitoksen (NBE) TMS-ryhmén kehittamassa mTMS-laitteessa stimulaatioke-
loille syotettaviaa virtapulssia ohjataan H-siltakykennill, jossa virran kulkua voidaan
kontrolloida kytkiminé toimivilla IGBT-transistoreilla (engl. insulated-gate bipolar tran-
sistor). Transistorien kytkennésta syntyvat jannitepiikit rasittavat niiden toimintaa ja
erillisid vaimennuspiirejd hyodynnetédén piikkien lieventdmiseksi. Laitteen moduuleja,
esimerkiksi IGBT-transistorien ohjauslevyj4, kontrolloi FPGA (engl. field-programmable
gate array). FPGA on kytketty rinnakkaisilla kommunikaatiolinjoilla jokaiseen laitteen
moduuliin. Nykyinen kommunikaatioarkkitehtuuri takaa moduulien nopean rinnak-
kaisen ohjauksen, mutta tekee laitteen rakenteesta monoliittisen. FPGA:Ita ldhtevit
kommunikaatiolinjat muutetaan optisiksi sdhkomagneettisten hiiriéiden vialttdmiseksi.
Optiset kuidut mahdollistavat galvaanisen eristyksen moduulien vilille. Tdssé tyossa esi-
tetddn sarjalilkennekommunikaatioratkaisu, joka on toteutettu hyédyntden CAN:ia (engl.
controller area network). Konseptitodistus demonstroi datan siirtoa IGBT-ohjauslevyille
ja levyjen kontrollointia CAN-viylan vialityksella. Lisaksi tyossa tarkastellaan kahden
erilaisen IGBT-vaimennuspiirin toimintaa. Lopuksi kommunikaation sdhkosté optiseksi
muuttavien levyjen toimintaa tarkastellaan, jotta optinen ldhetysteho saadaan kasva-
maan. Tyon tulokset osoittavan CAN-pohjaisen kommunikaatioarkkitehtuurin olevan
suotuisa ratkaisu laitteen modulaarisuuden parantamiseksi. Modulaarisuuden lisdksi
CAN-vayla avaa uusia mahdollisuuksia laitteen jatkokehityksen kannalta. Ty6sséa esi-
tetty korkean tason protokolla mahdollistaa muiden moduulien liittAmisen osaksi jo
demonstroitua CAN-vaylda. IGBT-vaimennuspiirien testaus osoitti laitteeseen asennet-
tujen piirien joutuvan toimimaan mitoitustensa ylittavisséd olosuhteissa, taten tyossa
esitettyd vaimennuspiirid ehdotetaan korvaamaan jo olemassa olevat piirit. Optinen 14-
hetysteho saatiin kasvatettua noin 100% alkuperiiseen verrattuna, miké lisdéd optisen
kommunikaation luotettavuutta, lisdten levyn tehonkulutusta.

Avainsanat CAN, Classical CAN, TMS, mTMS, snubber-piiri, H-siltakytkenti
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1. Introduction

Transcranial magnetic stimulation (TMS) is a method for non-invasive
brain stimulation. It utilizes electromagnetic pulses to evoke neuronal
activation (Barker, Jalinous, and Freeston 1985). Rapid current pulses
are driven through the stimulation coil generating a changing magnetic
field. The magnetic field can be directed toward the brain, which leads
to neuronal activation if the stimulation intensity is sufficient (Nieminen
et al. 2022).

Multi-locus TMS (mTMS) is a TMS device utilizing multiple coils, i.e.,
channels, simultaneously. The stimulating electric field is a superposition
of the electric fields induced by the separate coils (Koponen, Nieminen,
and Ilmoniemi 2018). Multiple coils enable rapid stimulation spot and
electric field spatial orientation change electronically without physically
moving the transducer (Koponen, Nieminen, and Ilmoniemi 2018; Koponen
et al. 2018; Nieminen et al. 2022). This Thesis uses the six-channel mTMS
device built and used by our TMS group as a reference device (Nieminen
et al. 2022).

Driving multiple coils requires a complex communications architecture —
a set of communication protocols. Our device utilizes parallel communica-
tion lines to control and monitor the device modules’ operation, and the
responsibility is primarily contained in a single unit, a field-programmable
gate array (FPGA) (Nieminen et al. 2022). The design is monolithic, and is-
sues with the FPGA affect the whole device. While parallel communication
is excellent in simultaneous control, it makes it cumbersome to introduce
new modules or perform maintenance on the device. In addition, device
updates require changes in the FPGA program. For the reasons above, it is
troublesome to increase, for example, the count of device channels. A more
modular communications architecture is needed to distribute the device’s

control between the different modules and reduce the number of com-
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munication lines; this would make installing new modules or additional
stimulation coil channels more straightforward.

This Thesis introduces a proof-of-concept communication architecture
for an mTMS device, which takes a step toward more modular devices.
The architecture utilizes a controller area network (CAN), which is a two-
wire broadcast type of multi-master serial communication protocol (Robert
Bosch GmbH 1991; ISO 11898-1 2015). It allows fast and reliable com-
munication between the device modules while providing the necessary
protection in a high-noise environment. The designed architecture intro-
duces a solution for transmitting pulse information data from a computer
to the device modules and operating them via CAN.

In the mTMS device, the channels utilize insulated-gate bipolar transis-
tors (IGBT) arranged in an H-bridge configuration for controlling current
flow through the stimulation coil (Nieminen et al. 2022). IGBTSs are high-
power devices used as switches, and they can withstand tremendous stress
during their operation. To protect the IGBTs from dielectric breakdown
or prevent them from operating beyond their limits, IGBT protection cir-
cuits, i.e., snubbing circuits, are used. (Todd 1993; Mohan, Undeland, and
Robbins 2002) The performance of two snubbing circuits is evaluated: the
currently installed snubbers (type A) and a new design introduced in this
Thesis (type B).

Electrical-to-optical conversion (EOC) boards convert electrical signals to
optical inside the device power electronics cabinet (Kanerva 2020). Optical
signaling provides galvanic isolation between modules and has excellent
noise characteristics. The current revision of the board had issues related
to low optical transmission power caused by the stress experienced by
the optical cables that led to a displacement of the fiber core relative to
the insulation, shifting the core away from the transmitter. This The-
sis introduces a new revision for the EOC boards with increased optical
transmission power.

Chapter 2 introduces the TMS and mTMS applications and describes
their operation principles. In addition, it presents the most crucial mTMS
modules. Furthermore, Chapter 2 discusses the concept of CAN, snubbing
circuits, and the current revision of the EOC boards. Chapter 3 describes
the methods used for designing the CAN solution, EOC revision, and the
IGBT protection circuits and describes the used test procedures. Chapter
4 presents the results, followed by the discussion in Chapter 5. Finally,

Chapter 6 presents the main conclusions.



2. Background

21 TMS

The first TMS device was introduced in the 1980s by Barker et al., present-
ing a non-invasive method for brain stimulation (Barker, Jalinous, and
Freeston 1985). Before TMS, the most common method for the procedure
was electroconvulsive therapy (ECT), which utilizes electrodes placed on
the scalp for driving currents in the cortical matter (Merton and Morton
1980; Abrams 2002; Lisanby 2007). However, in ECT, a significant por-
tion of the current travels between the electrodes via the scalp having no
stimulative effects on neurons. Thus, high voltages are utilized, causing
scalp muscle contractions described as painful (Abrams 2002). Because
of the discomfort, ECT is conducted on patients under anesthesia, which
is not needed during TMS (Cusin and Dougherty 2012). TMS avoids side
effects, and with it, the brain can be stimulated with a spatial and temporal
precision that cannot currently be achieved pharmacologically or via ECT
(Wassermann et al. 2008).

Instead of using electrodes, TMS devices utilize a stimulation coil for
generating a rapidly changing magnetic field produced by driving rapid
current pulses through the coil (Barker, Jalinous, and Freeston 1985). The
magnetic field penetrates the scalp and the skull without significant at-
tenuation and induces an electric field in the cortical matter (Wassermann
et al. 2008). The operation principle is illustrated in Fig. 2.1. TMS is
generally tolerated well, and medical complications are infrequent. The
risk of rare seizures is decreased with treatment guidelines (Wassermann
et al. 2008; Cusin and Dougherty 2012; Rossi et al. 2021).

From the physiological point of view, TMS disturbs the resting state

potential of the neuronal membrane — the induced electric field introduces
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Magnetic
field (B)

Electric \ _
field () *

Figure 2.1. A rapid current pulse generates a magnetic field (B) through the stimulation
coil. The magnetic field induces an electric field (E) in the conducting corti-
cal matter. The presence of the electric field affects a neuronal population.
Adapted and modified from Ilmoniemi, Ruohonen, and Karhu 1999

minuscule currents that drive charge to the neuronal membrane, thus
changing the electric potential over it (Wassermann et al. 2008). The
stimulation mainly affects the axons, which typically have lower thresholds
and shorter electrical time constants than the somas (Burke et al. 2000).
The current’s direction determines the neurons’ stimulation threshold:
axons are readily stimulated with the current components flowing parallel
to their primary orientation (Tofts and Branston 1991). During TMS, the
activation of neurons typically arises when the electric field’s change is
considerable—when the axons bend out from the induced electric field
(Maccabee et al. 1993). Instead of single neurons, TMS stimulates a
population of neurons; depending on their type, the stimulation may elicit
excitatory or inhibitory responses (Siebner et al. 2009).

A simple TMS device can be described as a circuit with a resistor (R),
a coil (L), and a capacitor (C) connected in series and disconnected with
a switch (Fig. 2.2). In the model, the resistor describes all the resistive
elements in the circuit (mainly from the coil’s wiring), L represents the
inductance of the stimulation coil, created from a few loops of copper wire,
and C is the capacitance of the pulse capacitor. A single pulse can be
delivered by charging the capacitor and changing the state of the switch
for a short period of time. The switch connects the coil and the capacitor in
series, discharging the capacitor through the coil. The produced current
is typically thousands of amperes, and the duration the switch is kept
closed is in the sub-millisecond range (Nieminen et al. 2022). The closed
RLC system is oscillatory: if the switch is left closed, the current oscillates
in the circuit while the capacitor’s stored energy is turned to heat in the

resistive elements; thus, a damped oscillation can be observed. The loss
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in the resistive elements denotes that every delivered pulse will decrease
the capacitor’s initial charge, decreasing the effective stimulation intensity.
In TMS devices, the duration the capacitor is kept in series with the
stimulation coil is typically much shorter than the oscillation frequency of
the RLC system (Nieminen et al. 2022).

c== gL

Figure 2.2. TMS circuit topology can be simplified as an RLC oscillator with a switch (S).
R describes all the resistive elements in the circuitry (wiring), C is the pulse
capacitor’s capacitance, and L is the coil’s inductance. When the switch is
closed, the capacitor discharges through the coil.

While flowing through the stimulation coil, the current pulse generates
a rapidly changing magnetic field on the order of several teslas (Rossini
et al. 2015). The magnetic pulse is directed to a specific cortical area under
study by physically changing the position of the transducer over the head
surface, and the direction of the induced electric field can be rotated by
rotating the transducer. The slope of the current driven through the coil is
proportional to the intensity of the stimulation. Controlling the intensity
allows manipulating the stimulation focal point’s size and the stimulus’s
magnitude. TMS devices utilize one stimulation coil, varying in shape.
The most frequently used coils are the round and the figure-of-eight coil
(Cohen et al. 1990; Ueno and Matsuda 1992; Peterchev et al. 2013). The
electric field produced by the figure-of-eight coil is more focal than that of
the round coil (Fig. 2.3) (Cohen et al. 1990).

3’?’{\‘
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Figure 2.3. Electric field profiles produced by the round coil and the figure-of-eight coil.
Cohen et al. 1990
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If the magnetic field (B) produced by the coil is known, the induced
electric field (E) can be computed using Maxwell-Faraday’s equation, which

states that the time-varying magnetic field coexists with an electric field:

@
@t

in which r  is the curl operator and t is time. E introduces a driving force

r E = 2.1)

(F) to the charged particles in the cortical tissue, which can be described
with the Lorenz force equation, where qis the unit charge of the particle

and v its velocity:

F=qE+qv B; (2.2)

where the term QE is the electric and qv B is the magnetic component
of the force. The Lorenz force equation shows that the charged particles
experience a force introduced by the electric and magnetic fields. However,
since the force exerted from the magnetic field is negligible and perpen-
dicular to the force generated by the electric field, the equation can be

simplified to:

F CE (2.3)

2.2 Multi-locus TMS

This section introduces the concept of multi-locus transcranial magnetic
stimulation (mTMS). It describes the operational principle of mTMS de-
vices and introduces the device built and used by the TMS group at
Aalto University Department of Neuroscience and Biomedical Engineering,
briefly presenting the most relevant modules. In addition, the information
flow between the modules is discussed, and the current communications ar-
chitecture is introduced. The modules inside and outside the device’s power
electronics cabinet are discussed separately to help the reader understand

the information flow in the system.

2.2.1 Principle of operation and device overview

mTMS devices operate with the same fundamentals as the conventional
TMS devices but are capable of simultaneously utilizing more than one

stimulation coil (Koponen, Nieminen, and Ilmoniemi 2018; Nieminen et al.
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2022). This Thesis focuses on the 6-channel mTMS electronics (Nieminen
et al. 2022), and a 5-coil transducer Koponen, Nieminen, and Ilmoniemi
2018. The device is capable of utilizing a transducer of up to six separate
coils, and each channel, i.e., pulse circuit, is identically designed. The
transducer allows rotating the electric field’s spatial direction without
physically rotating the transducer and redirecting the stimulation focal
point in a surface area of approximately 30 mm x 30 mm by utilizing a
proper set of the coils. (Koponen, Nieminen, and Ilmoniemi 2018; Nieminen
et al. 2022; Nurmi et al. 2021)

The transducer described in this Thesis includes five stimulation coils
stacked on top of each other (Koponen, Nieminen, and Ilmoniemi 2018).
Each coil is connected to a different channel and operated separately
(Nieminen et al. 2022). In a single channel, the current flow from the pulse
capacitor (£50.R34-105NT0, 1020uF; Electronicon Kondensatoren GmbH,
Germany) through the stimulation coil is controlled with four IGBTs (ABB
5SNA 1500E330305) arranged in an H-bridge configuration shown in
Fig 2.4 (Nieminen et al. 2022). An IGBT can conduct high currents in a
conductive state and withstand high voltages in a non-conducting state. In
addition, IGBTs have a fast switching rate and low switching loss when
operated within their operational limits, and their operation is voltage-
controlled. (Mohan, Undeland, and Robbins 2002) The H-bridge allows
the current pulses to be driven in different configurations through the
pulse circuit by changing the states of the IGBTs (Mohan, Undeland, and
Robbins 2002). H-bridge configurations that produce positive current flow

in the coil are represented in Fig. 2.5.

3 JK Ds 4 JK .

Figure 2.4. A simplified electric circuit schematic of an mTMS pulse circuit. Four IGBTs
are arranged into an H-bridge configuration. In the schematic, C describes the
pulse capacitor’s capacitance, R represents resistive elements in the circuit,
and L is the stimulation coil’s inductance. The bypass diodes (D,—D.) allow
the current flow in either direction at the transistor. The H-bridge can have
different configurations depending on the IGBTS’ states. Adapted and modified
from Sinisalo 2018
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Figure 2.5. H-bridge configurations used for driving a positive current in the stimulation
coil. The direction of the current is described with the red arrow. Adapted
from Nieminen et al. 2022

The 5-coil transducer includes two figure-of-eight coils perpendicular to
each other, one round coil, and two four-leafed coils secured inside a coil
former (Koponen, Nieminen, and Ilmoniemi 2018). The system allows
the user to select which coils are operated and the type of the current
pulse’s waveforms (Koponen, Nieminen, and Ilmoniemi 2018; Nieminen
et al. 2022). Different coils produce distinct electric field profiles, which are
illustrated in Fig. 2.6. It shows the superpositions of the induced electric
fields when multiple coils are used simultaneously. In addition, it is shown
that the induced electric fields can be manipulated by activating different

coils without moving the transducer.

0.9a +0.4b 05a+07c 0.8a - 07d 0.3a-0.3b 05a+03b
—08c+01d 050 0.8d
+0.7e
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Figure 2.6. The 5-coil transducer for the mTMS system. Normalized electric field profiles
produced by the different coils (a—e) (upper row) and the superposition of the
electric field profiles when utilizing different combinations of the coils (lower
row). Koponen, Nieminen, and Ilmoniemi 2018

An example of a trapezoidal current pulse (with a 60-us rise time, a
30-us hold period, and a 36:6-43:3-us fall time) can be used to describe the
effects of the different H-bridge configurations for the coil current (Fig.
2.7) (Koponen et al. 2018; Nieminen et al. 2022). Initially, all IGBTs are
non-conductive, and the pulse capacitor has been charged. Configuration
change A connects the pulse capacitor and the coil in series, and the
current starts to flow. When the coil current has kept increasing for 60us,
the H-bridge is switched to configuration B. Configuration B disconnects
the pulse capacitor and shorts the ends of the coil while leaving the current
to circulate through it. The bypass diodes (D,—D,) parallel to the IGBT's

allow the current to pass in the reverse direction at the transistors. Last,
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configuration C connects the pulse capacitor back in series with the coil,

decreasing the coil current.

4000 -

2000 -

Coil current (A)

0 100 200 300 400
Time (us)

Figure 2.7. A typical monophasic trapezoid current pulse measured from the stimulation
coil during device operation. The relation of the H-bridge configurations (A—C,

Fig. 2.5) for the coil current is emphasized in the diagram. A is the rising
period, B is the holding period, and C is the falling period of the coil current.

Configurations A and C result in a change of the coil current which
induces the electric field in the brain. During configuration B, the coil
current decreases due to the resistive elements. However, the electric field
induced by the slight current change during configuration B is negligible
and does not cause any significant stimulation effect. Configuration B
allows some time for the neurons to react to the stimulation introduced by

the rising phase.

2.2.2 Controller system modules

The controller system consists of modules used to control the device. It can
be divided into two modules: a computer and a field-programmable gate
array (FPGA; PXIe-7820R; National Instruments, USA). The user controls
the device through a user interface programmed with LabVIEW (National
Instruments). It allows, for instance, to decide which channels are utilized
and the intensity level (pulse capacitor voltage) of the delivered stimulus.
Also, the pulse waveform and pulse sequences are determined in the user
interface. In addition, the device can be controlled with an application
programming interface with a user-determined programming language.
The computer is connected to the FPGA, which communicates with the
mTMS device. (Nieminen et al. 2022) The controller system is illustrated
in Fig. 2.8.

The FPGA determines the signaling logic based on the user’s commands
and communicates with the mTMS device’s hardware. The hardware is

divided into separate modules. The FPGA is directly connected to every
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Controller system modules Power electronics
cabinet
PC
PXI
User Connector EOC
interface FPGA box board
Firewire cable SCB-68 cable

Figure 2.8. Controller system modules. The computer is used to pass signals into a PXI
chassis. Inside the PXI, the FPGA determines signaling logic based on the
commands from the computer. From the FPGA, the signals are passed through
connector boxes into the EOC board, which converts the electrical signals to
optical signaling. The dashed line represents the border of the device’s power
electronics cabinet. Adapted and modified from Kanerva 2020.

module via parallel communication lines. The true parallelism of the FPGA
enables simultaneous control of the different channels. It is essential to
acknowledge the presence of the FPGA in the communication architecture.
The communication lines travel through connector boxes and electrical-
to-optical conversion (EOC) boards from the FPGA into the device. The
connector boxes are used to convert the small connectors of the FPGA into
larger, more easily accessed screw connectors, and EOC boards are the
point in the communication lines where electrical signaling is converted

into optical and vice versa.

2.2.3 Device modules

The power electronics cabinet is a grounded metal enclosure that contains
the electronics (modules) used for the generation of stimulation pulses,
device operation monitoring, and powering of the device (Nieminen et al.
2022). The modules and their connections to the FPGA are illustrated in
Fig. 2.9, and Table 2.1 shows the module quantities and the number of com-
munication lines connected to them. The communication from the FPGA
to the modules and between the modules is done using optical signaling,
except for the trigger signal lines, which utilize electrical communication.
This section introduces the function and communication principles of the

device modules.

IGBT driver board(s)

The H-bridge is controlled by IGBT driver boards, which directly control
the state-switching of the transistors (Fig. 2.4). Each of the six channels
utilizes four driver boards, one connected to each transistor. In order to
switch the IGBT’s state from non-conducting to conducting, the driver

feeds a burst of current to the transistor’s gate, and as long as the bias

10
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Figure 2.9. The modules inside the power electronics cabinet and their connections to the

FPGA. All connections to the FPGA are through the connector boxes and opti-
cal connections also through the ECO boards. The device utilizes three types of
communication: digital ON/OFF, analog pulse width modulation (PWM) based
communication, and universal receiver transceiver (UART) serial communica-
tion. Board quantities are represented next to the corresponding boards.

Module Quantity | Number of connections
IGBT drivers™ 24 24 2=48
Trigger isolator 1 4
Sensor board 1 2
Power distribution board 2 2
Charger interface unit 1 3
Capacitor discharge board* 6 2 6=12

Table 2.1. Module quantities in the 6-channel mTMS device and the total number of
connection cables needed. (* Quantities are directly proportional to the number
of channels in the device.)

voltage is sufficiently high, the IGBT will stay in a conductive state. When
multiple (N) channels are used, the FPGA simultaneously controls the
operation of N 4 IGBT driver boards.

The boards have one communication input and one output to the FPGA.
Both communication lines use optical digital signaling. If the correspond-
ing signal for a single board is set to ON, the driver switches the IGBT into
a conducting state and vice versa. The board reports back to the FPGA
whether the command was received. This feedback signal ensures that the
FPGA keeps track if the IGBT’s state is changed.

Trigger isolator board
The trigger isolator board provides the possibility to give external trigger
signals for the mTMS device or trigger external devices. The board utilizes

one input line to the FPGA, which can be used to trigger the mTMS device,
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and three output lines for triggering external devices, such as diagnostic
tools. The trigger isolator board offers 5V galvanically isolated lines

attached to BNC-connectors.

Sensor board

The sensor board communicates with the FPGA via a universal asyn-
chronous receiver transmitter (UART), a widely used serial communica-
tion method. The board is connected to multiple digital thermometers
(DS18B20; Maxim Integrated, Inc., USA), measuring temperature levels
from the device cabinet and the transducer. For instance, the most recent
design of the 5-coil transducer contains three thermometers molded into
the coil former for actively monitoring the temperature of the transducer’s
outer surface to ensure that its temperature is at the desired level ( 41°C).
The device is shut down if the temperature is exceeded. In addition, the
sensors are utilized to identify into which channel a particular coil is con-
nected (Nieminen et al. 2022). Issues in the sensor communication are
utilized to determine loose coil connections or their faulty operation and

evoke the device’s emergency shutdown procedure.

Power distribution board(s)

Voltage output
ports

Power
socket

Figure 2.10. The power distribution board. Image adapted from Kanerva 2020.

The electronics are powered with a direct current (DC) source, and
the power delivery to system components is handled by specific power
distribution boards (Fig. 2.10). The FPGA is connected to the board via
one digital communication line. The line controls 15V input to the device

modules. If the line is ON, the power distribution board connects the
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boards to the power network and vice versa. No feedback signals are
provided from the board back to the FPGA.

Charger interface unit

The charger interface unit is used to communicate with the high-voltage
capacitor charger to charge the pulse capacitors of the selected channel.
The device utilizes one charger (CCPF-1500; Lumina Power, Inc., USA)
connected to a solid-state switching array that connects the charger to
the pulse capacitors. The charger can be used for a single channel at a
time, and the maximum time to charge a single pulse capacitor to the
maximum voltage of 1500 Vis approximately 700 ms(Nieminen et al. 2022).
In addition, the board is used for charging the capacitor between separate
stimulation pulses.

The board has two digital input lines and one output to the FPGA. The
first input line is an enabling signal which controls whether the charger is
used or not: it controls the inhibit pin of the charger. The second input line
uses custom UART-like (13 bits) communication and delivers information
about the channel that will be charged and the wanted capacitor voltage.
Output from the board utilizes the custom UART and delivers information

about the state of the charging process.

Capacitor discharge controller(s)

The capacitor discharge controller board (Fig. 2.11) controls the discharg-
ing process of the pulse capacitor, and it is connected directly to the capaci-
tor’s terminals. The board is used if the stimulation intensity needs to be
decreased between separate pulses or discharge the capacitor after using
the device. The discharge is done through a large resistor (TE1000B1KO0dJ,
1k , 1kW; TE Connectivity, USA), one dedicated for each capacitor. In
addition, the board discharges the pulse capacitor if faulty device operation
is noticed.

The fault-related discharge process is activated if the board loses either
the 15V power input or its connection to the FPGA. The input signal from
the FPGA determines the state of the board. An active optical signal is
required to interrupt the discharge process. If the power input is lost, the
board utilizes a capacitor bank to keep itself alive while connecting the
respective pulse capacitor’s terminals together via a discharge resistor.
The board communicates back to the FPGA by sending information about

the capacitor voltage via pulse-width-modulation-based communication.
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Figure 2.11. The capacitor discharge controller. The board has a high-voltage side (dark
red) and a low-voltage side (bright red). Image adapted from Kanerva 2020.

2.3 Controller area network

Controller Area Network (CAN) is a widely used data transmission protocol
in medical equipment, home automation, and transportation systems. It is
a multi-master serial communication protocol that allows every module,
i.e., node, connected to the two-wire communication bus to transmit and
receive messages without network hosts or routing solutions. Messages
are broadcast for the use of every node. CAN reduces the required commu-
nication lines to a minimum of two and offers a solution to simplify routing
for communications. By design, it has excellent noise characteristics and
multiple error detection mechanisms for recognizing the corruption of
transmitted messages (Robert Bosch GmbH 1991).

The Classical CAN (formerly known as CAN 2.0 A/B) was introduced
and standardized by Bosch GmbH in the mid-1980s. (Robert Bosch GmbH
1991) The standardization covers message transmission characteristics
such as bit encoding, timing, and synchronization. Later, ISO 11898
standard supplemented the original standard by providing more guidelines
for the physical implementation. ISO 11898 covers characteristics such as
transmission medium, transceiver components, and electrical levels of the
communication, i.e., voltage and current levels in the bus. (ISO 11898-1
2015; ISO 11898-2 2016)

The maximum user-determined data contained in a single Classical CAN
message is 8 bytes (Robert Bosch GmbH 1991). The data is sent in a frame
structure that provides necessary information for the protocol to work

but adds an overhead with a maximum length of 88 bits in a worst-case
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scenario. Classical CAN is capable of data transmission rates up to 1 Mbps
(Robert Bosch GmbH 1991), although for data rates up to 5Mbps, CAN
flexible data (CAN FD) has been introduced (Robert Bosch GmbH 2012).
CAN FD allows transmitting up to 64 data bytes within a single message to
overcome issues related to Classical CAN applications demanding higher
data payloads. (Robert Bosch GmbH 2012)

Several standardized higher-layer protocols (HLP) are available for CAN.
HLPs are ready-made software implementations that manage the pro-
cessing of multi-message data packets and provide functions for network
management. Typically, HLPs manage the communication networks’ start-
up behavior and status reporting. They are commercially available, and
one of the most common HLPs is the CANopen introduced by a non-profit
organization dedicated to CAN development, CAN in Automation (CiA)
(CAN in Automation 1992).

This Thesis focuses on Classical CAN standardized in ISO 11898. Even
though the FD version and HLPs differ from the Classical CAN, their
fundamentals lay heavily on the same principles, and thus Classical CAN is
used to introduce the concept of CAN communication. After understanding
the properties of the Classical CAN, one could make decisions toward
different versions. Sections 2.3.1, 2.3.2 and 2.3.3 rely on the sources
Robert Bosch GmbH 1991, ISO 11898-1 2015 and ISO 11898-2 2016 unless

otherwise mentioned.

2.3.1 Bus

The CAN bus can be divided roughly into two parts: the bus lines and the
nodes connected to it. The bus lines connect different modules, i.e., nodes,
into the network, and the nodes actively monitor the electrical state of the
bus and receive messages sent by other nodes while also being capable of
participating in the conversation. The bus itself is any medium, such as
electrical wires, enabling communication. According to ISO 11898, CAN
nodes are connected with a twisted-pair copper wire: CAN high (CANH)
and CAN low (CANL), with a characteristic impedance of 120 . The lines
are terminated with resistors from each end. By using a twisted pair, the
electrical noise coming in or out of the cabling can be canceled (Mohan,
Undeland, and Robbins 2002). The termination resistors are used to
mitigate unwanted signal reflections from the ends of the communication
lines and ensure the correct voltage levels in the cables (Nemec 1997).

CAN nodes are the modules participating in the communication over
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the bus, for example, mTMS device modules. Each node must include a
CAN transceiver, a CAN controller, and a processing unit, for example,
a microcontroller unit (MCU) (Di Natale et al. 2012). The transceiver
connects the node to the bus and converts the digital CAN signals from the
bus into digital signals for the controller and vice versa (Fig. 2.12). The
controller is an interface to the MCU and includes the necessary functions
for establishing CAN communication. Controllers have configurable reg-
isters that can be accessed from the MCU. CAN controllers are found as
stand-alone chips, or they can be included in the MCUs. The processing
unit offers the node the capability of controlling peripheral devices, and it

acts as a memory unit.

Figure 2.12. A schematic representation of a CAN node. It utilizes a CAN transceiver,
which connects it to the CAN bus and converts the digital CAN signals to
digital signals for the CAN controller and vice versa. The CAN controller
can be a stand-alone chip or included in an MCU.

CAN bus must include at least two nodes (Robert Bosch GmbH 1991; ISO
11898-1 2015). The limitation comes from how the protocol is designed:
every sent message must be acknowledged by another node during regular
operation, or an error will occur. The upper limit of nodes connected
to a single bus depends on the desired communication speed and bus
length. The theoretical maximum number of nodes in the same network
can be computed using the drive strength of the CAN transceivers as a
reference. The transceiver must drive the termination resistors and the
input impedance of the nodes while providing a sufficient output voltage.
The transceivers have a maximum output current they can provide, and
in order to provide a sufficient output voltage, they have a minimum
requirement for the total load resistance (R_,, ) of the bus. R, ;, can be
used as a reference to compute the theoretical maximum node count (N 4. )
with the formula below when the termination resistors (R;) and nodes’

input impedance (Z,,) are known.

16































































































































































	Abstract
	Tiivistelmä
	Contents
	

